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Pre-ionization Studies on the Modular 8-Pinch Experiment for Field-

Reversed Configuration Applications

Tan Alexander Bean

(ABSTRACT)

A new semi-empirical model is introduced for the quantification of inductively-coupled
breakdown systems. The model is informed by breakdown studies conducted on the Modular
Theta-pinch eXperiment (MTX). Observations made of inductively-coupled breakdown be-
haviour are consistent with the model’s expectations, indicating that the model can be used
to aid in design of inductively-coupled pre-ionization systems. The model is further found
to be capable of quantifying the efficacy of seed ionization in inductively-coupled systems.
Comparisons are made between the standard ringing-theta and a new field-aligned dipole
pre-ionization systems. In the presence of sufficient seed ionization, no physical reason was
observed for selection of one method over the other, leaving only engineering considerations
as the determining factor for selection of an appropriate pre-ionization system. This work is
supported by the Institute for Critical Technology and Applied Science (ICTAS) at Virginia
Tech and the National Nuclear Security Administration of the U.S. Department of Energy.
LA-UR-24-31269



Pre-ionization Studies on the Modular 8-Pinch Experiment for Field-

Reversed Configuration Applications

Ilan Alexander Bean

(GENERAL AUDIENCE ABSTRACT)

A new experiment at Los Alamos National Laboratory called the Modular Theta-pinch
eXperiment (MTX) has been constructed to explore a variety of applications of Field-
Reversed-Configurations (FRCs). An FRC is a plasma torus with a unique magnetic field
configuration that has potential applications for astrophysical shock studies, fusion energy,
and space proplusion. The first step in forming an FRC is the pre-ionization step, in which a
plasma is created with a magnetic field diffused throughout its volume. The first purpose of
this study is to better characterize inductively-coupled breakdown. Breakdown refers to the
transition of a gas into a plasma (the fourth state of matter). To do this using inductively-
coupled methods means that oscillating magnetic fields are used to induce electric fields
in the gas, which cause electrons to gain energy and eventually collide with gas particles,
creating a plasma. The second purpose of this study is to compare the more common
ringing-theta pre-ionization method to a field-aligned method. Ringing-theta systems have
been observed to encounter difficulties with diffusion of magnetic field into the pre-ionized
plasma and field-aligned methods are a potential alternative that can circumvent the prob-
lems that ringing-theta systems encounter. Together, these studies should allow for other
experimentalists to more easily design pre-ionization systems for both FRC experiments and

general plasma physics experiments.



Dedication

This work is dedicated to my family, friends, and Nicole. She has stood by me during the

most challenging parts of this work.

v



Acknowledgments

Of those who assisted with the experiment directly, I would like to offer my profound
thanks to (in order of appearance) John Dunn, Lesia Luviano, John Lamar, Lawrence Si-
mons, John Boguski, Ezra Hutterer, Martin Ward, Evan Loftin, and Jason Sweeney. You
all know how you helped me get this done and I greatly appreaciate your efforts. Of those
who assisted me in maintaining sanity outside of the lab, there are too many names to ac-
knowledge. You know who you are and if you're reading this while wondering if I mean you,
I mean you. And yes, it means you're invited to the next chicken party. Thank you all so

much for all of your help.



Contents

1 Introduction and Motivation

2 Review of Literature
2.1 General ionization methodologies . . . . . . . ... ... ... .. ...
2.2 Ringing-0 pre-ionization . . . . . .. ... Lo
2.3 Z-discharge pre-ionization . . . . .. ... .o Lo Lo

2.4 Summary of literature . . . . . .. ... L

3 Pre-ionization Modeling
3.1 Townsend Discharge and Paschen’s Law . . . . .. ... .. ... .. ....
3.2 Basic Breakdown Modeling . . . . . .. .. ... L oL
3.3 General solution for particle motion in static Ex Bfields . .........
3.4 Ringing-0 breakdown modeling . . . . ... ... ... .. ... ... ...
3.5 Dipole Breakdown Modeling . . . . . ... ... ... 000
3.6 0-Pinch Breakdown Modeling . . . . . ... ... ... ... ... ... ..

3.7 Modeling Summary . . . . ... Lo

4 Experiment Overview

4.1 MTX: Pulsed Power Design . . . . . . ... ... ... . ... .......

vi

10

14

16

17

18

23

32

34

37

41

43

46



4.1.1 MTX Coil Modules . . . . . . . . . . 46

4.2 Diagnostics . . . . . . 50
4.2.1 Magnetic Diagnostics . . . . . . . ... Lo o1

4.2.2 Visible Light Diagnostics . . . . . . . . . . .. .. ... ... ..... 61

4.2.3 Polarization Interferometer . . . . . . . .. ... o0 63

5 Experimental Campaigns 67
5.1 Field Mapping Campaign . . . . . . . . . .. ... 67
5.1.1 #-Coil Field Mapping . . . . . . . . . . . .. ... 68

5.1.2 Dipole Coil Field Mapping . . . . . . . .. . ... .. ... ...... 74

5.1.3 Field Mapping Campaign Summary . . . . . . . . . ... ... .... 7

5.2 Breakdown Campaign . . . . . . . . . .. ... 78
5.2.1 Breakdown Campaign Parameters. . . . . . . . ... ... ... ... 79

5.2.2  Breakdown Factor Calculation. . . . . . .. .. ... ... ... ... 81

5.3 Flux Array Campaign . . . . . . . . . . 84

6 Analysis 86
6.1 Prompt Breakdown Results . . . . .. .. ... .. ... ... .. ... ... 86
6.1.1 Unseeded Breakdown . . . . . . ... .. ... ... L. 87

6.1.2 Seeded Breakdown . . . . ... ... oL 92

6.1.3 Summary of Prompt Breakdown Results . . . . . . ... ... .... 107

vii



6.2 Delayed Breakdown Conditions . . . . . . ... ... ... ...
6.3 Preionization Method Comparisons . . . . . . .. ... .. ...
6.3.1 Pre-ionization Study Results . . . ... ... ... ...

6.3.2 Pre-ionization Comparisons: Summary . . . . . . .. . .

7 Conclusions and Future Work

Bibliography

Appendices

Appendix A History of FRC Experiments

Appendix B Collisions and Rate Equations

Appendix C Magnetic Diagnostics Details

Appendix D Line Ratio Temperature Measurements

Appendix E Interferometer Details

viil

124

127

138

139

149

152

193

201



Chapter 1

Introduction and Motivation

Efforts are underway at Los Alamos National Laboratory to construct a new exper-
imental platform capable of studying various aspects and applications of Field Reversed
Configurations (FRCs). Such applications include fusion energy, space propulsion, and as-
trophysical shock studies. Thus, the new experiment has been titled the Modular #-pinch
eXperiment (MTX), given that it must be modular in nature in order to study a variety of
FRC applications. To do this, it is necessary for the experiment to be able to form FRCs
with as wide a range of parameters as possible. The first step in forming in an FRC is the
“pre-ionization” phase, in which a neutral gas is initially ionized prior to FRC formation.
Pre-ionization quality has long been considered a vital aspect of FRC formation and equilib-
rium [1][2] but to date, few dedicated studies have been performed [3][4][5] to investigate it.
Historically, most studies have varied pre-ionization methods and parameters to yield the
longest lifetime FRC their respective devices were capable of (commonly referred to as “for-
mation recipes”) but most of the work was empirical and not described in any reproducible
detail. Due to this, there is a gap in knowledge of FRC pre-ionization where basic quanti-
tative comparison is difficult to perform. It was found during the initial design of MTX’s
pre-ionization unit that field configuration requirements for inductively-coupled breakdown
systems could not be found in published literature. This fact motivated the first goal of this
study, which to provide a basic theoretical framework for inductively-coupled breakdown

that can be easily applied for a number of field configurations. This takes the form of a



semi-empirical model which is informed by experiments conducted on MTX. The intention
of the model is that it can be used to aid in the design of any future inductively-coupled

breakdown systems.

The second goal of the present study requires a brief discussion of some fundamental
aspects of FRC physics. Figure 1 displays a conceptual image of an FRC where the solid black
lines represent magnetic field lines, the blue solid objects are -coils that carry an azimuthal
current, and the gradiated orange solid represents a plasma. The external axial field lines
are produced by the azimuthal current in the coils while an oppositely directed azimuthal
current inside the FRC itself produces the poloidal closed magnetic field configuration inside

of the axial field lines.

Figure 1: FRC conceptual image. Reprinted from the U.S. Fusion Energy Sciences Advisory
Committee: Report of the FESAC Toroidal Alternates Panel.[6]

In figure 2, a cross section of an FRC is shown with several key features labeled that are
commonly used in discussion of FRCs. The separatrix is the boundary between the closed
poloidal magnetic field lines and the external axial field lines. The O-point is the magnetic
null of the FRC where its azimuthal current is centered. The X-point is the location where
external field lines and internal field lines diverge (to form an almost X-like shape with the

field lines).



Formation of an FRC occurs in four primary
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this study) is the pre-ionization step. Here, a plasma

Figure 2: Structure of an FRC. Re-
produced from [Loren C. Steinhauer.
is spatially uniform but azimuthal and radial non- Review of field-reversed configura-
tions. Physics of Plasmas, 18 (7),
uniformities are common in practice. The next step 2011. ISSN 1070-664X 1089-7674.
doi: 10.1063/1.3613680.] with the
permission of AIP publishing.[2]

“bias” field. In this figure the pre-ionized plasma

(sub image b) is field reversal in which the field be-
ing produced by the external coils is rapidly reversed.
By V x E = —%?, a rapid reversal of the field in the axial direction induces a current in

the plasma in the azimuthal direction. During this, the plasma resists the diffusion of the

externally reversed magnetic field.

The field lines opposing the externally applied field then reconnect and close in on
themselves (sub figure c), forming the isolated magnetic structure of the FRC. Finally, the
FRC contracts radially and axially (sub figure d) into an equilibrium state. Once formed,
the stability of the equilibrium FRC has been shown to depend strongly on the ratio of the

average ion gyro-orbit radius to the FRC’s separatrix radius (T";y”

), commonly referred to

as the “s” parameter of the FRC. Lower s values tend to yield more stable and longer-lived

FRCs[1][2][7].

The axial bias flux that was imbedded in the plasma prior to the reversal of the external
field is the absolute maximum amount of flux that can exist in the FRC post-formation (no
new poloidal flux is generated during the formation process). FRC equilibrium temperature
is strongly dependent on the formation scheme and the rise time of MTX’s reversal field

(1

~ 1 us) is expected to produce higher temperature FRCs, which will require a higher

1
1



flux to maintain particle confinement as ion-gyro orbit sizes scale directly with temperature
and indirectly with magnetic field strength. Thus keeping the s parameter within a stable
range will require higher fluxes at higher temperatures so that maximizing the trapped flux
(which requires optimization of the pre-ionization process) of the FRC will be necessary for
forming high temperature FRCs.

