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Abstract

Diagnostics and Exploration of Current Sheet Formation
in the High-Pulse-Rate Pulsed Inductive Thruster (HiPeR-PIT)

Cameron Marsh

Chair of the Supervisory Committee:
Assistant Professor Justin Little
Aecronautics and Astronautics

Experimental measurements and numerical modeling of plasma current sheets in a new
design for an Inductive Pulsed Plasma Thruster (IPPT) are presented. The High-Pulse-
Rate Pulsed Inductive Thruster (HiPeR-PIT), is a low energy (~3.8 J), planar coil, electrical
propulsion concept employing a two-turn Archimedes spiral acceleration coil, and two stages
of propellant pre-ionization, RF plasma discharge for the first stage, and a high frequency
energy pulse through the acceleration coil for the second. Current sheet parameters were
measured through the use of optical diagnostics and through an Electric field probe, B-dot
probe, and Rogowski coil. Current sheet visualization from the optical diagnostics provided
an estimated peak sheet velocity of ~25 km/s. Several studies were performed to identify the
ideal operating conditions of the thruster by varying the voltage of the main bank, varying
the capacitance of the main bank, and varying the background gas pressure. Experimental
results were compared to a one-dimensional numerical model. Results of the experiment
matched the general trends from the numerical model initially, but diverged from the model
in later simulation times. Results from both the numerical and experimental studies indicated
potential advancement paths for the development of the HiPeR-PIT. Future improvements
include increasing the chamber background pressure, increasing the energy per pulse, and

adjusting the pre-ionization scheme to ensure uniform distribution of the pre-ionized gas.
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Chapter 1
INTRODUCTION

Electrical propulsion (EP) has become one of the main-stays of propulsion sources in space
in recent history particularly in orbital station-keeping applications. Electrical propulsion
excels at low thrust applications such as station-keeping due the ability to precisely apply
minute amounts of thrust efficiently. Particles in EP thrusters are often accelerated to high
velocities on the order of 10,000 km/s. These high exhaust speeds allow many EP devices
to operate with specific impulses above 1000 s, often an order of magnitude higher than
chemical propulsion. This leads to larger mass utilization efficiencies compared to chemical
propulsion which allows for less fuel mass onboard at the cost of increased power plant
capacity and mass requirements. However, the low thrust capabilities of EP devices, which
is in the range of Newtons, mean that takeoff from planetary surfaces will never be achieved
without the help of higher power density engines. Due to these lower thrust capabilities,
changes in speed take much longer than traditional propulsion methods, but the lifetime and
fuel efficiency advantages allow for EP devices to accelerate aircraft to speeds far greater than
chemical propulsion bringing into question replacement for in-space interplanetary missions.
The advantages of using electrical propulsion is clear with superior lifetimes, fuel savings,
and efficiency over traditional chemical thrusters. The focus of this thesis will be on the
Inductive Pulsed Plasma Thruster, a device with sparse literature compared to many other
types of electrical propulsion.

The Inductive Pulsed Plasma Thruster (IPPT) is an electric propulsion device which
takes advantage of an inductive coil to ionize gas across its face from energy stored in
a capacitor bank. The ionized gas then forms into a plasma current sheet opposing the

current and magnetic field of the coil which creates a Lorentz body force between the coil
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Figure 1.1: Schematic of basic IPPT operation. A neutral gas is injected and ionized from
an azimuthal electric field in the direction of the coil current density j.. The ionized gas
then forms a plasma current sheet of current density j, accelerating due to the Lorentz force
F = j, x B,, bringing any entrained gas with it.

and sheet thus accelerating the sheet away and any entrained particles producing thrust.
This type of electrical propulsion device has the advantage of having no electrodes in direct
contact with the plasma, thus increasing its potential lifetime compared to other electric
propulsion devices such as traditional PPT’s, ion, or hall thrusters. This advantage also
allows IPPTs to use more corrosive propellants such as hydrazine which would typically
damage the thruster. This thesis focuses on a variant of IPPT called the High-Pulse-Rate
Pulsed Inductive Thruster (HiPeR-PIT). HiPeR-PIT, as its name suggests is an IPPT with

a goal of operation on the order of hundreds of thousands of energy pulses a second.
1.1 HiPeR-PIT Concept

In order to understand the IPPT model, it is important to understand the basic physics

behind operation of an IPPT. To operate an IPPT, a capacitor bank with capacitance C, is



charged to an initial voltage, typically on the order of kilovolts. Neutral gas is then injected
through the coil face, and a switch is activated to discharge the energy through the coil
resulting in high varying currents. With sufficient energy, the gas near the coil face ionizes
and the Lorentz force produced between the plasma and coil produces thrust.

First a capacitor bank with capacitance C, is charged to an initial voltage on the order of
1-100 kV. Holding this amount of voltage requires switches which are capable of handling high
voltages as well as high currents on the order of 10s of kA [22]. The voltage and energy stored
depends on the requirements of the device and is dependent on coil size. Smaller devices
such as the HiPeR-PIT cannot reach higher voltages safely, however, this is accounted for by
an initial energy pulse to pre-ionize the gas before the full energy pulse. Other small devices
such as the FARAD [26], described by Polzin, use pre-ionized gas from other sources such as
a helicon source.

Gas injection is crucial in an IPPTs operation with an ideal gas distribution that is
uniform in density along the coil face. There are multiple methods of gas injection such as
the magnetic field assisted injection seen in FARAD, or the backward nozzle seen in the PIT
MK V [5], but in the case of the HiPeR-PIT, gas is injected through holes in the coil face.
After gas injection, a high voltage, high current capable switch is then closed which sends a
large varying current through the coil face. The current induces magnetic fields according
to Ampere’s law,

V x B = ji,J (1.1)

Here current, J, is in the azimuthal direction, J = jgé and the magnetic field is radial,
B = B,r. Since the current varies temporally, the magnetic field is also changing resulting

in an electric field through Faraday’s law,

0B

Where the electric field, E, is in the azimuthal direction, E = E@é. As stated above, the

azimuthal electric field can ionize the gas if the energy of the system is high enough. Larger



IPPT devices such as the PIT MK V have enough energy flow through the coil to ionize the
gas in the early stage of the current pulse, but in the case of the markedly smaller HiPeR-
PIT, a smaller pulse is first used to help pre-ionize the gas. Coil design is also an important
factor for IPPT operation, and their are multiple design from a traditional Archimedes style,
to coils with a conical angle. For the purposes of this thesis, coil design will focus on the two
turn Archimedes spiral presented by Polzin et al. [22] . Once the propellant is sufficiently
ionized, the ionized particles begin to interact with the induced magnetic field produced from
the coil current by forming a counter current and a counter magnetic field. This rotating
mass is known as a plasma current sheet, and as the sheet gains ionized particle density, it
becomes impermeable to the magnetic fields from the coil. The magnetic pressure B?/(2p)
between the current sheet and coil and the resultant Lorentz force causes the sheet and
coil to repel each other accelerating the plasma current sheet downstream of the coil, thus

generating thrust.
1.2 Current Sheet Formation

Current sheet formation is crucial for the basic function of an IPPT and is one of the main
focuses of this thesis. The strength of current sheet formation dictates the permeability
of the accelerating mass to both the electromagnetic fields of the acceleration coil and the
neutral particles the sheet comes into contact with. A strong current sheet can be defined

by the following characteristics:

e A high ionized particle density ng such that the current sheet is impermeable to the
magnetic fields from the coil. As described by Jahn [10], the external coil circuit is
complete in an IPPT without plasma unlike that of a traditional PPT. This means that
any energy pulsed will be lost as the magnetic fields from the coil permeate through

to infinity should a plasma sheet not be formed for said energy to be deposited into.

e Dense enough such that the sheet is impermeable to neutrals ensuring that any neutral

particle interacting with the sheet either ionizes or is entrained in the current sheet,



thus contributing to the overall thrust and mass efficiency. Neutrals that remain or

leave the chamber slower than the current sheet result in reduced mass efficiency.

e Near instantaneous formation near the coil face. Current sheet formation must oc-
cur on sub microsecond timescales in order to entrain the highest amounts of neutral
gas. Current sheets which form too slowly may be accelerated by the coil before full
formation, leaving behind propellant and losing energy due to the decreased mutual
inductance from an increased distance from the coil. It is also desirable to have most
entrainment occur at the coil face as collisional and ionization losses further from the

coil energy pulse result in greater energy losses.

A weak current sheet will thus suffer from permeability to neutral gases and electromagnetic
fields leading to thruster inefficiencies.

While current sheet formation is the basis for operation of an IPPT, attempting to get
a strong current sheet requires several conditions. Polzin [26] specifies a necessity for some
value of ionized particle number density n, for a coil with a specified current rate d.J/dt.
While experiments such as the PIT have energy on the order of kJ, which can ionize and
accelerate propellant from a neutral state, low energy experiments such as the FARAD and
HiPeR-PIT require pre-ionzation to reach this critical ng value. Currently it is assumed that
the energy required for current sheet formation is negligible compared to the energy which
is deposited into acceleration of the current sheet itself, however this may not be the case

for vast array of propellants available to an IPPT which may also lead to efficiency losses.

1.3 Previous Work

IPPT experiments have been occurring since the 1960s, a period in which the greatest strides
were taken to advance the technology. However, since that time, there have been several
other experiments of note that have sought to both decrease the energy requirements of
IPPTs and innovate on the design such as coil geometry. The following are some of the

highest profile IPPT experiments of note.
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Figure 1.2: Schematics of a single complete Marx loop a), and a complete Marx coil config-
uration b) (from [5]).

1.3.1 PIT MKV

The Pulsed Inductive Thruster (PIT) is a planar type IPPT coil researched by Lovberg
and Dailey [5] from 1960s-1990s. The PIT is currently still the state-of-the-art for pulsed
inductive acceleration and has the highest amount of literature and research. The PIT has
been iterated several times with the most significant iterations being the PIT MK V and MK
Va, which saw the implementation of the Marx-bank configuration, shown in Fig. 1.2, from
the original Archimedes spiral coil and single capacitor bank of previous PIT designs. The
Marx-bank allows for a doubling of the applied coil voltage compared to the voltage of the
individual capacitors, which turns the original capacitor charge from ~15 kV to ~30 kV of
effective voltage. Stray inductance of the coil circuit was also kept at a minimum due to the
parallel configuration of the Marx-bank. A higher initial voltage and low stray inductance
allowed for a higher current rise rate than the previous iterations of the PIT, which directly
improved the initial ionization time of neutral gas.

A schematic of the PIT MK V can be seen in Fig. 1.3. The PIT used a pulsed backwards
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Figure 1.3: Schematic of the PIT MK V and its key features such as the backward facing
nozzle, capacitor bank layout, and basic operation (from [26]).
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Figure 1.4: Concept art of the FARAD which shows the pre-ionization Helicon/RF stage
as well as distribution of the pre-ionized gas across the coil face from the applied magnetic
fields (from [26]).

facing nozzle placed within the center of the coil to deliver gas evenly across the coil face
as depicted in Fig. 1.3. Gas was injected through the nozzle which redirected the gas back
towards the coil and radially over the coil face with a near uniform distribution [5,16]. The
PIT MK V had a coil diameter of 1 m with 18 coil half turns. Coil size is related to the
coupling distance, the region over which the coil interacts with the plasma current sheet.
By having a larger coil, this distance could be increased, allowing for further coupling for
energy deposition. The shear scale of the PIT with a 1 meter wide coil and large energy
requirements has sparked a plethora of IPPT experiments seeking to decrease the energy per

pulse requirements.



