©Copyright 2024

Curtis L. Promislow



Development and Investigation of a High Pulse Rate Planar
Inductive Pulsed Plasma Thruster

Curtis L. Promislow

A dissertation
submitted in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy

University of Washington

2024

Reading Committee:
Justin M. Little, Chair
Kurt A. Polzin
Uri Shumlak
Robert Breidenthal

Program Authorized to Offer Degree:

Aecronautics and Astronautics



University of Washington

Abstract

Development and Investigation of a High Pulse Rate Planar Inductive Pulsed Plasma
Thruster

Curtis L. Promislow

Chair of the Supervisory Committee:
Associate Professor Justin M. Little
William E. Boeing Department of Aeronautics and Astronautics

Planar inductive pulsed plasma thrusters promise to offer efficient, high thrust density
electric spacecraft propulsion at moderate to high specific impulse. Unlike many other types
of electric propulsion, they can be readily throttled while maintaining optimal performance
and can operate on a wide range of propellants, including those that are reactive or molecular.
A combination of theoretical work and experimental results from other pulsed thrusters has
suggested that operation of planar inductive pulsed plasma thrusters at high pulse rates,
which are defined here as rates in excess of 1kHz, could simplify the operation and improve
the performance of these devices. To be viable in the near to medium term, however, a high
pulse rate planar inductive pulsed plasma thruster would have to operate at much lower
discharge energies (< 10J) than previous, lower pulse rate (< 10 Hz) designs. To investigate
whether efficient thruster operation remained possible at these lower discharge energies, a
compact planar inductive pulsed plasma thruster, along with a supporting power processing
unit, was built and tested.

A highly modular prototype power processing unit based on a paralleled boost converter
design has been developed for recharging the capacitor bank of inductive pulsed plasma
thrusters operating at pulse rates of 1 kHz to 10 kHz. Operation at these rates, which are

one to two orders of magnitude higher than in previous designs, has been hypothesized to



allow for efficient quasi-steady thruster operation while also improving lifetime and reliability.
Benchtop testing of a prototype unit has demonstrated successful operation at pulse rates
from 1 kHz to 10 kHz, voltage gain as high as 25.5, power handling of 1 kW to 9.1 kW,
and electrical efficiency up to 70%. Quasi-steady operation has been achieved up to 20
pulses and the design has been shown to maintain functionality in the event of a simulated
component failure. Theoretical and circuit simulator models of the prototype were developed
and leveraged to identify the dominant loss mechanisms. The efficiency was determined to be
primarily constrained by high switching losses, which were estimated to account for over 70%
of total unit losses in the cases investigated. Scaling laws for the efficiency of the design were
developed using simple linearized circuit equations and indicated thruster performance was
primarily dependent on the ratio of the input and output voltages, the inductive recapture

ratio of the thruster, and ratios of the relevant charging and switching timescales.

The evolution of the current sheet is fundamental to the understanding and operation
of planar inductive pulsed plasma thrusters. Methods for experimentally determining the
time-varying mutual inductance and plasma resistance associated with the current sheet
are presented. From these, time-histories of the resistive heating in and electromagnetic
acceleration of the sheet are found. Analysis of experimental data obtained from a compact,
low discharge energy inductive pulsed plasma thruster shows that current sheet evolution is
well described by three phases: ionization, formation, and acceleration. Evidence is provided
for the plasma current and resistive heating becoming localized near the upstream edge
of the current sheet as the sheet forms. The influence of initial propellant density and
pre-ionization on the characteristics of the sheet are examined. Both higher propellant
densities and increased pre-ionization are found to produce current sheets which exhibit
greater magnetic impermeability. Higher densities cause the sheet to form closer to the coil
face, improving coupling, while stronger pre-ionization leads to more rapid resistive heating,

causing the sheet to form earlier in time.



Formation of a well-defined, magnetically impermeable current sheet is central to the
operation of planar inductive pulsed plasma thrusters. Existing scaling laws for these de-
vices, however, are primarily derived from models that either overlook or greatly simplify
the current sheet formation process. Data obtained from a compact, low discharge energy
planar inductive pulsed plasma thruster were used to gain insight into the fundamental
physics governing current sheet formation in these devices. It was found that maximum
inductive coupling and current density in the sheet scaled with the ratio of the resistive
diffusion to ionization timescales. The ratio of these timescales was shown to describe the
combined role of diffusion and ionization in influencing the electron population within the
current sheet. When the ionization timescale was fast relative to the diffusive timescale,
the thruster discharge was found to be much more effective at concentrating current in the
sheet. A connection between the strength of the current sheet and the thruster design and
operational parameters was also established and used to explore the parameter space over
which efficient thruster operation was possible. Evidence was found that it was difficult
to form a magnetically impermeable current sheet at low discharge energies and mass bits,
which strongly suggests that the process of current sheet formation cannot be neglected when
investigating the performance of planar inductive pulsed plasma thrusters operating in this

parameter Space.
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Chapter 1
INTRODUCTION

Electric propulsion (EP) is a type of spacecraft propulsion wherein electrical energy is
used to accelerate a propellant that is expelled from the craft to produce thrust[l, 2]. In-
ductive Pulsed Plasma Thrusters (IPPTs) are a sub-class of electromagnetic EP devices that
ionize a propellant substance into a plasma and then inductively accelerate this plasma to
high velocities to produce thrust[3]. TPPTs are distinguished from other electromagnetic
devices in that they require no electrodes in direct contact with the plasma and in that the
plasma generation and acceleration processes occur in discrete pulses rather than continu-
ously. Figure 1.1 provides a simplified hierarchical diagram of where IPPTs fit in the context
of EP.

Generally speaking, most IPPTs are based around the following three primary compo-
nents: an inductive coil through which current is driven to produce strong, time-varying
electromagnetic fields; a capacitor bank for storing and rapidly discharging electrical energy;
and a switching mechanism that controls the connection between the capacitor bank and
inductive coil. Since IPPTs operate on the principle of induced fields, their operation is
fundamentally due to a combination of Ampere’s and Faraday’s laws, which are expressed

in differential form as:

V x B = pJ (1.1a)
. 8B
E=-"" 1.1
V x 5 (1.1b)

Here, E and B are the electric and magnetic field vectors, respectively, J is the current
density, and p is the permeability of free space. From Equation (1.1a), we observe that

a current density necessitates the existence of an orthogonal magnetic field. If this current
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Figure 1.1: Simplified hierarchical diagram illustrating where IPPTs fall in the broader

taxonomy of EP.

density varies rapidly with time, Equation (1.1b) shows that a time-dependent electric field
in the direction opposite the current density will result. Any conductive body subjected
to this electric field will then develop a current in the direction opposite to the original J.
An alternative but equivalent way of understanding this phenomenon is provided by Lenz’s
law, which describes how the current induced in a conductor subjected to a time-varying
magnetic field opposes the change in magnetic flux through the conductor.

A wide range of IPPT designs may be found in the literature[3]. At a high level, IPPT
designs may be classified by whether the magnetic flux produced by the plasma currents is
open or closed/self-contained. Figure 1.2 shows diagrams of the three most studied config-
urations. These are, from left to right, the planar, conical, and field reverse configuration
(FRC) devices. Planar and conical IPPTs are both considered open flux devices, while the
current in FRC IPPTs forms self-contained, closed field lines. While there are potential
merits to each design, this dissertation focuses on planar IPPTs (see Figure 1.2(a)), wherein
the inductive drive coil is more or less contained in a flat plane.

The operation of a planar IPP'T over the course of a single pulse is illustrated in Figure 1.3.

In this diagram, C' is the capacitor bank, S is the switch, and L. is the inductive drive coil
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Figure 1.2: Simplified diagrams showing three of the most studied IPPT configurations:
(a) planar, (b) conical, and (c¢) FRC IPPTs.

(in orange), represented here as an idealized simple flat planar spiral. I, is the time-varying
current that flows through the drive circuit once the capacitor has been connected to the

drive coil. Areas in gray are meant to represent dielectric material.

First, propellant, usually a neutral gas, is injected over the region above the inductive
drive coil. This is shown in Figure 1.3(a), where we have ignored for simplicity the specifics of
how said propellant injection is actually accomplished. Ideally, the distribution of propellant
over the coil face is radially and azimuthally uniform. Additionally, it should be axially
contained within the electromagnetic decoupling distance, z4.. This distance represents the
characteristic length scale over which the drive coil can electromagnetically interact with
and accelerate the propellant. Before any acceleration can occur, however, the propellant
must be broken down and ionized into a plasma (Figure 1.3(b)). This is often primarily
accomplished by the azimuthal electric field induced in the initial stages of the discharge but

can be aided by an external device.

The inductive acceleration process for the case of an IPPT with a planar spiral coil is
shown in Figure 1.3(c). When the switch closes and connects the capacitor to the coil, a time-

varying current is driven through the coil. This produces an azimuthal current density, Jp,
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Figure 1.3: Diagram of a planar IPPT illustrating simplified, idealized operation of the
device for a single pulse. Shown are (a) propellant injection, (b) propellant ionization, (c)

current sheet formation and acceleration, and (c¢) current sheet detachment.

and, accordingly, a radially directed, time-varying magnetic field, B, in the region between
the coil and plasma. As a consequence of Equation (1.1b), an azimuthal electric field, Fj,
will then be produced in response to this B,. Assuming the plasma is close enough to the
coil face, this induced electric field will drive a Jy in the plasma in the direction opposite to
the current in the inductive coil. Ideally, Jy becomes concentrated in a thin layer of plasma

known as a “current sheet”.

The generation of thrust may be explained in several equivalent ways. First, it may
be said that the counter-rotating currents in the coil and plasma repel each other electro-
magnetically, resulting in thrust. Another interpretation is that growing B, increases the
magnetic pressure in the region between the coil and plasma, pushing the plasma away

from the thruster. Finally, one can reference the so-called “J x B” force. This is a mathe-



matical description of how charged particles in the plasma accelerated in the azimuthal (or
anti-azimuthal) direction by Ej are redirected in the axial direction by the presence of B,.
Eventually, the current sheet from the drive coil moves beyond zg4. and decouples from
the drive coil (Figure 1.3(c)). At this stage, the force on the current sheet is relatively small,
and the sheet continues its axial motion until it eventually exits the device. Assuming there
are not a significant number of downstream particles, the velocity of the current sheet, v,
at this point is largely constant and represents the characteristic exit velocity of the thruster.
After the current sheet exits the thruster, the cycle is considered complete. While Figure 1.3
depicts a single pulse, the process shown may be repeated as frequently as the gas injection

and drive circuit allow.
1.1 Motivation

R. G. Jahn consolidated many of the challenges inherent in the operation of pulsed elec-
tromagnetic EP devices in his seminal book on the physics of EP[1]. In this work, Jahn
also identified two challenges that are unique to IPPTs. For one, the drive circuitry used
to generate the time-varying current in the inductive coil does not require the presence of
a plasma to be complete. In the absence of a plasma, the energy stored in the capacitor
bank is either lost via Ohmic heating in the drive circuit resistance or is radiated away. It
is therefore critical that the plasma be formed rapidly after the switch, S, is closed.

Complicating matters further is the nature of the inductive coupling between the plasma
and drive coil. Fundamentally, the coupling of two current loops is a function of the mutual
inductance between them, which, in turn, is a strong inverse function of the distance be-
tween the loops. As the plasma is accelerated, the distance between it and the drive coil is
increased, and the electromagnetic coupling between the plasma and drive coil current loops
is weakened. As such, efficient IPPT operation requires that most of the energy transfer
between the drive circuit and plasma occur while the plasma is as close to the drive coil as
possible.

Jahn also listed a series of events that must occur during each cycle for efficient oper-



ation of pulsed EP devices. Drawing heavily from this list and using basic first principles

arguments, we construct a similar list for planar IPPTs:

1. Sufficient electrical energy must be stored to drive the required current and at the
required rate. The storage device must be capable of delivering the stored energy with
minimal losses and great speed.

2. Propellant must be injected in a manner that leads to an optimal distribution over
the face of the coil. Propellant injection must be well timed with the initiation of the
electrical discharge such that significant mass is not lost before or after the discharge
and mass utilization remains high.

3. Breakdown of the propellant must occur rapidly and result in plasma that remains
close to the drive coil. The energy used to ionize the propellant must be small relative

to the total stored energy.

4. Following gas breakdown and initial plasma formation, the plasma must be rapidly
organized into a well-formed current sheet free of significant instabilities. This sheet
should form close to the drive coil and should be magnetically impermeable. The
current sheet should also not dissipate excessive energy as heat, since we require the
dominant acceleration mechanism to be electromagnetic.

5. The mass utilization of the current sheet should remain high. This requires either that
most of the injected propellant participate in sheet formation or that the sheet is able
to effectively push or entrain any downstream propellant as it translates.

6. The sheet must be ejected with minimal thermal, i.e., frozen flow, and electromagnetic
losses. Moreover, the dynamical efficiency of the ejection process should be high. For
example, during ejection, the plasma should not strongly diverge or be tied to the
magnetic field lines.

7. The cycle should complete in sufficient time that it does not adversely affect the dynam-
ics of later pulses. Any significant excess electrical energy not used in the acceleration

of the plasma should be recaptured for use in the next cycle.



It is evident even from the abridged list above that the requirements for efficient IPPT
operation are numerous and complex. One may reasonably wonder why we should bother to
develop such devices at all, especially when other types of EP devices, e.g., Hall and gridded
ion thrusters, have already demonstrated thrust efficiencies in excess of 60%[2]. To motivate
the development of IPPTs, we begin by considering the advantages of electromagnetic over
electrothermal and electrostatic EP devices. In a continuum perspective, the electromagnetic
body force responsible for thrust in electromagnetic EP devices, i.e., the ¥ x B term of the
Lorentz force, becomes a J x B force density. When the magnetic field is due primarily to
the plasma current, the force density is found to scale roughly as J?. This scaling points
towards one of the main draws of electromagnetic devices: high thrust density, particularly
at high power and propellant mass flow rates.

Because electromagnetic devices accelerate the plasma directly using electromagnetic
body forces, high I,, may be achieved without the extreme temperatures and the associated
materials challenges found in electrothermal thrusters. Moreover, the plasma in electromag-
netic devices can be accelerated in a quasi-neutral fashion, which avoids the space charge
limitations on thrust density found in purely electrostatic devices. This quasi-neutral accel-
eration also precludes the need for a separate neutralizer, such as a hollow cathode.

Having laid out the appeal of electromagnetic devices in general, we now turn to a dis-
cussion of the merits of pulsed electromagnetic devices over their steady-state counterparts.

Drawing again from Jahn, three potential advantages of pulsed devices are as follows:

1. The observed J? scaling of thrust for self-field devices suggests that, for the same
average current, a pulsed device may be able to achieve higher average thrust. In
addition, data has suggested that the efficiency of electromagnetic devices scales with
the current density[l]. Hence it stands to reason that pulsed devices may be able to
achieve higher thrust to power ratios and overall thrust efficiencies than steady-state

devices.

2. If the pulse is sufficiently fast, the electrons may not have time to reach thermal



equilibrium with the ions. This could improve device efficiency by reducing energy
losses due to inelastic collisions (e.g. ionization), radiation, and frozen flow losses. This
may also reduce the heat flux to plasma-facing surfaces, thereby alleviating cooling and

materials requirements.

3. Certain transient electromagnetic effects only seen in pulsed devices may prove ben-
eficial for device operation. One such example, as noted by Jahn, is the skin effect,
wherein current becomes concentrated in a thin layer of plasma due to opposing eddy
currents within the plasma. In addition to potentially improving the coupling between
the accelerating fields and plasma, this could also lead to an increase in the current

density and, by extension, device efficiency.

An additional advantage of pulsed devices not explicitly commented on by Jahn is also
worth mentioning. Because the performance of pulsed thrusters is largely dependent on
the intra-pulse dynamics, constant specific impulse, Iy, and thrust efficiency, n;, may thus
be achieved over a wide range of input power levels by simply adjusting the pulse rate.
This means that pulsed devices, in principle, are able to throttle both thrust and power
consumption while maintaining optimal or near-optimal performance. We note that this
holds only so long as the pulses may be assumed to not significantly interact with each other
and that the pulse rate is not constrained by other operational requirements. In addition, the
degree of throttle-ability will depend on the range over which the pulse rate may be varied,
with a wider range of pulse rates increasing the available range of thrust and power. This
unique attribute could make pulsed EP systems compatible with a wide variety of spacecraft
and also enables significant mission flexibility.

Finally, the inductive nature of IPPTs offers some potential advantages over other pulsed
devices. Inductive plasma formation and acceleration eliminate the need for electrodes in
direct contact with the plasma. This allows for fully “electrodeless” operation, which elimi-
nates thruster lifetime issues associated with electrode erosion. Electrodeless operation also

affords greater flexibility in regards to propellant selection since there are no concerns about



the compatibility of the electrode material and propellant or plasma. This makes elec-
trodeless thrusters ideal for missions that aim to leverage multi-mode[4] or in-situ resource
utilization[5] with molecular or reactive propellants. Electrodeless thrusters are also well
suited for air-breathing EP[6][7], since oxidation of the electrodes is no longer of concern.
In summary, IPPTs promise to offer efficient, high thrust density EP at moderate to high
specific impulse. Their pulsed nature grants them potential advantages in thrust density and
efficiency over steady-state electromagnetic EP devices, while also enabling significant mis-
sion flexibility. In addition, their lack of electrodes makes them compatible with a wide range
of propellants, making IPPTs well-suited for in-situ resource utilization, multi-mode propul-
sion, and air-breathing EP. Thus, despite their inherent complexities, the unique benefits of

[PPTs present a strong case for their development.
1.2 Review of Previous Work

We now briefly examine a selection of relevant previous IPPT research and development
efforts in order to contextualize the work presented in this thesis. For a more complete
review of IPPT development efforts, both planar and otherwise, the reader is directed to

work by Polzin[8] and Polzin et al.[3].

1.2.1 Ezperimental

Early work on planar IPPTs largely focused on understanding the internal structure of the
current sheet as well as the mechanisms by which it was accelerated[9, 10, 11]. Applying
a generalized Ohm’s law interpretation to their data, Dailey and Lovberg concluded that
the measured azimuthal current density in their device was carried solely by the electrons.
They asserted that the azimuthal force on the ions due to the induced Ejy was counteracted
by a collisional drag force resulting from interaction with the current carrying electrons and
that, as a result, the ions were not accelerated downstream by a JyB, force. Instead, they
found that the forward (downstream) region of the current sheet contained a large electron

current density that, when accelerated by JyB,, resulted in an axial polarization electric
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Table 1.1: Nominal operational parameters and performance metrics for selected IPPTs.

Thrnster deoit  Licoil Crnb Vo Ey Iy us Ref.
[cm] [nH]  [nF]  [kV] [J] [s] %]
Dailey 10 10 127 2.64 10 132 - - [10]
Dailey 20 20 460 1.75,3.9 12 126, 285 1500 10 [12]
Dailey 30 30 680 6 12 675 500-1500  4-18  [13]
PIT MK I 100 770 10, 20 20 2000, 4000 1000-2700 15-32 [14]
PIT MK Va 100 680 9 30 4000 3000-7000 30-58  [15]
FARAD 20 20 39.2 2 78.5 - - [16]
MSFC 27 705 10 3 20 i T

field, E., due to charge separation from the ions. This axial electric field was then claimed
to be responsible for acceleration of the ions, which were found to accelerate to the sheet
velocity and concentrate in a thin mass layer near the center of the sheet. The axial electron
pressure gradient was determined to contribute to the strength of E, near the leading edge
and counteract the JyB, force at the trailing edge of the sheet.

Initial performance measurements of planar IPPTs were conducted using a 20 cm and
30cm device[12, 13]. Static fill results showed that the 30cm device achieved a thrust
efficiency of 17% at an I, of 1430's, outperforming the 20 cm device. Experiments performed
with pulsed gas injection showed decreased performance relative to the static fill cases. This
was attributed to the gas distribution over the coil face being less uniform which in turn
led to a weaker, less uniform current sheet being formed in these cases. Additional tests
were conducted when using pulsed gas injection to determine the influence of PI on thruster
performance. For the practical PI methods tested, no improvement was observed over the
case where no PI was used.

Continued development of planar IPPTs by Dailey and Lovberg eventually resulted in
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the pulsed inductive thruster (PIT) series of devices[8]. Notably, the inductive drive coil
of these devices was scaled up to 1 m in order to increase both the coil inductance and the
electromagnetic decoupling distance. This design decision appears to have been motivated
by theoretical work suggesting that the efficiency of the device scaled with these values|[18].
Earlier performance measurements, which showed an increase in performance for the 30 cm
IPPT over the 20 cm device, may have also played a role. While the initial PIT MK I version
of the device was found to be a significant improvement over the 20 cm and 30 cm devices in
terms of performance, the PIT MK Va variant of this device is widely considered the state-
of-the-art planar IPPT at the time of writing. This device demonstrated thrust efficiencies

in excess of 50% at specific impulses ranging from around 3000s to 7000s[15, 3].

From the initial development and testing of the PIT series of devices, it became clear
that a well-formed current sheet was a prerequisite for achieving high thruster performance.
Several empirical insights were gained regarding the relationship between current sheet for-
mation and the operation of the device. First, it was found that too low of a current rise
rate in the discharge circuit, i.e., dI./dt, resulted in incomplete or non-uniform breakdown
of the propellant and prohibited the formation of a strong, well-defined current sheet[14].
The rise rate was maximized by increasing the loop voltage applied to the drive coil as well

as keeping the stray inductance in the circuit to a minimum.

Second, the discharge energy was found to affect current sheet formation. Below a certain
energy, it was found that it was difficult to consistently form a uniform, magnetically imper-
meable current sheet[8]. This phenomenon, which was not well understood at the time, may
have been related to the observed trends in thrust efficiency with specific energy, i.e., the
ratio between the discharge energy and mass bit. Above a certain discharge energy, thrust
efficiency was found to be relatively constant across a wide range of specific energies. Below
this threshold value, however, thrust efficiency was found to decrease as the specific energy
was increased. Moreover, the falloff in performance was found to steepen as the discharge
energy was lowered. This suggested a minimum discharge energy for magnetically imperme-

able current sheet formation and that device scaling to lower discharge energies could not be
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accomplished by simply reducing the injected propellant mass bit.

Later development of the PIT focused on upgrading the PIT MK Va design to address a
number of known shortcomings. In particular, it was known that the spark-gap switches used
in the earlier PIT designs eroded over time and would ultimately limit the life of the thruster.
To address this issue, work focused on evaluating various solid-state switching replacements.
A stack of five silicon-controller rectifiers (SCRs) was demonstrated to successfully con-
duct the required current at an appropriate current rise rate[19]. Later testing of the SCR
stack, however, resulted in the devices failing after only a few pulses[20]. Gate-commutated
thyristor (GTO) switches were also investigated in an effort to implement inductive energy
recapture. In this mode, the current waveform is interrupted during either the first or second
zero-crossing, allowing some of the initial stored energy to be recovered back onto the ca-
pacitor bank and improving efficiency. Testing discovered, however, that these devices were
not able to interrupt the discharge current at either of the first two zero-crossings during
nominal thruster operation[19].

More recent work on planar IPPTs has been performed on devices that are smaller in
size and lower in discharge energy. The Faraday accelerator with radio-frequency assisted
discharge (FARAD) thruster developed by Polzin and Choueiri [22, 16] used a centrally
located RF discharge as a source of PI and relied on an externally applied magnetic field to
direct this seed plasma over the coil face. The discharge energies in initial FARAD testing
were < 100 J; well below the 4kJ of the PIT Mk Va. At these discharge energies (and for
the selected circuit parameters), it was found that the neutral gas could not be broken down
without the aid of the PI system. Measurements confirming the formation of current sheets
during FARAD thruster testing indicated that PI could be used to significantly lower the
discharge energy and current rise rate required for current sheet formation in an IPPT.

A 27 cm diameter thruster was developed by researchers at NASA’s Marshall Space Flight
Center to test repetitive operation of IPPT subsystems at moderate jet powers of 1kW to
5kW and pulse rates up to 30 Hz[17]. Systems testing included a thyristor-based solid state

switch, pulsed gas injection valve, and DC glow discharge PI. While preliminary operation
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Figure 1.4: Images of the (a) 20cm[12], (b) PIT MK VI[21], (c) FARAD]16], and (d)
MSFC[17] IPPTs.

of the thruster was reported, no detailed plasma diagnostics or thruster performance mea-
surements have been published for this device to date.

A brief summary of the key findings from IPPT experiments thus far is as follows:

1. Current Sheet Physics: The azimuthal current density in the sheet, Jy, is carried
predominantly by the electrons and was measured to be largest near the leading (down-
stream) edge of the current sheet[11]. Axial acceleration of the ions was proposed to

be due to the formation of an axial electric field, F,, as a result of charge separation
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from the electrons that were axially accelerated via the Jy B, force.

2. Gas Injection: The uniformity of the initial gas distribution over the coil face was
found to impact the uniformity of the current sheet that was formed. Less uniform
current sheets were found to correspond to a decrease in thruster performance.

3. Current Sheet Formation: Empirical evidence from the PIT line of devices sug-
gested the existence of a minimum discharge energy and current rise rate required to
form a well-defined current sheet that was impermeable to both the accelerating mag-
netic field and downstream propellant. Work by Polzin[16, 23| indicated that these
minimum values could be lowered through the use of PI.

4. Thruster Performance: Optimal performance was achieved when the discharge and
sheet acceleration timescales were roughly matched. Larger drive coils were found
to improve thruster performance due to possessing larger electromagnetic coupling

distances.

1.2.2  Theoretical Modeling

A number of theoretical models describing planar IPPT operation have been developed by
various authors, ranging from simple 1D models[18] to 2D magnetohydrodynamic (MHD)
codes[24, 25, 26]. The most widely used is a lumped-element circuit model coupled to a 1D
plasma model that describes the dynamics and evolution of the current sheet. Figurel.5(a)
shows the circuit model for the common case of an RLC' discharge circuit. Here, C,,;, is
the energy storage capacitor bank, which is connected to the inductive drive coil, L., by
switch S. R. and Lg are the parasitic (or stray) resistance and inductance in the circuit,
respectively. The inductive interaction between the discharge circuit and plasma is modeled
as a transformer, where the plasma is assumed to posses some inductance, L,. Ohmic
heating of the plasma is captured by the plasma resistance, R,. It is often mathematically
convenient to model the transformer action using a Thévenin-equivalent representation, as
shown in Figurel.5(b), such that the mutual inductance, M, between the drive coil and

plasma appears directly in the circuit model.
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Figure 1.5: Basic circuit diagram of a series RLC IPPT discharge circuit. Shown are
lumped element representations with (a) physically representative mutually coupled induc-

tors (i.e. transformer) and (b) Thévenin-equivalent representation.

While the foundations of the model were originally developed to describe the operation
of parallel-plate accelerators[1], the model was first applied to IPPTs by Lovberg and Dailey
[18, 15]. Dailey and Lovberg adopted a “snowplow” model for the plasma dynamics, which
assumed the current sheet was impermeable to all downstream plasma/propellant. The
plasma resistance in this model was calculated by either assuming a fixed temperature or a
temperature profile or by prescribing a plasma resistivity based on empirical data[27, 18].
Despite the relative simplicity of this model, its results for thruster performance were found

to be in reasonable agreement with experimental measurements. Two important predictions
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were made by this model. First, it was indicated that thruster performance would remain
relatively constant across a range of operational parameters. Second, performance was found
to be optimized when the characteristic timescales for the electrical discharge and current
sheet acceleration were similar. Both of these results were later supported by experimental
datalg].

Non-dimensionalization of the model by Polzin and Choueiri[28, 16] revealed a set of scal-
ing parameters for IPPT performance that were analogous to those found for parallel-plate
accelerators[1]. These were the inductance ratio, Ls/ L., the damping ratios of the discharge
and plasma circuits, ®; and ®,, respectively, and the dynamic impedance parameter, a.
Several useful design rules were found from these parameters. First, an inductance ratio
much less than unity was found to be necessary for efficient device operation. Second, an
underdamped circuit, i.e., one where the average of the damping ratios was less than one, was
found to produce higher efficiency and exhaust velocities. Third, the value of the dynamic
impedance that optimized device performance was found to be achieved when the electro-
magnetic and plasma acceleration timescales were roughly equal. This provided physical

insight into the prior results of Lovberg and Dailey[21], which showed the same phenomena.