Historically, a ringing-6 pre-ionization method

segmented theta-pinch coil

[

has been the most commonly used technique in FRC

cusp/mirror
” coils

experiments. In this method, the bias field is rung

at a high frequency to cause breakdown in the gas
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is 2Fy/B,). Therefore, ionization tends not to occur

until the bias field is almost 0. For FRC formation,
Figure 3: FRC formation process.

it is imperative that flux be diffused through the pre- Reproduced from [J. M. Taccetti, et
al. FRX-L: A field-reversed config-
uration plasma injector for magne-
tized target fusion. Reviewof Scien-
tific Instruments, 74(10), 2003. doi:
have achieved flux diffusion by allowing multiple os- 10.1063/1.1606534] with the permis-

o . ! sion of AIP publishing.[8]
cillations of the ringing-# field before reversal, where

ionized plasma but in this ringing-6 case, a plasma is

formed with little to no bias flux in it. Researchers



more flux tends to be diffused with each oscillation. However, the oscillations cause the
plasma to contract and then expand against the tube wall, which tends to introduce more

impurities to the plasma and lead to lower quality FRCs[3].

Ringing-6 pre-ionization systems encounter another difficulty when considering dynamic
formation of FRCs. Dynamic formation refers to formation of an FRC while also accelerating
it in an axial direction. Ringing-6 pre-ionization systems tend to eject plasma in these
conditions prior to formation[4], which can produce lower quality FRCs. As the purpose of
MTX is to study a variety of FRC applications, this is an undesirable trait in a pre-ionization

system.

Ringing-6 vacuum shot on MTX

-25 0 25 50 75 100 125 150
time (us)

Figure 4: An example of a ringing-0 discharge field profile on MTX. The trace reperesents
a measurement of the axial magnetic field strength just inside the 6-coils.

Field-aligned pre-ionization methods are a potential alternative to the classical ringing-
0 approach. Field aligned pre-ionization methods refer to field configurations that induce
axial electric fields, aligned with the bias magnetic field, so that ionization can be performed
without reducing the strength of the bias field. Although some studies have been performed

with field-aligned pre-ionization systems, a direct comparison between ringing-6 and field-



aligned methods has not been published. Thus, the second goal of this study is to asses
MTXs field-aligned pre-ionization system and compare its performance to the more standard

ringing-6 system.

The remainder of this document is organized as follows: Chapter 2 discusses pre-
ionization in the context of FRC studies, covering general ionization techniques as well as
detailing relevant information from prior literature on FRC pre-ionization methods; Chapter
3 details the modeling approach for inductively-coupled breakdown, beginning with discus-
sion of the base relevant physics, making simplifying assumptions, and proposing a semi-
empirical model that (once informed with experimental data) can be used to aid design of
other pre-ionization systems; Chapter 4 gives an overview of the experiments, including the
coil systems, the discharge bank properties, and the diagnostics available to perform mea-
surements with; Chapter 5 details the experimental campaigns performed to obtain the data
for the present study and the methods used; Chapter 6 analyzes the data obtained in the
campaigns for both inductively-coupled breakdown studies, and comparison of the ringing-6
and field-aligned pre-ionization methods; Chapter 7 summarizes the primary findings of the

study and identifies avenues of future work relevant to the present study.



Chapter 2

Review of Literature

This chapter begins with a brief introduction to pre-ionization methods, followed by
more detailed reviews focusing on past research of ringing-6 and Z-discharge pre-ionization
methods. Although other pre-ionization methods have been used on FRC experiments (as
shown in table 1) they were not described in enough detail to allow any discussion other than
that of their existence. Thus, quantitative information to review regarding pre-ionization
in FRC experiments is lacking, which only further motivates the present work. Note that
a review of the general history of FRC research is included in appendix A. The historical
review focuses primarily on experiments that form FRCs using the field-reversed 6-pinch

method as this is the formation method most relevant to the present pre-ionization work.

2.1 General ionization methodologies

Before proceeding with the more focused literature review of pre-ionization work, it is
important to discuss the most basic challenges of pre-ionization for FRC formation. The
first step to creating an FRC is creating a plasma with an axial magnetic field imbedded
in it. All methods of achieving this effectively fall into two categories, ionizing neutral gas
where an axial magnetic field is already present, or diffusing a magnetic field into a plasma.
Because a plasma is conductive, diffusing a magnetic field into it can be problematic, but
creating a plasma inside of an existing magnetic field has its own challenges. It is not yet

clear if one approach is superior to the other.



In some experiments, researchers employ more than one method to pre-ionize the
plasma. These staged approaches usually consist of a “seed” ionization method that ionizes
a small fraction of the gas, followed by a “Pre-lonization” (PI) method that is intended to

fully ionize the gas.

While several different methods of PI have been investigated, quantitative data re-
garding the plasma parameters and configuration prior the field reversal are rare. The
effectiveness of the PI method is usually determined by comparing the FRC parameters
during the equilibrium phase (stability, trapped-flux, lifetime, etc.) While this approach is
not without merit for any given experiment, it makes quantitative cross-comparison between
different experiments difficult, if not impossible. This lack of data is part of the motivation
for the present research; this dissertation project is intended to introduce a framework of

quantitative comparisons to which future PI techniques can be compared.

Experimental methods of ionization can be broken down into four basic categories:
photon induced, capacitively coupled, electrode driven, and inductively coupled. While
photon induced ionization is common outside of FRC experiments, there are few examples
of its use within the FRC community. An experiment at the University of Tokyo [9] used a
laser to create a plasma prior to applying a reversal field but no quantitative data regarding
the pre-ionized plasma were provided. A clear advantage of photon induced ionization is that
no impurities are introduced into the plasma, but implementation of laser-based ionization

systems can be complex and expensive.

Capacitively coupled electric fields can be used to ionize neutral gases but the energy
that can be transmitted to a gas/plasma is limited by the capacitance and the voltage of
the system. On the size scales that FRCs are commonly explored (5-20 cm scale diameters),
the electrodes that would be used to transmit energy to the plasma will tend towards very

low capacitances (< 10 nF). Therefore, capacitively coupled systems are more applicable



for seed ionization rather than full PI. One benefit is that with careful implementation and
proper materials, capacitively coupled seed ionization can be achieved with lower impurity
introduction than electrode driven systems. They can also be relatively inexpensive and
straight-forward to implement. Despite this, it is difficult to find any FRC experiments that

have published on their use of capacitively coupled seed ionization.

Electrode driven ionization has been employed in several FRC experiments [10], [3],
[7], [4]. Because of the broad range of energies and configurations that are possible with
electrode driven ionization, it is suitable for both seed ionization and as a full PI system.
Z-discharge is a commonly referenced PI method for FRC systems wherein an electrode
discharge is initiated across the axial length of the tube prior to field reversal. Coaxial rail
guns are another common method of injecting plasma into a bias field. These PI systems
are straightforward to implement but can introduce high-Z impurities through ablation of

the electrode material.

Finally, the most commonly used method of PI for FRC experiments, are inductively
coupled systems [8], [7], [4], [11], [12], [13], [14], [15]. These systems transmit the energy re-
quired for ionization through oscillating magnetic fields. The energy that can be transmitted
is limited by the inductance and voltage of the system (V x E = —%—? x g—f). Ringing-0 (R#),
Oscillating Magnetic Field (OMF), and Radio Frequency (RF) are all types of inductively
coupled PI techniques that are used for FRC experiments and will be discussed in more
detail in the next section. Inductively coupled PI systems tend to be a practical choice for
FRC PI due to the fact that most of the technology and expertise needed to implement it is
already present in FRC labs. Further, inductively coupled systems tend to introduce lower
levels of impurities compared to electrode driven systems. However, due to the necessity of a

bias field being present, inductively coupled PI systems can have their own set of limitations

and complexities based on their implementation.



Table 1: A list of prior FRC experiments and their ionization techniques stated in publication

FRC Experiments and their ionization methodology

Experiment Year Institution Seed Ionization Method PI Method
FRX-A [16] 1979 Los Alamos RF RO, OMF
FRX-B [11] 1981 Los Alamos none RO
FRX-C [14] 1983 Los Alamos none Z-discharge, R#
TRX-T [10] 1982  Spectra Technology none Z-discharge
TRX-IT [3] 1987 Spectra Technology OMF Z-discharge, Rf
LSX [7] 1990 STI Optronics OMF Z-discharge, R0
FRX-L [§] 2003 Los Alamos none RO
MSX [4] 2015 Los Alamos coaxial rail guns RO
C-2U [17] 2017 TAE none RO
Yingguang-1 [15] 2017 CAEP none RO
C-2W [17] 2019 TAE none OMF
KMAX [5] 2022 USTC coaxial rail guns RO

Because the previous work done hasn’t followed any clear evolution or any identifiable
progression, the following discussion will be organized by method of PI, with a general
introduction to the method and any unique information that has been published on the topic.
Table 1 gives a general overview of FRC experiments that discuss their PI methodology in
enough detail to be useful to this work. It should be noted that the experiments listed in
table 1 may have tested other pre-ionization methods as well but the listed methods are
those discussed with the most detail in published material. The experiments listed in table

1 serve as the primary source of information on PI methods for the following review.

2.2 Ringing-0 pre-ionization

Ringing-0 is a method of pre-ionization that rings the bias field prior to reversal in
order to ionize the neutral gas present in the tube and is the most common method used
for PI for FRC formation [8], [7], [4], [11], [12], [13], [14], [15]. Figure 5 displays how a

ringing-0 PI system was employed on the FRX-B experiment [11]. A measurement of the

10



axial magnetic field strength is shown where a bias field is applied (< -15 ps) and then
the field is oscillated at a high frequency (-15 us to -5 us). The high frequency oscillation
of the field strength in the axial direction induces electric fields in the azimuthal direction
which accelerate electrons and cause ionization via impact. However, the energy that can be
transmitted to the electrons by the ringing field is inhibited by the presence of the bias field
(more on this in chapter 3) and so most of the ionization actually occurs near the first zero
crossing of the field strength. This means that the plasma is actually formed when there
is little to no bias field inside of the plasma (and thus falls into the category of diffusing a
field into the plasma). Over the next 15 us the field ideally diffuses into the plasma prior to
field reversal and FRC formation. During these remaining oscillations the plasma annulus
that is formed cyclically contracts and expands into the tube wall (see figure 6 but note that

these images are not from the same shot as figure 5), which introduces impurities with each

contact [8].
101
81 5 mTorr
6- FRX-B -3 -l -9 -7 -5 -3 -l
t(ps) .4 -2 40 -8 -6 -4 -2
VACUUM

0 _\'hln
_2. T T T T 1 T \J T
-40 -30 -20 -10 0 10 20 30 40
TIME (us)

MAGNETIC FIELD (kG)
hal

Figure 5: Axial field measurement of Figure 6: Framing camera images of the

a ringing-¢ PI system. Reproduced pre-ionized plasma on FRX-B. Repro-
from [W. T. Armstrong, et al.. field- duced from [C.W. Hartman. Summary of

reversed experiments (frx) on compact U.S. Compact Torus Experiments, pages
toroids. Physics of Fluids, 24(11):2068- 441-461. Geneva, Switzerland, 1982].[18]
2089, 1981.] with the permission of AIP

publishing.[11]

Despite the clear dominance of Rf as a PI method (see table 1) there is not much quanti-

tative data available in the literature, nor discussions of the process leading to breakdown. A

11



model for analyzing the annulus of plasma initially formed by a R PI system was introduced

by Armstrong [19]. This “snowplow” model assumes the existence of a fully ionized annulus

of plasma that contracts and expands radially as the external magnetic field is oscillated.