1.3.2 FARAD

Another PIT experiment of note was the FARAD or Faraday Accelerator with RF Assisted
Discharge as described in detail by Polzin [26] and Choueiri [2]. The FARAD device was a
experiment which explored the use of pre-ionization in a low energy PIT device. FARAD
consisted of 12 half-turn coils and a coil outer diameter of 20 cm connected to a 39.2 uF
capacitor bank. The FARAD had a discharge energy of ~44-78.5 J/pulse. At these lower
energies, it is difficult to breakdown the coil gas during the initial energy pulse of the accel-
eration coil, especially within the time frame necessary to prevent the gas from accelerating
away. Using pre-ionization, the FARAD in theory would be able to form a current sheet close
to the coil face for the highest possible energy deposition. The FARAD concept art is shown
in Fig. 1.4. Pre-ionization was accomplished via a helicon/RF antenna to ionize gas in a
chamber behind the coil. Applied magnetic fields were then used to guide the now ionized
particles from the ionization chamber across the coil face. This pre-ionization method was
not without its issues, as the applied magnetic fields could not be made tight enough to
create a densely populated uniform region of pre-ionized particles over the coil face as was
desired. This led to inefficiencies in the FARAD during current sheet formation and led to

overall weaker current sheets.
1.4 Thesis Scope and Outline

This thesis seeks to explore the physics underway within the HiPeR-PIT to aid in the de-
sign and development of the thruster through both physical experimentation and numerical
analysis of the HiPeR-PIT current sheets. By determining current sheet formation at several
capacitor configurations, energies, and gas pressures, optimal conditions can be identified for
operation of the HiPeR-PIT. The outline of this thesis is as follows: In the following chapter,
a one dimensional model is formulated and the single pulse numerical study is analyzed.
Chapter 2 covers the experimental setup of the HiPeR-PIT. In chapter 3, several diagnos-

tics used for plasma sheet identification are presented. Chapter 4 presents and analyzes
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the experimental data from the HiPeR-PIT experiment diagnostics, ending with a summary
of these results. Finally we conclude with a summary and comparison of the experimental
and numerical results with an analyses on potential improvements to design and reasoning

behind deviations to the ideal numerical case.
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Chapter 2
THE ONE-DIMENSIONAL MODEL OF TIPPT THRUSTERS

The IPPT model can be simplified to two inductively coupled circuits. One circuit is a
simple LCR circuit with capacitance equal to the circuit capacitor banks, circuit resistance
and inductance of the IPPT coil. The aforementioned circuit is then coupled to the plasma
circuit with resistance equal to the resistance of the plasma. The IPPT model used in this
thesis is well described in a paper by J. Little, et al. [13], but it will be reiterated here for
reference. The one dimensional model can be split up into two portions, the circuit model,

and the plasma model.
2.1 Circuit Model

The circuit model is adapted from the circuit model by Martin and Eskridge [18] as well as
Polzin and Choueiri [24]. The circuit is shown in Fig. 2.1. The IPPT is shown on the left side
modeled as a capacitor with capacitance (C') connected in series with an acceleration coil
with inductance (L.) and circuit resistor of resistance (R.). There is also a stray inductance
modeled in series with the circuit as (L,) and the circuit is controlled through a switch. On
the right side, the plasma is represented as another floating circuit with inductance (L.) and
plasma resistance (R,). These two circuits can be combined through the mutual inductance
M between the acceleration coil and plasma.

Applying Kirchoft’s law to the circuit model shown in Fig. 2.1 provides the following
ordinary differential equations for coil the time evolution of the circuit current (I.), plasma

current (/,), and voltage across the capacitor (V).

LV + (M1, + LI,)M' — R,[,M — R.L.I,

]I — (
¢ L.(Lo+ L.) — M?
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M(t) L,(0)

L R (1)

O\C

Figure 2.1: Lumped circuit model diagram of IPPTs showing the acceleration circuit on the
left and plasma circuit model on the right (from [13]).

and
1= MI! + Ic[J/W - R,1, (2.2)

and
V' = —% (2.3)

where the ’ denotes a derivative w.r.t. time 3’ = dy/dt.

2.1.1 Mutual Inductance

Mutual inductance in the circuit is dependent on the distance between the acceleration coil
and the plasma current sheet. This relationship has been shown to be exponential [15], and

can be modeled as

M = (1 —©,)L.e ezl (2.4)

where z; is the distance between the acceleration coil and plasma sheet, z. is the decoupling

length of the coil, and z, is the distance from the coils to the acceleration coil face. O,
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represents the transparency of the plasma to the electromagnetic fields from the acceleration
coil where ©, €[0,1]. Several plasma models have been produced for IPPTs before that
assume the plasma current sheet is impermeable to accelerating fields from the start of its
formation. This allows M to only be a function of the distance between the current sheet
and acceleration coil. However, impermeability has been shown to not be guaranteed in a
current sheet, thus this model includes a transparency factor which dictates permeability to
the accelerating fields to the plasma. ©, or electromagnetic transparency corresponds two
two limits, a perfectly conducting plasma where ©, —0 or ©, —1 a completely transpar-
ent plasma where all electromagnetic fields permeate through thus transferring zero energy.
Electromagnetic transparency relies on the characteristics of the current sheet where we can
assume that the plasma is a uniform conductor with a skin depth d,. This gives an equation

for electromagnetic transparency as
0, = e ws/% (2.5)

Where w, is the sheet width and the constant c is held at a value of 3 to give about 5%
transparency o, whenever ws=4d, which corresponds to values found in previous experiments

performed by Dailey and Lovberg [6].

2.2 Plasma Model

In previous IPPT models, propellant mass was modeled through the slug model, in which
all mass was contained within the initial current sheet, or the snow plow model in which all
mass was entrained as the current sheet moves downstream [10]. These models are limited
by the assumption of impermeable sheet formation, which prevents observations in sheet
formation which is one of the focuses of this thesis. The current model addresses this issue
by providing equations which observe the sheet mass entrainment throughout the plasma
formation process up to equilibrium. The geometry of the plasma model can be seen in Fig.

2.2. The origin of the model is the plane of the acceleration coil face. From this plane several
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Figure 2.2: Visualization of several parameters calculated by the one-dimensional model
(from [13]).
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distances are measured such as distance to the coil z,, and distance to the current sheet z,.
Time-evolving properties such as sheet width, sheet location, and sheet density can be seen
with ng denoting ionized particle density and n,, representing neutrals. The plasma inner r;

and outer r, radius is also assumed to be equal to the radius of the coil.

2.2.1 Conservation of Mass

In addition to the circuit model, a volume-integrated multi-fluid model is used to model char-
acteristics of the plasma current sheet. The propellant mass entrainment is modeled through
the non-equilibrium continuity equation while incorporating electron impact ionization and
charge-exchange collisions. Here it is assumed that three-body and dielectric recombination
are negligible. Since convective transport of neutral particles occurs on timescales which are
much slower than the period of the discharge circuit, the neutral continuity equation can be

expressed as

0 z < Zg
n;L - _(Sion + chvs)nnns Zs S z S Zs + Wy (26)
0 Z > Zg + W,

\

Here S;,, is the ionization reaction rate, n,, is the neutral particle number density, v, is the
sheet velocity, and o, is the charge-exchange cross section. n,(z,t) is the only variable in
this model that depends on both time and space. Having a spatial dependence allows the
density to be tracked as the current sheet grows and accelerates from the acceleration coil.
Since (2.6) is piece-wise, it can be assured that neutrals are only entrained in the current
sheet when directly within the current sheet volume z € [z, 25 + wy).

To conserve mass, the neutral gas particles which are consumed from ionization and
charge exchange must appear elsewhere within the model. When undergoing ionizing col-
lisions, neutral particles are transformed into ions, which requires a source term in the ion
continuity equation to balance the ionization loss term from (2.6). Charge exchange colli-

sions do not create new ions, but instead transfer momentum from a fast-moving ion to a
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slow moving neutral particle. This results in a neutral particle that moves at speeds much

larger than the injected background neutrals. These "fast” neutrals are denoted as ny and

are modeled as a separate fluid from the plasma and ”slow” background neutrals.
Integrating the plasma continuity equation (ion or electron) over the volume of the current

sheet yields the following

(wsns)" = NswWsSion(Mn + ) (2.7)
where
1 Zstws
Ny, = —/ nndz (2.8)
(N

is the average density of the slow neutrals within the current sheet. (2.7) contains terms
from two sources on the right-hand side. The first term represents ion-electron pairs through
ionization of slow background neutral particles. The second term represents ionization of
fast neutral particles leading to the creation of ion-electron pairs.

Accounting for the fast neutral portion of the fluid model and performing a volume

integration of the continuity equation yields

(wsng)" = nsws(0 eV — Sionny) — npAvgp H(Avgy) (2.9)

Here the velocity difference Avgy = v, — vy is the difference between the current sheet and
fast neutral fluid velocities. A Heaviside step function is denoted by the H. The first term of
the right-hand side describes the creation of fast neutrals through charge-exchange collision
between the current sheet ions and background neutrals. The second term represents the
loss of fast neutrals via electron-impact ionization in a Fokker-Planck model. The third term
represents convective loss of fast neutrals from the trailing boundary or wake of the current
sheet, a de-entrainment process referred to as "neutral slip”.

Through Eq.(2.6), a new dimensionless parameter can be derived to describe the trans-
parency of a current sheet to upstream propellant mass. Neutral particles are consumed by

the current sheet with a frequency of (Sjon + 0crvs)ns. The amount of time the current sheet
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resides in the vicinity of said neutral particle is taken as w,/vs. Thus, the probability that a

neutral particle is consumed by the current sheet can be shown as ©,, = Oy, jonOm, cz, Where
@m,ion = efnswsSwn/vs (2.10)

and

®m,cw = g MetsTer (211)

where ©,,, ;o,, is the probability that a background particle will undergo ionization and ©,, .,
is the probability said particle will undergo charge exchange while within the current sheet.
Here we can see where previous IPPT models fit in with the snowplow model for mass
entrainment becoming valid when ©,, — 0. The current sheet becomes transparent in the
limit of ©,, — 1 allowing the neutral propellant mass to slip through without any reactions.
This limit is known as the slug model in which all entrained propellant occurs at current

sheet formation only.

2.2.2  Conservation of Momentum

Volume integration over the current sheet of the plasma fluid momentum conservation equa-
tions provides an expression for the acceleration of the current sheet and associated evolving

mass
Ll

!/ — 1 _
(wsnsvs) ( ©.) A

~(emza)/ze _ £ (2.12)

here the first and second terms of the right-hand side describe the Lorentz and collisional
forces on the current sheet per unit area per unit atomic mass respectively. Eq. (2.6)
introduces atomic mass of the propellant, m; as well as the acceleration coil cross-sectional
area, Ay = 7(r? — r?). The Lorentz Force term described by Martin and Eskridge [18]
has been modified to include transparency of the current sheet (©, # 0). Force due to

background neutral pressure has been ignored as it was found to be negligible for the regime

of interest.
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Collisional force tracks momentum transferred from the current sheet due to charge-

exchange and ionizing collisions and can be written as
fo = (Mp0ev? + NfOex| AUs | AVsp — 1 pSionVs)NsWs (2.13)

The above equation represents momentum loss in ions due to charge exchange collisions
and momentum gain in ions through ionization of fast neutral particles. Here we assume,
1) slow neutral particles are at a velocity much lower than the current sheet and thus do
not contribute to momentum via ionization; 2) collisions between ions and neutrals are
dominated by charge-exchange; and 3) the momentum transfer cross-section for electron-
neutral collisions are negligible compared to those ion-neutral collisions.