Various researchers have attempted to refine the model by increasing the fidelity of the
plasma model or extending it to higher dimensions. Work by Polzin et al[29] used a 1D
MHD plasma model that allowed the energy and state variables, e.g., temperature, inside the
current sheet to evolve self-consistently in time. Simulations with this updated plasma model
showed that the partitioning of energy between thermal/internal, magnetic, and kinetic
modes varied with the dynamic impedance parameter, . While the primary conclusions
drawn from the previous model using fixed plasma parameters were found to remain valid,
differences in the predicted performance were observed. These differences were attributed
primarily to heating of the plasma not being properly accounted for in versions of the model
that assumed constant plasma properties. Differences in predicted performance were most
apparent at lower values of «, where a greater portion of the stored energy was driven into

heating of the gas rather than accelerating it.
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Martin investigated the effects of coil angle on thruster performance by extending the
plasma model to 2D[30]. The plasma model used by Martin was also refined to account
for non-equilibrium between the ions and electrons and allow for deformation of the plasma
volume in both the radial and axial dimensions. While the electron temperature was assumed
constant, the ions were treated as either isothermal, adiabatic, or shock-heated, depending
on the computed radial velocity. Martin found that, although certain coil angles produced
a local maximum, a planar design, i.e., a coil angle of 90° produced the highest overall

performance.

Most recently, work by Little et al.[31] incorporated a more sophisticated plasma model to
investigate gas ionization and current sheet formation in planar IPPTs. Their plasma model
included the effects of gas ionization, non-equilibrium between the electron and ion species,
charge exchange collisions, and finite permeability of the current sheet to both particles and
the accelerating magnetic field. Using this model, Little et al. found that current sheets
exhibiting the slug or snowplow-like dynamics assumed in previous versions of the model
were only formed under certain conditions. They suggested that the central factor was the
evolution of the electron temperature over time, positing that this was governed primarily by
a competition between Ohmic heating and cooling due to inelastic collisions, i.e., ionization,
early on in the discharge.

More complex 2D MHD IPPT models have also been developed by various authors.
Mikellides et al. presented an axisymmetric 2D model using the multi-block arbitrary coordi-
nate hydromagnetic (MACH) code. This model considered thermal non-equilibrium between
the ions and electrons and included the effects of propellant ionization. Simulation results
showed that the plasma remained fairly radially uniform as it evolved, suggesting that the
assumption of radial uniformity made in the 1D model is largely justified. Initial modeling
of the PIT MK V and MK Va showed good agreement with experimental data for helium
and argon propellants[32]. Simulations of thruster operation on ammonia found that the
predicted performance was comparable with experimental values at lower discharge energies

but underestimated the experimental values for discharge energies beyond E, ~ 2kJ[25].
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Nonetheless, the simulated results for ammonia at lower energy levels suggested that its
higher performance relative to argon and helium was due to a decrease in radiative losses
compared to these propellants.

The results of Mikellides et al. also provided insight into the experimental observation
that the thruster performance tended to decrease above a certain specific energy. By ex-
amining the energy partitioning in their model, Mikellides et al. found that deposition of
energy into internal, e.g. ionization, modes increased substantially once a critical specific
energy value had been exceeded[32]. This finding was also supported by a later iteration of
the model that included plasma coupling effects and self-consistent evolution of the plasma
resistance and inductance[33].

In addition to the PIT MK V and MK Va devices, Mikellides et al. also modeled operation
of planar IPPTs at lower (~ 100J) discharge energies[26]. Thrust efficiencies over 50%
were reported when the simulation was initialized with the gas radially constricted to a
region near the mean radius of the annulus, suggesting that efficient device operation was
possible even at lower discharge energies. Like the higher discharge energy cases previously
investigated, a decrease in performance was observed when the energy density exceeded
the critical value. This was again attributed to an increase in the fraction of the initial
energy spent on ionization. While the simulations used an overdamped RLC' driving current
waveform, use of an energy recapture scheme was noted to be expected to provide improved
performance. Finally, it was found that PI was most effective when used to ionize an thin
layer near the coil face rather than the entire injected propellant.

Che et al. also investigated IPPT operation using an axisymmetric 2D MHD model[34].
Notably, their model differed from that of Mikellides et al. in that the ions and electrons
were assumed to be in thermal equilibrium, ionization was not considered, and the effects
of radiation were not included. Their simulation results led to several primary findings.
First, secondary current sheets were found to form during later half-cycles of the discharge
and contributed significantly to the overall thrust of the device. Second, relatively constant

thruster performance could be achieved across a range of mass bit and discharge energies
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by keeping the specific energy constant. Third, in agreement with previous experimental
results (e.g. [12, 13]), compression of the initial plasma against the coil face and achieving

high radial uniformity were found to improve thruster performance.

1.3 High Pulse Rate IPPTs

In his discussion of pulsed accelerators, Jahn noted that there may be certain advantages
to operating at “very high frequency pulse repetitions”[1]. Operation of IPPTs in this mode

presents a number of compelling benefits:

1. Steady propellant injection: If the pulse rate is high enough that propellant injected
into the device does not flow beyond the decoupling distance in the time between pulses,
it is possible that propellant could be injected in steady or quasi-steady state while
retaining high mass utilization and thruster efficiency. This would eliminate the need
for complex, failure-prone mechanical pulse valves that are typically used in pulsed
devices.

2. Pulse interactions: Beneficial interactions between pulses could arise if the time
between them is short enough that a subsequent pulse interacts to some degree with
the wake/remnants of the preceding pulse. For example, trace plasma left over from
the preceding pulse could assist in the breakdown of gas during the subsequent pulse.
This would alleviate to some degree the difficulties of achieving rapid gas breakdown
during each pulse or, alternatively, preclude the need for a separate PI system. It may
also be possible that propellant not fully accelerated during the preceding pulse may be
entrained and accelerated during the subsequent pulse, boosting propellant utilization.

3. Lower discharge energies: For a given thruster input power, the per-pulse discharge
energy will scale inversely with the pulse rate. Lower discharge energies tend to cor-
relate with lower peak voltages and currents. Lower voltages could reduce the overall
system mass by reducing electrical insulation requirements. Similarly, lowering the

current during each pulse could reduce Ohmic losses. Lower voltages and currents may
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also allow for the use of solid-state switches in the discharge circuit, enabling longer

thruster lifetimes.

4. Wider impulse range: For a fixed target total impulse, the impulse bit also scales
inversely with the pulse rate. This suggests that high pulse rate IPPTs could span
a wide range of impulses, potentially enabling a single thruster to be responsible for

both primary propulsion and precision spacecraft maneuvers.

The IPPTs discussed thus far were all designed either as research devices to be operated
in a single-pulse mode or as low pulse rate devices with repetition rates < 100 Hz. While
no experimental results for a high pulse rate planar IPPT have been reported at the time
of writing, a combination of theoretical work and experimental results from high pulse rate
PPTs and field reverse configuration (FRC) thrusters suggests that such a device may not
only be practical but also exhibit high performance.

Experimental work by Ziemer et al. characterized a gas-fed PPT operated at discharge
repetition rates up to 5000 kHz for short bursts of pulses[35]. This high repetition rate was
enabled by a solid-state modulator comprised of an insulated gate bipolar transistor (IGBT)
commutator in conjunction with a magnetic switch. Per-pulse discharge energies for this
device ranged from 2J to 7J. This thruster was operated in a “burst” mode wherein gas
was injected in quasi-steady pulses that were long relative to the discharge repetition rate.
Ziemer et al. measured thruster efficiency as high as 50% on argon and attributed this
efficiency, at least in part, to a significant improvement in the mass utilization over previous
designs that relied on pulsed gas injection.

Considerable work has also been invested in the development of high pulse rate FRC
thrusters. Development of these devices has largely centered around the electromagnetic
plasmoid thruster (EMPT)[36] and electrodeless Lorentz force (ELF) thruster[37, 38]. High
pulse rates were achieved in both of these devices through the use of solid-state switching
technology, namely IGBTs, in the discharge circuit. The EMPT was a 500 W to 5000 W

device designed to operate continuously with steady gas injection. The nominal pulse rate
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was 2800 Hz with characteristic pulse energies of 2 J in single pulse mode and 12.7 J in multi-
pulse operation. Impulse bits of 13uNs were measured in multi-pulse mode. The ELF
was a higher power (10kW to 100 kW) RMF-FRC thruster that, similar to the EMPT, was
designed to operate in a high pulse rate (> 1kHz) mode with steady gas injection. Due to
PPU constraints, however, test data was only presented for single-shot operation. For these
tests, the average discharge energy was 46 J. The impulse bit of this device was found to be
about 400 1N s from momentum flux sensor data, while a separate calculation estimated the

thrust efficiency to be ~ 8%.

On the theoretical front, Martin[30] used a numerical model to explore the potential
performance of a high pulse rate IPPT in greater detail. In this work, Martin considered
a relatively compact thruster (18 cm outer drive coil diameter) that discharged a 10 nF ca-
pacitor bank at a rate of 1kHz. The nominal energy stored in this bank ranged from 5J
to 20J. In addition to the standard “full-ringdown” mode, wherein the discharge circuit is
allowed to freely oscillate until the initial energy stored on the capacitor bank is completely
dissipated, he also considered two “inductive recapture” modes of operation. In these modes,
the discharge waveform is interrupted at either the first or second zero-crossing of the dis-
charge current, respectively, e.g., by closing the discharge switch at the appropriate time.
For I, in the 3000s to 5000s range, he found that, while efficiencies as high as 42% could
be achieved in the standard full-ringdown mode of operation, efficiencies in excess of 70%
could be achieved in each of the recapture modes. Moreover, Martin’s results indicated that
efficiencies above 60% could still be achieved even with charging voltages and current rise

rates much lower than the optimal values.

As we have seen, there are promising signs that operating IPPTs at high pulse rates may
provide advantages over previous low pulse rate designs. Given the lack of experimental data
for these devices, however, there are a number of open questions that require investigation.
Central to many of these questions is the tendency of higher pulse rate operation to result in
lower discharge energies and, by extension, current rise rates. For a pulsed device operating

at a fixed power, the per-pulse discharge energy scales inversely with the repetition rate. To
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estimate the expected pulse rates, we can use the requirement for high mass utilization that
the injected propellant must not escape the decoupling distance between pulses. Assuming
a noble gas propellant such as argon and noting that z4. < 10 cm in previous planar IPPTs,
we estimate required pulse rate to be in the kilohertz range. This value is in line with the
pulse rates reported in previous high pulse rate PPT[35] and FRC[39] devices.

As an example, we consider the Nuclear-Electric Pulsed Inductive Thruster (NuPIT)
mission, which investigated operating a version of the PIT operated from a 200 kW nuclear
generator. At this power, a thruster operating at = 1kHz would have a per-pulse discharge
energy < 200 J, which is more than an order of magnitude below the nominal 4000 J discharge
energy of the later PIT designs. For a high-pulse rate thruster to obtain comparable discharge
energy, megawatts of power would be required. This would limit the use of high-pulse-rate
IPPTs primarily to future interplanetary or deep space missions using advanced nuclear
power systems. To be feasible in the near, or even medium, term, it is clear that high pulse
rate IPPTs will need to operate with lower discharge energies than previous lower pulse rate
designs.

For the 1kW to 10 kW power systems commonly found on today’s higher power space-
craft, the discharge energy may only be on the order of a few Joules. At these discharge
energies, which would be significantly lower than any previously reported in the literature,
questions about effective gas breakdown, ionization, current sheet formation, and acceler-
ation become pertinent. While Polzin[16, 23] demonstrated that propellant pre-ionization
(PI) can be used to reduce the current rise rates and, by extension, discharge energy required
to form a current sheet, the sheets that were formed were observed to be at least partially
permeable. Since no thruster performance measurements were reported for FARAD), this
leaves open the possibility that only weak sheets that are unable to support efficient thruster
operation were formed. Moreover, the mechanisms by which PI improves current sheet for-
mation were not conclusively identified, and, as such, it is not known if there is a lower limit
beyond which PI can no longer facilitate current sheet formation.

Although Martin’s work suggests that it should be feasible to operate IPPTs efficiently



23

in the 5J to 20J range of discharge energies, the plasma model he used contained several
simplifications[30]. Most notably, the process of current sheet formation was neglected, and
the sheet was simply assumed to exist at initiation of the discharge. While a comparison of
the performance estimates from Martin’s model with data from the PIT MK V [8] indicated
that this assumption may be acceptable for such high discharge energy devices, it is possible
that it is less applicable at lower discharge energies.

Indeed, the results of Little et al.[31] showed that the current sheet became more per-
meable once the discharge energy fell below a threshold value. This behavior was explained
in terms of the dimensionless “formation parameter”, which described the balance between
ohmic heating of the electrons and cooling due to inelastic collisions early in the discharge.
Lower discharge energies were found to reduce ohmic heating during this period, thereby re-
sulting in smaller formation parameters. Nonetheless, Little et al. predicted that efficiencies
in excess of 65% could be achieved for discharge energies as low as 25 J.

Although the models of Martin and Little et al. suggest that efficient high pulse rate
[PPTs in the ~ 10 kW range should be possible, neither has been validated against relevant
experimental measurements due to lack of data. This highlights the need for experimental

work to validate the models and advance the development of high-pulse rate IPPTs.

1.3.1 Power Processing Units

Absent from the discussion thus far have been the systems required to operate IPPTs at high
pulse rates. Central to this endeavor is the circuitry used to rapidly recharge the capacitor
bank of the IPPT to its nominal discharge voltage. Fundamentally, this circuitry takes on the
role of a capacitor charging power supply (CCPS). CCPSs that are compatible with common
spacecraft bus voltage and power requirements are a key part of the power processing unit
(PPU) for IPPTs. As shown in Figure 1.6, the primary function of an IPPT PPU is to serve
as an electrical interface between the spacecraft bus and IPPT discharge circuit, performing,
among others, the task of stepping up the relatively low voltage supplied by the spacecraft
bus to the higher voltages typically required by IPPTs.
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Figure 1.6: Diagram illustrating the location and role of the PPU in stepping-up the voltage
for an IPPT capacitor bank.

PPUs with pulse charging capabilities have been developed and tested with the EMPT[36]
and ELF thrusters [40, 41, 42] in continuous operation. The basic circuit topology of these
PPUs, shown in Figurel.7, relies on the resonant charging of a capacitor via an inductor.
The primary advantages of this method are its relative simplicity, low parts count, and use

of passive, rather than active, components to perform the charging process.

Various versions of the EMPT and ELF PPU have been reported, with pulse rates as
high as 2.8 kHz, average power up to 15kW, and converter voltage gain greater than 10
reported|[36, 40, 41]. Input voltages varied from 24V to 300 V, which is generally within the
range of common spacecraft bus voltages[43]. Successful operation for over 10° discharges
and 100 hrs was demonstrated, as was steady-state thermal operation in vacuum. High power
operation was achieved by paralleling several lower power modules. Thermal testing of the
PPU revealed that heat was mostly generated in the pulse charging/discharge switch, indi-
cating that switching losses were the dominant energy loss mechanism and that a distributed

switch array was highly beneficial for PPU thermal management.
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Figure 1.7: Discharge coupled resonant charging circuit diagram. Note that the IGBT

responsible for discharging the main capacitor bank also controls the resonant charging time.

“Proto-flight” versions of the ELF PPU have been developed for power levels of 1 kW and
5kW/42]. Circuit schematics and an assembled version of the 5kW “J6” PPU are shown
in Figure 1.8. Having been successfully operated for more than 1 billion discharges, the
ELF PPUs are the most extensively tested IPPT PPUs. In addition to power throughput
and longevity, the ELF PPUs demonstrated steady thermal operation in vacuum and were
subjected to vibration, thermal, and radiated EMI testing as part of an effort to advance the
readiness level of the ELF thruster system[42]. Both PPUs retained nominal functionality
with no mechanical failures during three-axis vibration testing, indicating that the PPUs were
capable of withstanding launch-like vibrational loads. Preliminary in-atmosphere thermal
testing of the J6 PPU revealed that component temperatures remained well within the
tolerable range after several minutes of continuous operation. Overall PPU efficiency was
estimated at 88%[42], which is < 10% below comparable PPUs designed for gridded ion and
Hall thrusters[44].

The implementation of the resonant charging used in the PPU developed for the EMPT
and ELF thrusters, however, limits their ability to power a wider range of high pulse rate

I[PPTs. Because the charging circuit shares a switch with the discharge circuit (see Fig-



26

HV Power Pulse Charging Assy.
Supply

20hm =t | M
120 V4 noer =

-

i

;ad Lm«

T
‘-»
9

Pulse
Generator

i
111
8 ﬁ‘ '
B W 5
T

Antenna

’oos
D

28 Vdc &
Power
Supply Sl

w3

4kV Isolation

LT AT

B 5

Transmission

PPU, J6 Line

(a) J6 PPU configuration (b) Assembled J6 PPU

Figure 1.8: The ELF J6 PPU (from [42]).

ure 1.7), charging and discharging are coupled events. In other words, resonant charging
only occurs while the discharge switch is closed. This largely prevents these PPUs from
being used to power IPPTs implementing inductive recapture since the charging time would
be prohibitively short. In addition, the concurrency of the charging and discharging presents
a challenge for very high pulse rate operation (2 10kHz). At these rates, the required charg-
ing current could become comparable to the discharge current and distort the discharge
waveform. As such, the development of a PPU design that can support inductive energy

recapture across a wide range of pulse rates is a key milestone for high pulse rate IPPTs.

1.4 Dissertation Outline

Having discussed the motivations for developing high pulse rate IPPTs, we now turn to the
objectives of the present work. The primary aim of this dissertation is to lay the groundwork
for future development and testing of high pulse rate planar IPPTs by investigating several

key questions that are fundamental to their operation:

1. What might a PPU capable of powering a wide range of high pulse rate IPPTs, in-
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cluding those using inductive energy recapture, look like and how might it scale?

2. How does the current sheet evolve, particularly at lower discharge energies?

3. What are the primary factors influencing current sheet formation and how do these

values scale with the thruster operational parameters?

To gain insight into these questions, a compact planar IPPT was developed to serve as a
testbed. The experimental data collected from testing this device are intended to both shed
light on the three primary questions posed above as well as serve as a test case for existing
and future theoretical models.

With our introduction complete, the remaining chapters of this dissertation are as fol-
lows. In chapter 2, the operation and performance of a PPU for IPPTs operating at high
pulse rates is presented. Chapter 3 explores the question of current sheet evolution in planar
[PPTs using experimental measurements from the testbed IPPT. Chapter 4 uses the data
presented in chapter 3 to investigate the fundamental physics governing current sheet for-
mation in a planar IPPT and attempts to predict how these factors might scale with key
IPPT operational parameters. Finally, chapter 5 summarizes the main conclusions of this
work and briefly outlines several potential avenues for future development of high pulse rate

planar IPPTs.
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Chapter 2

A POWER PROCESSING UNIT FOR IPPTS OPERATING AT
HIGH REPETITION RATES

In this chapter we present the design and testing of a prototype PPU intended to power a
wide range of high pulse rate IPPTs, including those using inductive energy recapture, from a
nominal spacecraft bus. This PPU is designed to support pulse rates up to 10 kHz and input
power up to 10kW. We discuss the criteria used to select the PPU circuit topology, and
then present the basic theory of its operation. Through measurements of the device when
operated in a burst mode, we are able to characterize the performance of the prototype PPU.
Finally, we conduct an analysis of the measurements and use our results to investigate the

scaling of the PPU as well as identify areas of improvement. '
2.1 Introduction

Inductive pulsed plasma thrusters (IPPTs) are a type of electric propulsion (EP) device
which generate thrust by ionizing a gaseous propellant and then inductively accelerating
the resulting plasma to high velocities via the magnetic component of the Lorentz force
[3]. IPPTs have two primary advantages over non-inductive EP devices, such as Hall or
ion thrusters. First, inductive plasma acceleration eliminates the need for electrodes in
direct contact with the plasma. This allows for fully electrode-less operation, which can
significantly reduce contamination and thruster lifetime issues and affords greater flexibility
in propellant selection [8]. Second, because the power of a pulsed device scales with the pulse

rate, assuming the other operating parameters remain unchanged, constant specific impulse

IThis chapter contains results from Curtis Promislow and Justin Little. Operation and performance of
a power processing unit for inductive pulsed plasma thrusters operating at high repetition rates. IEEE
Transactions on Plasma Science, 50(9):3065-3076, 2022.[45].
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and thrust efficiency may be achieved over a wide range of input power levels [23].

IPPTs have traditionally been designed to operate at nominal pulse rates on the order
of 1Hz to 100Hz [3]. At these rates, pulsed gas injection using high speed pulse valves
becomes necessary to prevent propellant from escaping unaccelerated in the time between
pulses and keep the mass utilization and overall thruster efficiency high. If the pulse rate
is sufficiently high that injected propellant does not move beyond the coil coupling distance
in between pulses, however, it has been hypothesized that high mass utilization could be
achieved with steady propellant injection. This opens the possibility of eliminating the
pulse valve from the gas injection system, which would reduce system complexity, enhance
reliability, extend lifetime, and, in the event that mass utilization is improved, increase
overall thruster performance. Based on coupling distances reported in literature [18, 46, 23],
the required pulse rate is expected to be on the order of 1kHz to 10kHz for a planar IPPT
operating on noble gases such as argon or xenon. Theoretical modeling and simulations have
indicated that efficiencies in excess of 60% could be achieved when such high pulse rate IPPTs
are operated in an inductive energy recapture mode [30]. For a given power, higher pulse
rates also lead to lower per-pulse discharge energies. These lower energies can, in turn, lead
to reduced voltage and current in the IPPT discharge circuitry and help ease the transition
from previously used spark gap switches to modern solid-state switching technologies. Such
a transition is expected to be necessary for increasing IPPT lifetimes [15, 47].

IPPTs require some form of power processing unit (PPU) to convert electrical power from
the spacecraft power bus into a form usable by the propulsion system. The primary function
of the PPU when powering an IPPT is to fully recharge the main capacitor banks, C,,;, of
the thruster discharge circuit in the time between pulses (Figure 2.1). As such, the PPU
essentially acts as a spacecraft bus-compatible capacitor charging power supply (CCPS).
We note that while Figure 2.1 depicts a standard IPPT discharge circuit consisting of C,,
switch, S, and drive coil, L.y, alternative topologies have been proposed [48].

The PPU must also step up the voltage from the spacecraft bus voltage to the multiple

kilovolts typically required for efficient IPPT operation. Since the bus voltage is usually no
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Figure 2.1: Block diagram of an IPPT with a PPU for supplying power from a spacecraft
DC bus.

more than ~ 100V even for large spacecraft [43], voltage gain of 2 10 is required. With the
energy for propulsion in an EP system coming from the spacecraft bus, the electrical efficiency
of the power conversion process becomes an important component of the overall thruster
efficiency. Electrical efficiency is thus a key metric for any EP system PPU. Operation on a
spacecraft also imposes some unique constraints on PPU design. Mass and volume are usually
very limited, making high energy density and efficient use of space essential. Moreover, repair
of systems on-board the spacecraft is usually impractical, making redundancy and robustness

to fault critical PPU attributes.

While PPUs designed to power a high pulse rate planar IPPT have not been reported
in the literature, PPUs for high pulse rate field reversed configuration (FRC) IPPTs have
been developed previously [41, 42] and represent the present state of the art[3]. In these
PPUs, however, charging of C,,;, can only take place while the discharge switch, S, is closed.
If S is only closed for a short time, as is typical when operating in the inductive recapture
mode, the available charging time is also short, making the required charging current im-
practically large. Consequently, these PPU are generally incompatible with IPPTs seeking

to use inductive recapture.
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Here, we present a PPU designed to support operation of 1kW to 10kW class IPPTs to
pulse rates up to 10kHz. Our PPU design is unique in that it is intended to function as
an isolated, stand-alone CCPS, making it compatible with a wide range of IPPTs, including
those using inductive energy recapture. In addition, the PPU circuit topology is highly mod-
ular, allowing for potential scaling of the design to higher power levels while also providing

natural redundancy and fault tolerance.

2.2 Clircuit Topology, Theory, Modeling, and Operation

2.2.1 Clircuit Topology

When powering an IPPT, the PPU is, in essence, a spacecraft bus compatible CCPS. A wide
variety of CCPS designs may be found in the literature for terrestrial applications, including
particle accelerators, pulsed lasers, and railguns [49, 50, 51, 52, 53]. A comparison of common
CCPS topologies found in literature led to the selection of a boost converter based topology
for the prototype PPU. A design using two paralleled boost cells was selected as a compromise
between complexity, performance, scalability, and PPU volume and mass. While series
resonant, parallel resonant, and series-parallel resonant (e.g. LLC, LCC) CCPS topologies
were also considered, preliminary SPICE modeling suggested that the relatively low input
voltage (120V to 200V) would result in large recirculating currents on the primary side
when operating at high power, leading to significant conduction losses. We note, however,
that only fixed duty cycle, fixed frequency switching was used in our models.

A high level circuit diagram of this paralleled boost converter circuit topology is shown
in Figure 2.2. In this diagram, a DC power supply is used to represent the spacecraft
bus. A large “backing” capacitor bank (Cy,) is charged by the spacecraft bus and is used
to supply the large surge currents required by the circuit during operation. If the bus is
capable of supplying the peak currents on its own, this capacitor is not needed. From here,

two “boost cells” are connected in parallel. Each cell contains an insulated-gate bipolar

transistor (IGBT) switch (Ss, ), inductor (L), and diode (D,). It should be noted the boost
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Figure 2.2: High level circuit diagram of paralleled boost converter design selected for the

PPU circuit topology.

inductors and diodes in Figure 2.2 are representative lumped elements and may be comprised

of multiple sub-elements in series or parallel.

The output of the boost cells is connected to the output or “main” capacitor bank, C,;,
via an isolation switch, S;s,. This switch isolates the PPU from the main bank when it is
discharged and prevents the discharge circuit from interfering with the charging functionality
of the PPU or vice versa. A mock thruster discharge circuit was used to simulate the energy
taken from the main bank to form and accelerate the plasma propellant in an actual IPPT.
This mock thruster circuit consisted of a high side IGBT, Sy, for discharging the main
capacitor bank as well as a resistive load, Rj,.q. Closing Sy allowed energy stored on C,,;, to
be dissipated in Rj,.q. After a specified amount of energy was drained, Sy could be opened
to retain some fraction of the original stored energy on C),;, mimicking energy recovery by
inductive recapture. Since the PPU is agnostic to the method by which C,,;, is discharged
due to S;s,, this method of partially discharging C,,,;, was used to circumvent the complexities

associated with implementing an inductive recapture system and simulated plasma load.
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2.2.2  Theory of Operation

On-off timings of the boost cell, isolation, and discharge switches are shown in Figure 2.3a,
represented by their respective gate-emitter voltages. Note that V., indicates the gate-
emitter voltage of both boost cell switches. In this idealized diagram, we have, for simplicity,
ignored the finite switching times of the IGBTs and represent the transition between the on
and off states as instantaneous. When the voltage is low, the associated switch may be
assumed to be open, i.e., off. Upon transition to the upper-level voltage, the switch is
considered closed, i.e., on. We define the start of the cycle as the moment that the boost cell
switches are activated. The on-time of the switch, 7,,, is defined as the product of the switch
duty cycle, D,,, and the PPU period, T, where T" is simply the inverse of the recharging

pulse rate, f,.

Operation of the PPU may be broken down into three main phases. The first phase
begins when the boost cell switches are activated. During this phase, current begins to flow
from CY, through the boost cell inductors and switches, as shown in Figure 2.3b. These
currents are labeled I and I,, respectively, and are equivalent in this phase. Current
continues to rise until the boost cell switches are turned off, which marks the end of phase
1 and the beginning of phase 2. At the moment of switch turn-off, both I, and I are at

their maximum, denoted as Ipeq-

During phase 2, highlighted by the blue region in Figure 2.3b, the induced voltage that
forms across L, pushes current Ip through D, onto C,,;,. This results in the rapid increase
in V,,;, observed in Figure 2.3c. Meanwhile, I,,, decays rapidly at the start of phase 2 due to
the turn-off of S,,. In Figure 2.3 this decay is shown as instantaneous but in a real circuit
I, will fall over some finite period of time. Dissipation of I, in S, as the switch is turned
off results in so-called switching losses. Switch S;,, is closed just before the end of phase 1

to enable recharging of C,,;.