The model was shown to match experimental
measurements on FRX-B of the plasma annulus’
radius relatively well when proper fitting coeffi-
cients were applied. The overall result showed
that one can expect to get about 50% of the ini-
tial bias flux into the plasma annulus prior to
field reversal when using the standard Rf method
(where the B, strength must approach or cross

the 0 point).

The High Beta Q Machine (HBQM) [12] also
used a RA PI approach and measured the radial
distribution of axial magnetic field strength of
their plasma prior to reversal. Figure 7 dispalys
these measurements. The reduced magnitude of
the bias field around the 6 cm position could be
inferred as the presence of a plasma annulus that

is excluding flux from its volume. Of particular

(a)
= lImTorr

T

P

Figure 7: Axial field measurements on
HBQM prior to field reversal. Repro-
duced from [S. O. Knox. Reversed-field
flux-trapping in a low-compression
theta pinch. Physics of Fluids,
25(2), 1982.  ISSN 00319171.  doi:
10.1063/1.863756.] with the permission
of AIP publishing.[12]

interest for the present context is the ¢ = 0 line (circles indicators) that show the field

distribution within the plasma prior to field reversal. The measurements indicate almost

full flux trapping compared with the external magnetic field strength. These measurements

show the diffusion of flux into the plasma and the timescales on which diffusion occurs.

12



Further publication of quantitative analysis
of RO systems occurred in 2015 when Weber [4]
explored the use of an annular array of coaxial
plasma rail guns to provide seed ionization for a
RO PI system on the Magnetized Shock eXperi-
ment (MSX). Density measurements of a single
one of these railguns were taken and an inferred
distribution of seed ionization from the array of
guns is displayed in figure 8. Combining this
method of seed ionization with a Rf PI system
was shown to consistently yield higher trapped
flux for a formed FRC than either method alone.
A similar method of combining rail gun seed ion-
ization with a Rf PI system was explored on the
Keda Mirror with Axisymmetry (KMAX) [5] de-

vice at the University of Science and Technology

4 —2 0 2 4

X [cm]

Figure 8: An inferred distribution of
seed ionization from the annular array of
coaxial railguns on MSX based on single
gun density measurements. Reproduced
from [ T. E. Weber, T. P. Intrator, and
R. J. Smith. Plasma-gun-assisted field-
reversed configuration formation in a con-
ical f-pinch. Physics of Plasmas, 22(4),
2015. ISSN 1070-664X1089-7674. doi:
10.1063/1.4919262.] with the permission
of AIP publishing.[4]

of China (USTC) and yielded similar favorable results for increasing trapped flux.

A recent study on the Yingguang-I device at the China Academy of Engineering Physics

(CAEP) explored the R pre-ionization more quantitatively, measuring both induced electric

fields of the PI system and the densities of plasmas produced by it.

The primary test

performed on the PI system was to increase bias field strength while holding the RO system

at a constant strength. In figure 9, it can clearly be seen that as the bias field strength is

increased, ionization of the gas is suppressed.

13
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Figure 9: Framing camera images of the R process on the Yingguang-I for varying bias
field strengths. Reproduced from [[15]] which is published under a CC BY-ND-ND license:
Copyright ©2017 Science and Technology Information Center, China Academy of Engineering
Physics.

2.3 Z-discharge pre-ionization

In literature, a Z-discharge PI system generally refers to an annular electrode discharge
across the tube in which the FRC is formed. Thus, the plasma distribution pre-reversal is
in the shape of a hollow cylinder. Using this method, nearly 100% of the bias flux present
in the tube can be contained inside of the pre-reversal plasma. However, two primary
challenges exist with this method. The first is that higher levels of currents are necessary
to achieve higher percentages of pre-ionization but higher currents can tend to pinch down
and become a radially centered column of plasma as opposed to a hollow cylinder. Thus,
ionization percentage is limited with this method. The second challenge is that when not
pinched, the plasma will tend to form along the surface of the tube, introducing high levels of
impurities (not even counting for the impurities introduced by the electrodes themselves). It
is also worth noting that initiating a Z-discharge across large distances can be a challenging

engineering project, though sufficient seed ionization may help alleviate this challenge.
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Figure 10: Framing camera image from TRX-II displaying the separation of the Z-discharged
plasma from the tube wall by the high-order multipole field. Reproduced from [J. T. Slough.
Experimental study of the formation of field-reversed configurations employing high-order
multipole fields. Physics of Fluids B, 2(4), 1990.] with the permission of AIP publishing.|3]

The Triggered Reconnection eXperiment-I (TRX-I) [10], TRX-II [3], and Large-S eX-
periment (LSX) [7] all employed Z-discharge PI systems. In order to move the discharge
away from the wall and lower impurity content the researchers on TRX-II also employed
high-order multipole fields (see figure 10). However, it was stated that achieving both a high
percentage of ionization and radial /azimuthal uniformity was difficult (due to the challenges
stated in the paragraph above). The researchers also explored the use of a Rf PI system in
conjunction with ionization by the multipole fields. Although they state that this combi-
nation yielded the best results, only a brief discussion is given in an appendix [3] regarding
ionization by multipole fields. It is clear from the literature that much effort was put into
achieving an ideal pre-ionized plasma for FRC formation on these experiments, however al-
most all of the information presented in the literature is qualitative and gives no basis for

reproduction or comparison.
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2.4 Summary of literature

Drawing any clear conclusions from the prior work is difficult because almost all of
the previous work performed regarding PI methods for FRC formation is qualitative. This
is likely due to the complex nature of the problem, but the absence of any analytical or
quantitative analysis provides clear motivation for the present work. A framework of analytic
modeling and quantitative experimental comparison/verification must be created to allow a

more structured approach to the problem of pre-ionization for FRC formation.

A common thread between all of these experiments is that all the researchers describe
how the PI systems were generally tuned to very specific amplitudes and firing times, result-
ing in a variety of pre-ionization “recipes”. Despite the many methods explored, the most
popular is still the RO approach, which most easily provides a uniform annulus of plasma
(despite the flux diffusion challenges). Therefore, it can be hypothesized (but not concluded)

that having a radially and azimuthally uniform pre-ionized plasma promotes FRC stability.
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Chapter 3

Pre-ionization Modeling

[onization of a gas can be broken down into several distinct stages: the first stage
is breakdown when the amount of ionized particles present is negligible and they do not
significantly affect the distribution of applied electric and magnetic fields; the second stage
is a partially ionized plasma in which the field dynamics are coupled to the plasma and
ionization /recombination rates must be accounted for to determine the plasma parameters;
the final stage is that of a fully ionized plasma in which ionization and recombination rates are
equalized. Each of these stages require different modeling approaches that vary greatly based
on the specific conditions and although some models exist for the second phase and many for
the third phase for FRCs, there are presently no models for the most commonly employed
inductively coupled breakdown methods used for pre-ionization in FRC experiments. The
primary goal of this work will be to introduce semi-empirical models for the breakdown phase
in a number of commonly used inductively coupled systems that will be informed with data.

The models will be compared to experimental results and refined as necessary.

For inductively coupled PI methods, breakdown of a neutral gas into a plasma is caused
by induced electric fields which accelerate free electrons. These accelerated electrons even-
tually impact neutral gas particles and if the impact occurs with sufficient energy, ionization
will occur. Two primary parameters determine whether a particle is ionized by an electron
impact. The first parameter is the energy of the electron at the time of impact and the

second is the cross section of the electron impact ionization reaction (there are many types
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of interactions that can occur upon electron impact). The electron energy at the time of
impact depends on both the strength of the electric field that accelerates the electrons and
the mean-free-path (A, fp, ) that the electron travels within this field before a collision. Prior
to breakdown and for very low ionization percentages, the effect that ionized particles have
on a field’s distribution may be neglected. Therefore, an electron’s average energy in these
conditions can be determined using single particle motion analysis coupled with collision
cross section statistics. However, once a sufficient number of particles have been ionized, the
field distribution and evolution become coupled to the plasma dynamics and different models
are necessary to properly describe the system. For example, a snow-plow model similar to

that described in section 2.2 may be useful in the Ré case.

Before continuing, it should be noted that some of the following discussion employs
results used from a Boris Pusher simulation. The Boris Pusher algorithm is a standard
modeling tool that is used to model charged particle motion under the influence of electric
and magnetic fields. A full discussion of the model can be found in Birdsall and Langden’s
text[20]. For the purposes of this study, a source code was obtained freely online from
the PlasmaPy community’s available resources|[21]. This algorithm required only minor
modification for its use in these analyses and was a very convenient resource to have freely

available.

3.1 Townsend Discharge and Paschen’s Law

The Townsend discharge condition and Paschen’s law represent a classic example of
breakdown prediction that is worth presenting here in order to pull any related concepts for
the development of an electrodeless breakdown model. Townsend’s discharge model describes
the breakdown of a gas into a plasma when subjected to a uniform electric field between two

plates. A diagram of the problem setup with coordinate definitions is shown in figure 11.
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The model starts by assuming that electrons present in the gap (in practice there is
always a small population of free electrons) are accelerated by the electric field and ionize
neutral particles when they collide with them (provided they have enough energy to cause
ionization). Therefore, the electron flux will increase exponentially in the x direction, or

stated mathematically,

dr’,
dx

(3.1.1)
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Figure 11: Diagram of Townsend discharge model setup.