Taking the volume-integral of the momentum equation for fast neutral particles yields
(wsnfvf)' = fc — nfoAUSfH(AUSf) (2.14)

here the charge-exchange collisions provide a source of momentum while ionization causes
momentum loss. Momentum is also lost from slippage of entrained neutrals at the trailing
boundary of the current sheet if Avyy > 0. Momentum Eq. (2.14) ignores force due to pres-
sure gradients of the fast neutrals, an assumption which is valid when (A /w;)(cs r/vs)? < 1.
Here c5 5 = \/W represents the fast neutral sound speed and A\; = (nsacgg)_1 is the
mean-free-path for charge exchange. The only source of fast neutral thermal energy is the
ion kinetic energy, limiting (¢s s/vs) S 1. Therefore, cases in which fast neutrals are abun-
dant cause (A\;/ws) < 1, making the pressure force on fast neutrals small compared to the
collisional force.

The kinematic equation also allows for the location of the current sheet to be resolved as
2l = v, (2.15)

here z, represents the distance from the injection plane to the current sheet as shown in Fig.
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2.2.

2.2.3 Conservation of Energy

The equations that have been presented so far form a closed system while assuming fixed
values for plasma resistance R, skin depth 5, and ionization reaction rate S;,,. However
these values depend heavily on microscopic processes within the plasma sheet which are
strongly influenced by the electron temperature. It has been shown that energetics of in-
ductive acceleration and propellant mass entrainment by the current sheet are dependent
on the heating and cooling of the electron population within the plasma. For example,
electron-impact excitation and ionization of neutrals decrease with electron temperature 7,
while currents induced within the current sheet increase electron temperature through Ohmic
heating. Timescales of the above processes vary with many aligning with that of IPPT plas-
mas thus they must be taken into account in terms of current sheet formation in the for of
a non-equilibrium electron energy equation.

To get an equation for the time-evolution of T,, the volume integral of the electron
energy equation [8] for a uniform plasma. The electron kinetic energy and heat flux terms

are neglected yielding the following

2
SSTe/:_Pom_Pen_Pei 2.16
() = 55 (Pan ) (2.16)
where
I’R
Pypm = 22, (2.17)
e
P., = SionnswsAg(n, +ng)el,, (2.18)
and
Smeyei
Pe'i — Te — Tl , 2.19
(1, - T) (2.19)

Here €}, is the effective ionization energy, v,; is the electron-ion Coulomb collision frequency,

me. is electron mass, T; is the ion temperature, and e is the elementary charge. Eq. (2.16) gives
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the power gained by the current sheet from Ohmic heating P,,,, the power lost to inelastic
and elastic collisions P.,,, and the power transferred through coulomb-coulomb collisions from
electrons-ions interactions at a frequency of v,;.

P,,, depends on the ion temperature, thus we need an ion energy equation to measure
the temporal-evolution of 7;. The volume integral of the ion energy equation [8] with zero

heat flux out of the sheet is described as

2
(nswst’)/ = BT(Pei + SionnsﬁnwsAsTn) (220)

This introduces 7T, the background neutral temperature. The only terms in the ion equation
are due to coulomb collisions and thermal energy from ionized neutrals. The terms associated
with the rate of change of kinetic energy have been canceled due to Eq. (2.12). Ohmic heating

also does not appear as plasma resistance R, is dominated by the electron collision rate.

2.2.4  Clurrent Sheet Width

The final time evolution needed to close the one dimensional model is the current sheet width.
In previous IPPT models, current sheet width was assumed to be constant [17] or was evolved
through diffusive processes within the plasma [15,25]. This model seeks to understand how
ionization processes affect the formation of current from the pre-ionized state, thus the rate

of change of the current sheet width is given as

D
wy = —F + (w))s (2.21)
Wy
here the first term represents the change in width resulting from the plasma diffusion, where
diffusivity is D,, and the second term (w!); shows the change in width due to the plasma
formation process.

To model (w)) ¢, we must understand the internal structure of the current sheet as well as

the associated electromagnetic fields. This information cannot be obtained from the circuit
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equations alone, thus approximations were made to estimate the value of (w));. The first
assumption is the case when ws > d,, where it will be assumed that new plasma particles
will accumulate in a distance z € [z, z5 + d5]. This is due the idea that the plasma current
density which is azimuthal is strongest in the skin depth later which faces the acceleration
coil, a region where local electron temperature and ionization rate is expected to be highest.
This causes entrainment of neutral background gas to deposit newly ionized particles within
said skin depth layer, which collapses the current sheet width wy to skin depth d, at a rate
which is proportional to that of the rate of new particles being entrained. For the case when
ws < s, newly created particles instead accumulate within z € [z, 25 + ws], which suggests
(wl)s = 0. A model for the above sheet behavior is shown below as
N

(wl)y = (8 = w) H(w, = 8) 5

(2.22)

here the number of ions within the current sheet is calculated as Ny, = w,A,n,. The chain
rule is used to expand N!/N, which leads to the following equation used to find the rate of

change of current sheet width

D, wh  nl
==L — =4+ H — 2.2
(wy) w, + (05 WS)(wS + ns) (ws — d5) (2.23)

A closer look at the equation above reveals that w, — d, only when D, — 0 and that wy > 9,
only if there is significant mass entrainment [n/ngs > 1]. Should mass entrainment become
exceedingly small [n’/ng < 1], the sheet width rate of change ws; — 0 which is representative

of the slug IPPT model.

2.2.5 Microscopic Processes

This one dimensional IPPT model has several parameters which depend on microscopic or
particle scale processes that occur in the current sheet. These processes include r, d5, S;on,

Oczy, €00, Vy;, and Dp and will be summarized within this section.



22

The first particle scale process is the plasma resistance, which is found through modeling
the plasma as a conducting disk of uniform resistivity 7,, thus providing a resistance in the

form of
T To + T
minfws, s "1, — 1;

R, = ) (2.24)

where the minimum expressed in the denominator is the width of the region where current

flows within the current sheet. Plasma resistivity can be expressed as

me(Vei + Ven)

= (2.25)

here v,, is the electron-neutral collision rate. The collision rate equations are modeled

through the following electron temperature-dependent equations

Ve = 2.91 % 10720, T73/2In A (2.26)

8eT,

TMe

(2.27)

Ven, = NMipOen

here o, is the electron-neutral collision cross section and In(A) is the coulomb logarithm

23 — In(T, % /ma) T, < 7.389¢V
In(A) = ( Vo) (2.28)

24— In(T- Y /m;) T, > 7.389¢V

The diffusion coefficient D,, which controls the time-evolution of the sheet width can be found
as
el

D,=— 2.29
P mi(yei + Ven) ( )

here the diffusion is ambipolar which coincides with the quasi-neutrality of the plasma current

sheet. The last microscopic processes of note, sheet skin depth is expressed as

2
5, = l% (2.30)
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where the angular frequency of the electromagnetic field is w = \/W, the effective in-
ductance of the circuit is Lesp = Lo + (1 + k%)L, and the coupling efficient which changes
with time is expressed as k = M/ L..

Effective ionization energy is adopted from a model of plasma discharges produced by
Lieberman and Lichtenberg [11], and is used to account for the electron energy lost through
ionization, elastic polarization scattering, and line radiation. We model effective ionization

energy as
3WleT'e Ses
my; Sion

. 1
€ion = Eion + Sion (Z(Sex,jeez,j) + ) (231)

J
where €;,, represents the first ionization energy of the propellant being used, Se, ; and S ;
are the electron-impact excitation reaction rate and polarization scattering reaction rate
respectively. &, ; is the energy for the j™ line transition. Finally, collision rates that involve
electrons such as Sion, Sez j, Ses, Vei and Ve, are modeled through a maxwellian electron energy
distribution. This assumption is reasonable as the electron thermal time scales are expected
to be ¢ faster within the current sheet when compared to that of the ions. The ion collision

rates assume a cold ion population where V> +/eT;/m,.

2.3 Argon Propellant Model

The one dimensional IPPT fluid model allows for analysis of both Xenon and Argon pro-
pellants, but the focus of this thesis will be on the use of Argon. The model estimates the
mass of the propellant ions as m; = 1.67 x 10~2"W, where W, = 39.95 is the atomic weight
of Argon.

The reaction rate coefficients for Argon in this model use a Maxwellian energy distribution
which is fit to an analytical temperature dependent model. The following equations for the

reaction rates are provided by Goldston, et al. [9]

Sion = 2.34 x 1071 T ¥ exp(—17.44/T),) (2.32)
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Ses = 2.336 x 10717 Hep(0.0618In(T,)* — 0.1171in(T,)?) (2.33)
Sep = 2.48 x 107 T3 exp(—12.78/T.) (2.34)
2.4 Model Initial Conditions and Inputs

The model forms a closed system of 13 Ordinary differential equations for the time-evolution
of the state variables: VI, I,, M, N,,ng,ns,1.,T;, z5,ws, fs,vs through equations (2.1)-
(4),(6-7), (9), (12), (14-16), (20), (23). These variables require initial conditions for the
equations to resolve. The first initial conditions assume a stationary pre-ionized plasma
[05(0) = v(0) = 0] with an initial width [w,(0) = wsp] and location of [z4(0) = z,0]. Pre-
ionziation is modeled as x;(2) = 1 i (2) /M inj(2), Where n, ;i (%) is the injected neutral den-
sity profile before pre-ionization while n; ,;(z) is the ion density profile after pre-ionization.

The initial profiles of the neutral density and plasma density respectively are described as

(2,0 = [1 = Xs(2) g (2) (2.35)
and .
m0) = [ )z (2.36)

Initially, it is assumed that the plasma current sheet contains zero fast neutrals [n;(0) = 0].
This assumption allows the initial density profiles to be derived using only two functions,
Xi(2) and n, o(2). The model also requires initial electron and ion temperatures 7. (0) = T,
and 7;(0) = T;o. This model requires some level of pre-ionization as it cannot model the
initial ionization of propellant gas.

In regards to modeling the acceleration coil, the capacitor main bank is initially charged
to a voltage of V where time ¢t = 0 is the moment where the switch closes the circuit

therefore providing initial conditions V' (0) = V4, 1.(0) = 0, and I,(0) = 0. Lastly, the mutual
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inductance M (0) is found using the transcendental equation kg = M(0)/L. where
ko = 6(_zz,()_za)/zc[1 _ e_3ws,0/5s,0(k0)} (2‘37)

here k& is derived from the initial plasma skin depths consistency with M (0) through L. [25].