Once the flow of current onto C,,;, has ceased, S;,, is opened and we move into the third,

or discharge, phase of operation. The time elapsed between the closing and opening of S;,, is



34

V. Tis Td
ge S0
4 (a> - Ton > T que,sw
- qu,iso
- V:qe,d
0 >
t
B e —
T
(b)
Y Tpcar, ) I,
II' //'
/ : / : IDZ)
/ | / |
/,I : /’, : ILb
/ | / |
/ | / ]
/ ] / ]
/ | / |
== 1 "
Ton  Trch
V.
mb 4 (C) Vmb,f
t

Figure 2.3: Idealized (a) gate voltages indicating switch timings, (b) boost inductor, switch,

and diode currents, and (c) main capacitor bank voltage over two pulses.

referred to as 7;5,. The main bank voltage remains constant until the closing of Sy to initiate
the mock discharge. This discharge may take place at any time between when S, is opened
and the start of the next cycle and has duration of 7;. While Sy is on, V,,; falls exponentially
in an RC-type decay with resistance Rj,.s and capacitance C,;,. Once Sy is opened, this
decay stops and V,,; is held constant. In cycles after the first, C,;, will be recharged from

this value, labeled in Figure 2.3c as V0, rather than V..
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2.2.8 Theoretical Model

A theoretical model of a simplified circuit was developed to gain insight into PPU operation.
For deriving this model we first considered a single boost cell and ignored Cj, and the mock
thruster circuit. In the first phase, the circuit is modeled as a an RL circuit connected to
a constant voltage DC supply. Using this simple model, we find that the boost inductor

current in phase 1 rises according to

Ing=—(1—e?), (2.1)

where V. is the bus or backing bank voltage, R; is the lumped element circuit resistance in
phase 1, L, is the effective boost inductance, and ¢ is the time elapsed since the boost cell
switches reached the on state. Variable «a; is the damping coefficient of the phase 1 circuit
given by ay = Ry /(2Ly). If the L/R time is sufficiently large that the product ot < 1, we

can use the power series approximation for the exponential function to argue that

Vdc
Ly

t. (2.2)

Ip, 1~

The current through the boost inductors during phase 1 is therefore expected to grow in a
linear fashion with a slope of approximately (V./Ly).

Following a similar procedure to phase 1, we model the PPU in phase 2 as a series RLC'
circuit with a diode. Under this simplified model, we find that the boost inductor current

may be expressed as shown in equation (2.3).

1 Vie = Vibo — IoRo — V. ,
Ip,0 = Tpeme2(t=mon)) | = [, + d b0~ -0-2 4) sin (wa (t — Ton))
’ Wy LbIO

+cos (wg (t —7on)) | (2.3)

In equation (2.3), wy is the damped frequency and as is the damping coefficient of the RLC
circuit formed by Ly, C,p, and the equivalent lumped element resistance in phase 2, Ry. Vyr
is the forward voltage drop across the boost cell diodes. Note that there is a separate effective

resistance for each phase since the current flows through different components. The initial
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conditions are Iy, which is Iy, peqr from phase 1, and V,; 0, which is simply the voltage left
on the main capacitor bank after the previous discharge. While the decay of I, and Ip and
the rise of V,,,; are shown as linear in Figure 2.3b for simplicity, equation (2.3) indicates that
they are actually non-linear. If, however, Ry, L;, and C,,;, are such that w, (t — 7,,) < 1 and
as (t — Ton) < 1, by making use of the small angle approximations for the sine and cosine

terms we find that equation (2.3) reduces to the linear form

Vmb,O - Vdc

» (t — Ton) - (2.4)

ILb,Q ~ ILb,peak -

Here, we have also assumed that resistive and diode forward voltage drops are small compared
with V50 and V.. Note that while this model was derived for a single boost cell, it may
be extended to multiple paralleled cells by appropriately scaling Iy, peqr, Lp, and the two

resistances by the number of boost cells, N,.

2.2.4 SPICE Model

The theoretical model presented in section 2.2.3 assumes the transition between phase 1
and 2 is near instantaneous and, by extension, that switching losses are negligible. Since
the boost switches are hard switched at maximum current, this assumption requires further
scrutiny. To gain an improved understanding of the energy losses in the system, the PPU
circuit was simulated in SPICE. Rather than using a formal IGBT SPICE model, such as
those reviewed in [54], the boost cell IGBTs were instead modeled as time varying resistors

with resistance of the form
st — st,() + szt eozsw(75—7’071"!‘7'adj)7 (25)

where Ry, ¢ is an effective saturation resistance (in Ohms) and 7,4 and o, are empirically
determined parameters that control switch turn-off timing and the speed at which switching
occurs, respectively. Ry is a fitting resistance which was used to scale the exponential
term. For simplicity, we set Ry = 12 in this work. Equation (2.5) is intended to capture

the rapid rise in resistance that occurs when the IGBT is turned off during the transition
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between phases 1 and 2. We note that a diode was placed in anti-parallel with each R, to
model the effect of the freewheeling diode found in many IGBT modules.

Another limitation of the theoretical model is that it does not account for the role of
parasitic elements in the circuit behavior. The SPICE model accounted for various stray
capacitances, including the parasitic capacitances of the boost inductors, Cp, diodes, Cy,
and switches, Cy,,. RC'D snubbers placed in parallel with the boost cell switches to control
turn-off switching transients were also modeled, with their capacitance denoted as Clg,up.
The output capacitance of both the isolation and discharge switches were also considered,
with values estimated from their respective datasheets.

For comparison with the experimental results, measured values were used for Cyy, C)pp,
Ly, Vip0, and V0. The values of the stray capacitances, effective resistances, and switching
parameters, i.e., t,4; and o, were left as free parameters which could be adjusted to match
the model output to the experimental waveforms. Initial values for Cy and Cy,, were obtained
from the datasheets of the boost diodes and switch, respectively, while the measured value
of 2.2nF was used as a starting point for Cj,,,. For the modeling results presented here,
Rsu0 was set to zero, with the switch on-state effective resistance accounted for as part of

R;.
2.3 Experimental Setup

A benchtop implementation of the circuit in Figure 2.2 was constructed to investigate the
performance of the PPU. A DC power supply was used to slowly charge a large film capacitor
(Cp = 1460 pF), which served as the backing bank, to a nominal voltage between 120V to
200V. This voltage range was selected to mimic the range of bus voltages that might be
available on a large spacecraft [43].

Three different values were used for the boost inductance in the course of testing. The
building block of the boost inductors were air-core Brooks’ coil inductors wound from 150/33
Litz wire (equivalent to 12 AWG) with a nominal inductance of 108 pH. Effective boost

inductor values of 54 pH and 216 nH were achieved by connecting two of these coils in parallel
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and series, respectively. Air cores were used to avoid core saturation at high peak currents.
The Brooks’ coil configuration was chosen so that the mass and resistivity of the inductors
for a given inductance would be minimized[55].

The diodes used in each of the boost cells were 1700V, 182 A silicon carbide (SiC) Schot-
tky diodes (GeneSiC, GB2X50MPS17-227). Two of these diodes were connected in series
to allow for blocking up to 3400 V. SiC Schottky diodes were used due to the absence of
a reverse recovery current and the superior thermal characteristics of silicon carbide. Two
6500V, 200 A (Infineon, FZ200R65KF2) NPT IGBTs were used for the boost cell switches
and were controlled via custom gate driver boards. These driver boards were designed to
have very low stray inductance and supply up to 30 A peak drive current for fast switching
times and reduced switching losses. Low stray inductance in the driver board was found to
be crucial for avoiding overvoltaging the switch during turn-off of the boost inductors. It
should be noted that 6500 V switches were used in the boost cells instead of 3300 V switches
due to their higher dI/dt rating, which was found to be critical to avoiding failure of the
switches at turn-off. The isolation switch was not turned off or on while current was running
through it, and so a lower rated, single 3300V, 800 A IGBT (ABB 5SNA 0800N330100) was
used for this switch.

The main capacitor bank was a C,,;, = 0.328 pF film snubber capacitor (WIMA, FKP1X023307G)
optimized for high frequency, high pulse current applications. A second 3300V, 800 A IGBT
(ABB 5SNA 0800N330100) in a high side configuration was used as the discharge switch, Sy.
Finally, non-inductive, high voltage rated 200€) ceramic resistors (Ohmite, 254AS201KDS)
were used for the resistive load. For most tests, two of these resistors were paralleled to
achieve an effective 1002 load. It should be noted that these resistance values are not
meant to be analogous to the resistivity of the plasma in an IPPT. They were instead sized
based on the RC' time constant needed to achieve energy losses similar to that experienced
in an IPPT implementing inductive recapture over a similar discharge timescale [30].

Wherever possible, connections between circuit elements were made using wide, 0.035 inch

thick copper busbar. The outgoing and return lines were stacked and were typically separated
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by no more than a few millimeters in order to reduce the stray inductance in the system.
On the measurement side, high voltage differential probes with a 100 MHz bandwidth
(Micsig DP20003 and Pintek, PT-8020) were used to record the voltage on the backing
bank, main bank, and the gate voltages on both of the boost switches as well as the isolation
and discharge switches. The total current through the each of the boost inductors, Ir,, was

measured using calibrated shielded current monitors with a 0.1 V/A sensitivity.

2.4 Results and Discussion

2.4.1 High Pulse Rate Operation

The benchtop PPU prototype was tested at pulse rates of 1kHz, 2kHz, 5kHz, and 10kHz
to investigate its performance across the full range of nominal pulse rates. The main and
backing bank voltages and the current in each of the boost cells at f, = 10kHz are shown
in Figure 2.4. For these tests, the DC power supply was isolated from the PPU using large
resistors (1k(2) and the PPU was operated using only the energy stored in the backing bank.
While this was done primarily to protect both the power supply and PPU in the event of
a component failure, this method of operation may also have practical applications, such
as on a spacecraft where the bus power is below the nominal PPU output power. For the
experimental conditions tested, at least five to ten pulses were usually achievable before V,,,;,
fell below the target output voltage range of 2kV to 3kV.

Figure 2.4a shows successful charging of C,,;, to 3kV and at 10kHz pulse rates. Fig-
ure 2.4b suggests the approximation of a linear [, is appropriate in phase 1 and at the end
of phase 2. Signs of non-linearity in I, early in phase 2, however, point towards a finite
switching time. A gradual decrease in the achieved V,,;, ; is observed after the second pulse
in Figure 2.4a. This is a byproduct of the gradual draining of the backing bank energy,
which results in a lower V4o for each subsequent pulse in the train.

The negative current spike that follows turn-off of the boost cell switches in Figure 2.4b

was found to be due to the stray capacitance in the circuit, collectively labeled as Cgpqy-
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Figure 2.4: Demonstration of PPU operation at 10 kHz with 3kV output. Shown are (a)

Vip and Vi, and (b) I, through each of the two boost cells during a 5 pulse train.

As a result, the amplitude and shape of the reverse current can be used to estimate Clyqy
and characterize its effect on energy losses. Interestingly, the reverse current represents a
recharging of Cy, from energy stored in Clqy, indicating that not all energy stored in Clyyqy
is lost.

We also observe from Figure 2.4 that the currents in the two boost inductors, Ir, ., and
Iy, .., are fairly well matched despite the lack of any active current balancing scheme. This
indicates that the boost cells can be made to evenly share the charging current simply by

matching the inductors and boost switch timings.

2.4.2 PPU Performance

The PPU was tested under various conditions for each of the four pulse rates investigated.
A summary of the tested conditions and the corresponding performance metrics is given

in Table 2.1. Values with a “0” subscript represent initial values at the start of phase 1
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Table 2.1: Brassboard PPU protoype performance measurements. The performance data

shown was calculated for the second pulse in the pulse train.

fp Don Lb ‘/;)b,O Vmb70 Vmb,f Erec ‘A/gain ILb,peak Pout T T2 n

Case

[kHz] wH] [Vl [kV]  [kV] (Al kW] [%] [%] [%]
A 1 0.052 54 193 127 293 0.19 152 179 1.1 99 57 59
B 1 0.070 108 194 126 294 0.18 15.2 122 1.2 98 62 64
C 2 0.200 216 174 157 285 030 16.4 79 1.9 98 62 66
D 2 0.280 216 141 1.30 2.98 0.19 21.1 87 2.4 96 67 69
E 2 0.351 216 109 1.25 2.77 0.20 25.5 82 20 94 66 67
F 5 0.251 54 145 089 210 0.18 144 128 3.0 96 60 60
G 5 0.261 54 193 127 295 0.19 153 180 58 98 60 59
H 5 0.352 108 145 090 2.14 0.18 14.7 92 31 98 61 63
I 5 0.350 108 194 126 296 0.18 153 121 59 97 66 65
J 5 0476 216 194 124 292 0.18 15.0 84 57 100 69 70
K 10 0503 54 146 136 225 0.36 155 128 53 96 55 54
L 10 0503 54 174 165 271 0.37 156 156 76 98 54 56
M 10 0503 54 188 1.81 297 0.37 158 168 91 98 55 58

while the “ f” subscript indicates the final value achieved after charging. The “mb” and “bb”
subscripts represent values belonging to the main and backing banks, respectively. Unless
otherwise noted, subscripts “1” and “2” indicate association with the respective phase. In
Table 2.1, columns f, through Vo are the primary design variables that were changed during
the experiment, while columns V,,; o and onward are either measured or calculated values.
Variable E,.. is the inductive, or energy, recapture ratio and represents the fraction of

the initial stored energy that is recovered onto the main bank (C\,;). It is given by

- Emb,O -

Eree = =1—-E,. ) 2.6
oo s h (2.6)
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where E,,,0 and E,,;, ; are the initial and final energy stored in C,,;, and E’Tch = Eron/Enmp. s
is the recharging ratio. FE,.. is the energy recharged by the PPU during a single charging
cycle. The output power of the PPU is therefore P,,; = f,E,c,. The higher the recapture
ratio, the larger the energy recovered by the main bank after a discharge. For a fixed output
power, a larger E,.. allows for higher pulse rates to be achieved.

The voltage gain across the PPU is simply the ratio of the final output voltage to the
initial input voltage, i.e.,

‘A/;;ain - mb,f/%b,() . (27)

Variables 7, and 7, are the effective efficiencies of phases 1 and 2, respectively, which we

define as

2.8
m o (2.8a)
Erch
= 2.8b
2 Er, + Eino ( )

Energies Fj,; and Ej, s are the energy transferred into the circuit from the backing bank
during phases 1 and 2, respectively. FEp, is the peak energy stored in the boost inductors
and is expressed as

1
Er, =N, (ELinbmJ : (2.9)

where I, .. is the peak inductor current, which is achieved as the circuit transitions from

Kk
phase 1 to phase 2. For the present prototype, the number of boost cells is N, = 2. The
denominator in Equation (2.8b) reflects that the energy for recharging the main bank comes
from a combination of the energy stored in the boost inductors as well as a typically small
amount of additional energy supplied by the backing bank during phase 2.

It should be noted that, as defined, the total efficiency, 7, is not simply a product of n,

and 7y but is instead given by

o Erch o 1 + Ein,Z/ELb
7 Eini1+ Einy 1+ Ej2/Eina

s - (2.10)

In the limit £y, > Ej, 2, however, equation (2.10) reduces to n ~ n17s.
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For the cases in Table 2.1, all of the energy used in the charging process can be assumed
to come from Cj,, and we can calculate n experimentally using the ratio of the change in
main and backing bank energies

Eren _ C'mb (V’anb,f - Vrrgzb,O)
Ein  Cw (Vo —Viny)

n= (2.11)

With Cy, and C,,;, known, 1 can be conveniently determined from only measurements of the
initial and final bank voltages.

The data in Table 2.1 show that the prototype PPU successfully demonstrated high
pulse rate operation within the targeted 1 kW to 10 kW power range and with high voltage
gain. Pulse rates from 1kHz to 10 kHz were demonstrated while achieving the voltage gains
required for stepping up spacecraft bus-level voltages to a level useful for IPPT operation.
The minimum output voltage achieved was 2.10kV in Case F while the maximum was 2.98 kV
in Case D. The minimum voltage gain measured was 14.4 (Case F) while the highest was
25.5 (Case E). Although the output power generally increased with pulse rate, exceptions to
this trend occurred due to variations in Vgam and Erec between cases.

Figure 2.5 compares waveforms for I;, and V,,, generated by the SPICE model to the
measured values as well as those predicted by the theoretical model comprised of equations
(2.1) and (2.3) and the simplified linear model given by equations (2.2) and (2.4). Note that
because resistive effects are absent from the linear model due to the stated assumptions, it
is equivalent to the ideal case where all losses are negligible.

Figure 2.5a and 2.5b reveal excellent agreement between the SPICE model and the ex-
perimental waveforms for both I, and V,,;. Of particular note is the accuracy with which
the exponential switch resistance model of equation (2.5) appears to be able to replicate the
transient switching behavior of the IGBT. The SPICE model and experimental I, wave-
forms deviate only slightly during the transition between phase 1 and 2, with the SPICE
model underpredicting I, by a few Amperes or less in most cases. The dashed vertical line
in Figure 2.5¢ marks ¢ — 7,, + 7,4; = 0 in equation (2.5), which we take as the start of switch

turn-off in the SPICE model. This timing lines up well with the initiation of switch turn-off
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Figure 2.5: Comparison of experimentally measured waveforms for (a) I, and (b) Vi
with those predicted by SPICE, simplified circuit theory, and the linear approximation to
the circuit theory. Subplot (c) shows the measured gate voltage of the boost switch IGBTs
and compares it to the fitted value of t44, for the SPICE model. The waveforms shown are

for the second pulse in Case I.

in the experiment, indicated by the drop in the measured Ve gy .

Figure 2.5a also shows that the SPICE model is able to accurately predict the reverse
current that occurs in the transition between phases 2 and 3. This is due to the inclusion
and fitting of the stray capacitances in the SPICE model. The peak and shape of this reverse
current were found to be impacted by the aggregate of Cs,, CL,, C4, and Cy,yp. Of these,

Cynup Was thought to have the largest contribution based on its measured value of 2.2 nF.

From Figure 2.5a we find that our simplified theory and the resulting linear approximation
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match the experimental I;, well during phase 1. The linear model is found to slightly
overpredict Iy, due to its inherent assumption of negligible resistance. The assumption
in these models of instantaneous switching between phases 1 and 2, however, causes the
predicted Iy, to fall and V,,; to rise sooner than in the experimental data or SPICE results,
as seen in Figures 2.5a and 2.5b, respectively. This assumption also neglects switching losses,
which contributes to both theoretical models significantly overpredicting Vs s

A modification to the theory can be made with the assistance of the SPICE model to add
in the effects of turn-off switching losses. Instead of assuming I, immediately flows onto
Cp in phase 2, we assume that [, continues to flow through the switch for a short period.
This switching time, given by

1.75

s : 2.12
Tow = (2.12)

is represented by the shaded region in Figure 2.5a, with the factor of 1.75 being determined
empirically. After 75, has elapsed, I, is assumed to flow only into C,,;, as in the original
theory. By treating the I, that flows during 7, as lost energy, we can include the effects
of turn-off switching losses in the theoretical model without adjusting the model equations.
Figure 2.5b shows that the inclusion of this modification greatly improves the V,,; s predicted
by the linear model.

Given the close agreement of the SPICE and experimental waveforms in Figures 2.5a
and 2.5b, we generally expect that the SPICE model should provide an accurate estimation
of the energy losses in the PPU. The partitioning of energy predicted by the SPICE model
is presented in Table 2.2 for the second pulse in cases G, I, and J. These three cases were
selected for comparison since the initial and final conditions are similar in each.

In Table 2.2, Er; and Egro are the Ohmic losses due to the effective circuit resistance
during phase 1 and phase 2, respectively. FEy, is the turn-off switching loss and is defined
as any losses due to energy dissipation in Ry, (equation (2.5)). This differs slightly from
the standard definition of switching losses as those occurring between certain percentages
of Ve sw and the collector current [56]. The “miscellaneous” energy losses tabulated under

Eisc account for losses in the RC'D turn-off snubbers and stray capacitance in the circuit.
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Table 2.2: Partitioning of energies predicted by the SPICE model.

ER,I ER,2 Esw Emisc. Eloss Erch

Case

[m.J]
G 79 128 529 24 760 1184
I 49 92 442 26 609 1185
J 36 84 380 21 521 1148

The total energy loss for the pulse is given, for convenience, by Ej,.s. The total output, i.e.,

recharging, energy F,., is included so the losses may be put into perspective.

Table 2.2 shows that the SPICE model predicts switching losses are the dominant loss
mechanism, accounting for 70% or more of Ej,,, and between 33-45% of E,.;, for each of the
three cases modeled. In contrast, total conduction losses were around 25% of total losses.
Ohmic losses are calculated to be higher in phase 2 than phase 1 by roughly a factor of 2.
Stray losses were estimated to be only a few percent, possibly as a result of the Cy;, recharging

mechanism described in section 2.4.1, and remained relatively constant across all three cases.

Due to the prominence of the turn-off switching losses, adopting a quasi-resonant topology
for the boost cells such that the switches achieve zero-current switching (ZCS) or zero-voltage
switching (ZVS) at turn-off, may prove beneficial [57]. The implementation of these types
of soft-switching techniques in boost converters and boost converter-based CCPS have been
reported in the literature, for example in [58] and [59]. The efficiency of each of the phases as
well as the overall efficiency predicted by the modified linear and SPICE models is compared
to the experiment values in Table 2.3. Since the linear model neglects resistive losses by
assumption, we estimated Er; for the modified linear model by calculating Ohmic losses
using R; from the full model with [;, from the linear model. We justify this by noting

that the full theoretical and linear models predict very similar I7, in phase 1, as shown by
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Table 2.3: Comparison of performance predicted by the modified linear (ML) and SPICE

(SP) models to measured values (EX). Efficiencies are reported here in percent.

m 72 n
Case
ML SP EX ML SP EX ML SP EX
G 9% 95 98 64 64 60 64 61 59
I 97 96 97 64 69 66 64 66 65
J 98 97 100 65 71 69 65 69 70

Table 2.4: Parameters used to generate the SPICE model predicted values in Tables 2.2

and 2.3.
RC’bb RCmb Rb 1 Rb 2 CLb C’sw,b Cd Csnub Csw,d Qs Tadj.
Case
(mg)] [nF] [1/ns]  [ns]
G ) 5 61 2500 0.10 0.10 1.30 2.00 6.00 2.20 0.28
I 5) 5) 61 2500 0.10 0.10 1.20 2.00 6.00 1.70 0.40
J 10 20 61 3250 0.10 0.10 1.20 1.80 6.00 1.30 1.10
Figure 2.5a.

Good agreement is observed in the case of 7;, where both models calculate high efficiencies

comparable to the experimental value. In phase 2, the modification of the linear model using

Tsw from the SPICE model allows prediction of 7, to within +5%. The SPICE model is found

to remain in good agreement with experiment for 7y, lending credence to the time varying

switch resistance model. Both models and experiment agree that 7, is noticeably lower than

71, due to the impact of switching and higher conduction losses in phase 2. The modified

linear model was found to predict the total efficiency to within £5% while the SPICE model
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produced values within +£2%. Both models showed a tendency to underpredict efficiency for
the lowest inductance case (Case G) and overpredict for the highest inductance case (Case
J).

The parameters used in the SPICE model for generating the data in Table 2.2 are given
in Table 2.4. Resistances R¢,, and R¢, , are the effective series resistances for the backing
and main capacitor banks, respectively, while %, and R, are the effective resistances of
each of the boost cells during phase 1 and phase 2, respectively. To find the values of R; and
Ry as defined in section 2.2.3, we use Ry = Re¢,, + Rp1/Ny and Ry = Re,, + Rpo/Ny. We
immediately notice that R; 9 is over an order of magnitude higher than R, ;, which explains
the larger phase 2 Ohmic losses in Table 2.2. Comparing the effective frequencies of the
current waveforms in each of the two phases, we find that the frequency is usually < 1kHz
in phase 1 and then increases to 2 10kHz in phase 2. As such, it is hypothesized that AC
resistivity effects, namely the skin and proximity effects, may be at least partially behind
the increase in resistivity.

The higher R¢,, and R¢,, in case J compared to cases G and I is thought to be the result
of higher ESR of the capacitors at low frequencies. The increase in Rs is expected to be
partially due to stacking multiple inductors in series to increase L;. The stray capacitances
were largely constant across all three cases apart from a few minor adjustments. This agrees
with the results in Table 2.2, which showed that the parasitic losses remained similar. Finally,
(e 18 found to decrease as L, increases and [ Lo pear d€CTEASES. T4q; is Observed to follow the
opposite trend, indicating later initiation of switch turn-oft as [, decreases. The datasheet
for the FZ200R65KF2 IGBTs indicate that switching turn-off and delay times should scale

inversely with collector current at turn-off, which agrees with the observed trends in ., and
Tadj-
2.4.8 Performance Scaling

Scaling of the PPU efficiency in each phase was investigated through the modified linear
model. We find it useful to recast equations (2.8a) and (2.8b) in terms of the energy lost
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in each phase, Ejyss1 and Ejygs 2, respectively. Note that we have defined these losses such
that Ejpss1 = Eing — Er, and Ejyes0 = (Er, + Ein2) — Eyen, consistent with our definitions
of 1 and 75 in section 2.4.2. To find simple equations guiding the scaling of n; and 7y, we
make two additional simplifying assumptions. First, based on data in Table 2.1, we assume
that the voltage gain (equation (2.7)) is large and the energy recovery (equation (2.6)) is
non-negligible such that ‘A/gam\/m > 1. Second, based on Table 2.2 we assume that
the conduction losses in phase 2 (Eg2) are small relative to the switching losses (Eg,) so
that we may approximate Ejoss2 ~ s, and E,q, = Er, — Ey,. Under these assumptions,

equations (2.2) and (2.4) were used to derive the following scaling laws:

1

7 TLC
Viin (227)
1

= 2"
(1 22

In addition to the previously defined 74,, which represents the characteristic switching

1+

wirN

o & (2.13Db)

timescale, two key timescales appear in equations (2.13a) and (2.13b)

Tr/r1 = L/ Ry (2.14a)

1o =/ (Ly/Np) Crnp - (2.14b)

Timescale 7,1 is the effective L /R timescale for phase 1 and represents the characteristic
timescale for resistive energy decay in phase 1. Timescale 77¢ is the effective LC' timescale
and is related to the rates at which energy can be stored in and transferred from the boost
inductors. It may be shown that the product ‘A/gamTLc is proportional to 7,,, which, as shown
graphically in Figure 2.3a, is the time it takes for boost inductors to reach their maximum
stored energy, i.e., Er,. The 1 scaling factor in equation (2.13a) may thus be interpreted
as the ratio of the energy storage and energy dissipation timescales in phase 1. This ratio
informs us that Ohmic losses can be minimized if energy can be stored in L, over a time

period that is short relative to 77,g, resulting in a high n;. While N, does not show up
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Figure 2.6: Scaling of (a) 1, and (b) 7y with their respective scaling parameters.

explicitly in equation (2.13a), a factor of 1/4/N, appears in 7.¢, indicating that increasing

the number of boost cells will decrease phase 1 Ohmic losses.

The timescale ratio 74, /Trc in equation (2.13b) represents the impact of turn-off switching
losses. A larger ratio indicates that, during phase 2, I, is slow to change from flowing
through the boost cell switches to flowing onto C),,;, resulting in larger switching losses. The
square root term in equation (2.13b) suggests that the relative importance of switching losses
will increase with E,e.. The energy recapture ratio is related to both the current at switch
turn-off (I, year) and the voltage across the switch immediately following turn-off (V)
and describes the intensity of the switching losses relative to the energy recharged onto the
main bank. The increase of the switching losses with IV, is simply a statement that, assuming
no change in the other parameters, switching losses will scale linearly with the number of
switches being used. The appearance of this N, dependency is notable, since it may render

the strategy of increasing the number of boost cells to decrease the Ohmic losses untenable.

The inverse scaling of 7y with Erec is somewhat concerning. It has been shown that
the discharge circuit of an IPPT should be strongly underdamped to achieve high efficiency

[28]. Due to low damping, an efficient IPPT utilizing inductive recapture is likely to have a
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relatively high energy recapture ratio. This suggests the possibility of a compromise between
thruster and PPU efficiency.

The presence of 7, in the numerator of equation (2.13a) and denominator of equa-
tion (2.13b) suggests that there will be some degree of trade-off between 1, and 7,. While
we aim to have the capacitor charging timescale be short relative to the resistive dissipation
timescale in phase 1, we also require that this timescale be long relative to 74, to minimize
switching losses. Within the parameter space of interest, however, it is likely that 7, will be
closer to Ty, than to 77/g,. Moreover, 1, scales as 1/(14x)* while 7; only scales as 1/(1+x).
This suggests that minimizing the ratio 74,/7.c should be prioritized to maximize overall
efficiency in most cases.