Where a is the number of ionizing collisions that occur per unit length and is known
as the “1st Townsend Coefficient.” Note that this model neglects diffusion, recombination,

and assumes that « is not a function of space. This differential equation has the solution of

[e(x) =T.(0)e™ (3.1.2)



Next is the determination of the electron flux at the cathode (z = 0). The model as-
sumes that the primary source of electrons generated at the cathode is due to ions impacting
the cathode surface. This is referred to as secondary emission and it is assumed that each

ion impact releases vse electrons (the “2nd Townsend Coefficient”) and takes the form

Fe(o) = ’YSEFi(O) + PEO (313)

Where I';(0) is the ion flux at the cathode and I'¢q is any other source of electrons (UV
radiation, thermionic emission, field emission, etc.). In the Townsend discharge model, it is
assumed that I'.g = 0 so that the only source of electrons at the cathode is due to secondary
emission. To determine the ion flux at the cathode, note that every ionizing collision that
occurs in the gap will produce an ion that will be drawn to the cathode. The number of
ionizing collisions that occur in the gap will be T'e(d) — I'(0). i.e., the total number of
ions produced in the gap will be equal to the total number of additional electrons produced

in the gap due to ionizing collisions. Therefore,

T,(0) = (T.(d) — Tu(0)) + Tio (3.1.4)

Where T';o represents any other source of ions other than ionizing collisions. This is again
assumed to be 0 for the Townsend model. Plugging equations 3.1.2 and 3.1.3 into equation
3.1.4, and recalling that it is assumed that I'cg = 0 and I';op = 0, the relation below is
obtained.

[5(0) = L(0)e™ — 7,.I'5(0) (3.1.5)

Using equation 3.1.3 for the I'¢(0) term in 3.1.5,

Fz(()) = f}/serl(o)ead - ’Yseri(o) = ’Vseri(o) <€ad - 1) (316>

20



Here, I';(0) divides out and the relation can be re-arranged to obtain

1
ad = ln(l + —) (3.1.7)
’yse

Equation 3.1.7 is known as the Townsend discharge condition. It is a condition that
is satisfied for conduction of current through a gas/plasma in a uniform field between two
plates where the only source of electrons is from secondary emission at the cathode and the

only source of ions is due to ionizing collisions in the gap.

Recall from the beginning of this section that « is the number of ionizing collisions per
unit length. In order to ionize upon collision with another particle, an electron must travel a
certain distance while under the influence of the electric field to gain sufficient kinetic energy.
In order to understand the number of ionizing collisions per unit length in this system, the
probability distribution of how far an electron will travel before impacting a neutral must be
determined. Let n(x) be the number of electrons at position x that have not yet collided
and let n(0) = ng. Further, define the average distance between collisions that remove
all kinetic energy from an electron in the x direction as A (note that there are many
types of collisions that will be discussed in 3.2). Now the number of particles that have yet

to collide at position x + dx can be modeled as

dx

n(z +dz) = n(x) — n(x) /\

(3.1.8)

Note that the sign is negative because particles that have not yet collided are removed from
n(x). Once a collision occurs, they are subtracted from n(z). Using the basic identity of

differential calculus, the left hand side of equation 3.1.8 can be represented as

n(x 4+ dz) =n(z) + %dm (3.1.9)
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Substituting equation 3.1.9 into equation 3.1.8 yields the differential equation

dn 1

—=—= 3.1.10

T = (@) (3110
and using the boundary condition as stated above that n(0) = ng, this equation has the

solution of
T

n(z) = noewp(x) (3.1.11)
Equation 3.1.11 represents the distribution of electrons that will travel distance x before
a collision. Therefore, the probability that an electron will travel distance x before collision

is simply

P, = %“:) - e:cp(%) (3.1.12)

The above derivation can be easily be repeated with an energy gained in an electric field
before collision instead of distance traveled to yield the probability of an ionizing collision

occurring as[22]

P, = ea:p(éi)\) (3.1.13)

where &; is the ionization energy of the neutral particle and FE is the strength of the uniform
electric field. This is the probability that an electron will gain sufficient kinetic energy before
collision to cause ionization. The average number of ionizing collisions per unit length is
given by multiplying the probability of an ionizing collision occurring by the number of mean

free paths within a unit length. Therefore, a can be represented as

o= %exp( & > (3.1.14)

Since this model is dealing with averages, &; can be assumed a constant (even for mixtures).

Further, noting that the mean-free-path is inversely proportional to the gas pressure p, (i.e.,
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A o< p~1), the relation can be re-written with new constants of Ap = 1/X and Bp = &;/\.
Finally, if the field strength is expressed in terms of voltage (uniform field between two plates)

as ' =V /d, then a can be represented as

Bpd
a= Apea:p(Tp) (3.1.15)

Note here that A and B[22] are the familiar constants from Paschen’s Law. Note that these
“constants” are actually energy dependent due to the fact that mean-free-path depends on
collision cross-sections, which are energy dependent. To get the Paschen’s law relation from

the Townsend model, plug equation 3.1.15 into equation 3.1.7 to get

Bpd

Vep = ln[Ap d] —In [ln[l + 1/756]]

(3.1.16)

Although Paschen’s Law and the Townsend discharge model rely too heavily on the
presence of electrodes to be easily adapted to inductively coupled systems, it is worth noting
that mean free paths for ionizing collisions in a uniform electric field can be estimated with
the Paschen coefficient, Ap = % This may be useful for inductively coupled systems that
produce a uniform electric field on the length-scales of the system. Further, these models
can be directly applied for determining Z-discharge breakdown conditions, though some

modification may be necessary for the barrier-field modified Z-discharge system like those

used on the TRX [10], [3] experiments.

3.2 Basic Breakdown Modeling

To begin with, this work will consider ionization of a gas in three separate phases as

shown in the flow charge in figure 12. The first is the “Pre-Breakdown” phase, in which the
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skin depth of the plasma is very large compared to the system’s size. This effectively means
that the distribution of applied magnetic and electric fields are unmodified by the presence
of charged particles. The second phase is that of a partially ionized plasma in which plasma
dynamics signficantly affect distribution of applied fields but ionization and recombination
rates are not equilibrated. The final phase, which is a common starting assumption for
many plasma models, is that of a fully ionized plasma in which the population of neutral
gas particles is negligible. Breakdown is defined as the point when a gas transitions from
being an electrical insulator into an electrical conductor. Effectively, this transition spans
the “Pre-breakdown” regime so that the conditions leading to breakdown can be studied in
the “Pre-breakdown” regime. This means that single particle motion models can be used to

study behavior of electrons in inductively-coupled breakdown.

Phases of lonization

( ) In this phase the presence of plasma does not
Pre-Breakdown significantly affect externally applied fields so

single particle motion models apply.

p \ 4 \ In this phase fields are significantly affected by

Partially lonized plasma dynamics, but ionization/recombination
L ) rate are not in equilibrium and affect plasma
l dynamics.

f ) i lonization/recombination rates are equal and the

Fully lonized plasma can be considered fully ionized. This is the
state that many models assume to begin with.

Figure 12: A flow chart that breaks ionization of a gas into three separate phases.

Inductively-coupled breakdown is generally achieved using ringing magnetic fields and
the sooner a gas breaks down the more efficiently energy can be transferred from the ion-
izing system into the gas (energy cannot be transferred until the gas becomes conductive).
Therefore, this study further simplifies the breakdown problem by separating it into two
cases. Consider “Prompt Breakdown” to be defined as breakdown that occurs within the

first 8th of a ringing cycle (7'/8 where T represents the ringing cycle’s period). Breakdown
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that occurs after this time is considered “delayed breakdown.” Figure 13 displays this graph-
ically using an example magnetic field measurement of a ringing system made on the MTX
machine. In most cases for experimentalists using inductively-coupled breakdown, prompt
breakdown will be preferred so that this work focuses on studying the conditions required

to yield prompt breakdown in a gas.

Prompt breakdown occurs Delayed breakdown can occur
in the first 8t of a ringing at any time after but will tend
aB
cycle. to occur around peak —.
: : ot
B-probe field measurement

0.05
E
o 0.00*
K]
L _0.05
-0.10
0 10 20 30 40 50
time (us)

Figure 13: An example measurement of a ringing discharge from MTX, labeling the prompt
and delayed breakdown regions.

To begin with, it is assumed that electron impact ionization is the dominant method
of ionization in an inductively-coupled system. This means that the growth rate of electron

population in a gas can be modeled as

_dne
ot

Se = Ston — SRec (3.2.1)

where n, represents electron number density, Sy, represents the ionization rate, and Sgec
represents the recombination rate. For breakdown to occur (a rapid change in the ionization

percentage of the gas), it is necessary that the ionization rate is much greater than the
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recombination rate (Sion >> Sgec). Therefore, for present purposes the recombination rate
is considered to be negligible (Sgec &~ 0). This is the first primary assumption made in the
development of the model at-hand. With negligible recombination rate, the electron growth

rate simplifies to
_dn,

dt

S, = NeNpO1on (Ve ) Ve (3.2.2)

where n, represents the electron number density, n,, represents the neutral particle number
density, o(v.) represents the electron impact ionization cross section (which is a function of
electron energy), and v, represents the electron velocity. Integration of this gives the electron

number density as a function of time.
Ne = ngge"ton(ve) Jo ve (3.2.3)

where n.y represents the initial electron number density. Note that appendix B gives an
introductory discussion of cross sections and also describes how these rate and growth equa-
tions can be derived. The second primary assumption is that the starting electron number
density is approximately constant between the separate conditions tested here for a given

gas (neo ~ Constant).

In these inductively-coupled breakdown studies, only a few initial free electrons are
accelerated by the induced electric fields (n.o in this case). Thus, for breakdown to occur, it
is necessary that these few initial free electrons are able to interact with the neutral gas and
transfer energy from the induced electric field to the gas. Energy can be transferred with
any collision that transfers momentum. Therefore, the momentum-transfer cross section
of electron impact with neutral particles is actually the cross section of primary interest
(as opposed to purely the ionization cross section which is only one component of the total

momentum transfer cross section). Using data from Yoon’s[23] work, the momentum-transfer
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cross section for electrons in hydrogen gas is seen to vary with electron energy as shown in
figure 14. Due to the low mass of electrons, they tend to be rapidly excited to very high
energy in inductively-coupled systems (particularly in plasma experiments where pressures
tend to be low which yield large mean-free-paths). As an example, figure 15 depicts the
expected energy of an electron over time that has been accelerated by one of MTX’s weaker
systems (specifically the firing of a bias bank at its minimum voltage as described in section
4.1.1). Note that this simulation is performed using the Boris Pusher algorithm described
at the beginning of this chapter. It is clear when comparing figures 14 and 15 that electrons
are rapidly accelerated past the resonance region of the momentum transfer cross section
and beyond into regions where the author could not find data for momentum transfer cross
sections. Although it is not known exactly how the cross section behaves in higher energy
regimes, it can be said with some degree of reasoning that it is likely to be slowly varying with
electron energy. Therefore, the third primary assumption made for the prompt breakdown
model is that the momentum transfer cross section is effectively constant at the electron

energy ranges of interest in the present studies.
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Hydrogen cross section as a function of electron energy
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Figure 14: A plot of the momentum transfer cross section of electrons in hydrogen gas,
generated using Yoon’s[23] data
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Figure 15: A plot depicting simulated electron kinetic energy as accelerated by the firing of
MTX’s low strength bias field.
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Thus, there are three primary assumptions being made for the present model.

o Assumption 1: Recombination rates are negligible at breakdown conditions.
o Assumption 2: Initial electron density (n.o) is constant between experiments.

o Assumption 3: Collisional cross section is approximately a constant at electron energy

ranges of interest.