To summarize, the model requests inputs for the acceleration coil circuit (C, R.., Lo, L.),
the coil geometry (7,70, Za, 2c), the gas propellant (1, Sion, €ion, Sex.js Eew,j» Ses, Ocz), NeUtTAl
gas distribution (n,,7},), and the pre-ionized gas distribution (x;, ws o, 250, Te,0, Ti0). These

initial inputs will be used to create models of a single discharge under several cases.
2.5 Propulsion Performance Metrics

An advantage of modeling the early formation characteristics of a plasma current sheet is
the ability to resolve several dynamic properties which correspond heavily from those initial
physics.Several performance metrics have been derived and applied to the IPPT model to
understand the propulsive performance of the thruster.

The first performance metric of note is the impulse bit (1;;) which is the total impulse

provided from a single thruster pulse. The impulse bit is derived as
t
Iy = m;Ag[ws(nsvs + nyuy) —|—/ nvrAvg s H(Avgp)dt'] (2.38)
0

The first term represents contributions from the ions, while the second and third terms
represent contributions from the entrained fast and slipped fast neutrals respectively. it is
evolves over the duration of the pulse with an asymptotic value which represents the total
impulse provided from one energy pulse.

The specific impulse I,p is described as

Tvi

goTMpit

Isp - (239)
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where my,;; is the mass bit, the total propellant added to the thruster prior to each pulse or
Mpit — mZAS/ nn,injdz (240)
0

The thrust efficiency of the IPPT is derived as

_ mbit(gofsp)2 _ mbit(gofsp)2
T 2B, 2E,; + C(VZ —V?)

(2.41)

where Fi, represents the total energy of a single pulse, and E,; is the energy of the pre-
ionized plasma E,; = ngowsoAse[5/2(Teo + 1;,0) + €5, (Te0)]. It is assumed that residual
energy from a pulse is not lost but instead recaptured for use in later pulses [18].

Another propulsion metric, propellant mass utilization efficiency (7,,) represents the frac-

tion of propellant that is accelerated to the velocity of the plasma where
N = —— (2.42)

Mass utilization efficiency is modeled throughout each instant in the model to provide insight
into how n,, evolves with time.

The final performance metric is the electrical efficiency 7, which describes the total kinetic
energy of the accelerate propellant to the total input energy of the system. electrical efficiency
is modeled as

mi Ag[ws(nsv? 4+ nyot) + IN npv; Avgp H(Avgyp)dt']

. = 2.43
n 2B, + C(V§ —V?) (2.43)

Here the first term of the numerator represents the kinetic energy of the ions, while the second
and third terms represent the kinetic energy of the fast and slipped neutrals respectively. It

should be noted that the thrust efficiency nr ~ 7,7, when ng > ny.
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Chapter 3
HIPER-PIT EXPERIMENTAL SETUP

This chapter describes all of the components of the HiPeR-PIT experimental setup. Each
of the following components are assembled to create the HiPeR-PIT testing apparatus as

shown in Fig. 3.1.

Figure 3.1: Experimental setup of the HiPeR-PIT experiment
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3.1 Vacuum Chamber

The Vacuum chamber consists of a single cylindrical Pyrex glass tube about 25 cm (0.82ft)
in diameter and 62 cm (2.03 ft) long with rubber L-gaskets on each end. These rubber
gaskets form a gas tight seal in the glass chamber to plates on each side of the end points
of the cylindrical tube. One plate is a 14x14x2 in. acrylic plate on which the inductive
coil is mounted, while the other plate is 14x14x0.5 in. aluminum plate. The acrylic plate
has a feedthrough for gas injection into a chamber which contains a porous Polymide foam
that evenly distributes the gas before it enters through the coil backside and fills the region
in front of the coil face. Two gas lines are attached to the chamber for regulation of gas
mixtures through brass fittings. The aluminum plate has a 4 in. diameter hole in the center
through which gas exits, 3 holes above sealed with hermetic BNC male adapters, and a
hole on the side filled with two side-by-side Ethernet feedthroughs along with another BNC
feedthrough. The chamber is attached to a Edwards RV12 roughing pump backing a 510
L/s turbo pump which allows the chamber to pump down to pressures of ~6e-6 Torr with
no gas injection. Chamber pressure is also maintained at several values during experiments
ranging from ~1-4.5e-3 Torr. The Edwards EXC120 turbo pump controller rests to the side
of the chamber on a shelf out side of view. Chamber pressure was monitored using a KJL
cold cathode/Pirani combination gauge and KJL-SPARC power supply and display, which
also resides on a shelf to prevent RF noise, which outputs the chamber pressure with an

accuracy of £30%.
3.2 Discharge Circuit

The high voltages and currents needed to run the HiPeR-PIT required special care in de-
velopment of the discharge circuit. A high-side IGBT (Insulated Gate Bipolar Transistor)
switch design was implemented on a sliding platform on the gas injection side of the HiPeR-
PIT apparatus as shown in figures 3.1 and 3.2. The discharge circuit consists of two 3300 V,
1200 A ABB 1200E330100 IGBT switches with custom gate driver boards for control. The
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Figure 3.2: Photo of the discharge circuit for the HiPeR-PIT. The discharge circuit consists of
a mainbank and 2nd stage pre-ionization bank connected to the inductive drive coil through
high-side IGBT switches in parallel.

gate driver resistances have been dropped to increase the gate voltage allowing for higher
current rates at large frequencies (~100-300kHz). These switches were chosen to decrease
energy losses due to the fast switching times present in the LCR acceleration coil circuit. The
main bank switch is connected via a copper bus to high voltage capacitors with a total bank
capacitance ranging from 1-3uF. The second switch is part of a second stage pre-ionization
circuit which fires just before the main bank. On the pre-ionization side, a 0.33uF capacitor
is connected with the pre-ionization switch. Capacitors are charged by two separate power
supplies, a Glassman EK series power supply for the main bank, and a EZ GP-4303A for
the pre-ionization side. The smaller EZ power supply feeds energy through a voltage step-up
device to reach the required voltages of ~1-2 kV. The switches are connected to a QC9520
pulse generator generator for triggering and are controlled by a python script along with all
oscilloscope outputs. A 50,000 € high current resistor bank is used to dissipate the circuit
energy from each pulse. There are five differential probes measuring voltage in the circuit

at several places. One probe measures the voltage across the main bank side, while another
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Figure 3.3: (a) Schematic of the two-turn Archimedes Spiral (from [22]). Each color repre-
sents another wire lead with the dotted leads running underneath the front leads. (b) Photo
of the HiPeR-PIT coil. Here we can see the holes for gas injection as well as the Polymide
foam for gas distribution

differential probe measures voltage across the pre-ionization side. A diff probe also measures
voltage between the inductive coil connections. A Rogowski coil sits on the positive leads
to the inductive coil to provide current measurements outside of the chamber. The first
stage pre-ionization method uses RF pre-ionization in the form of an RF located within the
chamber as can be seen in Fig. 3.1. The RF coil is powered by a Dressler CESAR RF Power

Generator running at 100 Watt pulses.
3.3 IPPT Acceleration Coil

The acceleration coil for the HiPeR-PIT as shown in Fig. 3.3, is an experimental coil design
described by Little, et al. [22], the two-turn Archimedes spiral. The two-turn Archimedes
spiral allows for an addition of the azimuthal components of current flowing through the
front and back leads, leading to a more uniform current density on the coil face. The HiPeR-

PIT coil consists of 8 1.5-turn spirals, with 8 more 1.5-turn spirals returning underneath.
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All the coil leads enter and return to the center region of the coil providing a ring of 16
wires through which energy is pulsed as shown in Fig. 3.2. The coil outer diameter is 6 in,
while the inner diameter is 1.5 in. All coils are connected in parallel using battery bullet
connectors sealed in vacuum-safe epoxy, which extend out the back of the acrylic bulkhead
for ease of removal and installation. The center hole can either be plugged for vacuum or
used in tandem with a pre-ionization device such as a RF coil. Polymide foam lays between
the coil and the gas injection on the back of the acrylic bulkhead for even gas distribution
within the coil chamber. Neutral gas is fed through the diamond shaped holes in the coils
face, which are a resultant geometry of the Archimedes spiral. The coil itself resides within
a 3d printed black PLA shell, which aids in image processing of the plasmas produced. The
coil leads are made from 660/42 high-frequency Litz wire which has been insulated in heat
shrink tubing for isolation form the plasma. Finally, A hollow transparent acrylic cylinder of
radius 6 in. and length of 2.5 in. resides around the acceleration coil to keep gas and plasma

in front of the coil face.
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Chapter 4
PLASMA DIAGNOSTICS

Multiple diagnostics were used to examine current sheet properties in the HiPeR-PIT
experiment. Other diagnostics were also incorporated to track characteristics of the acceler-
ation circuit. The discharge circuit, oscilloscopes, and camera were triggered using a QC9520

pulse generator through a python script.
4.1 Rogowski Coil

Rogowski coils are a common current sensing device used in plasma diagnostics. A Rogowski
coil consists of a loop of wire with another wire wrapped around forming a coil and central
return loop as shown in Fig. 4.1. Any AC current flowing between the Rogowski coil induces
a associated varying magnetic field which induces an electromotive force (emf). The current

trace of the Rogowski can be derived from the induced voltage as

I(t) = B, (w) /0 Vit (4.1)

where Vj,4(t) is the induced voltage, 7 is total time of the signal, and 3, is the calibration
or sensitivity factor which is obtained through calibrating the Rogowski against a known
current source. In order to extract the current reading from Rogowski coils, the output
must be integrated by either passing the signal through an integrator circuit or by numerical
integration. The work presented in this thesis uses numerical integration applied to the
Rogowski output voltage trace in order to prevent any potential phase shift caused by circuit
integration. The Rogowski coil was calibrated against a 0.01 V/A high frequency current

transformer. The Rogowski was placed on the positive lead of the acceleration coil along
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Figure 4.1: (a) Schematic of a Rogowski coil (after [28]). A coil of radius r, with outer and
inner radii b and a respectively interacts with the magnetic field induced by an AC current
flowing through the Rogowski. Since the magnetic field is varying due to a varying current,
an emf is induced in the Rogowski coil loops. (b) Photo of the Rogowski coil used for current
measurements.