Figure 2.6 shows the scaling of 1, and 7y with their respective scaling parameters. The
points are grouped by nominal boost inductor value, with blue, orange, and green correspond-
ing to Ly of 54 pH, 108 nH, and 216 nH, respectively. The points are observed to generally
follow the expected scaling trends, marked by the dashed black lines, in both figures 2.6a
and 2.6b. Figure 2.6a shows the data is concentrated at low x-values where 7; is high. This
is due to relatively large L;, low R;, and modest output energies (F,,), which resulted in
an energy dissipation timescale that was long relative to the energy storage timescale. With
%am typically on the order of ~ 10, the phase 1 timescale ratio was of order 1073.

Figure 2.6b shows 7 varies strongly with the scaling parameter, particularly at low z-
values. With NV, = 2, minimizing 7, /7.¢c and E’Tec becomes important for achieving high 7s.
Based on the values of .. in Table 2.1, we find the square root term in equation (2.13b)
ranges from about 0.45 to 0.75. SPICE model results show 7y, /7.c varies relatively little
for the cases in Table 2.1, with all calculated values falling within 0.21 to 0.28. This narrow
range is likely due in part to the conjectured scaling of 7., with L; discussed in section 2.4.2,
which seems to result in 7y, trending with 7,¢.

The general grouping of points with the same nominal boost inductance seen in Figure 2.6
is thought to be the result of the 1/1/L; factor that appears in the scaling parameters for

both 7; and 7. This inverse relationship is due to a larger L; decreasing the I, ., needed

k
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to store a certain Ej, and, by extension, output a certain E,.. A lower [ Ly pear 1€2dsS tO
lower Ohmic losses in phase 1, assuming R; remains unchanged, and lower switching losses
in phase 2. This suggests that the efficiency in both phases should tend to increase as L,
grows.

The data in Figures 2.6a and 2.6b generally support this hypothesis, with exceptions being
attributed to variations in other parameters in the scaling laws. In Figure 2.6a, relatively
large %am result in lower 7; for cases D and E, even though L, = 216 pH, which was the
largest tested. In Figure 2.6b, cases K, L, and M have noticeably higher scaling parameter
values than cases A, F, and G, despite sharing the same L, = 54nH. This is attributed to
the high E,.. in these cases, which highlights the challenge of achieving low switching losses
while keeping the inductive recapture ratio high.

Equations (2.13a) and (2.13b) hint that the design of the PPU and thruster are inter-
connected. Using the modified linear theory, we show that 7.~ has a lower limit dictated
by the minimum allowable PPU efficiency and an upper limit set by the pulse rate of the
thruster, f,,

Ny | Ere 1

~— Tsw 5 T. S A R ) 2.15
v V1-E,.. Le (2.15)

JoVaain V1 — Erec

The lower limit in equation (2.15) was derived from equation (2.13b) by setting a minimum
allowable phase 2 efficiency, 12 min, With v = \/W — 1. The upper limit was produced
by finding that the on-time scales as

Don > -
Ton = ~ ‘/gain \/ 1— Erec TLC » (216)
Jo

where D,, = 7,,/T is the on-time, and also the phase 1, duty cycle. Equation (2.16)

shows that maximizing D, leads to the highest possible 7.¢ for a given f,, Vgam, and Erec.
Accordingly, this suggests that the PPU should seek to operate at the maximum allowable
duty cycle to achieve the best efficiency. While for the purposes of equation (2.15) we have
assumed the maximum duty cycle to be D,,, ~ 1, in practice D,, < 1 since finite switching

times and the existence of phase 2 require 7,, < T.
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If Vgam and E'Tec are fixed by the thruster and satellite bus design and D,, is at its
maximum, equation (2.16) shows that increasing f, requires a decrease in 77¢. This indicates
that, for a given Erec and Vgam, the maximum achievable PPU efficiency will tend to scale
inversely with thruster pulse rate. We note that this trend is not observed in Table 2.1
because our choice of operating parameters led to a non-maximized D, in most cases.

The upper and lower limits in equation (2.15) may be combined to produce the constraint

(2.17)

fr§ —At—
Nb Erec‘/gainTsw

Equation (2.17) effectively states that f, must be sufficiently slow to allow 7,,, and thereby
Tre, to be long enough that high 7, can be achieved. We observe that, from a thruster
design standpoint, large Emc and %ain tend to reduce the maximum attainable f,. In terms
of PPU design, it is found that N, and 7, can be reduced to achieve higher pulse rates. We
also note that a lower 7 ,;, can be traded off for higher f, via an increase in ~.

Timescale 77¢ is a combination of PPU design parameters L, and N, and thruster design
parameter C,,;,. In many cases, however, the choice of C,,,;, will be constrained by the thruster
design requirements. Decreasing IV, is equivalent to increasing the effective boost inductance,
i.e., Ly/Ny, with 77 being maximized for the minimum N, = 1. The factor of 1/y/L; in
the scaling parameters for n; and 7, suggest that, ignoring mass and volume limitations, L
should be increased until 7, reaches its upper limit to maximize PPU efficiency.

Reducing 74, is an obvious target for improving PPU efficiency. Switching times could
potentially be improved, for example, by using later generation IGBTs with improved turn-
off characteristics or perhaps even series-stacked SiC MOSFET modules. While we have
treated T, as an independent variable in equation (2.13b) for simplicity, it often has a
complex dependency on several factors, such as the collector current and collector-emitter
voltage at turn-off, which may produce dependencies on variables such as Ly, Vgam, Erec,
or N,. The apparent inverse scaling of 74, with L, found in Table 2.4, for example, may
change how 7, scales with L;,. Future work may seek to express 7y, in terms of the PPU and

thruster design variables.
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2.4.4 Quasi-Steady Operation

Quasi-steady state testing of the PPU prototype was performed by removing the 1 k() resis-
tors between the DC supply and Cy, and using a 15kW Lambda ESS DC power supply with
variable output up to 200V and 75 A as the input power source. This supply was intended
to mimic the power output of an appropriately sized spacecraft bus and had sufficient power
to fully replenish the charge on (3, between pulses. For these tests, the PPU was operated
for up to 20 pulses at a time while Vi, V,,5, and I, were measured. The resulting waveforms
for PPU operation at 2kHz are shown in Figure 2.7. Unlike in Figure 2.4a, we observe that
Vim0 and Vi, ¢ become quite consistent for pulse two and onward. Examining all pulses after
the first, we find pulse-to-pulse deviation in V., and V,,;, ¢ to be less than 2% of the average
value, providing strong evidence of quasi-steady state operation. While Vj,;, fluctuates at first,
possibly due to the DC power supply being unable to perfectly regulate its power output
over such short timescales, it too appears to level out to the target value of ~ 120V by the
end of the pulse train.

While thermal imaging showed no signs of significant component heating in any of the
tests performed, attempts to operate beyond about 20 pulses were halted due to concern
over growing negative overshoot in I, following shut-off of the boost cell switches and an
associated negative drift in the quiescent I7,, as seen in Figure 2.7b. The exact cause of this
negative drift is unknown at present, but its stronger presence in boost cell one may indicate

an imbalance between the cells.

2.4.5  Simulated Component Failure

The robustness of the PPU was investigated by simulating a component failure in one of
the boost cells. Rather than simulate the component failure itself, we instead simulated
the expected fail-safe response, i.e., the isolation of the cell with the failed component, by
opening the corresponding boost cell IGBT. The main and backing bank voltages and boost

cell inductor currents over several cycles before and after deactivating one of the boost cell
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Figure 2.7: Demonstration of quasi-steady operation over 20 pulses at a pulse rate of 2 kHz.
Shown are (a) Backing and main bank voltages and (b) current through each of the boost

cell inductors.

switches are shown in Figure 2.8. The timing of the simulated component failure and switch
deactivation is demarcated in Figure 2.8a by the red line just before 2 ms.

Prior to the simulated component failure, the waveforms indicate that the PPU is operat-
ing nominally. After the fourth pulse, the simulated component failure occurs and the switch
in the first boost cell is disabled, as might occur with a failure detection circuit in place.
Figure 2.8b shows I, , to be unaffected by the disabling of the first boost cell, highlighting
the ability of each boost cell to operate independently in this PPU topology.

The loss of Iy, .., however, predictably results in a decrease in the output power of the

PPU. For Figure 2.8, the loss of cell one lead to a roughly 43% reduction in P,,;. While
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Figure 2.8: Demonstration of continued PPU operation after simulated component failure.
Shown are (a) Backing and main bank voltages and (b) current through each of the boost

cell inductors.

Dy, was fixed at 0.25 for the waveforms shown in Figure 2.8, active control of the duty cycle
could be used to increase I, , to compensate for the loss of Iy, . This would come at
the cost of increased stresses in the remaining operational cell, however, as well as a lower

efficiency due the increase in losses that accompanies an increase in the boost cell current.

2.5 Conclusion

In this paper we have presented a prototype PPU for powering IPPTs operating at high
repetition rates. A benchtop PPU was constructed and testing of this prototype at vari-

ous pulse rates and in quasi-steady operation was presented. The PPU also demonstrated
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continued operation in the event of a loss of one of the boost cells, evidencing the robust
and redundant nature of the proposed topology. Measurements indicated that the PPU was
capable of supporting IPPT operation at pulse rates from 1 kHz to 10 kHz and power of 1 kW
to 10kW. Voltage gains between 14.4 and 25.5 were recorded for spacecraft bus level input
voltages between 109V to 194V, yielding IPPT relevant output voltages between 2kV and
3kV. Total electrical efficiency varied from a low of 54% to a high of 70%.

A SPICE model of the PPU circuit topology revealed the efficiency of the second phase of
operation, wherein energy is transferred from the boost inductors to the main capacitor bank,
limits the overall PPU efficiency. SPICE modeling indicated that low phase 2 efficiency was
primarily the result of switching losses in the boost cell IGBTs, which accounted for more
than 70% of the total losses in some cases. Higher conduction losses also contributed to the
lower efficiency in phase 2, and were hypothesized to be the result of AC resistivity effects.

Simple scaling laws for the phase 1 and phase 2 efficiencies were derived using the modified
linear model. The former was found to scale with voltage gain and the ratio of the LC' and
L/R timescales while the latter scaled with the ratio of the switching and LC' timescales
and inversely with the inductive recapture ratio. The modified linear theory was also used
to show that the maximum thruster pulse rate the PPU can support is constrained by
the number of boost cells, inductive recapture ratio, voltage gain, switching timescale, and
minimum allowable phase 2 efficiency. Given that the efficiency of the present PPU appears
switching loss dominated and that switching losses may become large at high recapture
ratios, implementation of soft switching techniques, such as the use of quasi-resonant switch

configurations to achieve ZCS or ZVS at turn-off, may be of interest for future prototypes.
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Chapter 3
CURRENT SHEET EVOLUTION IN A PLANAR IPPT

In this chapter we investigate the formation of the current sheet in planar IPPTs. The
formation of this current sheet is essential to the operation of a planar IPPT and, as such,
understanding its formation is paramount to their development. We present a compact planar
IPPT prototype intended to be used as a testbed for the development of high pulse rate
IPPTs. By using several diagnostics to collect measurements of this device while operating
in a single-shot mode in a constant pressure gas backfill, we are able to gain new insight into

the evolution of the current sheet over time.?

3.1 Introduction

Inductive pulsed plasma thrusters (IPPTs) are a type of electric propulsion (EP) device that
produces thrust by inductively accelerating a plasma generated from a gaseous propellant
3, 8]. In an TPPT, a discharge circuit produces a time-varying current, which in turn gives
rise to time-varying electric and magnetic fields. When a sufficiently conductive plasma is
present close to the drive coil, image currents will form to oppose the change in magnetic
flux through the plasma. The interaction between the drive coil and induced plasma currents
then accelerates the plasma, producing thrust.

IPPTs are unique compared to other EP concepts in that both plasma generation and ac-
celeration are accomplished inductively. This has the advantage of eliminating electrodes in
contact with the plasma, which avoids lifetime limitations associated with electrode ero-

sion and allows for a wider range of propellants to be used [8]. This property makes

2This chapter contains results from Curtis L Promislow and Justin M Little. Current sheet evolution in a
planar inductive pulsed plasma thruster. Journal of Physics D: Applied Physics, 57(20):205205, 2024.[60]
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[PPTs of interest for missions involving in-situ resource utilization[5], multi-mode propulsion
concepts|61, 4], and atmosphere-breathing EP[6, 7.

The inductive nature of IPPTs means that the discharge circuit in these devices is com-
plete and current can flow even in the absence of a plasma. This necessitates the rapid
breakdown of the gaseous propellant into a highly conductive plasma which is impermeable
to the magnetic field produced by the thruster; otherwise, energy is lost to resistance in the
thruster circuitry without producing meaningful thrust. Due to the skin effect, this highly
conductive plasma is expected to contain a thin region, known as the “current sheet”[11],
where most of the current is concentrated. Similar structures are also observed and in-
vestigated in other types of plasma accelerators, namely pulsed plasma thrusters[62] and
theta-pinch devices[63].

A lumped-element circuit model has been extensively used to model the coupling between
the IPPT discharge circuit and the translating current sheet [64, 3]. A circuit diagram of the
equivalent lumped-element circuit used in the model is shown in Figure 3.1. First developed
by Daily and Lovberg [27, 15], the model couples the discharge circuit to a plasma circuit
via a transformer model. The mutual inductance, M, which describes the inductive coupling
between the discharge circuit and current sheet is usually found via an empirical equation
that casts it as a function of the distance of the sheet from the drive coil [18, 46]. The bulk
effective plasma resistance, R,, is typically calculated from the plasma resistivity, which is
often obtained from estimates of the relevant collision frequencies|64].

Dailey and Lovberg found the circuit model predicted IPPT performance in good agree-
ment with thrust stand measurements [15]. Dailey and Lovberg also used the model to
predict relatively constant thrust efficiency over the range of design parameters where the
electrical and acceleration timescales were similar [21]. Polzin non-dimensionalized the cir-
cuit model and discovered several key scaling parameters, namely the inductance and critical
resistance ratios and the dynamic impedance [16]. Polzin found that thrust efficiency was
maximized at values of dynamic impedance where the electrical and acceleration timescales

were matched. He also observed that efficiency increased as the inductance ratio decreased
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Figure 3.1: Lumped element circuit diagram of the IPPT discharge circuit transformer
coupled to the plasma. The coupling can be modeled as a (a) transformer or its (b) Thévenin-

equivalent circuit.

and that both efficiency and exhaust velocity increased as the critical resistance ratios de-

creased.

A recent 1D model by Little et. al. [31] used the circuit model in conjunction with a non-
equilibrium plasma model to investigate current sheet formation. Their results indicated that
current sheet formation was a balance between Ohmic heating of the electron population and
cooling of said population through collisional interactions with the neutral particles. Little
et. al. also proposed a dimensionless “formation parameter” for describing current sheet

formation and discovered a critical value of this parameter above which a current sheet
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would form[31].

Knowledge of M, or equivalently the coupling coefficient, k, provides a measure of how
well the discharge circuit is coupled to the translating current sheet and is closely related to
the properties and motion of the sheet. Meanwhile, R, allows for calculation of the plasma
heating, which has been identified as critical to current sheet formation[31]. Together, M
and R, provide powerful insight into the evolution of the current sheet.

We present here methods for calculating M and the effective skin depth resistance within
the current sheet, Ry, (a more relevant analogue to R,) as functions of time from experimen-
tal measurements. We then apply the presented methods to data obtained from a compact,
low per-pulse discharge energy IPPT operating in static background fill conditions. Details
of the thruster and diagnostics used to collect the measurements are supplied in section 3.2.
The methods used to parse the data are detailed in section 3.3. General application of the
methods is covered in section 3.4. Finally, the methods are applied to understand the evo-
lution of the current sheet in section 3.5 and the effects of the initial neutral gas density and

pre-ionization (PI) on the evolution in section 3.6.

3.2 Experimental Setup and Data Collection

3.2.1 Fxperiment Setup and Operation

Data was collected from a research prototype IPPT, shown in Figure 3.3(a). The prototype
IPPT had an inner and outer drive coil radius of r, = 1.9cm and r, = 7.2 cm, respectively.
The drive coil itself was formed from eight 1.5 turn Archimedes spiral inductors connected in
parallel and wound in a two-layer fashion to reduce stray inductance[3]. We measured this
arrangement to have an inductance of 375nH at 300 kHz using an LCR meter. The stray
inductance and decoupling distance of the drive coil were found to be 40nH and 3.13 cm,
respectively, by using the “dummy” load method described in the literature [46, 64].

The vacuum chamber was a glass tube (25.4 cm inner diameter, 60.96 cm long) with L-

gaskets at both ends to form a vacuum seal between the chamber body and two endplates.
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Figure 3.2: Image showing the multi-layer inductive drive coil of the prototype IPPT. Note
that the metal bolts shown in this image were replaced with plastic ones prior to testing of

the device.
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Figure 3.3: Diagram of compact, low discharge energy IPPT used for data collection from
(a) side and front-on views and idealized (b) capacitor voltages and (c) discharge circuit

current when a plasma is present in front of the drive coil.

The IPPT drive coil was mounted to a 30.48 cm x 30.48 cm x 2.54 cm cast acrylic endplate.
The opposite endplate was stainless steel and contained electrical feedthroughs for the in-
chamber diagnostics. An ISO 100 flange in this endplate led to the pumping system. The
pumping system consisted of an Edwards 510 L/s turbomolecular pump backed by a 12L/s
rotary vane roughing pump and produced chamber base pressures as low as 1 x 107° Torr
(1.33 x 1073 Pa). During experiments, pressure in the chamber was measured with a capac-
itive manometer (MKS 626D). This gauge provided a direct, gas composition independent
reading of the total chamber pressure in the 1 x 1074 Torr to 0.1 Torr (0.013 Pa to 13.3 Pa)
range with an accuracy of 0.5 % of the reading. For the results presented here, gas was

delivered through the RF PI, with the flow of gas controlled via a needle valve.

The discharge circuit of the IPPT consisted of two capacitor banks, two switches, and

the drive coil, as shown in Figure 3.3(a). A “main” capacitor bank, C,,;, stores the energy
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Figure 3.4: Image of the IPPT discharge circuit, with second stage PI and main capacitor

banks shown.

for driving the time varying current that, ideally, forms and accelerates the current sheet.
Cp was connected to the drive coil by an insulated gate bipolar transistor (IGBT) switch
Smp (ABB 5SNA0750G650300). A second, smaller capacitance bank, Cp;, was discharged via
IGBT switch S,; (ABB 5SNA1200E330100) and was part of the PI system. In this paper,
Crpp = 1.5pF and C); = 330nF. Nominal charging voltages for the capacitor banks were no

more than 2kV, giving a maximum total per-pulse discharge energy of < 4 J.

At these low per-pulse discharge energies, the electric field induced by the current rise
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rate in our IPPT was found to be insufficient to break down the neutral gas unassisted. As
such, a two-stage PI system was used to initiate gas breakdown and supply an initial plasma
for the main discharge to couple energy into. The first stage was an RF PI, which consists
of a 1.27cm diameter solenoidal coil driven by a 13.56 MHz RF generator at 100 W. Gas
injected through this coil was broken down by the high frequency fields and flowed into the
chamber as a weakly ionized plasma. In the second stage, C,;, was discharged through the
drive coil, ionizing more of the neutral gas and distributing it more evenly over the coil face
than using the RF PI alone. We note that PI can be accomplished through less complex
means, such as Paschen breakdown between electrodes[17], and that the use of a PI system
is unnecessary in IPPTs where the induced electric field is sufficiently large[23].

Typical operation of the IPPT discharge circuit is shown in Figure 3.3(b,c). Prior to
operation, the static fill pressure in the chamber, pg, is set and allowed to reach a steady
value. Fill pressures were selected such that the thruster discharge energy was typically larger
or comparable to the total energy required to ionize all propellant within the decoupling
distance of the drive coil. Next, C,,;, and C); are charged to their target voltages, V0 and
Vpi0, Tespectively. Once charged, the RF Pl is turned on, initiating breakdown of the neutral
gas. At time g, switch S, is activated, marking the start of the second-stage PI. The
RF PI is also deactivated at this time. After five cycles of the second-stage PI discharge,
typically ~ 10ps, switch S, is closed, connecting C,,;, to the drive coil and initiating the
main discharge. We take the time of S,,,;, closing (s acc in Figure 3.3(c)) as ¢t = 0 for plotting

purposes.

3.2.2  Diagnostics

Figure 3.3(a) depicts the current sheet formed by operation of the IPPT in an idealized case.
Here, current flowing through the drive coil, I, generates a plasma and induces an azimuthal
current density, Jy, to form a current sheet. The location of the leading edge of the current
sheet relative to the coil mid-plane is given by z.s, and the width by w.. Integration of Jy

over the current sheet volume yields the total plasma current, I,. The total magnetic field,
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Figure 3.5: Image of experimental setup showing discharge circuit, drive coil, vacuum

chamber, and several diagnostics.

B, is a superposition of the fields produced by the currents flowing in the drive coil and
plasma. Idealized axial distributions of Jy and the radial component of the total magnetic

field, B,, are depicted in Figure 3.3(a).

A suite of diagnostics was used to collect data from the prototype IPPT setup. These
diagnostics fell into three main categories of measurements: current, voltage, and magnetic
field. More information regarding the construction and calibration of several of these diag-

nostics may be found in Marsh[65].
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Figure 3.6: Long exposure (~ 100 ms) DSLR image showing the B probe array and plasma

Rogowski during a nominal discharge event. Fill gas is argon in this image.

Current Measurements

The discharge circuit current, /., was measured by a current transformer (Ion Physics CM-
10-M) with 0.1 V/A sensitivity and 12ns rise time. I. was measured at the location where

the drive coil connected to the rest of the discharge circuit (see Figure 3.3(a)).

Key to our analysis is the total plasma current, ,. Dailey and Lovberg reported using a
Rogowski coil in the plasma region for mapping the axial variation of the azimuthal current
density[11]. Following this approach, we used a rectangular (plasma) Rogowski coil whose
current sensing loop encompassed the entirety of the region in which plasma was observed to
measure [,. This loop, depicted by the dashed region in Figure 3.3(a), extended axially from
the coil face to 7cm downstream (over twice the drive coil decoupling distance) and radially
from 1.5cm to 7.5cm. This allowed the Rogowski to enclose the entire Jy distribution and

thus measure I,,.
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A small L/R time allowed the Rogowski to have a fast temporal response, with an esti-
mated rise time of &~ 30ns. Comparison of discharge circuit current and voltage measure-
ments taken with and without the plasma Rogowski installed suggested that the presence
of this diagnostic did not significantly perturb the plasma. High speed imagery also pro-
vided qualitative evidence for this conclusion. Integration of the Rogowski coil output was
accomplished numerically. A cubic spline was fit to the integrated data to correct for drift
introduced by numerical integration of digitization noise in the signal introduced by the

oscilloscope.

Voltage Measurements

Differential probes with a 100 MHz bandwidth (Pintek PT-8020) were used to measure the
voltage across the main capacitor bank (V},;), 2nd-stage PI capacitor bank (V,;) and drive
coil, (Veon). The high common mode rejection ratio (CMRR) of these probes resulted in
excellent high frequency noise immunity. Any remaining high frequency noise was filtered
using a forward-backward digital lowpass filter with cascaded second-order sections. The
measurement of V., was taken at the same location as 1., i.e., where the drive coil connected

to the rest of the discharge circuit.

Magnetic Field Measurements

A linear B probe array consisting of four 5.6 pH chip inductors spaced Az = 1cm apart
was used to measure the rate of change of the radial component of the total magnetic field,
B,, at the mean radius of the drive coil. When terminated at the nominal 100 2 differential
impedance, this gave an L/R rise time of 56ns. The location of this array is shown in
Figure 3.3(a), with the locations of the probes relative to the depicted axial B, distribution
indicated, and Figure 3.6. The first probe was located 0.5 cm from the drive coil face and
0.81 cm from the coil mid-plane. To calibrate output of the probes, a sensitivity curve was
found for the range 100kHz to 500 kHz by using a pulsed Helmholtz coil in accordance
with the procedure given by Polzin et al. [66]. Integration of the B, signals to obtain B,
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was achieved numerically using the same procedure for integrating data from the plasma
Rogowski coil. Similar to the plasma Rogowski coil, the presence of the B probe array was

not observed to significantly perturb the operation of the thruster.

3.3 Analysis Methods

We now present methods for determining the evolution of the inductive coupling and char-
acteristic plasma resistance from measurements taken by the diagnostics discussed in sec-
tion 3.2.2. Once determined, we seek to use this information to produce time-histories of the
heating in and acceleration of the current sheet. We note that the methods presented here

are general and are not limited in scope to the compact IPPT detailed in section 3.2.1.

3.3.1 Inductive Coupling

Applying Kirchoff’s circuit laws to the two current loops in Figure 3.1(b), the voltage across
the drive coil may be expressed as

al.  d

choi == Lc_
: dt — dt

(ML, , (3.1)

where, to reiterate, I. and I, are the currents in the discharge and plasma circuits, M is the
mutual inductance, and L, is the drive coil inductance. Rearranging and integrating with

the initial condition that the current sheet does not yet exist at starting time ¢y, we find

1 t
M= — [Lc (]c - Ic,O) - / Vool dT:| ) (32)
Ip to

where I, is the discharge circuit current at ¢ = ¢, and 7 is a dummy time variable for
integration. In this paper, we take ty = tg, . Equation (3.2) shows that M may be directly
calculated if L. is known and V.., I, and I, are measured. Crucially, at this point we have
made no additional assumptions beyond those inherent to the lumped-element circuit model.

It is often more convenient to examine the coupling coefficient, k, rather than M directly,

where

(3.3)
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Here, following Dailey and Lovberg [18], we approximate the shape of the current sheet as a

flat annulus and estimate its inductance according to

L, = o ; i [m (”’ i T“) n 0.9} , (3.4)

where r, and r, are the inner and outer radii of the annulus, respectively, and pg is the

permeability of free space. We assume here that r, and r, are constant and, moreover,
the same as those of the drive coil. This latter assumption is equivalent to stating that
the current sheet forms over the entire surface of the drive coil. Due to our assumptions,
equation (3.4) yields a constant value for L,, and k as calculated by equation (3.3) becomes
a normalization of M. If L, differs significantly from the value given by equation (3.4), the

result given by equation (3.3) will diverge from the true value of k.

3.3.2 Plasma Resistance

The lumped-element circuit model discussed in section 3.1 treats the plasma as a single
resistor with resistance R,. This bulk plasma resistance is closely related to the resistive,
i.e., Ohmic, heating of the plasma, which Little et al. have shown is central to formation of the
current sheet[31]. For conductors carrying time-varying currents, Ohmic heating primarily
occurs within the skin depth[67]. As such, we believe that the resistance of the plasma inside
the skin depth, Ry, provides more insight into the evolution of the current sheet than the
bulk plasma resistance described by R,.

We evaluate the azimuthal component of Ampere’s law at the mean radius of the drive
coil, where we argue that the magnetic field is sufficiently radial to approximate 9B, /0r ~ 0.
This leads to a relation between the total radial magnetic field, B,., and the azimuthal current

density, Jy,

dB,
= 1oJy . 3.5
dz HoJe ( )

To connect our measurements of B, to Ry, we assume that .Jy inside the current sheet may



71

be expressed as

0, 2 < Zes

zZ—Z
JoeXp (_ CS) ) 222687
6fd

where Jj is the surface current density and z and z.s are the axial distance of the measurement

location and current sheet leading edge from the mid-plane of the drive coil, respectively.

We note that Jy is not a constant but rather a function of time which captures the time
dependency of the current distribution. The decay rate of Jp in equation (3.6) is dictated by
the flux penetration depth, 04, which is the transient analogue to the harmonic skin depth
for a steady-state driving waveform, 044[67]. We note that since equation (3.6) considers
only the axial variation of Jy, it implicitly assumes that the current sheet is radially uniform.
This assumption is supported by data reported by Dailey and Lovberg[11], which showed
that the axial distribution of the electric field was fairly uniform across in the radius of the

coil face.