Combining these three assumptions with equation 3.2.3 above, one can say that dominant
factors affecting prompt breakdown will be neutral number density, and electron velocity.
Noting that neutral number density is directly proportional to gas pressure and that electron
velocity is proportional to electron energy, it can then be said that prompt breakdown of a
given gas in inductively-coupled systems should primarily be a function of only two variables.

Thus,

Se = f(np,ve) = f(p, K.E..-) (3.2.4)

This implies that breakdown of a gas at a given pressure should occur once electrons
have obtained the required energy. In general, electron kinetic energy in the system will be a
function of the induced field configuration. It is proposed here that it is sufficient to consider
only how electron energy scales in a given field configuration (field configurations such as
0-pinch, multi-pole fields, etc.). What this means is that it is not necessary to determine
the exact path and energy profile of a statistical distribution of free electrons. Further, since
the transition from gas into plasma occurs during the pre-breakdown phase, simple single
particle motion models can be used to determine electron kinetic energy scaling for a given
field configuration. Therefore, the approach here is to determine a scaling model for electron

kinetic energy in a given field configuration and measure the “scaling energy” required to
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cause breakdown of a gas at a given pressure. It is common in literature for ionization
experiments to normalize electron energy by the ionization energy of the experimental gas,

therefore consider the definition of a breakdown factor here as

KE.-
ot = = (3.2.5)
flon

where K.E..- is the electron kinetic energy at time of breakdown as determined by the scaling
model, &, is the ionization energy of the given gas, and a* is now defined as the breakdown

)

factor. Note that this term is similar to the concept of “normalized energy” used in other
ionization studies. The key distinction here is that normalized energy is normally calculated
using a very well measured electron kinetic energy, whereas breakdown factor is the ratio

of only a scaling model for electron energy to ionization energy. It can now be said that

breakdown will behave as a function of gas pressure and breakdown factor so that

Se = f(p,a”) (3.2.6)

At this point, a very simple semi-empirical model for breakdown of gases in inductively-
coupled systems has been established. The proposal is that inductively-coupled breakdown
will behave as a function of gas pressure and breakdown factor. Pressure can be measured
using simple and widely available transducers. Breakdown factor is a function of the field
configuration of a given inductively-coupled system and will be a function of field geometry,
magnetic field strength, discharge frequency, and time. These models are derived later in
this chapter for the configurations explored in this study. It is worth noting expectations
of breakdown behavior in the face of the present physics being considered. First, it is
noted that all breakdown experiments conducted here are expected to be in a collision-rate

limited regime. Figure 16 depicts the mean-free-path of an electron exposed to a low voltage
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O-pinch discharge on MTX in hydrogen gas at 100 mTorr (mean-free-path is calculated
using momentum transfer cross section data in hydrogen gas from Yoon[23]). Even when
simulating the weakest discharge on the MTX device, the electron’s mean-free-path exceeds
the experiment’s scale size within 30 ns (the discharge tube on MTX has a 5.0 cm radius).
Thus, it is expected that collision-rates, rather than electron energy, will be the limiting

factor on causing breakdown for these experiments.
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Figure 16: A plot depicting simulated mean-free-path of an electron (based on its kinetic
energy) in a low voltage #-pinch discharge on MTX. Mean-free-path is calculated using

momentum transfer cross section data in hydrogen gas from Yoon[23] and a pressure of 100
mTorr.

Using the semi-empirical model considered so far, and the fact the experiments at hand
will take place in a collision-rate limited environment, several expectations on behavior of
the studies can be projected. First, since electrons will generally be traveling large distances
under the influence of electric fields prior to collision, it is expected that measured breakdown

factors will be much greater than unity (a* >> 1). Second, since collision rates are the
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limiting factor for breakdown in the present study and higher pressure will increase collision
rates, it is expected that lower breakdown factors will be measured at higher pressures.
Finally, according to equation 3.2.3, electron density is exponentially dependent on neutral
density, so that measured breakdown factor is expected to be exponentially higher for lower

gas pressures. These expectations are summarized below.

« Expectation 1: Breakdown factors should be much greater than unity (a* >> 1).
o Expectation 2: Measured breakdown factors should decrease at higher gas pressures.

o Expectation 3: Measured breakdown factors should be exponentially higher at lower

gas pressures.

3.3 General solution for particle motion in static Ex B

fields

It is worthy to present here the general solution of particle motion in spatially and
temporally invariant crossed electric and magnetic fields for both context and the fact that
the general solution is still applicable to more complex configurations after making some
simplifying assumptions. To begin, let a constant and uniform magnetic field exist in the &
direction (B,) and a constant and uniform electric field exist in the Z direction (E,). From

the general equation of motion for a charged particle,

m— = q(E + 7 x B) (3.3.1)
two coupled equations emerge for the motion of an electron, one in the g direction

qB,

e

Uy = Vy = Weelsy (3.3.2)
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where m, is the mass of an electron and w,. is the cyclotron frequency of an electron, and

the other force is in the Z direction,

E.
By = Wee (B— - vy> (3.3.3)

To solve this system, differentiate equation 3.3.2 with respect to time and substitute it

into equation 3.3.3 to obtain
E,

B, = w?, (g - vy) (3.3.4)

This represents a second order ordinary differential equation whose solution can be

determined by combining the homegeneous solution (v,(t) = Cysin(wt) + Cycos(wt)) and

the particular solution (v, (t) = g_i) So that the velocities have the solution
: E,
vy (t) = Crsin(weet) + Cocos(weet) + B (3.3.5)
in the ¢ direction and
v,(t) = C1c08(wWeet) — Cosin(weet) (3.3.6)

in the Z direction. Letting the initial velocity of the particle be 0 in both directions, the

constants can be solved so that

E, . E. E.
vy (t) = B—sm(wcet) + B—cos(wcet) + B (3.3.7)
and
E, E. .
v,(t) = B—cos(wcet) - B—SW(wcet) (3.3.8)

This is the general motion of an electron in crossed electric and magnetic fields with
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no initial velocity. It is basically a cyclotron motion of velocity magnitude % and a drift

velocity of % in the E x B direction. An important note here is that an electron starting

from rest that is exposed to crossed electric and magnetic fields will achieve a maximum
2F

velocity of no greater than =. Thus, the energy that can be transmitted to an electron

by an electric field is limited by the presence of a perpendicular magnetic field. Further, in

L

5 » and therefore an

the present ringing-0 experimental setup the maximum magnitude of

electron’s kinetic energy, is greatest at the coil’s maximum radius.

3.4 Ringing-f breakdown modeling

The first step for developing a model for the ringing-6 configuration is to define the
electric and magnetic fields. The initial condition is a circular coil carrying a current in it
(commonly referred to as a 6 coil), producing a uniform magnetic field in an enclosed area
(as seen in figure 17). For this problem setup it is assumed that the bias current and fields

are constant in time when compared to the frequency of the ringing-6 discharge so that

Bz(t) ~ Bbias + BRgsin(ngt) (341)
© O ® W\ Iy = hias + Irosin(wrot)
® ® ® 32 = Bbias + BRH Sil’l((A)Rgt)
® ® O©

Figure 17: Ringing-6 field setup

34



Where Bpgy is the peak field strength of the ringing unit and By, is the field strength
of the bias unit (assumed constant in time with respect to the ringing unit). This is a case

in which the general Stokes’ theorem can be applied as

#VXﬁzygﬁ-dz:#—a—BdS (3.4.2)
- ot

T 27 OB 283 .
/0 /O —Wrdrdﬁ =i = §£CE dl=V (3.4.3)

Because the determined voltage is in a circumferential loop around the enclosed magnetic

so that

flux, the electric field strength is simply

EO=—"0="—"9§=_"2§ (3.4.4)

where c is the circumference differential. Now that the fields have been determined, the next
step is to determine the path of an electron in such a configuration. The equation of motion

for an electron (neglecting axial motion of the electron) is

ov,

Me— T = ¢(E + 7 x B)# = quyB.(t)7 (3.4.5)
vy 4 N -
me——60 = q(E+ U x B)0 = q(Ey(r) + v,.B.(t))0 (3.4.6)

Taking the time derivative of the equation 3.4.5 and substituing equation 3.4.6 yields

aat?f B (mi) BL(B(t) + v: B.(t))7 (3.4.7)
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The full equation fits the form of a non-homogeneous 2nd order ordinary differential
equation with variable coefficients. However, using the work from section 3.3, a simplified
model for the ringing-6 configuration can be developed that is still applicable in the parameter

regime of interest.

First, the results of section 3.3 show that electron velocity in a ringing-6 configuration
is greatest at the coil’s maximum radius (v, o< £/B o r). Thus, breakdown is expected to
first occur at or very near the vacuum tube’s maximum radius (where the vacuum tube’s
maximum radius is usually very close to the radius of the 6 coil). Therefore, the electron
energy scaling model for a ringing-0 system should use r = ry;.. For these conditions, the
results from equations 3.3.7 and 3.3.8 apply directly and the magnitude of an electron’s
velocity over a cyclotron orbit will vary from 0 to 2%. Therefore, a reasonable reference
velocity for determining the scaling of the electron kinetic energy in a ringing-6 configuration

is simply wv.ef = 2Fy/B, where B, is given by

Bg = Bbias + BRQSiTl(ngt) (348)
and L is given by substituing in the appropriate time derivative in equation 3.4.4 to obtain

_ BrowreTtube . A

E, 5 0s(wret )0 (3.4.9)

Using these magnetic and electric field strengths, the kinetic energy of an electron in a

ringing-6 system prior to breakdown can be modeled as

Me

K‘E'scale = 5 (

: (3.4.10)

B rowroTtubecos(wrat) ) ?
Bpias + Brosin(wggt)

Now, using equation 3.2.5 for the definition of breakdown factor, a* can be determined
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as

(3.4.11)

2
o = KE. . Me <BngRgrtubecos(ngt))
RO =

Eon  26ton \ Bpias + Brosin(wpt)
Where &ionization 15 the ionization energy of the gas and aj, is the breakdown factor for a
ringing-6 system. For breakdown studies in a ringing-6 configuration, determination of o,
requires only a measurement of the time at which breakdown occurs and knowledge of the
field configuration (i.e., measurements of Bpgy, wge, etc.). It should be noted particularly
here when applying this model that an area-averaged field strength out to r¢,,. should be
used for the numerator of equation 3.4.11 while the point measurement at r,,. should be
used for the denominator. This is due to the fact that the field values in equation 3.4.11
represent Ey/B,, where Ey depends on the rate of change of the enclosed flux (which can be
determined using an area-averaged field strength), and B, is the field strength value at the

location of interest (7upe) in this case.