with the current transformer, and several capacitance’s ranging from 0.022-3 pF' used in the
main bank to vary the frequency of the current pulse from ~100-400 kHz. The sensitivity

factor curve was determined using the following equation

_ [ Vina(t)dt

i) = 0

(4.2)

where w represents the frequency in Hz, and the numerator represents the integrated sig-
nal of the Rogowski and I.. is the current of the acceleration coil measured by the current
transformer. Care needs to be taken when constructing Rogowski coils as several factors can
affect the signal quality and response time. Inductance in a Rogowski coil is controlled by the
number of coil turns around the return loop and the diameter of the turns. It is important to
keep inductance low enough such that the Rogowski coil has a response time well below the

current timescale being measured by the plasma. Output voltage of the Rogowski coil is also
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proportional to the inductance, therefore low inductance values may require amplifiers where
as a high inductance could require signal attenuation before data acquisition. Capacitance
is another key variable in construction of Rogowski coils, particularly stray capacitance. Ca-
pacitance in a Rogowski can be described by two types, capacitance between the coil turns
which can be modeled as capacitors in series and is negligible, and capacitance between the
coil turns and the return loop [28]. The stray capacitance between the coil turns and return
loop can cause phase shift in the output waveform measured by the Rogowski compared to
the actual currents produced. This phase-shift is not ideal when attempting to characterize
multiple plasma sheet physics so caution must be taken to keep stray capacitance to a min-
imum. The most effective method of lowering capacitance was found to be insulation of the
central return loop, however, adding insulation increased the diameter of the windings which
in turn raised the inductance of the Rogowski coil, so care must also be taken to not add
too much insulation. The completed Rogowski coil can be seen in Fig. 4.1b. Construction
of the Rogowski coil consisted of a 18 AWG stranded wire loop which was pre-wrapped in
insulation. 20 AWG magnet wire was then tightly wound around this central loop and one
end was soldered together to attach the windings and the return. The un-soldered return
loop end of the Rogowski was then soldered to the inner conductor of a coaxial cable, while
the return loop of the Rogowski was soldered to the outer coax conducting shield. The
soldered unshielded wires were then potted in 748 epoxy to prevent any gas breakdown near
the leads. The entire array was then wrapped around with three layers of Kapton dielectric
tape for insulation from any ionized particles and electrical fields. The dimensions of the
Rogowski coil where a rectangle of height 6 cm and length 7 cm which allowed encirclement
of exactly half of the acceleration coils annular discharge. The length allowed for resolution
of the plasma current until complete dissipation. The Rogowski coil signal was fed through
a PINTECH PT-8020 high voltage differential probe set to an attenuation of 1/100 so that

it could be read safely through an oscilloscope. An estimate of the current density can be
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Figure 4.2: (a) Schematic of the electric field probe used for electric field measurements. (b)
Photo of the electric field probe

found from the plasma current measured by the Rogowski coil as follows,

I
pf (4.3)

Jo = ws X (1o — 1)

where jy is the azimuthal current density, I, ¢ is the plasma current measured by the Rogowski
coil, wy is the plasma sheet width, and (r, — r;) represents the height of the annular region

of the acceleration coil which coincides with the height of the plasma.
4.2 Electric Field Probe

Floating electrodes are a common device used in plasma diagnostics to measure the electric
fields. Floating electrodes as the name suggests, measure the floating potential of the plasma,
kT./e, at two close points which allows for an estimate of the electric field as shown in the
equation below

B=—- (4.4)

here AV is the difference in the potentials measured, and d is the distance between the two

electrodes. The electric field probe used to acquire electric fields is based on the probe used
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and described by Lovberg [14]. Lovberg states that there are two main assumptions made

in order for floating electrodes to accurately measure the axial electric field.

e First, in order to float at —kT, /e, the electron flux to the probe tips must be signifi-
cantly larger than that of the ion flux, which is a given as the potential measured by
the electric field probe was much higher than the highest expected —kT'/e value. Here
k is Boltzmann’s constant, 7, is the electron temperature in eV, and e is the elementary

charge.

e Second, the electron temperature must not have a significant gradient between the two

probe tips [14].

These assumptions will be applied to the electric field probe. The electric field probe consists
of two coaxial electrodes, a tip of tungsten 0.38 mm in diameter 3mm upstream from a ring
electrode of diameter 5.2 mm and thickness 0.254 mm made of COVAR. The probe protrudes
out of a 3.15 mm diameter tube of alumina as shown in Fig. 4.2 which houses the twisted
pair wiring and connects to a coaxial cable with two BNC connectors, one for each tip. The
connection to the BNC is shielded using silicone tape and kapton tape for isolation from
the plasma, and the entire alumina probe assembly is sealed using Torr seal to isolate all
components other than the electrode tips which are exposed to plasma. The E-Field probe
connects to two perpendicular 1:1 transformers with 21 turns on the primary and secondary
coils and an electrostatically shielded toroidal iron core which runs through the coils. This
transformer allows for noise reduction with minimal attenuation of the source. The leads
coming from the transformers are then passed through two Micsig DP10013 differential

probes set at an attenuation of 50x to be read by an oscilloscope.
4.3 B-dot Probe

The time varying induced magnetic fields of the plasma and acceleration coil are measured

using B-dot probes. The theory behind B-dot probes is discussed in detail by Polzin et
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Figure 4.3: (a) Schematic of the B-dot probe used for magnetic field measurements. (b)
Photo of the B-dot probe

al. [23]. A B-dot probe typically consists of a coil with N number of turns which resides in

a region of time-varying magnetic fields. The magnetic fields induce an EMF in the coil as

B
- -NAY 45
c dt (4:5)

Where A, is the cross sectional area of the coil. The changing magnetic field can then be

integrated over the time of the induced voltage signal to provide the magnetic field as

B = By(w) / Via(t)dt (4.6)

Here (3, known again as the sensitivity factor of the probe, is a function of frequency and
is obtained through calibration of the probe. A common method of calibration for B-dot
probes, and the method used in this thesis, is the Helmholtz coil. A Helmholtz coil consists
of two coils of equal radius, ry, in series separated by a distance equal to the radius of one

of the coils. This configuration produces a volume of uniform magnetic field in between the
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coils in the axial direction, which can be calculated as

4 NI
By = (z)*2HA (4.7)

5 TH
where Iy is the current flowing through the Helmholtz coil and N is the number of turns in
the coil. The Helmholtz radius of the coils used for calibration was 3 cm. The sensitivity
B(w) of the probes can be determined using the known magnetic field of the Helmholtz coils

as shown below

(4.8)

Here V;,4 is the induced voltage across the B-dot probe. Several frequencies ranging from
~100-500 kHz were used to form a sensitivity curve for calibration.

Construction of the B-dot can be seen in Fig. 4.3. The B-dot probe consists of eight
5.5 puH inductor chips with windings of size ~1 mm spaced apart by 1 cm. The chips
are epoxied on a support made of Proto-board which provides consistent orientation. The
entire fixture resides within a 6 in. quartz tube of outer diameter 6mm and inner diameter
4mm. The inductor chips connect to 8 pairs of twisted wire leads which exit the tube to be
directly soldered onto two dual shielded Ethernet cables. The connection between the tube
and Ethernet is protected using silicone and Kapton tapes for isolation from plasma. The
Ethernet cables are then fed to two Ethernet breakout boards which change the connection
to BNC for direct connection to oscilloscopes. It was found that the signal produced by the

B-dot probe was within the scopes range of voltage input for the experiments performed.
4.4 Plasma Density Estimates

An estimate of the plasma number density can be obtained using results from the plasma
diagnostics listed thus far using a derivation described by Lovberg [6]. Starting with the
generalized Ohm’s Law,

jxB

s

E+V xB+VP, —

—nj =0 (4.9)
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Here we note the first major assumption of this plasma density estimate which is the setting of
the resistivity 7 as a negligible value. This would typically hold true for a plasma in vacuum,
however the high back-fill neutral densities of this experiment introduce a significant amount
of resistance to the flow of the plasma through collisional forces which are ignored in this
plasma density estimate. Moving on, we focus on the z component of the generalized Ohms

Law which provides an equation for the azimuthal ion mass velocity as

E. 7js T, Ong
|V — 4.10
0 B, + eng + B,n, 0z ( )

where Vj is the mass velocity or ion velocity. Setting the ion velocity to zero, representing
zero ion current, and neglecting the electron pressure gradient term, we can derive a rough

estimate for the plasma density as,
n. — _jGBr
3 el

(4.11)

where jy is the azimuthal plasma current density obtained through the Rogowski coil, B,
is the radial magnetic field obtained through the B-dot probes, e is the elementary electron

charge, and F, is the axial electric field from the electric field probe.

4.5 Differential Probes

Several PINTECH PT-8020 high voltage differential probes were used to determine the
voltages of the acceleration circuit at multiple positions. Areas of interest were the 2nd
stage pre-ionization capacitor bank voltage, the main stage capacitor bank voltage, and
acceleration coil voltage. These differential probes were set to an attenuation factor of 1000.
A Rogowski coil was also kept on the positive lead to the coil for measuring coil current
through a Micsig DP10013 differential probe at a attenuation factor of 50. All traces were

read through an oscilloscope.
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4.6 Imaging

Imaging of the plasma current sheet was accomplished using two different devices, a High-
speed camera, and DSLR. The coil material was made to be black to assist in image pro-
cessing. Marks were placed on the side of the coil chamber starting from the coil face in

centimeter increments to allow for estimates in current sheet position.

4.6.1 Kirana High-speed Camera

A Kirana high-speed camera was used identify current sheet formation and sheet position
in the initial stages of the experiment. The Kirana is a 924x768 pixel camera capable of
7,000,000 FPS which allowed for high detail video of the current sheet from formation to
dissipation. A fstop of 16 was used on the Kirana lens to prevent over saturation from high

intensity plasma.

4.6.2 DSLR Camera

A DSLR was used to provide visualization of what the current sheet looked like with color.
An fstop of 16 and an iso of 100 was used with a shutter speed set to 1/20. The DSLR was
angled towards the coil face from the side of the vacuum chamber as a head on shot of the

coil face was not possible in the current configuration.
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Chapter 5

NUMERICAL AND EXPERIMENTAL OBSERVATIONS AND
MEASUREMENTS

Data obtained through both experimentation on the HiPeR-PIT as well as the results of
the one-dimensional model are resented in this chapter. A total of four cases were compared,
a baseline case, a case where the backfill pressure was decreased, a case where the voltage
of the main bank was increased (thus decreasing the pre-ionization), and a case where the
capacitance of the main bank was doubled. The outline of this chapter will be as follows.
First the one dimensional model results will be analyzed. Then observations of the visual
data will be presented, followed by the plasma diagnostic measurements. Finally comparison
will be drawn between the numerical model and experimental results and final thoughts on
the current sheet formation will be presented.

The total energy for all cases ranged from ~2-3.8 J/pulse depending on the capacitance
and charge voltage which ranged from 1.5-2 kV per the limit on the switching capabilities.
A backfill pressure ranging from ~3.5 mTorr to ~4.5 mTorr was used of Argon gas with the
base case at 4.5 mTorr. At lower pressures, a current sheet does not seem to take shape,
while the highest pressure presented is the limit of the current pumping capabilities of the
vacuum chamber. Second stage pre-ionization used the same capacitor bank for all cases, a
0.33 pF high voltage capacitor. The RF 1st stage pre-ionization was operated at 100 W for
all cases, while the second stage pre-ionzation was operated at a voltage of 1 kV for the high
voltage case, and 1.5 kV for all other cases including the baseline.

Experimental conditions for the HiPeR-PIT experiment are summarized for each case in

Table 5.1.



Table 5.1: Parameters between all cases.

H Case Voltage Capacitance Pressure Energy H
Base 1500 V 1.5 puF 4.5 mTorr 2.1 J/pulse
Py 1500 V 1.5 puF 3.5 mTorr 2.1 J/pulse
V1 2000 V 1.5 uF 4.5 mTorr 3.17 J/pulse
Crt 1500 V 3 uF 4.5 mTorr 3.75 J/pulse

42

The column designated as ”Case” provides the notation for the different cases which will

be used going forward. The shorthand represents changes in backfill or chamber pressure

P, Main bank voltage V, or main bank capacitance C. Finally any experimental errors are

reported with a 95% confidence bounds.

5.1 Numerical Model Results

Initial condition inputs for the numerical model are shown in Tables 5.2-5.2.