The form of Jy proposed in equation (3.6) is motivated by a combination of theory and
experiment. Theoretically, it is an approximation of the current density profile produced
in a conductive half-space (or thick slab) when subjected to a transient sinusoidal magnetic
field. While the driving field is increasing in magnitude, the current density profile produced
due to diffusion of the field into the conductor is approximately exponential[67]. Experimen-
tally, measurements reported by Dailey for a planar IPPT appear to show that Jy within
the primary current sheet possessed an approximately exponential profile until around the
quarter cycle of I.[10].

Inside the current sheet, the skin effect results in Jy becoming phase shifted relative
to the surface value, Jy. In turn, this causes the maximum Jy to migrate into the sheet
during the first half-cycle of 1.[67]. To the exponential model in equation (3.6), this phase
shift is indistinguishable from bulk downstream motion of the sheet itself. As such, our
assumed Jy is only applicable before downstream diffusion becomes significant. Based on

theoretical solutions to the transient diffusion equation[67] and experimental measurements
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of Jy in IPPTs[10], we believe equation (3.6), and all subsequent equations which rely upon
it, apply until approximately the maximum in the driving magnetic field or, equivalently,
the maximum in /..

Substituting equation (3.6) into equation (3.5) and integrating produces an expression
for the axial profile of B,. Due to superposition, B, can be expressed as the combination of
fields due to the drive coil and plasma current B, = B,  + B, , where B, and B, are the
components due to the drive coil and plasma currents, respectively. By subtracting B, we
can account for the spatial decay of the coil field with space and find an expression for the

field due to plasma currents only

B,, = toJodta {1 — exp (—Z - 2)] + By — B,.. (3.7)
fd

Here, B, is the value of the total radial magnetic field at the upstream surface of the current
sheet.

In equation (3.7) B, is not a constant but rather itself a function of z. To extract
this component from the measured total B,, we performed a calibration to determine the
response of the B, probe array to the field produced by the drive coil alone. This resulted
in a calibration curve that related /. and B,  which, for cases where plasma was present,
allowed B, to be determined from the measured I..

By measuring B, at various z locations and then subtracting the corresponding B, ,
a measured profile for B, can be generated to which equation (3.7) can be fit. The fit
parameters are dzq, Jo, and z,. B, was taken to be the maximum B, measured by the
array. We note that this assumes that at least one probe is always upstream of z.

Once d¢4 has been found from the fit, it may be used to find d,4. While the magnitude
of the driving field is rising, it can be shown|[67]

4
sd & §5fd- (3.8)

With 9,4 known, we determine the bulk resistivity in the current sheet from

1

Psd = §Mow1p5§d : (3.9)
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where wy, is the angular frequency of the bulk plasma current. Since we are interested in the
variation of psq on timescales faster than the waveform half-period, we use the instantaneous
frequency of I, via the Hilbert transform method [68]. This gives wy, at each time step that
0sq is calculated.

Using equation (3.9), we express the effective skin depth resistance within the current

sheet as

T[Ty + Ty
de:_(b
2 \r,—r,

) M0W1p5sd- (3.10)
So long as any plasma outside of the skin layer acts as a parallel resistance, Ry > R,. We
also note that, while we have followed Polzin et al.[29] and Little et al.[31] in treating the
current sheet as a homogeneous plasma annulus whose radial dimensions are assumed to
match those of the drive coil, Sharma et al. reported the appearance of prominent spokes
during the sheet formation process[69]. Such structures may result in azimuthal variation in

the plasma resistivity and necessitate considering a distributed or at least series resistance

during the time over which these spokes are present.

Clurrent Sheet Width

The current density profile in equation (3.6) can also be used to estimate the width of the
current sheet, w.s. If we assume that the bulk of the plasma current is carried within the

sheet, we may approximate

Ty Res+wes .
I, ~ / / Jo exp _E ) drdz (3.11)
Ta Zcs 5fd

Performing this integral and rearranging the resulting terms, we find the current sheet width

is given by

I
Wes 2 —0rqlog |1 — —p} . 3.12
alog [ e (3.12)

When the current sheet is much wider than the skin depth, we find

1

~ p

I
Joo ~

- oz 3.13
(1o —7a) 0 Ofa (3.13)
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The surface current density is thus expected to scale with the ratio of I, and ds4 when
Wes > dpq. We reiterate that, since equation (3.12) relies upon equation (3.6), it is limited

in validity to before the maximum in I..

3.3.8 Power Analysis

As previously discussed, inductive coupling and the plasma resistance are closely related to
the motion of and energy deposition in the current sheet. Energy input into the sheet is
primarily accomplished through Ohmic heating of the electron population. In keeping with
our use of Ry; instead of I, instead of the total Ohmic heating of the plasma we examine

heating within the skin depth,

Pohsd ~ SZdde ) (314)

where Iy, is the total current within the skin depth (ds4) and Ry is calculated from equa-
tion (3.10). When w.s > 044, it may be found from integration of equation (3.6) that
I,q = 0.751,, i.e., that nearly two thirds of the total plasma current is carried within the
skin layer. The localized skin depth heating given by equation (3.14) is thought to be more
relevant to current sheet formation than the total plasma Ohmic heating obtained by using
the bulk plasma resistance, R,.

The power associated with electromagnetic acceleration of a rigid conductor can be ex-

pressed as

dM
Pem - _Iclpﬂ .

(3.15)
We note that the sign convention in this equation has been taken such that positive I. and
I,, are flowing in opposing directions. Positive accelerating power is thus produced when
dM /dt is negative, which corresponds to sheet translation in the downstream direction.

In the case of a current sheet, changes in the shape of the sheet, e.g. due to ionization,

will also cause changes in M. To isolate changes in M resulting from bulk motion of the

sheet, we use the chain rule to convert dM/dt to the product of dM/dz.s and dz.s/dt. To



75

evaluate dM/dz.s, we use the empirical equation[46]

ZCS

k = koexp (—-) , (3.16)

Zde
where z. is the axial distance of the upstream edge of the current sheet from the coil mid-
plane and z,4. is the decoupling distance of the coil. kg is a constant parameter, typically
determined by fitting data obtained by using a conductive “dummy load” as a stand-in for
the plasmal46]. Using equations (3.3) and (3.16), we find

 LI,M dz

P, :
Zde dt

(3.17)

Similarly, the total instantaneous electromagnetic force on the current sheet can be approx-

imated as

Fop = . (3.18)

Notably, calculation of F,,, does not require knowledge of z.;. We note that F,,, is equivalent
to integrating the Lorentz force density over the volume of the current sheet at any given
time. F,,, is only equal to the instantaneous thrust produced by the IPPT when the current
sheet may be treated as a solid body. The time-averaged electromagnetic force on the sheet
may be found by integrating equation (3.18) with respect to time and multiplying by the

pulse rate of the thruster.
3.4 Results and Analysis

3.4.1  Clircuit Measurements

The mutual inductance as a function of time was found from equation (3.2) by using experi-
mentally measured waveforms for I, I,, and V.. Figure 3.7 shows a typical set of measured
waveforms for a vacuum (no plasma) and a representative plasma case when using argon as
the fill gas. We note that the data in Figure 3.7 is for a single discharge event and that the
error bands represent the uncertainty associated with the estimated measurement error asso-

ciated with the relevant diagnostic. The uncertainty due to variance between discharges was
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Figure 3.7: Comparison of experimentally measured waveforms of I., I,, and integrated
Veoil used to calculate the mutual inductance between a (a) vacuum and (b) a representative
plasma case. For the plasma case, pp = 3mTorr (0.4Pa), V0 = 1kV, V0 = 2kV, and the

fill gas was argon.

found to be no more than a couple percent, and could be accounted for by the measurement
uncertainty. Similar excellent repeatability has been observed in other pulsed EP devices,

namely pulsed plasma thrusters[70].

In the absence of a coupled plasma load, the circuit should behave like a transformer
with an open secondary. In this case, I, — I.p and f Veoit/ Le dt should be equal, as seen in
Figure 3.7(a). Figure 3.7(b) shows that all three terms, i.e., I,, I, — I.o, and | Viou/L. dt
are affected by the presence of plasma. While both I, and the difference between I. — I,
and f Veoit/ Le dt appear to grow, the effect on the coupling will depend on their ratio. To
avoid a singularity, equation (3.2) necessitates that the bracketed term goes to zero at the

same time as [,. Graphically, this means that the curves of I. — I, and f Veoit dt/ L. should



7

intersect at zero-crossings of I,. Figure 3.7(b) shows this occurs to within the measurement

uncertainty.

3.4.2 B.(z) Curve Fits

Figure 3.8 shows the total B, waveforms measured by each of the four probes in the array.
From this total B,, the components due to the coil and plasma currents were extracted using
the calibration curve method described in section 3.3.2. The waveforms of these components
are also shown in Figure 3.8. Similar to the circuit data, the magnetic field probe data was
found to be highly repeatable, with variance between repeated measurements found to be
largely attributable to the measurement uncertainty of the diagnostic.

The magnitude of the total field relative to the coil component can be used to estimate
the position of the current sheet. When the sheet is downstream of a probe, its magnetic field
will be in the same direction as that produced by the coil and the total field will be larger
than the coil component alone. This effect is more pronounced the closer the probe is to the
leading edge of the current sheet. As the sheet passes over the probe, the fields produced
by plasma upstream and downstream of the probes will be in opposing directions. This can
equivalently be thought of as a screening effect, wherein the upstream plasma blocks some
of the field produced by the drive coil from reaching the probes. Due to this behavior, B,
will become less than B,..

At some point within the sheet, the B, produced by the upstream and downstream
plasma will be equal and cancel. This point corresponds to B,, = 0 or, equivalently, a
crossing of the B, and B,, curves, which is demarcated in Figure 3.8 by the cross symbols.
Since we are only interested in crossings due to translation of the sheet, we track only the
last of these crossings for each probe (ignoring crossings that are due to I, = 0). When data
from a probe, e.g. probe one in Figure 3.8, does not display crossings, this suggests that the
sheet forms downstream of this probe.

By taking the value of B, at a given time for each of the four probes in the array, a curve

for the axial variation of B, can be obtained, to which equation (3.7) can be fit. Figure 3.9
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Figure 3.8: Measured B, from linear B probe array for nominal operating conditions and
po = 3mTorr (0.4 Pa, argon). Probes were stationed at axial distances of (a) 0.5cm, (b)

1.5¢cm, (c¢) 2.5cm, and (d) 3.5 cm from the coil face.

shows B, as a function of the axial coordinate, z, for nine time slices. We observe that
the data follows an exponential decay, lending confidence to our use of equation (3.7). The
dashed black line is the curve obtained by performing a nonlinear weighted least-squares fit
of equation (3.7) to the data; good agreement between the fitted curve and the data was
generally achieved.

The current sheet location, z., calculated from the fit is marked in Figure 3.9 by the
vertical blue dashed line. We note that reliable fits are not achieved until ¢ > 0.16 ps. This
is because the curve fitting procedure requires the number of points inside the plasma to be
greater than or equal to the number of fit parameters, i.e., three. At small time, the B,
measured by the downstream probes are still indistinguishable from zero and thus cannot be

meaningfully included in the fit.
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Figure 3.9: Fits produced by weighted non-linear least squares curve fitting of B, data

measured by a linear B, probe array for py = 3 mTorr (0.4 Pa, argon).

In addition to the location of the current sheet leading edge, the location of the point
inside the sheet where B, = 0 can also be tracked. In this case, the fit procedure is carried
out in the same manner but with B,y — B,, = 0. The location of this so called “null point”,
Znuil, 18 shown in Figure 3.9 by the orange dotted lines. The distance between the leading
edge and null point locations can be used as an indication of the width of the sheet. We note
that only changes in z., are unambiguously associated with bulk motion of the sheet. This
is because z,,; is influenced by not only the location of the sheet, but also its width and the

internal distribution of current.

Examining Figure 3.9, we find that plasma appears to form between probes one and

two sometime before the 0.321s mark. As time progresses, we see evidence of a plasma
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region that is broadening while remaining mostly stationary. The field measured by probe
one increases while the field measured by probes three and four becomes more negative,
suggesting a growth in the plasma current. At 0.65 ps, we see the B, (z) profile has steepened
significantly between probes one and two. This points towards the broader plasma region
narrowing into what may be a magnetically impermeable current sheet.

At 0.98 s, we see the first indication of significant sheet motion, with z., moving down-
stream of probe 1. By 1.14 ps, the B, measured at probe two increases above that measured
at probe one, indicating the greater proximity of z., to this probe. The sheet is also observed
to broaden as it translates, with the difference between z., and z,,y increasing between 0.65 j1s
and 1.3 ps. Beyond 1.3 s, evidence suggests 2.5 has moved beyond probe two and insufficient
downstream probe data exists to continue the fitting procedure.

The effects of the fit weighting become apparent at 0.98 ps. We observe that the probe one
measurement is weighted less as the current sheet moves away, effectively ensuring that only
points in or downstream of the current sheet are being included in the fit. The weighting
is empirical and determined based on the position of the null point relative to the probe

location. Specifically, the weighting is accomplished by assigning standard deviations of

2
0By = (Z”“”) , (3.19)

Zprobe

errors in the data according to

where op,,, is the standard deviation of errors assigned to the B, data used in the fit, z,uy is
the position of the null point relative to the coil mid-plane, and zpone is the probe location.
We note that the values calculated from equation (3.19) are strictly assigned for the purposes

of curve fitting and do not represent the actual measurement uncertainty.

3.5 Current Sheet Evolution

The time evolution of key current sheet parameters and derived quantities are presented in
Figure 3.10 for a representative plasma case. From Figure 3.10 we observe what appears to

be three distinct phases: ionization, formation, and acceleration. The boundaries between
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these phases are roughly demarcated by the vertical dashed lines.

Data for the parameters obtained from the B, fits was generally not available imme-
diately at ¢ = 0. This is because, as discussed in section 3.4.2, the curve fitting procedure
required at least three probes to be inside the plasma. With the present axial probe spac-
ing, it was uncertain whether this criteria was met until after some finite time. This lack
of suitable fit points at early time is shown in Figure 3.9, which shows that only the first
probe measured fields appreciably different from zero until somewhere between 0.16 ps and
0.321s. We have thus chosen to omit data before ¢t ~ 0.2 ps, which we have identified as a
conservative estimate of when sufficient data exists to perform the curve fitting procedure.

While £ may be calculated at any time ¢ > 0, the uncertainty in this parameter tends
to be large at early times due to the relatively small values of I., I,, and the integral of
Veoil, which make the uncertainty in these values proportionally large. For our discussion we
have thus chosen to limit the plotted values of k to the same time region as the parameters
obtained from the B, fits so that we may always have data from an independent diagnostic
with which to corroborate.

Despite the lack of data in the first &~ 0.2 ps, we may infer some information regarding
the nature of the plasma in the early time by examining the initial values of the variables
as they first appear in Figure 3.10. At ¢t = 0.2ps, I, is small but clearly present. Inductive
coupling is moderately high (k = 0.7), which indicates the presence of plasma relatively close
to the coil face. This plasma is the result of the initial coupling between the drive coil and
any plasma generated by the second-stage PI system. R,y and d,4 are fairly low, which would
suggest that the initial plasma is relatively high temperature. Due to the small initial 4,
the initial Jj is significant despite the rather small I,,.

Figures 3.10(f,g) show z.s at or upstream of probe one (< 0.712cm) and z,,y slightly
downstream between probes one and two (1.45cm). Consistent with the initial position
data, w.s is observed to be narrow at t = 0.2ps. Ohmic heating is initially small, as a
result of the small I, and R,q. Similarly, F,,, and P, are also close to zero, indicating little

acceleration of the plasma occurs before t = 0.2 ps. The small w,s and negligible P,,_,, Fe,
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and P.,,, however, suggest that the initial plasma formed from a relatively small region that
was heated locally, and that the bulk of the fill gas remains largely un-ionized.

The ionization phase covers 0.2ps < ¢ < 0.45ps in Figure 3.10. During this phase, I,
continues to rise. k is found to decrease, while R,y and 44 rise. Jy remains relatively flat or
even slightly decays during this phase due to the rise in d,4. While the upstream edge shows
little movement, z,.; is found to move downstream. Correspondingly, we see w., broaden.
P, rises substantially while F%,, increases modestly. F.,, remains vanishingly small as a
result of negligible movement in z.

The decline in & combined with downstream movement in z,,;;, a static z.s, and increasing
wes points towards a broadening region of ionization. The rise in Ry and d44 indicate a
cooling plasma, which is consistent with the quenching of the early-time electron population
due to inelastic collisions with surrounding neutrals found by Little et al.[31] The growth in
Py, while F¢,, remains small and F,,, is close to zero suggests that the gas is being ionized
without significant acceleration. The decline in £ is thus thought to be due to a broadening
current distribution rather than bulk downstream motion of the plasma. This aligns with
the observation that Jy remains flat despite I, increasing, which is also predicted by the
scaling of equation (3.13).

The formation phase covers 0.45ps < ¢ < 0.7ps in Figure 3.10. In this phase, k begins
to increase again while Ry; and d,4 decrease. A marked rise in .Jy also occurs during this
phase, which is attributed to the continued increase in I, and narrowing of d,4. Although 2.,
remains largely stationary, z,,; is now found to move upstream, which results in a narrowing
Wes. P, remains high, but the rate of increase is found to plateau. F,, continues to grow,
although significant P,,, is again not observed due to the stationary z.

The combination of an increase in coupling, rise in Jy, and upstream motion of z,,; while
Zes Temains stationary points towards current becoming increasingly concentrated towards
the coil-facing (upstream) edge of the sheet. This agrees with the decrease in 4, which
indicates that current and heating are being localized in an increasingly thin layer. The

decrease in R, while P, , remains high suggests that heating power is being preferentially
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deposited in this narrowing region. We posit that the strong heating of a narrowing region
of plasma accompanied with the rapid rise in current density and decrease in skin depth that
occurs during this phase is evidence of the formation of a well-defined current sheet that is
at least partially magnetically impermeable.

While the initial energy deposited in the plasma is used to overcome quenching due to
cold neutrals, as the plasma region broadens and ionization continues, the neutral population
near the upstream edge should reduce. We hypothesize that this allows more of the deposited
energy to go into heating the electrons and raising the plasma temperature. This increase in
temperature decreases the resistivity and, accordingly, the skin depth. The continuation of
this feedback cycle causes heating to become increasingly localized near the upstream edge,
resulting in the concentration of current in this area. This effect is likely enhanced due to k
being higher closer to the coil face, and thus the upstream edge of the sheet.

Dailey and Lovberg showed that the strength of the axial electric field, F., at any point
within the current sheet was determined by a combination of the local Jy B, Lorentz force and
axial electron pressure gradient[11]. Confinement of I, to a narrower region should increase
the local JyB,, while concentration of Ohmic heating is anticipated to steepen the electron
pressure gradient due to locally increasing the electron density and temperature. As such, we
postulate that the upstream localization of the plasma current and Ohmic heating is closely
related to both the appearance and the spatial distribution of the strong E, responsible for
accelerating the ions in the sheet.

The acceleration phase extends from ¢ 2 0.7 s, which corresponds approximately with
the maximum in [, until the end of the data collection window shown in Figure 3.10. During
this phase, k£ undergoes a consistent, substantial decline. R,; and d,4 increase, moderately
at first, then somewhat more gradually, and finally sharply as the plasma current decays
towards zero. Jy falls during this period and does so at a rate that is initially faster than
the decline in I,,.

Significant downstream motion of 2., is observed for the first time during this phase.

Znull @lso moves downstream at a similar rate, which is in agreement with the only modest
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increase in w.s during this phase. Ohmic heating in the skin layer reaches a maximum near
the start of the acceleration phase but then quickly decreases. F,,, peaks at the start of
this phase as well which, along with the motion of z.,, results in significant power going into
acceleration of the sheet. Both F,,, and F.,, peak between the maxima in I, and I,, which
appears reasonable based on the linear dependencies found in equations (3.17) and (3.18).

The decrease in k£ while both z.s and 2., move downstream suggests that the current
sheet experiences cohesive translation during the acceleration phase. The slight delay in the
motion of z., relative to z,,1 may be related to the structure E., which has been reported
to be weaker near the upstream edge of the sheet due to the electron pressure gradient in
this region[11]. While some of the decrease in k may be the result of a broadening of the
current distribution, the limited increase in w.s during this phase indicates that a substantial
part of the decrease in coupling is due to bulk current sheet motion. Figure 3.10(f) indicates
that peak sheet velocities of roughly 30 km/s to 40 km/s were obtained, which is in line with
simulated values reported for comparable IPPTs[31, 71].

Simulated and experimental results reported in the literature, e.g., [31, 16|, show that
the current sheet interacts with ambient background neutrals it encounters as it translates.
The two primary mechanisms of interaction are thought to be inelastic, i.e., ionization and
excitation, collisions and charge exchange reactions. Ionization or excitation of ingested
neutrals will cool the sheet, which is consistent with the increases in dsy and Ry during the
acceleration phase observed in Figures 3.10(c,d). Figure 3.10(i) shows that P,,_, initially
increases despite I, beginning to decline, suggesting that energy is being expended to heat
the newly encountered downstream gas.

Later in the acceleration phase, the reduction in coupling, alongside the natural circuit
oscillation, leads to an eventual decline in I, and, accordingly, F,_,. The increase in Ry; and
0sq at this later time is consistent with a current sheet that is receiving less energy from the
drive coil due to the reduction in the inductive coupling that occurs as it moves downstream.
Once losses in the sheet become greater than the energy deposited via Ohmic heating, the

current sheet is expected to become less well-defined and more permeable to the accelerating
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magnetic fields. This increased permeability, in turn, reduces the electromagnetic accelerat-
ing power to and force on the sheet, which we see in Figures 3.10(j,k).

An abrupt knee in z., is observed later in the acceleration phase at around the peak in
I.. Similar flattening of the sheet position was also seen around this time in experimental
data reported by Polzin[16] and in simulations performed by McCulloh et al. [71]. We posit
that this phenomenon is due to the entrainment of ambient gas by the sheet as it translates.

Figure 3.10 shows that knee in z., occurs at a time when dy and R,y are relatively flat.
As such, it seems unlikely that it is the result of a sudden increase in ionization or excitation
reactions. Instead, we hypothesize that a significant rise in charge exchange reactions occurs
around this time. This conjecture is drawn from simulation results reported by McCulloh et
al., which show that the “transparency” of the sheet to charge exchange reactions decreases
dramatically until around the time that I. approaches its maximum. Since the ions formed
in the sheet by charge exchange reactions are initially mostly stationary relative to the
sheet, their acceleration to the sheet speed will sap momentum from the sheet and reduce
its velocity.

The downstream motion of the sheet also leads to a marked increase in the uncertain-
ties for parameters which come from the BTP fits. This is due to the weighting procedure
described in section 3.4.2, which performs a weighted fit by assigning larger uncertainties to
measurements taken by B probes which are upstream of z,,;. We observe from Figures 3.9
that the growth in the uncertainties in the fit parameters in Figure 3.10 corresponds ap-
proximately with the time at which z,, crosses the second probe location. As z,, moves
further downstream, the uncertainty in the B,  from probe two becomes larger, and the fit is
effectively being performed using only the measurements from probes three and four. This
consequently leads to a significant increase in the fit parameter uncertainty.

Figure 3.10(a) shows that the peak in I. occurs in the later portion of the acceleration
phase (= 1ps). Since I, is responsible for the driving magnetic field, B, will be rising until
this time. This suggests that our assumed current density profile (equation (3.6)) is valid

until well into the acceleration phase. Since the uncertainty in the fit parameters is already
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significant in this region due to the reduction in downstream points available for fitting, we

believe any additional error introduced by our assumed Jy is minimal.

Comparing the width shown in Figure 3.10(h) to the B, (z) profiles shown in Figure 3.9,
we observe that the w.s predicted by equation (3.12) tends to be smaller than the current
sheet width inferred from the spatial decay of B, . This is most apparent in the acceleration
phase, where Figure 3.9 suggests the sheet gets significantly wider while Figure 3.10(h)
predicts w.s remains relatively small, albeit with large uncertainty. We believe this is due
to the sensitivity of equation (3.12) to the radii terms inside the natural logarithm. While
we have assumed that the radial extent of the plasma remains constant, it is possible that it

may vary. A smaller 7, — r, than assumed would result in an underestimate of w.,.

The phases observed in Figure 3.10 suggests a general sequence of events for the evolution
of the current sheet in a planar IPPT. First, a plasma is produced sufficiently close to the coil
face, either by PI or the initial portion of the main discharge, that strong inductive coupling
can be achieved. Next, the coupling between the drive coil and initial plasma results in the
generation of significant bulk plasma current. Ohmic heating rises as surrounding neutrals
attempt to quench the initial plasma, which increases the resistivity and results in ionization
of a broader region of gas. If power deposition by Ohmic heating is sufficient to overcome en-
ergy losses due to quenching, both plasma current and heating become increasingly localized

towards the upstream edge of the plasma.

If the current density and conductivity of this region become sufficiently high, it becomes
magnetically impermeable and a well-defined current sheet is formed. Once this occurs, the
electromagnetic force is able to produce bulk motion of the sheet and acceleration of the
sheet to high velocity occurs. The lifetime and trajectory of the sheet are influenced by both
the interaction of the sheet with ambient gas it encounters and the rate at which energy
deposition into the sheet diminishes due to the reduction in coupling as it translates. Once
losses in the sheet exceed energy input by the drive coil, the sheet begins to decay and lose

its magnetic impermeability.



38

3.6 Effects of Varying Pressure and PI

We now use the methods of section 3.3 to investigate the effects of varying fill pressure
(po) and initial PI capacitor bank voltage (V,;0). The fill pressure is related to the neutral
density, ng, in front of the drive coil. py may thus be considered a proxy for the mass bit or,
in cases when gas is injected in steady-state, the mass flow rate. Meanwhile, the degree of
PI is related to the design of the IPPT discharge circuit and, more specifically, the required
current rise rate. This can have an impact on the mass of the IPPT, since larger current
rise rates are associated with increased electrical component mass. For cases where py was
varied, V0 = 2kV and V), = 1kV. For cases where V,,; o was varied, V0 = 1.5kV and

po = 3mTorr (0.4 Pa). The fill gas was argon for all cases presented in this section.

3.6.1 Effects of Varying Pressure

Figure 3.11 shows the effects of varying pg, or equivalently ng, on the evolution of the current
sheet properties and derived quantities. Increasing pg is found to substantially increase the
bulk current driven in the plasma. I, is increased slightly as well and is found to have a
slightly faster rise time, both of which indicate a drop in the effective inductance seen by the
discharge circuit and improved inductive coupling between the drive coil and plasma.

The increase in initial k£ suggests that the PI plasma forms closer to the coil face at higher
po. This is supported by the position data in Figures 3.11(f,g), which show that, while 2.
remains similar between cases, the initial z,,; moves upstream as pressure is increased.
Similar shifts in the initial position of the current sheet were also reported by Polzin[16],
who found that lower pressures resulted in the sheet forming further downstream in a planar
IPPT, and Hallock et al.[72], who reported sheets formed further upstream as pressure was
increased in a conical theta pinch IPPT.

Coupling remains higher throughout the ionization and formation phases at higher py,
indicating that plasma remains closer to the coil face as the sheet forms. This again agrees

with the position data during these phases, which show a static z.; but more pronounced
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upstream motion in z,,; at higher py. Skin depth and current sheet width are found to de-
crease across all phases as fill pressure is increased. The rise in Jy during the formation phase
is also observed to increase markedly with pressure, with the rate of increase being notably
faster than that of I,. Combined, these trends point towards the upstream localization effect
becoming stronger at higher py.

More pronounced upstream localization may explain the somewhat counterintuitive de-
crease in Ry, observed with increasing fill pressure. Higher py correspond to a larger neu-
tral population and, typically, greater collisionality, which might be expected to lead to
stronger plasma quenching and thus a higher plasma resistivity. If the region being heated
is smaller, however, it is possible for Ohmic heating to keep the region highly ionized despite
the increased interaction with neutrals. In addition, while ng is higher, the total number
of neutrals in the region being heated will depend on the product of ny and the volume of
this region. Moreover, Figure 3.11(h) shows that w.s is largest at the end of the ionization
phase and then decreases during the formation phase. This suggests that the skin layer
may, as it shifts upstream during the formation phase, become somewhat insulated from the
downstream neutral background by the larger region of plasma formed during the ionization
phase.

Figure 3.11(i) shows that Ohmic heating in much of the first three phases has a weak
inverse relation with pressure. This is consistent with our interpretation of higher pressures
resulting in a smaller region of plasma being heated to higher temperatures. The associated
reduction in Ryq causes P, to be smaller despite the increase in I, with py.