3.5 Dipole Breakdown Modeling

As with the ringing-6 breakdown model, the first step for the ringing-multipole break-
down model is to determine the field distribution. For the experiments conducted on MTX,
a dipole coil will be used and an example of the expected field distribution can be seen in
figure 18. Note that the field distribution of higher order poles can be roughly estimated
using super-position of the Biot-Savart equation (this neglects mutual inductance between
poles and other coils which becomes more significant with higher numbers and proximities

of poles).

Although direct measurements of magnetic field strength will be used for later analysis,
a rough approximation of the dipole’s field distribution can be determined by assuming the

magnetic field is uniform in the region between the two coils. The dipole coil will have a
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rectangular shape extending along the formation section in the axial direction as shown in

figure 19.
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Figure 18: Field distribution of MTX’s dipole coil, approximated as superimposed Biot-
Savart wire source.
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Figure 19: Diagram displaying a top-down view of the dipole coil’s shape installed on MTX.
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To define the field distribution for this configuration, a rectangular coordinate system
as shown in figure 19 with its origin at the center of the formation chamber is convenient.
Assuming a uniform magnetic field inside of the dipole coils (to reiterate, this is a rough

estimation of the field) the magnetic field will be
ByA = BOMFsin(wOMFt)g) (351)

The electric field distribution can again be determined by applying Stokes’ theorem as

o 0B .
VX FE= T Bomrwonrcos(wonmrt)y (3.5.2)

Using a coordinate system centered on the coilset, the voltage can be determined as

V= §I§ E-dl = / / Bonrwonrpcos(won pt)dzrdz (3.5.3)
C —zJ—x

so that

V= BOMFWOMFCOS(MOMFt)CL’Z (354)

The electric field is just the voltage divided by the path vector of interest which is in the
Z and Z directions for this application. Thus, the total path length in the z direction will
obviously be 2z, and the same applies for the Z direction. Dividing 3.5.4 by these vector

path lengths will yield the field at any point in the x — z plane as
= z. T,
Egipole = Bonmrwonrcos(wonmrt) [Ex + EZ] (3.5.5)

Further, if 2 >> z as is the case for MTX then the £ component of the electric field will be
negligible in the formation region and the electric field can be assumed to be primarily in

the axial direction, varying across the 2 direction as given in equation 3.5.5.
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The primary region of interest is the axial center of the formation chamber and the
induced electric field will have the greatest strength near the tube wall, i.e., at z =0, x =
Twupe- With this field strength, a scaling model for electron energy can be determined using
kinematics. Consider that for a charged particle exposed to an electric field the resulting
force is given as, F' = qF (where ¢ is the particle’s charge). Thus, the acceleration of the

electron in an electric field then, is simply

qE
a =

Me

(3.5.6)

where a is the electron’s acceleration, ¢, is electron charge, E is the electric field strength,
and m, is the electron mass. Plugging in equation 3.5.5 for the electric field strength, electron

velocity can then be determined by taking the time integral of equation 3.5.6 as

¢ tEt ueBioe' ioet
'Ue:/ov a,dt:/ov qm():qrtb dleTjLG(wdpl ) (357>

Using equation 3.5.7, the kinetic energy of an electron in a dipole coil discharge can be

determined as (using K.E. = 0.5muv?)

o qrtubeBdipoleSin (wdipolet)

KE.- = 3.5.8
. (3.5.8)
and thus the breakdown factor for a dipole configuration can be determined as
* qrtubeBdipoleSin(wdipolet)
= 3.5.9
adlpole SmegIon ( )
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3.6 0-Pinch Breakdown Modeling

Although not commonly used in modern experiments, a #-pinch pre-ionization approach
was widely used in early FRC experiments [1]. In this approach, ionization occurs during the
initial rise of the bias field when the magnetic field strength is low but dB/dt (and therefore
Ep) is high. It was found that the MTX was unintentionally causing seed ionization through
a O-pinch method using a bias discharge with a quarter cycle time of approximately 6 us
and a peak field strength of approximately 0.2 T. Thus, breakdown using a 6-pinch system
will be explored on the MTX in the same fashion as the preceding inductively coupled PI

methods.

The field distribution of a #-pinch configuration is approximated as that of an ideal

solenoid so that the magnetic field inside of the coil is given as
B.(t) = —Bypsin(wypt) (3.6.1)

and the electric field is given by the same result obtained for equation 3.4.9 as

B
Ey = %cos(wgpt) (3.6.2)

where Byp represents the peak field strength of the #-pinch discharge and wyp is its discharge

frequency. From the standard equation of motion for a charged particle

dv . .
med—: — ¢(E + 7 x B) (3.6.3)

and assuming the v x B term can be neglected in early time, the acceleration in the 0
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direction is given as
dvg _ qBppwopriunecos(wppt)
dt 2m,

(3.6.4)

Again, it is sufficient to consider only how an electron’s energy scales in a given configuration.
Therefore, it is not necessary to consider how a change in radial position (a #-pinch discharge
tends to pull electrons inward with a small radial velocity due to the magnetic field it
produces) affects an electron’s actual kinetic energy and it is sufficient to simply integrate

equation 3.6.4 over time to determine a scaling velocity. Thus,

_ qBopTiupesin(weopt)
2me

Vo (3.6.5)

Using this velocity, the scaling model for an electron’s kinetic energy in a #-pinch configu-

ration can be determined as

1 BopTiubesi t))?
KE., — Smg? = (4BorTuvesin(wort)) (3.6.6)
2 M,

and the breakdown factor for a #-pinch configuration is then directly given as

. (qBopTiubesin(wept))?

Note the similarity of breakdown factor models for the #-pinch here (equation 3.6.7)
and that for the dipole configuration (equation 3.5.9). This is because electron kinetic
energy scales the same in both configurations. However, it should be noted that the 6-
pinch configuration accelerates electrons azimuthally and pulls them inward to lower radii
while the dipole configuration accelerates electrons axially, thus forcing them towards the
outer regions of the experiment. Effectively, this means that #-pinch discharges will keep

accelerated electrons in the system for logner than a dipole configuration.
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3.7 Modeling Summary

To summarize this chapter, a model has been proposed which states that breakdown of
a gas with inductively-coupled systems will behave primarily as a function of gas type, gas
pressure, and the newly introduced term, “breakdown factor.” Three primary assumptions

for the model are made which are listed here.

o Assumption 1: Recombination rates are negligible at breakdown conditions.
o Assumption 2: Initial electron density (n) is constant between experiments.

o Assumption 3: Collisional cross section is approximately a constant at electron energy

ranges of interest.

Electron density is then observed to scale as
ne — neoennolon(ve) f(;f Ve (371)

which, when given the above assumptions, identifies gas number density (directly propor-
tional to gas pressure) and electron kinetic energy as the dominant varying factors. Thus,
growth rate of electrons (i.e., breakdown) is expected to behave primarily as a function of
gas pressure and electron kinetic energy. As breakdown is the transition of a gas from being
electrically insulative to electrically conductive, electron energy induced by imposed fields
can be determined using single particle motion models, due to the fact electron number
density is too low to affect imposed field distribution prior to breakdown (i.e., breakdown
occurs before the plasma’s skin depth is shorter than the scale length of the system). It is
sufficient to consider only how electron energy scales in a given configuration but models

used for electron kinetic energy of a given configuration must be consistent for results to be
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compared. Given the above considerations and the fact that these experiments will be con-
ducted in a collision-rate limited regime, three primary expectations on breakdown behavior

are projected.

« Expectation 1: Breakdown factors should be much greater than unity (a* >> 1).

o Expectation 2: Measured breakdown factors should decrease at higher gas pressures.

o Expectation 3: Measured breakdown factors should be exponentially higher at lower

gas pressures.

The concept of a breakdown factor is introduced, which is defined as the ratio of the

scaling model of electron energy in a given configuration to the ionization energy of the gas.

KE.-
af = - (3.7.2)
glon

Three separate configurations are considered for the present study and models for breakdown

factors of each are introduced. In a ringing-6 configuration, breakdown factor is calculated

as
KFE.. - Me [ BrowreT tupeCOS(Wrot 2
€Ion 2flon BBias + BReszn(wRGt)
Breakdown factors for dipole configurations are given as
* . qrtubeBdipolesz-n(wdipolet)
adlpole - 8me€Ion (3-7.4)
Finally, breakdown factors for #-pinch configurations are given as
BopTiubesin(wgpt))?
ap = (¢Bopriun (wopt)) (3.7.5)

8/n/L(aé-Ion
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In total, this means that for a given gas, at a given pressure, a breakdown factor can
be determined by measuring the time at which breakdown occurs in a given field configu-
ration. Effectively, breakdown factor is a function of field parameters and time but once
field parameters are defined, it is a monotonic function of time. So for a given configuration
whose field parameters are well known, a line can be generated as a function of time. The
time at which breakdown occurs can be measured, and will thus correspond to a specific
breakdown factor. Figure 20 shows an example of this for a #-pinch discharge on the MTX
machine. In this case, two lines are shown, each for a different field strength of #-pinch. The
scatter points indicate the actual measured time of breakdown for these configurations but
are presented here only to provide context for how breakdown factor behaves, and how it

can be measured. This is the method that will be used to analyze breakdown in this study.

a” as a function of time and measured
breakdown times for 8-pinch tests

8000
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Figure 20: An example plot, showing breakdown factor as a function of time for a #-pinch
configuration. Also shown are measured times of breakdown, which correspond to a specific
breakdown factor value.

45



Chapter 4

Experiment Overview

4.1 MTX: Pulsed Power Design

To achieve the independent firing capabilities, it must be possible that one coil is able to
fire without triggering neighboring coil modules or even other banks connected to the same
coil. Unintentional triggering of separate units is commonly referred to as “pre-firing” in
pulsed-power parlance and is a common problem for many pulsed-power experiments. Com-
mercially available pulsed-power systems are not directly capable of providing the desired
performance and were prohibitively expensive for the modularity required for the project’s
goals. Therefore, a campaign was carried out by the MTX researchers to develop new

pulsed-power systems to meet the project’s needs.