Table 5.2: Initial conditions for the baseline (Base) 1D study.

H Variable Value Variable  Value Variable Value H
Vo 1500 V T 2.5 eV Zs0 0 mm
Co 1.5 uF T 0.1 eV Ws 0 1 mm
R, 5 m) T, 0.026 eV N0 1.44 x 10 m—3
Ly 50 nH T 7.2 cm 24,0 -2 mm
L. 0.43uH T; 2 cm Ze0 4 cm
X0 0.1 Zn 1 cm
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Table 5.3: Initial conditions for the decreased pressure (PJ) 1D study.

H Variable Value Variable Value Variable Value H
Vo 1500 V Tt 2.5 eV 250 0 mm
Cy 1.5 uF Tio 0.1 eV Ws.0 1 mm
R. 5 mS) T, 0.026 eV N0 1.12 x 102 m=3
Ly 50 nH To 7.2 cm Za,0 -2 mm
L. 0.43H T 2 cm Ze,0 4 cm
X0 0.1 Zn 1 cm

Table 5.4: Initial conditions for the increased voltage (V1) 1D study.

H Variable Value Variable  Value  Variable Value H
Vo 2000 V T 2.5 eV 250 0 mm
Co 1.5 uF Tio 0.1 eV Ws.0 1 mm
R, 5 mf T, 0.026 eV Npo 1.44 x 1020 m—3
Ly 50 nH To 7.2 cm Za,0 -2 mm
L. 0.43pH T 2 cm 2¢0 4 cm
X0 0.1 Zn 1 cm

Table 5.5: Initial conditions for the increased capacitance (C1) 1D study.

H Variable Value Variable  Value Variable Value H
Vo 1500 V T 2.5 eV 250 0 mm
Co 3 uF Tio 0.1 eV Ws.0 1 mm
R, 5 mf T, 0.026 eV N0 1.44 x 10 m—3
Ly 50 nH To 7.2 cm 2a,0 -2 mm
L. 0.43uH T 2 cm Ze0 4 cm
X0 0.1 Zn 1 cm

Initial conditions stayed mostly the same between all cases with only changes in pressure,

voltage, and capacitance inputs necessary. The initial neutral particle distribution n, o was
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kept at a constant to simulate backfill conditions. The results of the numerical model study

for each case are presented below.
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Figure 5.1: Plots of several derived plasma characteristics from the 1-D model for all four
cases. Data is generated from the initial conditions presented in Tables 5.2-5.5.

We begin our analysis with results of several circuit parameters from the model, specif-
ically the circuit voltage, coil current, plasma current, and coupling coefficient. The x-axis
of each figure presents the simulation time in ps. Starting at Fig. 5.1a, the voltage traces
decrease as expected from from 1.5-2 kV depending on the case. Discharge times vary ac-
cording to the capacitance used, but in all cases the model switches off after one half cycle,
to simulate inductive energy recapture, a process described by Polzin et al. [22]. Inductive
recapture allows for reuse of the circuit energy for recharging after opening the switch mid

ring down. Fig. 5.1b displays the current flowing through the coil for each case, which is 90
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degrees out of phase with the voltage and not perfectly sinusoidal as there is a load applied
to the inductive circuit due to the coupling of plasma. Fig. 5.1c presents the current flowing
through the modeled plasma current sheet. We note here the decreased amplitude when
compared to the coil current which is a behavior which should occur in experimentation as
well. The plasma currents are skewed in nature due to the low coupling coefficients in early
current sheet formation, seen in Fig. 5.1d. The case with the highest coupling coefficient was
the case of lowest pressure followed by the case of increased voltage, baseline, and increased

capacitance respectively.
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Figure 5.2: Plots of several derived plasma characteristics from the 1-D model for all four
cases. Data is generated from the initial conditions presented in Tables 5.2-5.5.

Fig. 5.2 presents the sheet velocity and position as well as the plasma and entrained

neutral densities. In Fig. 5.2a we see that the highest sheet velocity occurs in the case of the
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lower pressure which is due to the lower neutral background density providing less resistance
to the motion of the current sheet. All cases accelerate until about ~1 us where frictional
forces with the background neutrals overtake the Lorentz force provided by the acceleration
coil thus decelerating the sheet. The same trend is seen in Fig. 5.2b which shows the low
pressure sheet moving away at a higher velocity then all the other cases. The slowest sheet
appears to be the base case followed by the increased capacitance and increased voltage
cases respectively. At first glance, the case with the lowest pressure may have appeared to
be stronger current sheet with its high velocities and plasma current, however, the plasma
density Fig. 5.2c and entrained neutral densities Fig. 5.2d correct this assumption. The
low pressure case has the advantage of less impedance to the motion of the sheet due to its
overall lower neutral densities. This leads to a plasma density nearly three times smaller
then the best cases and a smaller entrained neutral density as well for the low pressure case.
In the case of increased voltage, we see higher plasma density and entrained neutral density
then all other cases, with the increased capacitance case having a higher plasma density
then the baseline, but similar entrained neutral densities. The plasma current sheets for all
cases seem to form during a period of 0-0.5us, indicated by an exponential growth in plasma
density, with neutrals entrained during this time experiencing ionization collisions rather
than charge exchange collisions, becoming absorbed by the current sheet. After this phase
is the acceleration phase which continues until the Lorentz and collisional forces balance
at around ~1-1.5 ps. During this time the entrained neutral density begins to increase as
entrapped neutrals are no longer instantly ionized by or slip past the current sheet. Entrained
neutral density continues to rise in a linearly while the plasma density levels off for the rest

of the simulation.
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Figure 5.3: Plots of several derived plasma characteristics from the 1-D model for all four
cases. Data is generated from the initial conditions presented in Tables 5.2-5.5.

Fig. 5.3 presents the electron and ion temperatures as well as the plasma sheet width and
neutral slip moment. In Fig. 5.3a we see the electron temperatures rise due to Ohmic heating
before being overtaken by the inelastic losses around 1 ps into the simulation time until
reaching an equilibrium. The low pressure cases reached the highest electron temperature at
~27 eV followed by the high voltage and base cases with the high capacitance case reaching
the lowest electron temperature. Fig. 5.3b shows a trend of decreasing ion temperatures
for all cases which displays the lack of energy coupling into the ion population as expected.
Fig. 5.3c displays sheet width and shows how the high velocities of the low pressure case
sheet allow for more interactions with the neutral particles, rapidly increasing sheet width
compared to the other cases. Finally, Fig. 5.3d shows a larger momentum of slipped neutrals

for the low pressure case compared to the other cases further indicating a lack of absorption
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of neutrals into the current sheet for that case. Here we also see the increased voltage case
experience a large momentum of slipped neutrals which is due to the larger current sheet
density acting as a slug mass accelerating a larger percentage of neutral particles it comes

in contact with.
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Figure 5.4: Transparency factors for each case generated from the 1-D model. Data is
generated from the initial conditions presented in Tables 5.2-5.5.

Fig. 5.4 presents the transparency of the plasma sheet to a) electromagnetic fields, b)
mass entrainment due to ionization , as well as ¢) mass entrainment due to charge exchange
collisions for each case. In a) we identify the plasma current sheet for each case has high
permeability until ~0.5 mus into the simulation. From b) and c¢) we can see a low ionization
mass transparency from 0.5-1.5 us indicates a region of plasma density growth as previously

seen, while charge exchange becomes the dominant mass entrainment driver after ~1.5 s.
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The numerical model has given a baseline on what to expect for comparison of the four cases

and can now be compared to actual experimentation on the HiPeR-PIT.
5.2 Experimental Results

This section will cover the experimental results from imaging and inter-plasma diagnostics
of the HiPeR-PIT for the four cases presented in Table 5.1, beginning with imaging, then

measurements from the B-dot probe, Rogowski coil, and Electric field probes respectively.

5.2.1 Clurrent Sheet Imaging

This subsection provides visualization of the current sheets for each case through the use of
the Kirana High-speed camera and a DSLR camera. The Kirana allowed for images of the
current sheet at 5,000,000 frames per second. Marks were placed on the vacuum chamber
in cm increments from the coil face to allow for identification of sheet position and width

through observation.
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Figure 5.5: Images of the current sheet taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent the baseline case. Images are referenced to a start
time of the coil circuit closing. Data is measured at the conditions described in Table 5.1.

Fig. 5.5 shows the current sheets evolution through the first half cycle of the acceleration
circuit for the baseline case. The sheet starts to form at 0.2 us, accelerating until the 0.8 us
mark where the current sheet begins to dissipate and collapse towards a single point at ~1.1
cm from the coil face. By 1.2 us, the current sheet has completely dissipated. It is important
to note that while the sheet appears to become stationary at 0.8 us, the particles continue
on with the same momentum, but the plasma dissipates thus losing any form of visualization
of position or particle distribution. Fig. 5.5 provides a baseline of what a clearly defined

current sheet which forms on the coil face appears like.
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Figure 5.6: Images of the current sheet taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent the low pressure case. Images are referenced to a
start time of the coil circuit closing. Data is measured at the conditions described in Table
5.1.

Fig. 5.6 shows the current sheets evolution through the first half cycle of the acceleration
circuit for the low pressure case. A plasma plume begins to form at 0.2 us, growing in
width and accelerating until the 1.0 pus mark where the plasma plume begins to dissipate
and collapse towards a single point ~1.6 ¢m from the coil face. By 1.4 us, the plasma has
completely dissipated. In this case, the plasma seen does not take on a plasma current sheet
appearance, instead forming a plume of plasma that accelerates from the coil. The shape
is not uniform or densely packed in a planar disk as a strong current sheet is expected to

appear.
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Figure 5.7: Images of the current sheet taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent the high voltage case. Images are referenced to a
start time of the coil circuit closing. Data is measured at the conditions described in Table
5.1.

Fig. 5.7 shows the current sheets evolution through the first half cycle of the acceleration
circuit for the high voltage case. The sheet starts to form at 0.2 us, accelerating and gaining
significant width until the 0.8 ps mark where the current sheet begins to dissipate and
collapse towards a single point at ~1.6 cm from the coil face. At 1.2 us, the current sheet
is still faintly visible. Here we see a much brighter plasma distribution compared to the

previous two cases, indicating a more dense, well-ionized plasma.
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Figure 5.8: Images of the current sheet taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent the high capacitance case. Images are referenced

to a start time of the coil circuit closing. Data is measured at the conditions described in
Table 5.1.

Fig. 5.8 shows the current sheets evolution through the first half cycle of the acceleration
circuit for the high capacitance case. The sheet starts to form at 0.2 us, accelerating and
gaining significant width until the 0.8 pus mark where the current sheet begins to dissipate
and collapse towards a single point at ~1.4 cm from the coil face. At 1.2 us, the current
sheet is still visible making this the longest lasting plasma of all the cases which is expected
as the frequency of the energy pulse is significantly slower due to the increased capacitance.

The plasma appears bright and densely packed similarly to the high voltage case.
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Figure 5.9: Images of the plasma taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent an expanded baseline case featuring multiple
plasma entities. Images are referenced to a start time of the coil circuit closing. Data is
measured at the conditions described in Table 5.1.