Increasing py does not appear to significantly alter the timing of the ionization and
formation phases. The ionization phase is observed to be slightly extended and the formation
phase slightly shortened, but these shifts are modest. The timing of the acceleration phase,
however, is affected, with higher pressure delaying the onset of downstream motion of z.
We propose that this is because the stronger upstream localization effect leads to a larger
electron pressure gradient which, in turn, creates a greater reduction in F, near the upstream

edge. Downstream motion of z., is then delayed until the gradient is relaxed and FE, rises.
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This delay also causes a rightward shift in the curves of P,,,, as seen in Figure 3.11(j).

The surface current density and skin depth are directly related to the plasma magnetic
field via equation (3.7). A stronger B, is equivalent to an increase in the decay of B, as
it propagates through the sheet. As such, a higher Jy and lower dy; indicate a sheet that is
less transparent to the driving field produced by the drive coil. This is in agreement with
Figures 3.11(j,k), which show that P.,, and F,,, increase with pressure, and suggests that
the sheet becomes less permeable to the accelerating magnetic field as pressure is increased.

Based on the data in Figure 3.11, we conclude that the effects of higher py (or equivalently

no) on current sheet formation in our IPPT are as follows:

1. Formation of the initial PI plasma closer to the coil face.
2. Greater inductive coupling across all phases.

3. Enhanced localization of plasma current and Ohmic heating into a narrower region of

plasma near the upstream edge of the current sheet.

4. Improved current sheet impermeability to the accelerating electromagnetic fields.

Given the importance of PI to point (1) which, in turn, affects all subsequent items, it is
clear that PI can play a significant role in the evolution of the current sheet. We explore

these effects in the following section.

3.6.2 Effects of Varying PI

Figure 3.12 presents the effects of varying V), o on the evolution of the current sheet prop-
erties and derived quantities. From Figure 3.12(a), higher Vo is found to affect both the
magnitude and timing of I, and I,. Both I. and I, increase with V,;o. The increase is
more pronounced for I,, with the peak I, for Vo = 1.5kV being roughly double that of
Vpio = 0.5kV. A clear increase in the rise rates of I. and I, is also observed, with the

resulting leftward shift in the waveforms again being more apparent for I,. Peak I, is found
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to occur approximately 200ns earlier for V,; o = 1.5kV compared to V,;o = 0.5kV. This
shift suggests that the timing of the current sheet formation may be influenced by V.

Figures 3.12(b-h) show that the effect of V,,; o on the initial values of the plotted variables
is fairly modest. This seems somewhat counterintuitive, since we would expect varying Vo
to strongly affect the parameter values at early times. While it is possible that the effects
of this change occur mostly at t < 200ns, where we do not have reliable data for most
quantities, we would anticipate these effects would still propagate to later time, which we do
not see strong evidence of.

Instead, we hypothesize that the relatively weak correlation between V,,; o and the initial
values is related to the manner in which the second-stage PI was operated. When the PI
capacitor bank was discharged, it was allowed to ring through five full cycles before the main
discharge was initiated. The number of cycles was chosen to both ensure spatial uniformity
of the PI plasma and allow for a PI plasma to be reliably generated at all conditions tested.
By the later cycles, however, the PI capacitor bank was mostly drained and, accordingly,
very little energy was being deposited into the PI plasma. We postulate that this allowed
for significant quenching and diffusion of the PI plasma in the later cycles, which resulted
in PI plasmas which were both relatively low ionization fraction and more similar than the
differences in V,,; o would indicate.

Figures 3.12(c, d) show that d,q and R, rise faster during the ionization phase as Vo
is increased. The faster rise in R,y appears to be driven by a similar rise in d,4, which we
postulate is caused by a broader region of gas being ionized and quenched. This hypothesis
is supported by the more rapid decline in k, further downstream migration of z,,;, and more
substantial broadening of w.s during the ionization phase at higher V,,; . We note that Little
et al.[31] and McCulloh et al.[71] reported a similar increase in early-time quenching as the
initial gas ionization fraction was increased in their simulations.

The combination of higher I, and faster rise in Ry leads to one of the most important
impacts of increased PI. Figure 3.12(i) shows a dramatic increase in the Ohmic heating during

the ionization phase. Peak P, , during this phase roughly doubles between the lowest and
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highest Vo cases and, moreover, occurs ~ 300ns earlier in time. The greatly increased
Ohmic heating during the ionization phase leads to an earlier and more distinctive transition
to the formation phase. Figure 3.12(b) shows that the characteristic change in the slope of
k between the two phases is found to be sharper and occur earlier in time. Similarly, from
Figures 3.12(c-e) we find the local maxima in 0, and Ry, and the transition of Jy from
relatively flat to rising, also occur earlier and are more pronounced.

During the formation phase, k is found to rise at a greater rate with increasing V), o,
particularly when comparing the two higher cases to the lowest. Both the magnitude and
rate of decrease in 05 and R,q are seen to increase with V), o. Similarly, the rate of increase
in Jy is increased and a higher maximum J; is achieved. Together, these trends suggest that
higher V,; o lead to more rapid localization of plasma current and heating near the upstream
edge of the sheet. This conjecture is supported by the quicker upstream motion in z,,; and
sharper initial narrowing in we;.

Like the ionization phase, the duration of the formation phase is also shortened at higher
Vpio- We attribute this reduction to the increased Ohmic heating observed at the beginning
of this phase. The higher heating causes the faster reduction in d,4q and R4, which, in turn,
drives the more rapid localization of the heating. This forms a feedback loop in which the
already elevated heating is concentrated in a shrinking region of plasma. This effect results
in a sharper decline in F,,_ , at the start of the formation phase, since the resistance drops
quickly in the skin layer where heating is being concentrated.

The hastening of the upstream localization process leads to the sheet becoming imper-
meable to the accelerating magnetic fields earlier and, accordingly, a faster and more defined
transition to the acceleration phase. The earlier onset of the acceleration phase at higher
Vyio is seen from Figures 3.12(f,g), where 2. and z,, are found to begin cohesive down-
stream motion earlier in time while w.s; remains relatively constant. This is consistent with
Figure 3.12(k) which shows F,, rises faster and achieves a greater maximum at larger V,, .
A similar trend is also observed for P,,, (Figure 3.12(j)) for the 0.75kV and 1.5kV cases.

Downstream motion of z.s is observed to occur earliest in the Vo = 0.5kV case, in
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apparent contrast with the trends at higher V. We find from Figure 3.12(g), however,
that this motion is not in concert with that of z,,. This is also supported by Figure 3.12(h),
which indicates that w,, is still changing during the initial downstream motion in z.s. This
implies that, while the plasma undergoes some form of downstream motion, it is not of the
cohesive type that appears to correspond with the acceleration of a current sheet. For the
0.5kV case, this cohesive motion in both z., and z,,, and the associated flattening of w,,

does not occur until 2 0.9 ps. This is, within uncertainty, no earlier than in the 0.75kV case.

Unlike the previous two phases, the duration of the acceleration phase is found to grow
with V,,; . This may be seen from Figures 3.12(b-e), which show an extended period of decline
in k, low d,q and Ry, and relatively high Jy. This is also supported by Figures 3.12(j k),
which show the region of significant P.,, and F,, broadens as V,,; o increases. We interpret the
longer acceleration phase as indicative of a more well-defined current sheet that demonstrates
longer-lived magnetic impermeability. This impermeability is related to the value of k at a
given current sheet location, which will affect the F,, produced as shown by equation (3.18).
In general, the longer the sheet remains magnetically impermeable, the greater the time
integrated F,,, and the larger the thrust produced by the IPPT. A more detailed discussion
of the effects of the magnetic permeability on the motion of the current sheet may be found

in Little et al.[31].

Little et al. found that increasing the initial gas ionization fraction (yo) led to much
stronger quenching of the sheet as it translated due to increased interaction with back-
ground neutrals [31]. Figures 3.12(c,d), however, indicate that higher V,,; do not cause a
concomitant increase in the cooling of the sheet during the acceleration phase. We note
that, while V}; o is expected to impact xo, the two are not equivalent and may not scale pro-
portionally. We showed previously that increasing Vo appears to result in a wider initial
plasma region. This suggests that increasing V,,; o may have ionized a broader region of gas
to similar x rather than increasing yo, within a fixed region as was simulated by Little et
al. In addition, we previously hypothesized that x, was both similar and relatively small in

all V,; o cases due to the method of operation of the second-stage PI discussed earlier in this
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section.

The lack of quenching during the acceleration phase suggests that the electrons in the
sheet do not experience significant inelastic collisions with background neutrals as the sheet
translates. To estimate the interaction between sheet electrons and background neutrals as

the sheet translates, we examine the ionization transparency proposed by Little et al.[31]
Qm,ion = €Xp <_ncswcsKion/vcs) s (320)

where n, is the plasma density in the current sheet, v, is the current sheet velocity, and K,
is the ionization reaction rate. From Figure 3.12 we find w.s ~ 0.5cm and v.s ~ 30km/s
during the acceleration phase. We assume based on the simulated results of McCulloh
et al.[71] that the density of the sheet is at least on the order of the ambient gas, i.e.,
Nes = 1 x 102 m =3,

Evaluation of K, requires an estimate of the electron temperature in the sheet, T,. Using
the plasma resistivity and electron-ion and electron-neutral collision frequency equations
from Little et al., when n.s 2 ng it may be approximated

T~ <1.45><103>2/3’ (3.21)

Psd

where we use the resistivity in the skin depth layer instead of the global plasma resistivity,
and the resulting 7, is in units of eV. Equation (3.21) suggests that T, ~ 2.5eV during the
acceleration phase, which appears reasonable based on reported simulated and experimental
results[16, 71, 29]. With this 7., and using an empirical expression for Kj,,[73], we find
O;on =~ 1. For comparison, estimations of T, at 5eV and 10eV produce 6;,, of 0.97 and 0.77,
respectively. These high 6,,, are consistent with our observation of only modest quenching
during the acceleration phase and support our claim that the electrons in our current sheets
are not significantly ionizing the background neutrals as the sheet translates.

While the evolution of the variables in Figure 3.12 appear similar for V,; of 0.75kV and
1.5kV, they are notably different for the 0.5kV case. In this lowest V,; o case, transitions

between the ionization, formation, and acceleration phases are either not observed or poorly
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defined. In addition, upstream localization of heating and current appears to occur only
slightly. Together, these observations suggest that the current sheet formed in this case is
very weak. When V,; o was lowered much below 0.5kV, no significant I, was observed to
form during the first half-cycle of I.. This suggests a threshold value of V,,; o needed to form
a current sheet in our IPPT.

Some evidence of asymptotic behavior with increasing V), ¢ is observed from Figure 3.12.
While significant changes in the evolution of the variables occur between all three cases
shown, they are, as a proportion of the change in V), o, less substantial between the 0.75kV
and 1.5kV cases than between the two lowest Vo cases. An increase in Vo by 50% is
found to roughly double the maximum I, and F,,, and shift the peak in P, , leftward by
approximately 200ns. In comparison, a doubling of V,; in the two higher cases produces
only about a 1.3 increase in both maximum I, and F%,, while the peak in Ohmic heating
occurs some = 100 ns earlier. While additional data and further investigation are needed, this
suggests that there may be a point of diminishing returns when increasing V,,; o or potentially
the degree of PI in general.

Based on the data in Figure 3.12, we conclude the effects of higher V,,; o on current sheet

formation in our IPPT are as follows:

1. Tonization of a broader region of gas.

2. Ohmic heating in the ionization and formation phases is markedly increased, which

also shortens the duration of these phases.
3. Enhanced and more rapid upstream localization.

4. Current sheet impermeability is improved and sheet acceleration appears longer lasting.

3.7 Conclusions

We have presented methods for examining the evolution of the current sheet produced by a

planar IPPT. Applying the presented methods to experimental data obtained from a com-
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pact, low discharge energy IPPT, we were able to report, for the first time in the literature,
time-dependent measurements of the inductive coupling and plasma resistance in the skin
depth. These two quantities were then used to determine time-histories of the power go-
ing into Ohmic heating in and electromagnetic acceleration of the current sheet, providing
powerful insight into its evolution.

We found that current sheet evolution in our IPPT could be described by three phases:
ionization, formation, and acceleration. Our results indicated that Ohmic heating was essen-
tial in overcoming neutral quenching during the formation of the current sheet, which agreed
with simulation results reported by Little et al.[31]. In addition, evidence of localization of
the plasma current and Ohmic heating towards the upstream edge of the current sheet was
found, suggesting the importance of the interplay between Ohmic heating and the skin depth
of the plasma to the formation of the current sheet.

We used the presented methods along with experimental measurements to examine the
influence of varying neutral fill density (or equivalently backfill pressure) and initial PI bank
voltage on the evolution of the sheet. Higher fill pressures were found cause the current sheet
to form closer to the coil face. While fill pressure has been previously shown to effect the
formation location of the sheet, we have additionally shown that it results in higher coupling
during all phases and, moreover, that this elevated coupling resulted in stronger upstream
localization of the current and Ohmic heating. This, in turn, led to more well-defined current
sheets that were less permeable to the driving magnetic fields.

While PI has long been known to impact current sheet formation in IPPTs, the exact
mechanisms by which this was accomplished have been less studied. We found that larger
PI bank voltages ionized a broader region of gas while the second-stage PI was active, which
led to higher skin depths and skin depth resistances in the ionization phase. This higher
resistance, combined with an increase in the plasma current, drove substantially higher
Ohmic heating of the plasma during the ionization and formation phases. The duration of
these phases was shortened as a result and the transition between them sharpened due to

stronger and more rapid upstream localization of the plasma current and Ohmic heating.
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The impact of varying the PI bank voltage appeared greatest at lower values, with di-
minishing returns observed as V,; continued to increase. Significant plasma current was
not observed during the first half-cycle of I. when V,;, was much below 0.5kV, providing
evidence of a threshold V,; o below which a current sheet could not be formed. This may
suggest that below this threshold value the rate of collisional ionization of the gas is too
slow for strong inductive coupling and significant plasma heating to occur during the first
half-cycle. This adds to previous experimental evidence reported by Polzin[16] that sug-
gests sufficient PI is essential to the formation of a current sheet in planar IPPTs with low

per-pulse discharge energies.
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Chapter 4
CURRENT SHEET SCALING IN A PLANAR IPPT

Having gained significant insight into how the current sheet in a planar IPPT evolves over
time, we now attempt to determine the fundamental physical processes governing current
sheet formation and how they relate to key thruster operational and design parameters. We
make use of the evolution data from the previous chapter and analyze it in new ways to arrive
at quantitative metrics for the strength of the current sheet. By observing how these metrics
change with our control parameters, we are able to develop a dimensionless parameter that
describes how the strength of the current sheet scales as a result of the fundamental driving
physics. By correlating this scaling parameter with our control parameters, we are able to
propose a link between the thruster operating and design parameters and the strength of the

current sheet formed by the device.?

4.1 Motivation and Background

Inductive pulsed plasma thrusters (IPPTs) are a type of electric propulsion (EP) device
that accelerates a plasma via inductive means to produce thrust[3, 8]. This is typically ac-
complished by driving large (2 kA), short-duration (< 10us) pulses of current through an
inductive coil, which, in turn, induce opposing currents in nearby plasma[64]. A number of
parameters related to the operational scaling of IPPTs have been reported in the literature.
Lovberg et al.[74] showed that the ratio of the circuit stray inductance to the acceleration
coil inductance must be much less than one for efficient inductive acceleration. Polzin[16]

considered a dynamic impedance parameter based on that used in analysis of pulsed plasma

3This chapter contains results from Curtis L Promislow and Justin M Little. Current sheet evolution in a
planar inductive pulsed plasma thruster. Journal of Physics D: Applied Physics, 57(20):205205, 2024.[60]



101

thrusters (PPTs) and reported modeling work that demonstrated that there existed an op-
timum range for this parameter for maximum thruster efficiency. Polzin and Choueiri [28]
and Martin and Eskridge[46] examined the damping ratios of the RLC' circuits formed by
the drive and plasma circuits. Their modeling results found that the average of these two
ratios should be much less than one for efficient IPPT operation, i.e., both RLC' circuits

should be underdamped.

These parameters share a commonality in that they are all based on the dimensionless
parameters that appear when considering the transient acceleration of a plasma in a generic
parallel plate accelerator[1]. The systems of equations which give rise to these parameters
are based on simplified 1D models which typically treat the plasma (or current sheet) as
a slug or snowplow and largely overlook its formation. Much of the existing literature has
also focused on the scaling of thruster performance, with relatively little attention paid to
the scaling of the fundamental thruster physics. Polzin[23] provided an argument based on
first-principles that suggested a minimum current rise rate was needed to form a current
sheet. He further posited that the required value of the current rise rate would decrease
in cases where pre-ionization (PI) of the neutral propellant was employed. The derivation
of this criteria was largely phenomenological, however, and the ranges given were relatively
large.

Little et al.[31] investigated current sheet formation in IPPTs through a 1D model that
considered the effects of ionization and the electron energy balance under non-equilibrium
conditions, neutral gas entrainment, and non-ideal electromagnetic coupling. In this work,
Little et al. derived a dimensionless scaling parameter that represented the ratio of Ohmic
heating of the electrons to inelastic ionization losses. This “formation parameter” was used to
determine the conditions under which a magnetically impermeable current sheet would form,
from which the importance of Ohmic heating early in the formation process was discovered.
While this parameter was found to accurately describe the scaling of the mass utilization
efficiency of the model results, its derivation relied on a number of simplifying assumptions

and it has not yet been verified against experimental data.
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Recent work by Promislow and Little[60] has demonstrated the ability to measure the
time-varying mutual inductance and plasma resistance associated with the current sheet,
providing substantial insight into its evolution. Using the methods in that work to analyze
data obtained from a compact planar IPPT, we examine the scaling of the strength of the
current sheets formed by this device under a range of operational conditions. The IPPT and
diagnostics used to collect the data are described in section 4.2, as are the methods of data
analysis. General application of the methods is explored in sections 1114.3.1 and 1114.3.2,

and the scaling law obtained from their application is presented in section 1114.3.3.
4.2 Approach

The experimental setup and methods used to perform the measurements in this work are
largely identical to those described in our earlier work, i.e., Ref. [60]. We provide a short

summary here but direct the reader to the cited work for a more detailed description.

4.2.1 Ezxperimental Setup

Data on current sheet formation were taken using a compact, low discharge energy research
prototype IPPT. Figure 4.1(a) depicts the current sheet formed by operation of the IPPT
in an idealized case. Current flowing through the drive coil, I., generates a plasma and
induces an azimuthal current density, Jy, in the plasma. Integration of .Jy over the current
sheet volume yields the total plasma current, I,. When I, accumulates in a narrow layer of
plasma with width w.s, a current sheet is formed. The location of the leading edge of the
current sheet relative to the coil mid-plane is labeled z.;. The total magnetic field, B, is a
superposition of the fields produced by the currents flowing in the drive coil and plasma. In
the region of the plasma, B ~ B,, i.e., the magnetic field is assumed to be primarily radial.
Idealized axial distributions of Jy and the radial component of the total magnetic field, B,,
are depicted in Figure 4.1(a).

The prototype IPPT had an inner and outer drive coil radius of r, = 1.9cm and

ry = 7.2cm, respectively. The drive coil itself was formed from eight 1.5 turn Archimedes
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Figure 4.1: Diagram of compact, low discharge energy IPPT used for data collection from
(a) side and front-on views and idealized (b) capacitor voltages and (c) discharge circuit

current when a plasma is present in front of the drive coil. Reproduced from Promislow and

Little[60].

spiral inductors connected in parallel and wound in a two-layer fashion to reduce stray
inductance[3]. The drive coil was measured to have an inductance of 375nH at 300kHz
using an LC'R meter. The stray inductance and decoupling distance of the drive coil were

found to be 40 nH and 3.13 cm, respectively, by using the “dummy” load method[46, 64].

The IPPT was installed on a small cylindrical vacuum system (25.4 cm inner diameter,
60.96 cm long). A turbomolecular pump backed by a rotary vane roughing pump produced
chamber base pressures as low as 5 x 107% Torr (6.7 x 107 Pa). During experiments, gas
was delivered through the RF PI, with the flow of gas controlled via either a needle valve
or an Alicat mass flow controller (model MC-10SLPM-D/5M). Pressure in the chamber was
measured with a 1 x 1074 Torr to 0.1 Torr (0.013 Pa to 13.3 Pa) range capacitance manometer

(MKS 626D).
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Figure 4.1(a) shows the discharge circuit of the IPPT, which consisted of two capacitor
banks, two switches, and the drive coil. A “main” capacitor bank, C,,;, stores the energy
for forming and accelerates the current sheet. C,,;, (1.5 pF) was connected to the drive coil
by an insulated gate bipolar transistor (IGBT) switch S, (ABB 5SNA0750G650300). A
second, smaller capacitance bank, Cp; (330nF), was discharged via IGBT switch S,; (ABB
5SNA1200E330100) and was part of the PI system. Nominal charging voltages for the
capacitor banks were no more than 2kV, giving a maximum total per-pulse discharge energy
of 4.

The current rise rate in our IPPT was found to be insufficient to break down the neutral
gas unassisted. Instead, a two-stage PI system was used to initiate gas breakdown and supply
an initial plasma for the main discharge to couple energy into. The first stage was an RF
PI, which consists of a 1.27 cm diameter solenoidal coil driven by a 13.56 MHz RF generator
at 100 W. In the second stage, C); was discharged through the drive coil. This was intended
to ionize more of the neutral gas and distribute it more evenly over the coil face than using
the RF PI alone.

Typical operation of the IPPT discharge circuit is shown in Figure 4.1(b,c). Prior to
operation, the static fill pressure in the chamber, pg, is set and allowed to reach a steady
value. Next, C,,;;, and C),; are charged to their target voltages, V.0 and V), o, respectively.
Once charged, the RF PI is turned on, initiating breakdown of the neutral gas. At time
tswpis switch Sp; is activated, marking the start of the second-stage PI. The RF PI is also
deactivated at this time. After five cycles of the second-stage PI discharge, typically ~ 10 ps,
switch S, is closed, connecting C,,;, to the drive coil and initiating the main discharge. We
take the time of Sy, closing (fsy ace in Figure 4.1(c)) as ¢ = 0 for plotting purposes.

A suite of diagnostics was used to collect data from the prototype IPPT setup. The
discharge circuit current, /., was measured by a current transformer (Ion Physics CM-10-
M) with 0.1 V/A sensitivity and 12ns rise time. . was measured at the location where
the drive coil connected to the rest of the discharge circuit (see Figure 4.1(a)). We used a

rectangular (plasma) Rogowski coil to measure I,. This loop, depicted by the dashed region



105

in Figure 4.1(a), extended axially from the coil face to 7cm downstream (over twice the
drive coil decoupling distance) and radially from 1.5cm to 7.5 cm. This current sensing loop
was sufficient to encompass the entirety of the region in which plasma is observed. The
voltages across the main capacitor bank (V,,), 2nd-stage PI capacitor bank (V,,;) and drive
coil, (Veoir), were measured using differential probes with a 100 MHz bandwidth (Pintek PT-
8020). The high common mode rejection ratio (CMRR) of these probes in combination with
digital filters resulted in excellent high frequency noise immunity.

Figure 4.1(a) depicts the calibrated linear B probe array used to measure the rate of
change of the radial component of the total magnetic field, B,, at the mean radius of the
drive coil. This array consisted of four 5.6 pH chip inductors spaced Az = 1 cm apart. The
first probe is located 0.5cm from the drive coil face and 0.81 cm from the coil mid-plane.
Integration of the B, signals to obtain B, was achieved numerically, with a detrending

algorithm being used to reduce error associated with drift in the integration.

4.2.2  Methods

We now summarize the methods for determining the evolution of the inductive coupling
between the drive coil and current sheet and the characteristic plasma resistance inside the
skin depth from measurements taken by the diagnostics described in section 114.2.1. The
former is obtained from the circuit measurements while the latter is determined from analysis
of data from the linear B probe array. A full discussion of these methods can be found in

Ref. [60].

Inductive Coupling

We model the electrical interaction between the IPPT discharge circuit and the translating
current sheet using a well known lumped-element circuit model, shown in Figure 4.2, that
couples the discharge circuit to a plasma circuit via a transformer model[27, 15]. Defining

Veoir as the voltage across the drive coil (see Figure 4.1(a)), we may express the inductive
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coupling coefficient between the drive coil and current sheet as

1

t
= ——F—+—— L.~ Ip) — Veoit d ) 4.1
I,\/L.L, { (e = Leo) / 1 T] 41

to

where [. and I, are the currents in the discharge and plasma circuits, & is the inductive
coupling coefficient, and L. and L, are the self-inductances of the the drive coil and plasma,
respectively. I o is the discharge circuit current at ¢t = ¢y and 7 is a dummy time variable
for integration. In this work, we take tg = tg, i (see Figure 4.1(b,c)). Equation (4.1) shows

that k may be directly calculated if L. and L, are known and V.., I, and I, are measured.

To obtain the plasma inductance, we follow Dailey and Lovberg [18] and approximate

the shape of the current sheet as a flat annulus. This allows us to estimate its inductance

L, = o ‘; i {m (”’ + r“) + 0.9} , (4.2)

Ty — Tq

according to

where r, and r, are the inner and outer radii of the annulus, respectively, and pg is the
permeability of free space. We assume here that r, and r, are constant and, moreover, the
same as those of the drive coil. This latter assumption asserts that the current sheet forms
over the entire surface of the drive coil. We note that, due to our assumptions, equation (4.2)

yields a constant value for L,,.

Plasma Resistivity

The lumped-element circuit model shown in Figure 4.2 treats the plasma as a single resistor
with resistance I,,. This bulk plasma resistance is closely related to the resistive, i.e., Ohmic,
heating of the plasma, which Little et al. have shown is central to formation of the current
sheet[31]. For conductors carrying time-varying currents, Ohmic heating primarily occurs
within the skin depth[67]. As such, we believe that the resistance of the plasma inside the
skin depth, Ry, provides more insight into the evolution of the current sheet than the bulk

plasma resistance described by I2,.
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Figure 4.2: Lumped element circuit diagram of the IPPT discharge circuit transformer
coupled to the plasma. The coupling can be modeled as a (a) transformer or its (b) Thévenin-

equivalent circuit. Reproduced from Promislow and Little[60].

Information regarding the skin depth resistance can be obtained from data from our
linear B probe array which describes how B, decays with axial distance. We first link B, to
the current density in the sheet by evaluating the azimuthal component of Ampere’s law at

the mean radius of the drive coil, where we approximate dB,/0r ~ 0 to find

dB,
dz

We now assume an exponential form for the azimuthal current density Jy inside the current
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Jo(z) = (4.4)

where Jj is the surface current density and z and z., are the axial distance of the measurement
location and current sheet leading edge from the mid-plane of the drive coil, respectively. We
note that since equation (4.4) considers only the axial variation of Jp, it implicitly assumes
that the current sheet is radially uniform. This assumption is supported by data reported
by Dailey and Lovberg[11], which showed that the axial distribution of the electric field was
fairly uniform across in the radius of the coil face.

The leading Jy in equation (4.4) is not a constant but rather Jy(t) and is intended to
capture the time dependency of the current distribution. The decay rate from this value is
dictated by the flux penetration depth, ¢4, which is the transient analogue to the harmonic
skin depth for a steady-state driving waveform, d,4. While the magnitude of the driving field

is rising, it can be shown[67]

4
5sd =~ gdfd . (45)

The form of Jy proposed in equation (4.4) is motivated by a combination of theory and
experiment[67, 10]. An important limitation, however, is that it is unable to distinguish phase
shifts in Jy that occur as it propagates into the plasma from bulk downstream motion. As
such, our assumed Jy is only applicable before the phase shift in the current density becomes
significant. Based on a combination of theory and experiment[67, 10], equation (4.4), and
all subsequent equations which rely upon it, only apply until approximately the maximum
in the driving magnetic field or, equivalently, the maximum in I..