4.1.1 MTX Coil Modules

MTX presently consists of two formation coils and two cusp coils for basic formation
studies. The field shape is somewhat similar to the setup shown in figure 3 which displays
four formation coils and two cusp coils. Each coil on the MTX machine has its own separate
pulsed power module and the design of each module depends on the pulse shape the specific
coil must produce. A simplified schematic of a cusp coil and its associated pulsed power

module can be viewed in figure 21. The cusp coils must produce a magnetic field that
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decays on a slow time scale compared to FRC timescales and the fields must be oriented
oppositely to the bias fields (as shown on the smaller edge coils in part A of figure 3). Once
the start switch is fired the charged capacitor discharges through the circuit to produce
the axial magnetic field in the machine. The isolation inductor shown in the schematic
serves to increase the pulse length of the discharge. The crowbar switch then fires when the
current is (ideally) at its peak value, effectively isolating the load side of the circuit from the
capacitor. Figure 22 displays a plot showing a standard ringing discharge compared to its
“crowbarred” version for clarity. Succesfully firing the crowbar switch at the peak current
changes the discharge from an LRC ringing decay to a smoother LR decay. This produces
the desired pulse shape and magnetic field strength using far less capacitive energy than

would be required by a standard LRC circuit.

Start Switch Isolation
Inductor
2 uH
CusE: Crowbar Switch —W
Capacitor Cusp Coil
6 uF  —

I 400 nH
|

Figure 21: Simplified schematic of a cusp coil module

The bias and reversal fields are produced in the same formation coil so the design of
its associated pulsed power module is slightly more complex. Figure 23 displays a schematic
of bias/reversal module. The bias side of the unit is very similar to the schematic for the
cusp unit shown in figure 21. However, the inductor now labeled “isolation inductor” serves
to increase the pulse duration and two other purposes. It additionally serves to isolate the

voltage produced by the firing bias switch from the reversal switch and vice-versa which
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prevents pre-firing of the reversal unit and overvoltaging of the bias switch.

= = == Standard Discharge
Crowbarred Discharge

Figure 22: Conceptual plot of current over time for a standard LRC discharge vs
crowbarred LR ringdown

Bias ) Reversal Reversal
Start Switch Isolation Start Switch Crowbar Switch
Inductor
Cusp Bias 2
Capacitor Crowbar Switch —LD\_QJ—
6 uF  —

Reversal
Capacitor
1.36 uF

Figure 23: Simplified schematic of a formation coil module

The isolation inductor also ensures that most of the current produced by the reversal
switch is fired into the coil rather than going back through the bias switch to reach ground.
Initially the bias start switch fires, producing a negatively oriented magnetic field in the

formation chamber (as shown again in part A of figure 3). When the bias unit reaches peak
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current, its crowbar switch is fired, preventing ringing. The reversal start switch is generally
fired at the same time as the bias crowbar switch or soon thereafter, allowing the reveral
capacitor to discharge through the coil and rapidly reverse the magnetic field’s orienation.
Finally, the reversal’s crowbar switch is fired, preventing the ringing of the reversal field

(note that the reversal field still decays much faster than the bias field).

The final unit on the present incarnation of the machine is the OMF module which fires
the dipole coil for pre-ionization. The dipole coil is outlined in figure 24 and a schematic of
the module is shown in figure 25 (note the lack of a crowbar switch because the unit must
ring to function). This module is designed to fire a transverse magnetic field through the
formation chamber . This, in-turn, produces axial electric fields which cause pre-ionization

prior to the firing of the reversal field (see section 3.5 for more details).

| Coil 1: Cusp | | Coil 2: Formation | | Coil 3: Formation | | Coil 4: Cusp |

Dipole Coil
(one side)

]

Y

0

\ D Rl Ted W

Figure 24: Outline of the dipole coil in the present incarnation of MTX
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Table 2 summarizes the voltages, field strengths, and frequencies of MTX’s discharge

banks.

Table 2: This table summarizes the bank parameters. Note that the magnetic field values

RMP Switch

e

RMP
Bank |
6 UF T

Dipole
Coil
1.25 uH

Figure 25: Simplified schematic of the dipole coil module

presented are the tube-area-averaged field strength.

Bank parameters for breakdown studies
Bank | Voltage Range (kV) | Field Range (mT) | Frequency (kHz)
Cusp 10 to 20 150 to 300 43
Bias 10 to 20 -110 to -225 43
Reversal 20 to 40 300 to 600 320
Dipole 20 to 40 105 to 215 140

4.2 Diagnostics

In order to perform prompt breakdown studies and comparison of ringing-6 and biased
dipole pre-ionization methods, several parameters need to be measured. First and foremost
the magnetic fields generated by the pulsed power system needed to be measured, including

the total flux generated in the formation chamber, the magnetic field strengths produced
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inside the @ coils (external to the vacuum system), and the current through the 6-coils.
Firing timing is measured using magnetic field measurements for prompt breakdown studies.
Additionally, to better understand diffusion of magnetic flux through the plasma for pre-
ionization method comparison, it is beneficial measure magnetic field strengths inside the

plasma. The flux array was designed for this purpose.

In order to measure the time at which breakdown occurs it is necessary to have visible
light photodiodes to detect light signals generated at breakdown. Gas fill pressures are
measured with a an MKS brand, model 626 capacitance manometer with a stated accuracy
of £ 0.5% of the acquired reading. Two photodiodes are also fitted with H-ov and H-£ band-
pass filters so that temperature estimates up to 10 eV in deuterium plasma could be made. A
12-frame high-speed visible light imaging camera which takes images along the axial axis of
the chamber is used to observe plasma structures and make estimations of plasma uniformity.
Finally, an interferometer is also used to measure line-integrated plasma density. Note RG-
223 coaxial cable was used for transmission of all electric signals in these diagnostics, as the
extra outer braiding was seen to yield better noise shielding than the single braided RG-58.

Details on all of these diagnostics are given in the following subsections.

4.2.1 Magnetic Diagnostics

The term magnetic diagnostics is used here to represent a class of probes that mea-
sure either current, magnetic field, or flux through voltage induced on electric circuits via
Faraday’s law. Thus, these magnetic diagnostics can only be used to measure time-varying
signals (which is sufficient for the purposes of this study). Three types of these probes are
used on the MTX experiment. The first is a flux loop which measures the total flux in the

formation chamber. The second are B-probes, which are used to measure magnetic field
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strength inside of the #-coil outside of vacuum tube. These are also used in a number of
other instances including field mapping of the coils systems (see section 5.1) and in the flux
array for measuring magnetic field distribution insided the plasma. Finally, Rogowski probes
are used to measure current passing through the coils in the experimental region (6 coils and
dipole coil). Note that signficantly more detail on these diagnostics is given in appendix
C, covering topics such as basic physics, parastic considerations, basic analytic and spice
modeling, calibration methods, and signal processing. Therefore the details presented here
in the main body of text are intended to give an overview sufficient for understanding the

function, location, basic circuit, and accuracy of the diagnostic.

Flux Loop

A flux loop functions by Faraday’s law where an electric field generated by a changing

magnetic flux induces a voltage on a circuit (see figure 26). The voltage induced is given as

TR v (4.2.1)

where ¢ is the flux in the loop area and V' is the voltage induced by the time-varying
flux. This voltage can be measured and integrated with respect to time to determine the the
magnetic flux in the loop. Combining a measurement of total flux in the formation chamber
with spatially resolved magnetic field strength measurements can allow one to determine if
flux is being excluded from plasma in the chamber. Effectively, if flux is being excluded
from the plasma, a higher magnetic field strength will be measured outside of the plasma
for the same given flux. MTX uses a flux loop positioned around the vacuum tube in the
formation chamber between the formation coils as shown in figure 27. Note that the flux

loop is positioned off-center closer to coil 3. This is intended to allow light-based diagnostics
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to make measurements in the exact axial center of the formation chamber. The effects of
the flux measurement on this positioning are covered in section 5.1.1.

dB,

at

A

>

LY

,(1"'_7""‘

Figure 26: A basic representation of Faraday’s law, where a changing magnetic flux enclosed

by a conducting loop will induce a voltage along that loop.

Figure 27: Annotated photo displaying the location of the flux loop on the MTX formation

chamber.

The raw signal from the flux loop is resistively divided and sent back to a shielded
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oscilloscope via BNC cable. A passive integrator is used to filter out high-frequency noise
from switch firing on the pulsed power system. Note that due to the high voltages that were
induced on the flux loop, select resistors that maintained a steady impedance under high
voltage were used (see appendix C for more details). The spice model used for the circuit to
deconvolve the signal is shown in figure 28. Sources of error include the parasitic inductance
in the divider circuit and measurement accuracy of the flux loop’s area. In total the flux

loop measurement is expected to be better than 5% accurate up frequencies of 350 kHz.

Tx_from_fluxloop_to_divider Tx_from_divider_to_scope

Ldiv Rdiv R_measure R_int L int

Td=24.4n Za=50 E 7
R_term %
N

L_fluxloop

SINE(0 1)
AC1

315n 1300n 477

Td=3.048n Zb=50 20

N

Figure 28: Spice model of the measuring circuit used for the flux loop.

B Probes

B-probes also function by measuring the induced voltage due to changing magnetic flux

in a conducting loop (see figure 29). The voltage induced in a B-probe is given as

V(t) = ag—f) - NAal;—it) (4.2.2)

where ¢ is the flux in the probe’s loops, N is the number of loops, A is the area of the
loops, and V' is the voltage induced by the time-varying flux. Magnetic field strength at
the probe’s location (assuming it’s uniform over the length and area of the probe) can be
determined by integrating the voltage signal with respect to time. The primary difference
between B-probes and flux loops is that while flux loops measure magnetic flux over a large

area (usually on the scale of the system size), B-probes are intended to measure magnetic
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field in a small region to provide an estimate of magnetic field strength at a point location.
B-probes are installed inside the each of the 6 coils of the MTX machine as shown in figure
30. B—probes are also used for the field mapping campaign described in section 5.1 and
ceramic-shielded B-probes are used to measure the magnetic field inside of the plasma in

the flux array campaign described in section 5.3.

B (66666)
vV, V,

Figure 29: A diagram showing the general shape and function of a B-probe.
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Figure 30: Diagram showing the general location of the #-coil B-probes.

The signal induced on the B-probe is transmitted via RG-223 coaxial cable to a shielded

oscilloscope for measurement. A passive low-pass circuit is used to filter out noise picked
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up from the firing the pulsed power system’s switches. An example of the spice model used
for the circuit to deconvolve the signal is shown in figure 31 (note that circuit values vary
slightly from probe to probe). Sources of error in the B-probes include parasitic inductance /-
capacitance affecting the frequency response and uncertainties in the calibration process (see
appendix C for details). Overall, the B-probes used in these studies are expected to be better

than 5% accurate up to frequencies of 1 MHz.