Fig. 5.9 serves as reference for what happens after initial sheet termination using the
baseline case as an example. Here we note that the time shown consists with roughly two
full cycles of the acceleration circuit discharge. After termination, another plasma entity
forms and then terminates in a similar fashion to the previous sheet, forming several dif-
ferent plasma entities until the acceleration coil no longer has the current rise time to form
another. These plasma entities after the first initial sheet lose the compact planar current
sheet behavior and instead manifest as a multiple cm wide column of plasma that collapses
towards the downstream end of the column which in the baseline case was at ~3 cm. One
point of note here is that the visible region of the second sheet expands nearly twice the

distance of the initial sheet, which is seen in other cases as well. This may indicate that
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their is a lack of pre-ionization for the initial current sheet to fully develop, thus allowing for
another sheet to form easily in its ionized wake and travel further indicating better coupling
then the first sheet. Analysis in this thesis focuses only on the initial current sheet formed
in the first cycle, however future analysis can be done on these sheets by performing an axial
sweep of the plasma diagnostics.

Analyzing Figures 5.5-5.8 allows for an estimate of the sheet positions and sheet widths

as a function of time for each case.
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Figure 5.10: Estimates of sheet width using the photos provided from the Kirana. Approx-
imations were made using 1 centimeter markings on the vacuum chamber side as reference.
Data is generated from the conditions described in Table 5.1.

As can be seen from Fig. 5.10, the visible plasma sheet width starts at zero until the
formation phase of ~0-0.2 us and then increases during the acceleration phase of the current

sheet, ~0.2-0.8 us, before collapsing during the termination phase ~0.8-1.4 us. This occurs
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for all cases and is a similar process to that described by Polzin seen in the FARAD IPPT [26].

The sheet widths presented will be used to form estimates of current density later in the

analysis.
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Figure 5.11: Estimates of sheet position using the photos provided from the Kirana. Approx-
imations were made using 1 centimeter markings on the vacuum chamber side as reference.
Data is generated from the conditions described in Table 5.1.

Fig. 5.11 presents the visible plasma sheet positions which start at zero until the for-

mation phase of ~0-0.2 us and then increases during the acceleration phase of the current

sheet, ~0.2-0.8 us, before leveling at the last visible locations at ~0.8-1.4 us. A behavior of

note here is that all plasma entities observed seem to form directly on the face of the coil as

desired. Using the position and time data presented in 5.11, we can estimate a maximum

velocity of the plasma current sheets ranging from ~20-25 km/s. with the low pressure case

having the fastest moving plasma mass followed by the high voltage and high capacitance



cases, with the slowest sheet being the baseline case.
We now move to visualizations of the current sheets from DSLR images. The Rogowski
coil and B-dot probe are present in the top portion of the images with the electric field probe

down in the bottom section of each image with all probes extending through the plasmas.

-
-
Figure 5.12: DSLR images plasma sheet formation for all cases. a) baseline, b) P, ¢) V1,

and d) CT. ISO was set to 100 and shutter set to 1/20. Data is measured at the conditions
described in Table 5.1.

Fig. 5.12 shows the DSLR images of the plasma for each case over the entire energy pulse
of the acceleration coil, ~20 us. The first area of note is the annular region that forms in
all cases except for the low pressure case shown in Fig. 5.12b. The low intensity hole in
the center is an expected behavior of the current sheet as the acceleration coil inner radius

starts at 2 cm, thus this region should not contain a dense plasma. Observations of plasma
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intensity have the high capacitance and voltage cases as the most vibrant plasmas, followed
by the baseline case, with the low pressure case having the least vibrant plasma. The plasma
in the annular regions appear visually to be more evenly distributed when compared to the
low pressure case. Finally, it was observed in all cases that there are dark spoke-like radial
regions extending from the plasma center which are believed to be manifestations of the

plasma interacting with the radial magnetic fields.

5.2.2  Measured Magnetic Fields
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Figure 5.13: Measured magnetic fields for baseline comparing vacuum at baseline conditions
to the baseline plasma . B-dot probe measurements captures the radial magnetic fields from
0-7 cm in 1 cm increments. Data is measured at the conditions described in Table 5.1.

Fig. 5.13 presents the measured magnetic field traces for the baseline case in vacuum Fig.

5.13a, and while plasma is present Fig. 5.13b. Here we note that any values other than
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Figure 5.14: Measured magnetic fields for all cases and all probes. B-dot probe measurements
captures the radial magnetic fields from 0-7 cm in 1 ¢m increments. Data is measured at the
conditions described in Table 5.1.

zero at the initial time are due to data filtering and numerical integration artifacts. In the
vacuum case, phase shift is minimal between all 8 B-dot probe sensors which is true for
all cases. The addition of a plasma current sheet as shown in 5.13b, causes phase shift
of each subsequent sensor as well as a change in the waveform altogether in the furthest
sensors at ~4-Tcm which are never directly in plasma. An ideal plasma current sheet which
is impermeable to magnetic fields would only show magnetic fields produced by the current
sheet downstream from the sheet as the acceleration coil fields would not be able to permeate
through. Distortion of the wave forms of the magnetic fields aft of the plasma indicates that
while the baseline current sheet isn’t completely impermeable to the coil fields, some portion

of the field energy is being deposited which indicates that a sheet has indeed formed.
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Figure 5.14 presents the measured magnetic field traces for each case for the first cycle.
Here we note the phase shift present for each B-dot chip that gets further from the coil face.
Waveform distortion and phase shifting of the further B-dot sensors are shown to have an
intensity in the order of greatest being the increased voltage case, followed by the base line
and increased capacitance cases, with the least distortion seen in the low voltage case. This
is another indication that the low voltage case is not forming a current sheet or the current
sheet formed is the weakest of all the cases. The coil magnetic fields are detectable through
all plasma cases, which indicates that all the sheets are somewhat permeable indicating
weak current sheet formation across all cases. Magnetic field traces were repeatable between
different current sheet measurements, however alignment of the B-dot probe to the radial

magnetic fields was conducive to error of ~ £5%.

5.2.3 Measured Currents
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Figure 5.15: Comparison of vacuum shot coil current to measured coil and plasma currents
for baseline case. Data is generated from the conditions described in Table 5.1.
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Figure 5.16: Measured plasma currents for all cases. Data is generated from the conditions
described in Table 5.1.

Figure 5.15 presents the measured coil and plasma currents for the baseline case as well as
the coil current for the baseline case in vacuum. We see significant phase shift between the
plasma current, and coil current which is due to the transparency of the current sheet to the
electromagnetic fields at formation. Phase shift in the presence of plasma compared to the
vacuum case indicates the coil has coupled with the plasma as intended.

Figure 5.16 provides the plasma current traces for the first cycle for all cases. Here we
see the cases fall from highest to lowest plasma currents as, the high capacitance case, high
voltage case, baseline, and low pressure cases respectively.

Figure 5.17 provides the coil current traces for the first cycle for all cases. Coil currents
follow similar trends to the plasma currents, but are higher overall. Current traces were

fairly repeatable between pulses with a maximum error of ~ £5%.
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Figure 5.17: Measured coil currents for all cases. Data is generated from the conditions
described in Table 5.1.
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Figure 5.18: Measured Electric Fields for all cases at a position of ~1.3 cm. Data is generated
from the conditions described in Table 5.1.
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5.2.4 Measured Electric Field

Figure 5.18 provides the electric field traces for each case measured at a location ~1.3 cm
from the coil face. The electric field traces were mostly positive throughout the entirety the
initial energy pulse half cycle with the exception of the case of high capacitance which saw
a negative electric field in the region of 1-2us indicating a reversal of the electric field. This
is thought to be due to the current sheet passing the electric field probe during the specified
time period. The electric field measurements are highly dependent on the position of the
probe and require a sweep of the axial direction to get a complete picture of the electric
fields as they evolve with the plasma current sheet. Measurements from the electric field
probe were also found to vary significantly from pulse to pulse. Due to the variability and
inability to calibrate the probe against a known electric field, uncertainty from electric field

measurements was taken at +£20%.

5.2.5 Sheet Plasma Density Calculation

With results of the azimuthal current, radial magnetic fields, and axial electric fields, as well
as current sheet width estimates found in Fig. 5.10, an estimate of the plasma sheet density
can be made for each of the cases using Eq. 4.11. For the calculation, the point in each case
where the plasma current is maximum was used as a reference point which typically occurs

at ~1.5-2 us.
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Figure 5.19: Measured magnetic fields for all cases at 1 cm. This probe sensor was used for
plasma density measurements. Data is measured at the conditions described in Table 5.1.

Figure 5.19 shows the magnetic field traces used for the plasma density measurements
for each case. The time of maximum current was used to get the magnetic and electric fields

at that moment for all cases.

Table 5.6: Plasma current sheet density estimates using sheet width, Rogowski Coil, E-field
probe, and B-dot probe calculations at peak current. Estimates are derived from measure-
ments taken at conditions described in 5.1

H Case Plasma Density H

Base 7.44+2.2e18 m™>
Pl 4.1+1.2¢e18 m~3
V1 2.140.6el9 m~3
Ct  1.240.4e19 m—3
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Plasma density estimations at peak current are presented in Table 5.6 for each case. It
is important to note that these are merely rough estimates and we can only pull generalized
trends from this calculation, a more in depth calculation using a full axial sweep of the
electric field probe is required for more accurate estimates. From these plasma density
calculations, we can form an idea of how the current sheet appears at peak plasma current
with the low pressure case having the lowest density, followed by the baseline, and finally
the high capacitance and high voltage cases respectively. With this final estimate, it seems
that both the high voltage and high capacitance cases provide the highest density current
sheets, followed by the baseline case producing a less dense current sheet. The low pressure
case appears to be a different mode of operation for a low energy IPPT which produces a

low density, permeable mass of plasma.
5.3 Discussion

5.3.1 Comparison of Numerical and Fxperimental Results

Before comparing the numerical model and experimental results it is relevant to cover some
underlying assumptions the model makes which are described in detail by Little et al. [13],
and McCulloh [19]. The first assumption is that plasma sheet properties are assumed to be
uniform within the volume of the plasma which diverges from literature on the subject [6].
Another pertinent assumption is the absence of modeling recombination reactions as well
as radial expansion and cooling. Comparing the numerical and experimental measurements
from the HiPeR-PIT provide several key differences. One error source of note in regards to
chamber pressure was the gas injection mechanism, which consisted of two needle valves.
Minor adjustments to the valves could vary the chamber pressure by ~0.5 mTorr and the
chamber pressure would sometimes vary from the initial setting with time. Another source
of differences between experimentation and the model could derive from the pre-ionization
percentage assumed or the initial electron temperature. Two sources of pre-ionization were

used in this experiment, however the distribution and percentage of pre-ionized particles at
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the coil face were unknown. Initial electron temperature was taken from previous literature

where more diagnostics were available [26].
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Figure 5.20: Measured and numerical plasma and coil currents for all cases. Data is generated
from the conditions described in Table 5.1.

Finally comparing the coil and plasma current traces from numerical to experimental as
shown in Fig. 5.20 shows a large discrepancy for all cases. It would be ideal to place a
current transformer directly on the coil positive lead to confirm the Rogowski coil reading
for verification of the larger currents.