Substituting equation (4.4) into equation (4.3) and integrating yields an axial profile of
B,.. Due to superposition, we can subtract the component of the total B, due to the coil

current, B, , and find an expression for the field due to plasma currents only

B,, = ftoJodsa {1 — exp (—Z - 2)] + B,o— B,.. (4.6)
fd
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Here, B, is the value of the total radial magnetic field at the upstream surface of the
current sheet. In equation (4.6) B,, is not a constant but rather itself a function of z. To
extract this component from the measured total B,, we produced a calibration curve that
related I. and B,, which, for cases where plasma was present, allowed B,, to be determined
from the measured I.. By measuring B, at various z locations and then subtracting the
corresponding B,, a measured profile for B, was generated to which equation (4.6) was fit.
The fit parameters are dq, Jo, and z.. B,y was taken to be the maximum B, measured
by the array. After finding ¢4, and therefore d44, from the fit, we can determine the bulk

resistivity in the current sheet using

1

Nsd = §M0wfp5§d7 (4.7)

where wy, is the angular frequency of the bulk plasma current. This value was calculated at

each time step via the Hilbert transform method [68].
4.3 Results and Analysis

We have performed extensive measurements of our IPPT when it is discharged into a static
gas backfill as part of an effort to better understand the formation and evolution of the
current sheet in IPPTs. In combination with new methods for data analysis, these measure-
ments have allowed us to calculate the time-dependent inductive coupling coefficient and

characteristic plasma resistance within the current sheet.

4.3.1  Circuit Measurements

The mutual inductance as a function of time was found from equation (4.1) by using experi-
mentally measured waveforms for I, I,, and V.. Figure 4.3 shows a typical set of measured
waveforms for a vacuum (no plasma) and a representative plasma case. We note that the
error bands in Figure 4.3 represent the uncertainty associated with both the estimated mea-
surement error associated with the relevant diagnostic and the uncertainty due to variance

between discharges.
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Figure 4.3: Comparison of experimentally measured waveforms of I., I,, and integrated
Veoil used to calculate the mutual inductance between a (a) vacuum and (b) a representative
plasma case. For the plasma case, py = 5mTorr (0.67 Pa, argon), V,, o = 1kV, and V0 =

2kV.

In the absence of a coupled plasma load, the circuit should behave like a transformer
with an open secondary. In this case, I. — I.o and f Veoit/ Le dt should be equal, as seen in
Figure 4.3(a). Figure 4.3(b) shows that all three terms, i.e., I,, I. — I.o, and | Viou/L. dt
are affected by the presence of plasma. While both I, and the difference between I. — I,
and f Veoit/ Le dt appear to grow, the effect on the coupling will depend on their ratio. To
avoid a singularity, equation (4.1) necessitates that the bracketed term goes to zero at the

same time as [,. Graphically, this means that the curves of I. — I, and f Veoit dt/ L. should



111

intersect at zero-crossings of I,. Figure 4.3(b) shows this occurs to within the measurement

uncertainty.

4.8.2 B.(z) Curve Fits

Figure 4.4 shows the total B, waveforms measured by each of the four probes in the array.
From this total B,, the components due to the coil and plasma currents were extracted using
the calibration curve method described in section 4.2.2. The waveforms of these components
are also shown in Figure 4.4.

The magnitude of the total field relative to the coil component can be used to estimate
the position of the current sheet. When the sheet is downstream of a probe, its magnetic field
will be in the same direction as that produced by the coil and the total field will be larger
than the coil component alone. This effect is more pronounced the closer the probe is to the
leading edge of the current sheet. As the sheet passes over the probe, the fields produced
by plasma upstream and downstream of the probes will be in opposing directions. This can
equivalently be thought of as a screening effect, wherein the upstream plasma blocks some
of the field produced by the drive coil from reaching the probes. Due to this behavior, B,
will become less than B, .

By taking the value of B, at a given time for each of the four probes in the array, a curve
for the axial variation of B, can be obtained, to which equation (4.6) can be fit. Figure 4.5
shows B, as a function of the axial coordinate, z, for nine time slices. We observe that the
data generally follows an exponential decay, lending confidence to our use of equation (4.6).
The dashed black line is the curve obtained by performing a nonlinear weighted least-squares
fit of equation (4.6) to the data[60]; good agreement between the fitted curve and the data
was generally achieved.

Examining Figure 4.5, we find that plasma appears to form between probes one and two
sometime before the 0.32 s mark. As time progresses, the absolute values of the measured
fields increase while the slope of the fit increases. This suggests a region of plasma that is

both expanding and where the plasma current is growing. At 0.65 s, we see the B, (z) profile
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has steepened significantly between probes one and two. This points towards the broader

plasma region narrowing into what may be a magnetically impermeable current sheet. At

0.98 pis, we see the first indication of significant sheet motion, with the fit no longer passing

directly through probe one. By 1.14 ps, the B, measured at probe two increases above that

measured at probe one, indicating the greater proximity of z.s to this probe. The sheet is

also observed to broaden as it translates, with the slope of the fit decreasing between 0.65 s

and 1.30 ps.
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We note that in a small number of cases, the B, axial profile steepens to the degree that
it lies exclusively between probes one and two. The fitting procedure is considered unreliable
at this point due to it attempting to fit a model with three unknowns to what is effectively
two data points. In these cases, Jy is not determined directly from the B, fits but rather
by polynomial interpolation using the Jy points determined by fits where at least three B,,
points were available. The uncertainty in these points is then the uncertainty in the fit rather

than a direct measurement uncertainty.

4.8.8  Current Sheet Fvolution and Scaling

Figure 4.6 shows the evolution of several key current sheet parameters for a representative
plasma case. For this case, py = dmTorr, V0 = 1kV, V,,, = 2kV, and the fill gas was
argon. Three distinct phases are generally observed, which we have previously assigned as
the ionization, formation, and acceleration phases[60]. The ionization phase corresponds
to the ionization of a somewhat broad region of plasma is characterized by a relatively low
current density and rising d,4 and 7,4. k can increase or decrease during this phase, depending
on conditions such as py and V),; 9. During the formation phase, .J; increases rapidly while
0sq, and correspondingly 7,4, decrease. We have interpreted these trends to be indicative
of the formation of a magnetically impermeable current sheet, wherein current is being
concentrated in a thin layer of plasma. The increase in k during this phase suggests that
the current is being localized towards the upstream edge of the sheet. We have previously
postulated that the upstream localization of the current drives increasingly localized heating
and is ultimately responsible for the formation of the current sheet.

Finally, assuming a magnetically impermeable current sheet was formed, the sheet is
pushed downstream from the coil face during the acceleration phase. This is evidenced by
the steady decline in k during this phase and is also supported by the magnetic field probe
measurements, which showed the leading edge of the current sheet translating downstream
only in this phase[60]. The plasma in the sheet cools as it both encounters downstream

neutrals and receives less energy from the drive coil, leading to a decrease in Jy and increase
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ranges for the (I) ionization, (II) formation, and (III) acceleration phases.

in 0,9 and 7,q4.

We propose two dimensionless parameters for characterizing the strength of the current
sheet formed by our IPPT. The first is the maximum & achieved at the end of the formation
phase. This parameter serves as a metric for the inductive coupling between the drive coil

and current sheet as the latter begins to accelerate downstream. The second is a non-
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dimensionalized current density, which we define as

5 Jo maz

Jo = m . (4.8)
Here, Jy mar and I, e, are the maximum values of Jy and . measured during the first half-
cycle of the total plasma current. Jo is intended to represent the effectiveness with which
a current flowing in the drive circuit is able to produce a localized current in the plasma.
Note that we have used J instead of I, in our parameter, since we are more interested in the
concentration of the plasma current rather than its total magnitude. In addition to being

a metric of the strength of the current sheet, Jo is also related to the performance of the

thruster, since Jp appears in the JyB, force in the momentum equation[64].

Dimensionless Scaling Parameter

We now seek a dimensionless scaling parameter that encompasses the fundamental physics
central to the formation of a current sheet in our device. In the simplest terms, a current
sheet is formed when current is able to concentrate in a thin layer of plasma. As such, we
propose that the process of current sheet formation can be modeled as a competition between
effects that concentrate and those that diffuse current.

Both Lovberg and Dailey[18] and Polzin[29] considered a current sheet that was broaden-
ing due to resistive diffusion of the magnetic field. Equation (4.3) shows that the azimuthal
current density is directly related to the gradient in the radial magnetic field. As the current
sheet forms, the gradient in B, will be influenced by the properties of the plasma. Transport
of a magnetic field into a conductor is governed by the the magnetic diffusion equation which

states

—

0B = L
E—DBVB—i—VX(UXB), (4.9)

where
Dp =n/po (4.10)

is the magnetic diffusivity and 7 is the resistivity. The relative importance of the diffusive

(1st) term compared to the convective (2nd) term is described by the magnetic Reynolds
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where v, is the velocity of the current sheet and we have selected z4. as the characteristic

R, =

(4.11)

plasma length scale. Data presented by Promislow and Little[60] indicated that the current
sheet was relatively stationary and also fairly resistive during the ionization and formation
phases. This suggests that R,, < 1 in our device, at least during formation. This would

point towards diffusion being the dominant mechanism, reducing equation (4.9) to

0B .

— ~ DpV°B. 4.12

ot~ ° (4.12)

We note that this is the case of a transient magnetic field diffusing into a stationary conductor.
If we take the curl of equation (4.12) and substitute in equation (4.3), the result is a

diffusion equation for the current density in the plasma

. — DpV2J. 4.1
5 = DsV'J (4.13)

Under our stated assumption that J = Jpf and that Jp is both radially and azimuthally
uniform, equation (4.13) reduces to the 1D form

dJg 9%Jy
Y _D . 4.14
dt 5922 ( )

Equation (4.14) shows that the magnetic diffusivity is directly related to the current density
rise rate, which has long been seen as a key metric for current sheet formation[23]. Moreover,
it suggests that the relevant timescale governing the dissipation of the plasma current is the
characteristic timescale for resistive diffusion of the magnetic field.

The magnetic diffusivity also affects the buildup of current density through its relation-
ship with the skin effect. We have previously (see section 3.5) discussed the importance of
this effect in driving the upstream localization of the current density that we have postulated
is a hallmark of current sheet formation. The skin depth is the characteristic distance from

the surface of a conductor over which the current density decays and may be written as

5= 1] 2 (4.15)
wht
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where 7 is the material resistivity, w is the frequency of the current, and p is the magnetic

permeability of the conductor. Substituting equation (4.10) and assuming u ~ pg, we find

I ey (4.16)
w

Equation (4.16) shows that the magnetic diffusivity is directly related to the skin depth that,
according to equation (4.4), controls the depth of the region in which current flows in the
plasma. This relationship can be understood as the skin depth being the characteristic length
that the magnetic field diffuses into the plasma over one period of oscillation. While we have
obtained this result for the harmonic skin depth, 04, equation (4.5) shows that a similar
result also holds for the case of a non-sinusoidal transient current via the flux penetration
depth, d4.

As we have seen, magnetic diffusion is expected to be highly influential to both the spatial
concentration of current and the rate at which it increases during current sheet formation. It
is therefore of interest to estimate the characteristic timescale over which magnetic diffusion
into the plasma occurs in our device. To find an expression for this timescale, we consider
the characteristic depth to which a time-varying magnetic field penetrates into a planar
conductor via diffusion

o=,/ (4.17)

I

where [, is a characteristic length scale for the conductor and 7, is the characteristic diffusion
time. Note that we have again assumed p = pyg, i.e., that the permeability of the conductor
is roughly that of free space. By choosing the electromagnetic decoupling distance (zq4.) as
our characteristic length scale, we can rearrange equation (4.17) to arrive at a characteristic

timescale for the field to diffuse through the decoupling distance

2
g = H0%de (4.18)

Nsd,max

where 74 mas 1S the resistivity calculated from equation (4.7) for the maximum dy4 measured

during the ionization phase.
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By inspection, we see that equation (4.18) represents the shortest timescale that the
magnetic field could diffuse over the decoupling distance. It is also the characteristic timescale
over which magnetic energy is dissipated over this distance. For effective current sheet
formation, we require a sheet that is largely impermeable to the driving magnetic field.
Accordingly, a large value of 74 is desired such that the diffusion of the driving magnetic field
is minimized. Equation (4.18) shows that this is accomplished by achieving a low plasma
resistivity in the skin depth. This in turn suggests the need for vigorous heating of the
plasma early on in the discharge, which is in agreement with the conclusions of Little et
al.[31].

The theoretical results of Little et al.[31] suggested that ionization played a significant role
in the evolution of the current density during formation of the sheet. While Equation (4.14)
describes how an existing current density changes over time, it does not directly account for
changes in the current density due to sources or sinks of charged particles. As such, we require
a way to include growth in the current density produced by ionization of the background
neutrals during the process of current sheet formation. To quantify the influence of ionization
in increasing the current density, we estimate the rate of ionization of the neutrals by defining

a characteristic ionization reaction rate, K;,, as|[73]

2Te Uiz
K, = 0gvin.e (1 + U ) exp (— T ) : (4.19)
where
. 2
= - 4.20
a0 T (471'60(]1',3) ( )
is the Thomson cross section expanded near the ionization energy, U;., and vy, . = /8€T./ (mm.)

is the electron thermal velocity. In the expression for the thermal velocity, e is the elementary
charge and m, is the electron mass. We note that, as defined, K;, has units of m?/s.

To calculate our characteristic ionization rate, we require an estimate of the electron
temperature, T,. Following Little et al.[31], we can write the plasma resistivity in terms of

the relevant collision frequencies as

me (Vei + Ven)

4.21
- (4.21)

Nsd =
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where v,; and v,, are the electron-ion and electron-neutral collision rates, respectively, and
nsq 18 the charged particle density in the skin layer. The electron-ion collision frequency can

be modeled as
V272652

- 1273/2£3 /m

where In (A) is the Coulomb logarithm, Z is the ionic charge, and T is the electron temper-

log (A) nggT73/? (4.22)

Ve

ature in eV. The electron-neutral collision frequency can be expressed in the form

8el.,
Ven = NMpOen ¢ 5 (423)
TMe

where n,, is the neutral density and o, is the average electron-neutral momentum transfer
cross section for the gas species of interest. If we assume that the plasma density inside
the skin layer is larger than the neutral density for much of the formation process, we
can approximate Ve; > Ve,. With this simplification, equation (4.21) becomes the Spitzer
resistivity, which we can use to relate T, to 1, according to

_ <\/2€m62210g/\ 1 )2/3 N (1.446 x 10—3)2/3

127T3/25% Nsd Nsd

(4.24)

Note that for our approximate expression we have used Z = 1 and log A = 14. For our
calculation of 7;,, the average T, over the ionization and formation phases is used. With a
method to calculate the characteristic ionization rate in hand, we now seek to estimate how
significant ionization will be in increasing the current density in the sheet. To accomplish

this, we define a characteristic ionization timescale based on K.,

1
)
nn,OKiz

(4.25)

Tiz =

where we note that the ideal gas law may be used to express the neutral density (n,,) in
terms of the fill pressure, py, and the temperature of the neutral gas prior to the thruster
discharge, T,.

We have so far argued that both ionization and diffusion will contribute to the evolution of
the current density in the current sheet. We now propose that it is the combined influence of

these two effects on the current density that results in the formation of the sheet. Ionization
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may be thought of as a source term for current due to the production of charged particles. As
these newly formed charged particles are driven by the induced fields, they become part of Jy
and their evolution becomes dictated by diffusive processes. Should the rate of ionization be
high and the current density slow to diffuse, current will tend to accumulate in a thin region,
eventually resulting in the formation of a current sheet. If the opposite is true, however,
current will dissipate rather than accumulate and a sheet will fail to form.

In cases between the two extremes, i.e., when both the ionization and diffusivity are either
high or low, the end result becomes less obvious. A high ionization rate will generate sufficient
charged particles for driving current but if the diffusivity is also high then these particles
can easily escape the regions where they were produced and are less likely to accumulate.
Similarly, if the diffusivity is low but so too is the ionization rate, then the current will tend
to concentrate but its growth will be hindered by a lack of charged particles. In such cases,
we hypothesize it is the relative strength of the two effects that will determine whether or
not a sheet is formed. Using our characteristic timescales for the ionization and diffusion
processes, we can express this claim in terms of the following dimensionless inequality

E _ MOZCQZC (nn,OKiz) >

Tiz Nsd,maz

Terit (4.26)

where 7. is some critical value above which the combined effects of current concentration
and growth are sufficient to produce a well-formed, magnetically impermeable current sheet.

We note that there is also likely to be a certain degree of synergy between the two
effects. For example, when the diffusivity is low we would expect Jy to tend to be more
concentrated than if the diffusivity was high. This greater concentration of Jy is expected
to, in turn, increase the localized Ohmic heating. Greater heating is then anticipated to raise
the electron temperature in this region, resulting in an increase in the ionization rate. This
increased ionization rate would proceed to further increase the current density, leading to
still greater localized Ohmic heating and so on and so forth. Given this interplay, we expect
that the strength of the current sheet will exhibit a relatively strong non-linearity around

the critical value.



121

Table 4.1: Experiment parameters for data sets used in scaling analysis.

Set # Cup [nF] po [mTorr] Viio [kV] Viwo kV]  Gas
1 15 [1.5, 2, 2.5, 3, 5] 1 P Ar
2 1.5 3.07 (0.5, 0.75, 1, 1.25, 1.5] 1.5 Ar
3 15 05,1, 1.5, 2,25, 3,4, 5, 6, §] 1 P Kr
4 1 [2.03, 3.04] 1 2 Ar
5 15 3.0 0.5 1,2 Ar
6 1.5 [3.05, 5] 1 1.5 Ar
7 15 [1.03, 3.03, 5.02] 1 1 Ar
8 1.5 3.0 0.5, 0.75, 1, 1.5] 1.5 Kr
9 r [1.6, 2.3, 3.0, 3.8, 4.5, 5.3, 6.1, ) ) Ar

6.9, 7.7, 8.7, 9.5, 10.4, 11.3, 12.2]

To examine how current sheet strength scales with our proposed parameter, we collected
data across a range of operational conditions. Among the variables changed were C,,;, po,
Vpio, and V0. In addition, the backfill gas species was also altered, with both argon and
krypton gases being investigated. Table 4.1 lists the experimental conditions at which sets of
data were taken. Within each set, only one variable was changed while the others remained

fixed; this variable is shown as a bracketed list in Table 4.1.

Figure 4.7 shows our two dimensionless metrics for the strength of the current sheet
plotted against our proposed scaling parameter, i.e., the ratio of the current diffusion to the
ionization timescale, 74/7;,, for each of the sets in Table 4.1. Figure 4.7(a) shows that k.,
scales positively with 7;/7;, over the range investigated. This indicates that increasing 7,/7;.
results in the current distribution within the current sheet being concentrated closer towards
the drive coil at the start of the acceleration phase. This is consistent with the “upstream
localization” of the current density that we have proposed occurs during the formation of

the current sheet in our device[60].
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We note, however, that the scaling of k., with 7;/7;, is logarithmic in nature and thus
fairly weak. This suggests that 74/7;, does not greatly affect the location of the current distri-
bution at the start of the acceleration phase. One possible explanation for this is to consider
k as dependent upon the location of the centroid of the current distribution. If low levels of
current are driven in a broad region of plasma during the ionization or early formation phase,
a very strong upstream localization effect may be required to significantly move the centroid
upstream. Another possibility is that the upstream motion due to localization of the plasma
current may be counteracted to an extent by an increase in downstream acceleration during
formation. This is to say that, although a strong current sheet may be formed, it is also
more strongly repelled by the drive coil during the formation process, leading the location

of the centroid of the current distribution to be relatively insensitive to 7;/7;,.

Figure 4.7(b) shows that the dimensionless current density is relatively insensitive to
T4/Ti» < 10 but becomes highly sensitive above this threshold value. This suggests that the
diffusive timescale must be long relative to the ionization timescale for significant concen-
tration of current to occur. In other words, when 7;/7;, > 1, charged particles formed by
ionization of the background neutrals are able to accumulate in the current sheet and partic-
ipate in further ionization rather than diffusing away. This leads to a rapid rise in the sheet
electron density and causes the current density to increase dramatically. We also propose
that the rapid rise in the current density has compounding effects in that it increases the

rate of ionization as a result of enhanced localized Ohmic heating.

The error bars in Figure 4.7 were determined by propagating measurement uncertainty
associated with the diagnostics, estimated repeatability, and, where applicable, the fit pro-
cedure described in section 4.3.2. We note, however, that sources of measurement error were
not exhaustively considered but rather estimated from, and optimistically assumed to be
minimized by, the calibration procedure. This is to say that, effects such as probe misalign-
ment, positioning effects, and other departures from idealized diagnostic operation have not
been individually considered. Nonetheless, we posit that the largest source of uncertainty in

our data set stems from the fitting procedure used to calculate Jy, dsq, and z,,y. Evidence
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Figure 4.7: Scaling of (a) inductive coupling coefficient and (b) dimensionless current

density with the ratio of the diffusion to ionization timescales.

of this may be seen in the increase in the size of the y-axis error bars in Figure 4.7(b) at

larger 7;/7;.. This rise in uncertainty is attributed to the steepening of the B, profile as
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Jo increases, which causes the uncertainty associated with the B, fitting procedure to grow

larger.

Given that both 7; and 7;, contain dependencies on 7,4, it is reasonable to consider
whether the total energy from Ohmic heating, Fj,, found in the numerator of the formation
parameter (§2fo.m) proposed by Little et al.[31] might also be a useful scaling parameter. We
can evaluate £, directly by integrating I, and Ry over time. We found, however, that neither
K ynaz DOT jo scaled universally with Fj, across all cases. This may be due to localization effects
not being well captured by this quantity. In the case where the current and heating become
localized in a narrow layer early on, the resistivity in this layer may be fairly small over
much of the ionization and formation phases. While E} would be relatively low in this case,
we would expect 74/7;, to be fairly high on account of the low resistivity and likely higher
temperature. We note that a direct evaluation of {2¢,,,, was not possible from our data due
to not having a reliable estimate of the my;; ultimately swept up by the sheet. This precluded

the calculation of the denominator of this parameter, i.e., the total ionization energy, E;,,.

It is of interest now to compare the time evolution of key current sheet parameters for
differing values of 7,/7;,. Figure 4.8 shows the evolution of the circuit and plasma currents,
inductive coupling, current density, skin depth, and resistivity for three representative cases.
The values of I oz, Kmaz, and Jomer used to calculate the scaling parameters are marked
by the hollow circles in their respective subplots. The three cases selected have 7,/7;, less
than, approximately equal to, and greater than the threshold value of 7;/7;, ~ 10, as seen in
Figure 4.7. Comparing the evolution of the selected current sheet parameters between these
cases, we find that while the parameters evolve in a similar fashion, £ and J, are generally

higher in all phases as 7;/7;, increases.

The difference in k and particularly Jy between cases is most pronounced at the end
of the formation phase. We hypothesize that the cause of this departure is the larger 7y,
observed during the ionization and formation phases for smaller 7;/7;,. To see why this may

be the case, we can examine how 7,/7;, is related to n,4. From equation (4.18) and (4.25),
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we find, ignoring constants and lower order terms, that

1
T e (4.27)
miegexp (anll’)

where a is an arbitrary constant. To the extent that this simplified scaling holds, we would
thus expect diffusion to be stronger relative to ionization when 7,4 is large and vice versa.
Applying this concept to the evolution of 7, shown in Figure 4.8(e), we propose that a

larger 7,4/7;, implies that diffusion is generally weaker relative to ionization throughout the
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ionization and formation phases and not just at the end of the formation phase.

Effects of Operational Parameters on Current Sheet Formation

Having established a scaling law for the strength of the current sheet, we now seek to connect
our scaling parameter to the operational parameters of an IPPT, such as the mass bit (1)
and initial charging voltages on the capacitor banks. Figure 4.9(a) shows that increasing py,
which for a static backfill may be considered related to my;;, was generally found to increase
Ta/Ti»- It was previously found that higher py appeared to result in Ohmic heating becoming
localized in a narrower region of plasma|60]. This was posited to lead to an increase in the
local electron temperature in this region and a corresponding decrease in the skin depth and
resistivity. As 7, decreases, we would expect that D, would also decrease and thus 7, will
increase. Equation (4.25) shows that 7;, should be inversely proportional to py as a result
of higher neutral particle density. If T, is indeed higher in the localized heating region, K,
will also increase, trending 7;, smaller.

These results suggest that there is a benefit, at least in regards to the formation of
the sheet, to having a sufficiently large py or my;. It is expected that there is a limit to
the benefits of increasing my,;;, however, which appears to be confirmed by Figure 4.9(a). At
most, my;; can only be increased until the associated total ionization energy equals the initial
stored energy, Fy. Beyond this, there is not enough stored energy to ionize and heat all the
gas; it is this balance that is described by the formation parameter of Little et al.[31] The
plasma resistivity will increase in this case, resulting in a decrease in 74/7;,. It is likely that
the limit is lower than this idealized value on account of energy inefficiencies and the fact
that not all of the stored energy can be coupled into the plasma at once. For the cases in
Table 4.1, Ey/E;, was always greater than four and in many cases was greater than ten. This
suggests that we were operating in a regime that was well away from this energy limit and
thus did not encounter the hindering effects of excessive my;. This agrees with the roll-off
of 74/7;. shown at higher py for sets 1 and 9 in Figure 4.9(a).

The scaling of 74/7;, with Vo in our device may provide insight into the role of PI
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Figure 4.9: Variation of the ratio of the diffusive to ionization timescales with (a) fill
pressure and (b) initial PI voltage. The fill gas in sets 1, 2, and 9 is argon, while for sets 3
and 8 it is krypton.

in IPPTs. Figure 4.9(b) shows that V,; is initially found to increase 74/7;, to a point.
Previously we have shown that increasing Vj; o leads to an increase in the skin depth and
plasma resistivity during the ionization phase as well as a shortening of the ionization phase
duration[60]. We postulated this to be due to increased V,,; o ionizing a broader region of gas
that was then quenched during the ionization phase, resulting in much higher Ohmic heating
during the ionization phase. This in turn causes 7,4 to drop earlier, which we posit initiates
an earlier transition to higher 7;/7;, and allows for increased localization of the current
density and improved inductive coupling. As such, the role of PI, beyond breaking down
the neutral gas, appears to be to provide a region of moderate resistivity plasma in which

Ohmic heating can localize and begin concentrating charge carriers via intense ionization.
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As V,; o continues to increase, however, 7,/7;, appears to level off or even slightly decline.
The exact V), o at which this change in trend occurs appears to depend somewhat on the fill
gas. We hypothesize that this is due to the region of gas ionized by the PI system broadening
as Vpio increases. As the region of gas broadens, it is expected to encounter background
neutrals and undergo quenching. This results in an increase in the peak resistivity and
thereby a decrease in 7;/7;,. We note that it may prove possible to circumvent this trend
by changing the method of PI. One possibility may be to use a high power RF generator of
sufficiently high frequency connected directly to the drive coil[75]. This method of PI might
ionize a narrower region of plasma to higher temperatures, potentially providing a region of
plasma that already possess a high 7,/7;, for the main discharge to couple to.

When holding the other parameters approximately constant, changing the gas species
from argon to krypton was observed to increase 7;/7;, in Figure 4.9. This may be due to
the ionization rate differing between the two gases. Krypton has a slightly lower ionization
energy than argon as well as a larger ionization cross section, which will tend to decrease the
ionization timescale. Extrapolating these effects to a gas such as nitrogen, we would expect
increased diffusion and reduced ionization which would likely need to be compensated for by
other means, such as by raising py or increasing Vj,; o or V0.

While the trends discussed above are insightful, ultimately what we seek is a single
equation or metric which connects the primary thruster operating and design parameters
to the strength of the current sheet. By combining equations (4.18), (4.25), and (4.24), we
find that our scaling parameter 7;/7;, can be written as a function of several thruster design

parameters and the ratio of the electron temperature, T,, to the ionization energy, U,.,

2
Td Te Te Uz
z = Clnmozsc (a) |:1 + 2 (UZZ>:| exXp <— Te ) s (428)

where C; is a constant given by

3 f1o€” -15
Ci=-|——F——= ] ~379x10". 4.29
' (meZ2 log (A)) 8 (429)

With equation (4.28) in hand, the objective now becomes estimating 7, and thereby 7,/7;.,

from some combination of thruster operating and design parameters.
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As a starting point, we consider a plasma with a total electron thermal energy described

by

3
Eth,e — éNekBTe (430)

where N, is the total number of electrons in the plasma and kg is the Boltzmann constant.
Note that, following others, e.g., Martin[30], we have treated the electrons as a monatomic
ideal gas. We now assume that some fraction of the total initial stored energy, Ey = Eyp0 +
E,i0, goes into ionization and heating of the gas. The estimated change in thermal energy
due to this energy input is then

2 eatin,
A (ko) = 2 s, (431)

where Qheating 15 the total heat energy supplied to the plasma.

If we prescribe the region of interest for plasma heating as the volume contained within
the decoupling distance of the coil, we can approximate N, =~ z4.A,.n., where A,. is the
annular area of the drive coil and n,. is the average electron density. Since we are using the
approximation of a fully ionized plasma, we can write n. ~ n, o, where n, o is the initial
neutral density in front of the coil face. If we then express the total heating energy as
Qheating = X (Ep — Ej, or), where X is an arbitrary scaling factor and E;, o is the effective
energy required to ionize all propellant within the decoupling distance, then the resulting

electron temperature is

P E,
T. = =-XU;,. -1 . 4.32
3 of (Eiz,eﬁ ) ( )

For simplicity, we have assumed T, ~ 0 in this derivation. In equation (4.32), E;, ¢ =
N Ui, e, Where U, o is the effective ionization energy for a single atom of the propellant
species. Uy, e is usually several times the nominal first ionization energy, U;,[73].

Despite its simplicity, equation (4.32) contains the many of the sought after thruster
operational design parameters, such as the discharge energy, decoupling distance, drive coil
area, and propellant density and ionization energy. From a thruster design standpoint,

equation (4.32) predicts that 7, will increase with discharge energy. Equation (4.32) also
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shows that selecting a propellant with a lower first ionization energy should increase T, by
way of consuming less of the discharge energy during the ionization process. Recalling that
Ei, ot = Nno24c Ay, the denominator of equation (4.32) predicts that n, 0, z4e, and A, should
be decreased to maximize T,. This is due to the relationship of these factors with the total
number of particles, with fewer particles for a given input energy resulting in a higher 7,
for those particles. For a thruster operating with quasi-steady propellant injection, this is
equivalent to predicting a higher T, for a smaller propellant flow rate.

The scaling factor X is meant to capture, to the degree possible, the complex physics that
have been glossed over in this simplified approach. This includes factors such as the degree
of inductive coupling between the drive coil and sheet, upstream localization of the Ohmic
heating, and energy losses due to ionization and radiation. To determine its value, we can
inspect equation (4.32) for predicted trends that differ from what is observed in the data. In
our earlier discussion, we found that the T, estimated directly from the measured skin depth
resistivity decreased as py (or n, o) was increased. This was attributed to an increase in the
upstream localization effect, which led the heating to be concentrated in a narrower volume
of plasma. This is opposite to the trend predicted by equation (4.32), which would have T,
decrease with py. This suggests that X = f(pg), i.e., that the scaling factor should have an

internal pressure dependence. As such, we assume a form
X ~= (4.33)

where b and d are constants. Fitting equation (4.32) to the measured data with the form of
X given in equation (4.33) given b~ 10 and d ~ 2.

A comparison of the measured T, with that predicted by equation (4.32) using the em-
pirical fitting constants is shown in Figure 4.10. The predicted temperatures shown in
Figure 4.10 are generally found to be in agreement with the measured values, indicating that
our simplistic model is able to capture the key physics at play to at least some degree. We
note, however, that most of the variation in 7, in Figure 4.10 was achieved through changing

Do- Sets where E, was swept, by way of adjusting either V,,,, 0 or V},; o, were generally found
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Figure 4.10: Comparison of measured T, to predicted T, after fitting empirical correction

function X.

to have a more restrained effect on 7T, within the range of values tested. As a result, many
of the points for these sets are clustered and, in some cases, the resulting variation in 7, was
within the range of uncertainty for the set. As such, the data are generally too ambiguous
to conclude whether equation (4.32) accurately represents the changes in 7, due to factors
other than pyg.

Further examination of equation (4.32), however, suggests that the empirical scaling fac-
tor may only be valid over the range of operational parameters tested. Clearly, a compact
thruster operated at very high discharge energy and fill pressure would, according to equa-
tion (4.32), produce an unphysically large T.. As such, it appears that our simple formulation

lacks a regulating mechanism by which to keep 7. in check as the various operational pa-
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rameters become either large or small. Consequently, the degree to which equation (4.32)
extends beyond the present data sets is unknown. Nonetheless, the ability of a simple formu-
lation such as equation (4.32) to predict with reasonable accuracy the electron temperature
in the current sheet suggests that it may be possible to more broadly link the strength of
the current sheet to the thruster operating and design parameters.

Having obtained an expression for 7, in terms of the thruster design and operational
parameters, we return to our original objective of determining how the strength of the cur-
rent sheet scales with these parameters. We start by simplifying equation (4.32) using the
assumption that Ey/E;. .+ > 1, i.e., that the discharge energy is significantly larger than
the energy required to ionize all propellant within the decoupling distance. We note that
this assumption is equivalent to stating that the thruster operates well above the critical
specific energy proposed by Mikellides et al.[32, 26] While this condition is satisfied in many
of the cases in Table 4.1, there are a few cases where £ is only slightly larger than E;, 4.
Examples of these are the lower V,,,; o case of set 5 and the higher pressure cases in set 7.

Using our simplified version of equation (4.32), we can substitute into equation (4.28) to

find

1
% = Clnn’0236 |:g2 (1 + 25) exp <—E>:| s (434)
where
2 Ey
E=-X ) 4.35
3 <Eiz,eff) ( )

To examine the validity of equation (4.34), we compare the values it predicts with those
calculated directly from the experimental data using equations (4.18) and (4.25). This com-
parison is shown in Figure 4.11. While agreement at very small values of 7;/7;, is found to be
poor in some cases, the agreement improves significantly above 74/7;, & 1 x 1073 to 1 x 1072,
Since it is the higher values of 7,/7;, that are associated with current sheet formation, Fig-
ure 4.11 indicates that the approximate expression given by equation (4.34) remains able to
predict when current sheet formation will occur with reasonable accuracy.

Equation (4.34) is an expression for our dimensionless scaling parameter that is a function
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Figure 4.11: Comparison of 74/7;. predicted by equation (4.34) with values calculated
directly from experimental data. Note that it is the log,, of the timescale ratio that is

plotted here.

of only thruster design and operational parameters. Specifically, the parameters included are
the initial propellant density or pressure (n,o or pg), electromagnetic decoupling distance
(24c), drive coil dimensions (A4,.), the propellant ionization energy (U;,), and the discharge
energy (Ey). If we now use our critical value of 74/7;, ~ 10, we arrive at the following inequal-
ity which describes the combination of thruster parameters required to form a magnetically

impermeable current sheet:

1
Cin 025, [52 (1+2&)exp (—E)} 2 10. (4.36)
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To demonstrate the utility of equation (4.36), we can imagine a case where the thruster
designer must determine a discharge energy and mass bit at which to operate the thruster.
To maximize performance, the thruster should be capable of forming a magnetically imper-
meable current sheet and accelerating it efficiently. Polzin[28, 16] has shown that the thrust
efficiency of a planar IPPT is related to the dynamic impedance parameter

o= LCI;C) (4.37)

MyitZ4.
where my;; is the mass bit, C' is the bank capacitance, and L. is the coil inductance. In
addition, Polzin found that efficiency was typically optimized at values of o between 1 and
3. Thus to meet the sought after characteristics, the thruster parameters should produce
74/Ti» 2 10 and o = 1 to 3 when input into equations (4.34) and (4.37), respectively.

To determine the optimal values for Ey and my,, equation (4.34) may be used to construct
contours of 74/7;,. Figure 4.12 shows contours of constant 7;/7;, as well as the range of
parameter space that falls within 1 < o < 3 (dotted lines). Figure 4.12 suggests that
magnetically impermeable current sheets are most effectively formed at larger Ey and my;.
When both of these parameters are small, Figure 4.12 predicts that any current sheet that
is formed will be highly permeable. In contrast, the dotted lines of constant a indicate that
efficient acceleration can occur over a range of Ey and my;. This is due to the balancing
effect between these two parameters in equation (4.37), wherein the effects of increases in Ej
can be countered by also raising my;;.

Within the range of Fy and my;; examined, we observe that there are regions where both
effective current sheet formation and efficient acceleration can occur. We note, however, that
are also areas where a current sheet can be formed but not efficiently accelerated and vice
versa. Figure 4.12 thus shows the importance of considering both current sheet formation
and acceleration when selecting the operating regime for an IPPT. Moreover, it suggests that
models which take sheet formation as a given are likely to produce inaccurate predictions
for certain regions of the parameter space. In particular, we anticipate that models that

presume the existence of the current sheet are least accurate in the region of low E; and
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Figure 4.12: Contours of 7,/7;, for a hypothetical range of Fy and my. For this plot,
L.=375nH, C = 1.5nF, 24 = 3cm, A,, = 151 cm?, and propellant is argon.

myi; precisely the parameter space where high pulse rate IPPTs are expected to operate.
As such, we expect that these models will require modifications to accurately predict the

performance scaling of these devices.

4.4 Conclusions

We have applied recently published methods for examining the evolution of the current sheet
produced by a planar IPPT to new data collected from a compact, research prototype IPPT
operating across a range of conditions. The processed data was then used to investigate how
current sheet formation scales in such a device. Two metrics for the strength of the current
sheet were proposed, namely the maximum inductive coupling coefficient and a maximum
non-dimensional current density. The first represents the degree of inductive coupling at the

start of the acceleration phase while the second is a measure of the effectiveness with which
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current in the drive coil is able to produce a concentrated, localized current in the plasma.

We found that both proposed metrics for current sheet strength scaled well with the
ratio of the characteristic diffusion to ionization timescales. We identified a critical value of
T4/ Ti» &= 10, above which the current density metric increased rapidly with further increases
in the timescale ratio. We also showed that this new scaling parameter describes the compe-
tition between resistive diffusion and ionization in the concentration of the electrons which
comprise the localized azimuthal current density that is fundamental to the formation of
the current sheet. In addition, we have provided preliminary evidence that it is the cross
field diffusion of magnetized electrons that is the dominant mechanism by which the plasma
current is diffused.

Through our new scaling parameter, we were able to examine how various operational
parameters of the thruster affected the formation of the current sheet. Generally, 7,/7;, was
found to scale with py and V,,; o although for somewhat different reasons. The increase in
localization of the Ohmic heating observed with py was found to result in lower resistivities
within the heated region, leading to a decrease in diffusion and an increase in the ionization
rate. The increase in Ohmic heating during the ionization phase that appears when increasing
Vyio was thought to cause an earlier transition to higher 7,/7;,, allowing more time for
electrons to accumulate in the sheet. The propellant species was also found to have an
effect, as shown by the increase in 7,/7;, when changing the gas species from argon to
krypton. We hypothesized that the lower ionization energy and ionization cross section of
krypton increased the ionization rate.

Finally, an initial attempt was made to link the thruster operational and design param-
eters to the strength of the current sheet. A simple equation involving many key thruster
parameters, including the discharge energy, initial neutral density in front of the coil face,
drive coil dimensions, and electromagnetic decoupling distance, was shown to predict T,
and by extension 74/7;,, in reasonable agreement with the measured values. The validity of
the equation obtained, however, appeared to be limited to the range of parameters tested.

Nonetheless, the agreement suggests that it may be possible to forge a broader link. While
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the approach presented here used a combination of first principles and empirical fitting, ef-
forts to expand upon this initial attempt may find success in a more formal dimensional
analysis procedure.

The new scaling law presented here addresses a deficiency in the literature in that it
describes, for the first time, how the formation of the current sheet itself scales. Previous
scaling laws found in the literature largely relied on simplified models of the current sheet
and focused on the scaling of thruster performance, assuming a priori that a magnetically
impermeable current sheet was formed. By connecting our scaling parameter to the oper-
ational and design parameters of the thruster, we have identified regions of the operating
space where this assumption is likely to be invalidated. Specifically, we have found evidence
that effective current sheet formation is difficult in regions where both the discharge energy
and mass bit are low. This finding is of particular importance for high pulse rate IPPTs,
which are expected to operate in this parameter regime, and indicates that many existing

models require modifications to accurately predict the performance scaling of these devices.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

In this dissertation we have discussed the motivations for developing high pulse rate pla-
nar [PPTs despite their numerous inherent complexities and reviewed the existing evidence
for their viability. Given that data from a high pulse rate planar IPPT had never been
reported in the literature, we set out to conduct experiments exploring three fundamen-
tal questions related to the operation of these devices. We then detailed the experiments
investigating each of these questions in each of the three subsequent chapters of this dis-
sertation. In this final chapter, we summarize the most important findings as well as make

recommendations for future research and development efforts based on those findings.

5.1 Conclusions

In the first chapter of this dissertation we laid out three primary research questions to
investigate. We may summarize the main findings of our investigation in the context of

these questions:

1. What might a PPU capable of powering a wide range of high pulse rate
IPPTs, including those using inductive energy recapture, look like and how
might it scale?

We have presented a boost-converter based PPU design capable of supporting IPPT
operation at pulse rates up to 10 kHz. The PPU was able to supply power up to 10 kW
and had sufficient voltage gain to operate an IPPT from a standard spacecraft bus.
Unlike previous PPU developed for high pulse rate FRC thrusters (e.g. [36]), the pre-
sented design was compatible with IPPT that implement inductive energy recapture.

This enhancements was the result of circuitry that isolated the PPU from the discharge
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circuit except when charging the discharge circuit capacitor banks, which decoupled
the charging and discharging processes. Although the electrical efficiency of the con-
structed prototype was modest, varying between 54% and 70%, we were able to identify
the switching losses as the dominant loss mechanism and propose several solutions to
improve efficiency. Finally, we were able to show that our PPU architecture could be
readily scaled to higher power levels as a result of its highly modular design. We also
showed that this modularity resulted in our PPU to possessing inherent redundancy

and robustness to component failures.

. How does the current sheet evolve, particularly at lower discharge energies?
We investigated current sheet evolution through measurements of a compact planar
IPPT with a maximum discharge energy on the order of a few Joules. We found that
current sheet evolution in our IPPT could be described by three phases: ionization,
formation, and acceleration. Our results indicated that Ohmic heating was essential in
overcoming neutral quenching during the formation of the current sheet, which agreed
with simulation results reported by Little et al.[31]. In addition, evidence of localization
of the plasma current and Ohmic heating towards the upstream edge of the current
sheet was found, suggesting the importance of the interplay between Ohmic heating

and the skin depth of the plasma to the formation of the current sheet.

Higher neutral propellant densities were found to cause the current sheet to form closer
to the drive coil due to stronger upstream localization of the current and Ohmic heating.
This resulted in current sheets that were less permeable to the driving magnetic fields.
Meanwhile, our investigation of PI revealed a substantial rise in Ohmic heating of the
plasma early in the discharge as PI was increased, which drove faster current sheet
formation. Our results also indicated the existence of a threshold degree of PI below
which a current sheet could not be formed, providing experimental evidence for the

lower bound on the current rise rate that can produce a current sheet suggested by

Polzin[23].
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3. What are the fundamental physical processes influencing current sheet for-
mation and how do they scale with the primary thruster operational pa-
rameters?

Our measurements indicated that the strength of the current sheet scaled with the
ratio of the characteristic magnetic diffusion to ionization timescales. This dimen-
sionless parameter was found to describe the competition between resistive diffusion
of the magnetic field and ionization of the propellant in concentrating the electron
population responsible for the formation of the current sheet. We then showed that
it was possible to form a link between the thruster operating and design parameters
and the strength of the current sheet. Within the parameter range investigated, the
strength of the sheet was found to scale with discharge energy and propellant flow rate
and inversely with thruster size, electromagnetic decoupling distance, and propellant
ionization energy. We noted, however, that the derived relationship was likely to only

apply to a limited range of parameter space.

The new scaling law presented here addresses a deficiency in the literature in that
it describes, for the first time, how the formation of the current sheet itself scales.
Previous scaling laws found in the literature largely relied on simplified models of
the current sheet and focused on the scaling of thruster performance, assuming a
priori that a magnetically impermeable current sheet was formed. By connecting
our scaling parameter to the operational and design parameters of the thruster, we
have identified regions of the operating space where this assumption is likely to be
invalidated. Specifically, we have found evidence that effective current sheet formation
is difficult in regions where both the discharge energy and mass bit are low. This
finding is of particular importance for high pulse rate IPPTs, which are expected
to operate in this parameter regime, and indicates that many existing models, e.g.
[27, 18, 28, 29], may require modifications to accurately predict the performance scaling

of these devices.
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5.2 Future Work

Despite the progress made in this work, much remains before high pulse rate planar IPPTs
can be considered a viable EP technology. As we close this dissertation, we identify a few
avenues for future development of these devices. For a more comprehensive discussion of the
current state-of-the-art and possible advancement paths for IPPTs as a whole, the reader is

directed to recent work by Polzin et al.[3].

5.2.1 PPU Development

The prototype PPU for high pulse rate IPPTs reported in this work was intended to serve
largely as a proof of concept device. Although it is indeed capable of driving a range of high
pulse rate IPPTs from nominal spacecraft bus voltages, significant improvements must be
made before it could be considered a mature system. For one, the efficiency is notably lower
than the PPU used in Hall or gridded ion thrusters. These PPU have achieved efficiencies
of close to 95%, while our prototype PPU had a maximum efficiency of 70%. Given that
the efficiency of the presented PPU was found to be constrained by large switching losses
in the boost cell IGBTs, implementation of soft switching techniques, such as the use of
quasi-resonant switch configurations to achieve ZCS or ZVS at turn-off, may be of interest
for future prototypes.

In addition, there are a myriad of CCPS topologies reported in the literature[49, 50, 51,
52, 53]. While our literature review and preliminary SPICE simulations suggested that a
boost-topology would perform best among the topologies examined, there are many more
that were not included in our investigation. Moreover, only the most standard versions of
topologies commonly found in the literature were investigated. This is to say that little to no
optimization of the considered topologies was performed, and it is possible that some designs
may have performed better in our test cases with modifications. As such, future work may
seek to determine if better PPU topologies exist by conducting a more exhaustive analysis

of existing designs or by attempting to optimize certain designs to the application.
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5.2.2  Discharge Circuit

During the course of testing it became clear that one area for improving the performance of
our testbed planar IPPTs was the discharge circuit. In particular, two avenues for improve-
ment were identified. The first was the discharge switch. Much like the PPU, a majority of
energy losses in the discharge circuit appear to stem from switching losses. These switching
losses can dissipate a significant fraction of the total discharge energy, particularly at lower
discharge energies. Several approaches may be fruitful for reducing switching losses in the
discharge circuit. One possibility is to replace the IGBT with faster a SiC MOSFET device.
Presently, however, this would require the use of several such devices in series, and possibly
also parallel, to withstand the voltage, current, and current rise rate requirements of the

IPPT discharge circuit.

Another possibility is the use of magnetic switches, also known as saturable reactors.
These devices are commonly employed in pulsed power applications to delay current con-
duction through the switch until it has fully opened, thereby largely eliminating turn-on
switching losses. Work by Owens[48] on a pulse compression circuit for IPPTs showed that
it was possible for a magnetic switch to meet the requirements for use in the discharge circuit
while also achieving a sufficiently low saturated inductance so as to not precipitously increase
the stray inductance. This suggests that a similar approach may be viable in other types of

discharge circuits as well.

The second avenue for improvement relates to the topology of the discharge circuit itself.
While we, as have many others, used a simple RLC topology for our discharge circuit, there
is little reason to believe that this is the optimal discharge circuit topology for a planar IPPT.
Pulsed thruster theory has shown that for any given thruster geometry and initial propellant
distribution, there exists an optimal discharge current waveform that will maximize the
efficiency of the acceleration process[1]. In addition, Jahn provided experimental evidence
that the shape of the current waveform had a substantial impact on the structure and

acceleration of the current sheet[1]. At present, optimization of the current waveform in
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planar IPPTs has only been studied within the context of RLC' discharge circuits, where it
was been found that underdamped waveforms yield superior acceleration characteristics. It
is possible, however, that non-sinusoidal current waveforms may offer improved dynamical
efficiency.

It is evident from both theory and experiment that efficient IPPT operation is likely to
require large current rise rates. A key drawback of RLC-type discharge circuits for high
pulse rate IPPTs is that the discharge energy tends to become coupled to the temporal
dynamics. In other words, the current rise rate becomes tied to the discharge energy. This
occurs largely because of the capacitor bank, which is related to both the total stored energy
and the characteristic frequency of the circuit. While the charging voltage can be used to
increase the stored energy independently of the circuit dynamics, there are practical limits
to this approach.

One approach to circumvent this limitation may be to use a pulsed power discharge
circuit. Owens[48] reported a pulse-compression-ring IPPT discharge circuit. This system
was measured to produce 20kA of peak current with a rise rate of 15kA /us at a discharge
energy of roughly 100 J. Notably, the charging voltage on the main capacitor bank was only
3.3kV, which is relatively low for an IPPT with that maximum current and current rise
rate. As a point of comparison, we examine the current rise rate in the PIT MK Va. From
data in Polzin[23], we estimate this rise rate to be approximately 200 kA /ps. If we scale this
by the discharge energy of 4kJ, this gives 50kJ/(ns - kJ). Performing a similar analysis for
the pulse-compression-ring circuit, we find 150 kJ/(ps - kJ). While crude, this analysis shows
that the pulse compression circuit has a much higher current rise rate per unit of discharge
energy, suggesting that significantly larger current rise rates could be achieved in high pulse
rate IPPTs by adopting a pulsed-power discharge circuit topology.

Finally there is the matter of the method of PI. We chose to use a unique 2-stage PI
approach where an RF source was used to initiate gas breakdown and then a small capacitor
was discharged through the primary drive coil. Although this method proved effective, it is

unlikely to be optimal. In particular, the 2nd stage PI presented a number of known, or at
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least suspected, drawbacks. First, PI performed by discharging a smaller capacitor through
the drive coil was reported by Dailey and Lovberg to push the plasma that it formed away
from the coil face[13]. If this is also occurring in our device, then there may be a tradeoff when
increasing the PI bank charging voltage. Specifically, while more plasma may be produced
as Vo is increased, it may be getting pushed further away from the drive coil, resulting in
weaker initial coupling.

There are two other known limitations that are due to the parallel connection of the
2nd stage PI capacitor with the main bank. Because of this, the main bank switch must
be rated to a voltage that is equal to the sum of the PI and main bank charging voltages,
i.e., Vpio + Vipo. Thus the maximum energy that can be stored on the main bank for a
given switch voltage rating is significantly reduced by this PI configuration. Furthermore,
the parallel connection causes a portion of the main bank discharge energy to be directed
into the 2nd stage PI capacitor, rather than going through the drive coil. This is assuming
that the PI capacitor is at a lower voltage than the main bank, but this is usually the case
since the PI bank is discharged in advance of the main bank. This redirection of energy
reduces the initial current and current rise rate in the drive coil, diminishing the ability of
the main discharge to drive current in the plasma.

The downsides associated with the present 2nd stage PI are significant enough to warrant
consideration of alternative PI methods. One potential candidate is to connect a high power
RF source directly to the drive coil. Due to the higher frequencies at which the RF would
operate, this method has the potential advantage of creating a plasma very close to the coil
face. Direct RF PI was considered by Feldman and Choueiri[75] for use in a conical IPPT

but results were only reported for benchtop operation and a plasma was never generated.

5.2.3  Quasi-Steady Operation

All of the work in this dissertation was performed using either single-shots or short bursts
of pulses. Eventually, testing will need to include longer sets of pulses so the behavior of

the thruster in true quasi-steady operation can be determined. Theoretical modeling by
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McCulloh et al.[71] showed that the properties of the current sheets formed during quasi-
steady operation differed from those produced in a static fill case. In addition, the current
sheet properties were found to evolve from one pulse to the next for the first six or so pulses
in the pulse train. It is therefore of interest to repeat for the quasi-steady case the same
measurements used to investigate current sheet formation in the static fill case. The aim
here would be to examine how the evolution of the current sheet might change between the
first few pulses and to determine if interaction between pulses affects current sheet evolution

in any significant way.

For the static-fill cases examined in this dissertation, the issue of propellant injection
was largely circumvented. In quasi-steady operation, however, care must be taken to ensure
that gas is injected uniformly over the coil face and with an axial distribution that does not
lead to low dynamical efficiency. While existing injection schemes may have been sufficient
for previous low pulse rate designs, it is unclear whether they can be readily adopted by
high pulse rate IPPTs. To answer this question, efforts to map the neutral density profile
presented to the coil face performed for pulsed gas injection schemes will likely need to be

replicated.

From an engineering standpoint, quasi-steady operation will also require consideration of
the thermal loads in the system. In single-shot or burst mode operation, thermal management
was of little concern due to the short timescales involved. In quasi-steady operation, however,
significant cooling of key components in both the PPU and thruster discharge circuit will
likely be required. In addition, consideration of the materials in the thruster will also become
important in quasi-steady operation. The thruster face in particular is expected to see a
significant radiative heat flux in this mode, which will require careful material selection.
The thermal management systems and new materials needed for quasi-steady operation
will ultimately add to the overall mass of the system and will need to be accounted for to

determine an accurate estimate of the specific power for a practical thruster design.
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5.2.4 Additional Measurements

The central role of the electron temperature (7,) in determining the ratio of the characteristic
diffusion to ionization timescales was highlighted in section . In this work we used a time-
averaged T, that was obtained by using our measured plasma resistivity in the equation for
the Spitzer resistivity. Given the importance of T,, however, it is of interest to obtain a more
direct measurement of this value that makes fewer assumptions regarding the state of the
plasma. The highly transient nature of the plasma in an IPPT likely prevents or at least

complicates the use of techniques commonly used for 7T, measurement in EP systems.

Nonetheless, several possibilities remain. One is to use a combination of probes that
are able to measure the floating and plasma potentials as functions of time. The difference
between these potentials may then be used to estimate T, although perhaps not with great
accuracy. Another possibility is the use of a triple Langmuir probe, which is well suited to
measurements of time-varying plasmas since, unlike traditional Langmuir probes, it does not
need require a bias voltage sweep. It is unclear, however, whether the electron distribution
is Maxwellian during current sheet formation; a necessary condition for the use of a triple
probe[76, 77]. Finally, a spectral line ratio method may be employed, particularly if a suitable

collisional radiative model can be developed.

In addition to T,, it is also of interest to obtain direct measurements of the electron
density in the current sheet (n..s) as it evolves. These measurements, which could be ob-
tained through non-perturbing methods such as interferometry, would provide support for
our interpretation of the current sheet evolution data presented in section 3.4. In particu-
lar, measurements of n. ., would inform our hypotheses regarding the ionization processes
occurring in the sheet during the various phases. For example, the importance of resonant
charge exchange is expected to increase as the ions in the sheet encounter downstream neu-
trals as the sheet begins to translate. A measurement of the time-variance in n..s during
the acceleration phase could thus help determine whether ionization or charge exchange is

the dominant factor increasing the mass of the sheet in this phase. This, in turn, could
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aid in the understanding of how the transparency of the sheet to downstream mass evolves
as it is accelerated and would provide a useful point of comparison to theoretical modeling
predictions, e.g. those of Little et al.[31].

The results in this dissertation provide significant insight into the range of operational
parameters over which an impermeable current sheet may be formed. Current sheet forma-
tion, however, is only one item on the list of requirements for an efficient IPPT. Moreover,
simply forming a magnetically impermeable current sheet does not, on its own, equate to high
thrust efficiency. Even in the ideal case where the current sheet is perfectly impermeable,
the thruster efficiency can still be low due to dynamical inefficiencies in the acceleration
process[1]. In addition, practical factors such as propellant mass utilization must also be
taken into account. This is to say that even if a current sheet is formed and accelerated
efficiently, it must also have done so while capturing the vast majority of the injected pro-
pellant.

Ultimately, performance measurements of high pulse rate IPPTs will be required to de-
termine their practicality. In particular, thrust stand measurements in a suitable vacuum
environment will be needed. Given the 110kW power range of interest, it is anticipated
that the propellant flow rates during these tests will be relatively high. If the IPPT is to be
operated in true steady-state, a vacuum facility with large pumping speeds will be needed if
excessive facility effects are to be avoided. One possible alternative is to operate the thruster
in a “burst mode”, wherein the thruster is fired for just long enough that quasi-steady state
behavior is achieved. Theoretical work by McCulloh et al.[71] has suggested that this may
occur after 6 to 8 pulses in a planar IPPT, indicating that a burst of tens of pulses could be
sufficient to achieve this goal. For a sufficiently large chamber, operation in a burst mode
could keep the pressure in the chamber low enough that facility effects may be kept to a
tolerable amount. As a result, burst mode operation could allow the testing of moderate

power, high pulse rate IPPTs in chambers of modest pumping speed.
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