Simulation of the current sheet position and velocity in the model match particularly well
as can be seen in Fig. 5.21. All early velocities seem to match closely amongst the cases as
be seen from the slopes of the displacement lines, and sheet positioning follows the general

trend with the highest deviation seen in the low pressure case. Towards the end of the
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experimental plasma current sheet visible life cycle is where divergence of sheet positioning

and other associated characteristics occur.
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Figure 5.21: Comparison of visualized sheet position to the numerical model. Data is gen-
erated from the conditions described in Table 5.1.

Other areas of agreement with the numerical model lay within the general trends seen in
each case. The model indicates the lowest plasma densities are seen in the lower pressure case
Fig. 5.2c while the other cases experience higher densities, particularly cases of increased
energy shown in Table 5.6. Total number densities estimated are over an order of magnitude
less then the model which indicates weak sheet formation due to permeability of the current
sheets for all cases. The model does agree with an overall indication that the best cases
for sheet formation are the cases of increased capacitance and increased voltage. Increased

voltage and main bank capacitance were expected to increase current sheet formation as
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both methods add energy into the system thus directly increasing total current and current
rise time, which directly influences current sheet formation. Energy of the HiPeR-PIT is
currently limited by the switch voltage capabilities in the discharge circuit.

An increase of the HiPeR-PIT energy to ~8 J/pulse corresponding with a main bank
charge of 3kV and PI bank charge of 3kV would be ideal. This would allow for stronger
pre-ionzation and more energy to be deposited into the current sheet during formation phase
near the coil face.

More insight into potential paths of improvement are gained from observations between
the baseline and low pressure case. Lack of planar current sheet formation in the low pressure
case indicates the need to increase the initial neutral gas density of the HiPeR-PIT past
some critical density for a given energy condition in order to form an annular planar current
sheet following the shape of the coil. The minimum pressure at which annular current
sheets seemed to form in the HiPeR-PIT approaches ~4.5 mTorr, which reached the limit
of the current vacuum chamber pumping capabilities. Several experiments were run at
lower pressures with a total range of ~2-4.5 mTorr, which were not analyzed outside of
visualization, but none of these tests seemed to produce a sheet-like manifestation in imaging

until reaching the higher pressure limit.
5.4 Summary of Findings

An exploratory analysis of the plasma formation in the HiPeR-PIT was conducted to provide
insight into potential optimal regimes of current sheet formation for the present experimental
configuration. We found that increasing the energy of the acceleration coil pulse resulted in
stronger current sheets. It was also identified that decreasing pressure resulted in weaker cur-
rent sheet formations relative to the other analyzed cases. From analysis of the experimental

and numerical results, we find the following in regards to the HiPeR-PIT:

e The model overestimates densities of the current sheets which indicates weak sheet

formation, permeability to electromagnetic fields and neutrals, for all cases.
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e Several current sheet-like entities form after the initial current sheet and travel further

downstream which may indicate lack of proper pre-ionization.

e Increasing the energy output of the HiPeR-PIT to ~8 J/pulse would allow for greater
pre-ionzation from the 2nd stage PI potentially allowing for a stronger current sheet

formation at the coil face.

e There is a backfill pressure regime, or initial neutral density n,, o, where a strong current
sheet can form for a given energy. For the baseline case, this is hypothesized to be at

~5-6 mTorr. At higher energies, the backfill pressure should be set even higher.
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Chapter 6
CONCLUSION

In this thesis we have presented an analysis on the current sheet formations of the HiPeR-
PIT, a planar IPPT with a two-stage pre-ionization scheme. Having two-stage PI allows for
total energy discharges at energies much lower than previous IPPT designs in literature [5].
Two studies were performed in this thesis, with the first comprising of the analysis of a one
dimensional numerical model of the thruster. The model was used to form a baseline on
expected behavior of several current sheet characteristics for different experimental cases.
It provided insight into the current sheet formation process and the time-evolution of the
current sheet.

The second study performed was the experimental analysis of the current sheet formation
through the use of several plasma diagnostics. This study sought to provide an informed
direction of what conditions can provide the strongest current sheet formations. Plasma pa-
rameters were explored through the use of invasive plasma diagnostics including a Rogowski
coil, B-dot probe, and electric field probe, while non invasive diagnostics included a high-
speed camera and DSLR for sheet visualization. Both studies were compared to provide an
estimation of the present thruster configurations ability to form a strong current sheet.

The HiPeR-PIT is still far from implementation as a real thruster, thus the purpose of
this experiment was to evaluate current sheet formation at various test cases to identify the
best conditions for a deeper future analysis of thruster performance. The results of the two
studies will be briefly mentioned in this chapter along with suggested future development for

the HiPeR-PIT.
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6.1 Summary of Numerical Results
The results of the numerical model are summarized below for each of the four cases tested.

e Electron temperatures provided insight into the formation process of the current sheet
with Ohmic heating dominating during the formation and acceleration process while

inelastic losses dominated outside the coupling range of the acceleration coil.

e In the case of a low pressure, the simulated current sheet was able to achieve higher
velocities due to a lower plasma density leading to lower collisional drag forces on the

current sheet.

e Both the cases of increased voltage and increased capacitance representing increased
energies seemed to perform best in the model with the highest plasma densities reached
during the life of the current sheet. The high voltage case also had the highest entrained

neutral density.

e The baseline case performed slightly worse then the increased energy cases, with the
low pressure case having the lowest plasma density and the lowest entrained neutral

density.
6.2 Summary of Experimental Results

Analysis of the plasma diagnostics allowed for the following summary of current sheet for-

mations at the cases studied.

e High-speed imaging of the different cases showed a nearly uniform planar sheet form for
the baseline and high energy cases, while the low pressure case formed a non-uniform
plasma plume. Plasma formed directly over the coil face in all cases. Sheets formed
on later half cycles as well and traveled further and for longer then the initial sheets

before dissipating.
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e DSLR photos over the life of the plasma indicated an annular current sheet had formed
in all cases except for the decreased pressure case, with the most vibrant plasmas being

the higher energy cases.

e Rogowski coil measurements provided both coil and plasma currents that were higher
than those seen presented by the model indicating either overall decreased circuit in-

ductance when coupled with the plasma, or potential error.

e B-dot probe measurements indicated plasma current sheet formation through distor-
tions and phase shift in the wave forms of each successive probe location. The low
pressure case had the lowest amount of distortion in the B-dot probe indicating high

electromagnetic transparency of the plasma sheet.

e Electric field measurements produced a mostly positive electric field with the high

capacitance case producing a negative electric field indicating a possible field reversal.

e Plasma density estimates for the four cases indicated the highest sheet densities occur
for the increased energy cases while the low pressure case had the lowest estimated
plasma density. Comparison with plasma densities obtained from the model indicate

weak current sheet formation for all cases.

e Experimental results thus indicate moving towards higher energies at higher propellant

injection pressures for stronger current sheet formation.
6.3 Future HiPeR-PIT Development

Experimentation on the present HiPeR-PIT has illuminated several potential optimizations
that can be tested to attempt to increase thruster performance and improve the testing
apparatus. These changes will require extensive testing to validate their benefits to current

sheet formation and overall efficiencies.
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The first potential optimization would be an increase in propellant pressure as discussed
previously. This would require an upgrade of the current turbo pump and roughing pump
setup to deal with the higher gas flow. On the subject of gas flow, implementation of flow
meters rather than needle valves would contribute to certainty of backfill pressures and
repeatability of pressure based conditions.

The second optimization pertains to energy per pulse of the HiPeR-PIT. The coil design
was made to operate at energies of roughly ~8 J/pulse, however due to limitations due
to the IGBT switches used, energies of only ~3.5 J/pulse can be achieved in the current
configuration. Switches capable of ~6 kV must be implemented to be able test higher
energy pulses.

The last potential optimization would be in pre-ionization of the thruster propellant.
The first stage RF pre-ionization scheme presented several challenges throughout the design
of the current HiPeR-PIT configuration. Initially the RF was located at the center of the
HiPeR-Pit, but it was found to couple into the acceleration coil preventing any ionization of
the injected gas. The RF was thus moved inside the chamber downstream of the acceleration
coil, however this setup would not be incorporated into an actual thruster design. While
inside the chamber, some of the RF energy seems to couple into the plasma diagnostics,
specifically the Rogowski coil, but operating at 100 W allows for a background plasma.
Potential optimizations would see the RF near the face of the thruster, similar to a cathode
of traditional hall thrusters, or the removal of the RF coil altogether. Other potential
pre-ionization options include running the RF directly through the acceleration coil, or the
implementation of an m=1 coil [3], positioned directly around the gas injection plane. Any
change to the pre-ionization scheme would require extensive testing to verify improvement

of the of the initial ionized particle density and uniform distribution.
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Appendix A
WHERE TO FIND THE 1-D IPPT MODEL

Code for the 1D single-pulse IPPT model with neutral back-fill used in this thesis was
developed in Wolfram Mathematica. This code can be found on the authors GitHub page:

e https://github.com/Cameron-W-M/IPPT_Model

The code was developed by Professor Justin Little and PhD candidate Curtis Promislow
of the University of Washington Space Propulsion and Advanced Concepts Engineering
(SPACE) Lab.
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Appendix B
ADDITIONAL KIRANA FOOTAGE

Chapter 5 contains a detailed analysis of the Kirana imaging for the initial current sheet
formation of each case studied. In this appendix, we add additional Kirana imaging which
includes the first full discharge cycle of the acceleration circuit for cases other than the
baseline. These results allow us to compare the plasma formations for all cases in direct
comparison to the extended Baseline Kirana footage seen in Fig. 5.9.

In Fig. B.1 we see the first full cycle of the discharge for the low pressure case. Here we
note that the initial plasma plume dissipates early as previously noted, however the second
plasma plume travels further dissipating at ~5 cm from the acceleration coil face. This
is the furthest traveled plasma of all the cases, however it does not exhibit current sheet
characteristics like the other cases.

In Fig. B.2 we see the first full cycle of discharge for the increased voltage case. The
secondary sheet which forms at 2.2 us shows a higher intensity then the baseline case and
other cases. The initial sheet which dissipates at ~1 us provides an initial wave of ionization
which allows for this secondary sheet to couple well with the acceleration coil on the second
half cycle. The secondary sheet also travels further than the initial sheet in this case with a
total distance of ~3.5 cm.

Finally in Fig. B.3, we can see the first full cycle of discharge for the increased capacitance
case. Similar to the previous cases we see the secondary sheet form. Here the intensity of the
secondary sheet is less than that of the high voltage case, however this sheet travels further
dissipating at ~4 cm. Of all cases presented, plasma intensity appeared to be the highest in
Fig. B.2, further indicating that the increased voltage case provided the most ideal current

sheet.
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Figure B.1: Images of the plasma taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent an expanded decreased pressure case featuring
multiple plasma entities. Images are referenced to a start time of the coil circuit closing.
Data is measured at the conditions described in Table 5.1.
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Figure B.2: Images of the plasma taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent an expanded increased voltage case featuring
multiple plasma entities. Images are referenced to a start time of the coil circuit closing.
Data is measured at the conditions described in Table 5.1.
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Figure B.3: Images of the plasma taken using the Kirana high-speed camera at 5,000,000
frames per second. Images taken represent an expanded increased capacitance case featuring
multiple plasma entities. Images are referenced to a start time of the coil circuit closing.
Data is measured at the conditions described in Table 5.1.