L_Bdot R_int L_int
° T1 NN ~fCTnt
SINE(0 1) 193n 1004 55 R_scope
AC1 Td=36.25n =50 < 50.3 n —ﬁo.63n 1e6

R_term

Figure 31: Spice model of the measuring circuit used for B-probes.

Rogowski Coils

Rogowski probes also function by measuring the induced voltage due to changing mag-
netic flux in a conducting loop. In this particular case the field inducing a voltage signal
is that produced by a current passing through an exposed wire. A Rogowski coil is es-
sentially a solenoid that is wrapped around a current carrying wire as shown in figure 32.
Tminor Tepresents the area of the individual loops and 7pajor represents the radius of the
solenoid’s curvature as it is wrapped around the current carrying wire to be measured. If
Tmajor >>>> Tminor, then the magnetic field in the minor loops can be assumed constant across
their area and using a Biot-Savart approxmation for the magnetic field generated by the

current carrying wire, one can arrive at the relation

o MONAminor aI(t)

2M T major Ot

V() (4.2.3)
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where p is the permeability of free space, IV is the number of turns in the Rogowski probe,
Aminor 18 the area of the Rogowski probe’s loops, rmajor is the radius of the Rogowski probe
as it wrapped around the current carrying wire, and I(¢) is the time-varying current in the
wire. Thus, the voltage signal from the Rogowski probe can be integrated with respect to
time to determine the current in the primary line. Rogowski probes are installed on each 6

coil on the MTX machine as well as one on the dipole coil as shown in figure 33

Iprimary

minor /

Measuring
circuit

"ma jor

Figure 32: A diagram showing the general shape and function of a Rogowski probe.

| i dipole coil
— u. e Rogowski probe
N AR 4

Rogowski probes

Figure 33: Diagram showing the location Rogowski probes with 6-coil probes shown on the
left and the dipole coil’s Rogowski probe shown on the right.
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The signal picked up by the Rogowski probes are transmitted through RG-223 coaxial
cable back to a shielded oscilloscope where passive integrator are again employed to filter out
high-frequency noise from the firing of the pulsed power system. An example of the spice
models used for the Rogowski probe circuits is shown in figure 34 (the particular model
shown is for the dipole coil’s Rogowski probe). Sources of error include parasitic capacitance
on the Rogowski probes’ windings as well as some error from positioning. Note that the 6-
coil Rogowski probes used for these studies were uncalibrated as they primarily served only
as debugging signals for the pulsed power system. However, the Rogowski probe used on the
dipole coil is a calibrated probe. This measurement was used to determine magnetic field
strength produced by the dipole coil (see section 5.1.1 for details). Details on its calibration
process are given in appendix C and it is expected to be accurate to better than 10% up to

frequencies of 350 kHz.

LR R_int L_int

1000 55 " R_scope
n
38.1n za=50 50 TIODn 1e6
R_term %
~

Figure 34: Spice model of the measuring circuit used for dipole coil’s Rogowski probe.
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Flux Array

The flux array is a custom device made to measure axial magnetic fields internal to the
plasma and determine the flux diffusion characteristics of the ringing-6 and biased dipole
pre-ionization methods. It is composed of five separate B-probes that are shielded with
ceramic tubes, positioned at various radial and azimuthal locations (see figure 35) and can

be inserted to the formation chamber.
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Figure 35: A diagram detailing the radial and azimuthal positions of the flux array’s ceramic
tubes.

Figure 36 displays two photos of the flux array. The left side of the image shows the
ceramic shields fed through an adapter plate but not installed on the MTX machine while
the right side displays a photo of installed. Note that because of its installation location,
use of the flux array precludes the use of the high-speed imaging camera (which is set up to
take photos along the same axis). The ceramic tubes are closed on the side inserted into the
vacuum chamber and open on the end exposed to air so that a B-probe can be inserted into
it. The ceramic tubes can be adjusted in the axial direction so that they can be positioned in
the formation chamber to measure field strengths or pulled out to prevent interference with
the plasma by the ceramic tube. Figure 37 displays a simplified diagram of the flux array
installed in the chamber with one of the ceramic tubes pulled out of the formation region
as an example. The B-probes used with the flux array are consistent with the description
given in the B-probe section above and are expected to be accurate to better than 5% up
to frequencies of 1 MHz. However, it should be noted that because these ceramic shielded
probes are perturbitive in nature, the magnetic field strength without the probe’s presence

cannot be known for certain. Section 5.3 provides details on flux array measurements and
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how they may be intererpreted in light of their perturbative nature. For details on B-probe

calibration, see appendix C.

Figure 36: Left: A photo of the end-plate and ceramic tubes of the flux array, not yet
installed on the machine. Right: A photo of the flux array installed on the machine with
B-probes positioned in the ceramic tubes for measurement.

Shielded B-probes End-plate feedthrough
in position for ceramic shields

AN

formation chamber probe removed from
. vacuum tube )
axial center formation chamber

Figure 37: A diagram displaying how ceramic tubes are inserted into the formation chamber
to allow for measuring of magnetic field with B-probes..
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4.2.2 Visible Light Diagnostics

Several visible light diagnostics are employed for this study. Figure 38 displays four
collimation units that are directed at the axial and radial center of the formation chamber.
Note that one collimator is not shown in figure 38 which focuses on the region between coils
3 and 4 (see figure 24) for a total of five collimation units on the experiment. The light
is transmitted via multimode fiber optic cable to an EMI shielded enclosure containing the
visible light diagnostic electronics. Varying strengths of neutral density filters are used on
all collimators depending on the expected light signal in order to pretect diagnostics from
being damaged by over-saturation. Practically, this limits the minimum signal that can be

detected.

Collimators
: focused on
formation region

Figure 38: An array of collimators focused on the formation region that send light signals
back to visible light diagnostics.

One of the signals is sent back to a broadband spectrometer for impurity detection

(specifically a Thorlabs brand CCS100 with a bandwidth range of 350-700 nm). During
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deuterium studies, the spectrometer’s collimator is fitted with a 650 nm low-pass filter in
order to filter out H-a line emission. This is intended to allow for lower neutral density
filtering and a higher chance of detecting impurtiy emission. All other signals discussed
henceforth are sent to Menlo brand photodiodes, capable of detecting line in the wavelength
range of 400-1000 nm with a frequency range of DC to 600 MHz (specifically model number:
FPD610-FC-VIS). One of the collimators focused on the formation region and the collimator
focused on the region between coils 3 and 4 use no wavelength dependent filtering and
therefore send a full visible wavelength signal back. One of the collimators on the formation
region uses a band-pass filter (660 £10 nm fwhm) to observe H-a line emission from the
deuterium gas during breakdown. The final collimator focused on the formation region uses
another band-pass filter (488 £10 nm fwhm) to observe H-{3 line emission. The ratio of line
intensities of the H-a and H-/ emission can be used to make temperature estimates in a
plasma up to temperatures of approximately 10 eV. At this measurement is made in real
time, measurement error is dependent on the rate of change of line intensity. For more details
on how line-ratio temperature estimates are implemented in these studies, see appendix D

([24], [25], [26], [27], [28]).

The final visible light diagnostic used in these studies is a Hadland brand, UHSi24 high-
speed imaging camera. The camera is used to take up to 12 sequential frames of images at
frequencies in the range from 225 kHz to 2 MHz (the camera is capable of up to 200 MHz
frequency). Exposure lengths used in these studies ranged from 50 to 200 ns. The camera is
fitted with a Sigma brand, 50-500mm, 1:4-6.3 APO lens and sits approximately 15 ft away
from the experiment and takes images down the axial line-of-sight of the formation chamber,

as shown in figure 39.
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Figure 39: Left: A photo of the framing camera inside of its EMI enclosure (without the top
on). Right: An annotated photo displaying the line-of-sight of the camera with regard to
the formation chamber.

4.2.3 Polarization Interferometer

Ther interferometer used for these studies is the same style of interferometer design pre-
sented by Weber[29]. It is a homodyne interferometer which makes use of polarization state
information from the interfered beams to solve the phase ambiguity problem. Effectively,
one beam is split into two where one is passed through the plasma (the scene beam) and the
other is not (the reference beam). Before recombintation, both beams are then polarized
(to maximum signal strength) and rotated to a 45° polarization angle using A/2 waveplates.
At a 45° polarization angle each beam is effectively composed of a horizontal component (p)
and a vertical component (3). The reference beam is passed through a \/4 wave plate which
phase shifts its p’ component by 90°. The two beams are then interfered and once again

split using a polarizing beam splitter, each going to one photodiode. With this approach,
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each photodiode sees a variation in the intensity of the combined beam but the intensity
variations are 90° out of phase with one another. Thus, this approach resolves the phase

ambiguity problem inherent in homodyne interferometers.
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Figure 40: Diagram of the interferometer as it is used for these studies. L=Lens, P=Polarizer,
HWP = half-wave-plate, PBS = polarizing beam splitter, M = mirror, A = aperture, QWP
= quarter-wave-plate, NPBS = non-polarizing beam splitter, F = spectral filter, PD =
photodetector

Figure 40 displays a diagram of how this interfermoeter is implemented for this study.
Figure 41 shows an annotated photo of the diagnostic on the MTX machine. The laser source
for this diagnostic is a Thorlabs model DJ532-10 laser diode which is housed in a Thorlabs
model TCLDM9 laser diode mount. The detectors used (PD1 and PD2 in the diagram)
are Thorlabs model DET10A photodiodes. During this study transimpedance amplifiers
were installed in the EMI shield seen in figure 41 in order to boost signal and allow higher

frequency measurements. The transimpedance amplifiers used were Femto model DHPCA-

64



100 devices. Figure 42 displays the expected sensitivity of this interferometer for the pressure
ranges explored in this study. The relatively low sensitivity means that the interferometer is
not able to measure small percentages of ionization for this study. Note that signficantly more
detail is given on the physics, setup, error estimation, and post-processing of this diagnostic
in appendix E ([30], [31], [32], [29], [33]). The line-integrated density measurement obtained

using this diagnostic is expected to be accurate to better than 15%.

Figure 41: Top down view of the interferometer with various beam paths labeled.
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Expected phase change for a given laser over a 1.0 cm integration length
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Figure 42: Expected beam phase difference vs. electron density in the pressure ranges
explored in this study.
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Chapter 5

Experimental Campaigns

The total set of experiments conducted in this study were comprised of three major
portions. The first was a “field-mapping” campaign in which special frames and magnetic
probes were created with the express purpose of accurately determining the strength and
distribution of the magnetic fields produced by the MTX machine. This is one part of the
information is necessary for the calculation of breakdown factors. The second was a “break-
down” campaign in which bulk data was collected regarding the field strengths and static
pressures capable of causing both prompt and delayed breakdown. In cases where prompt
breakdown was achieved, additional data was taken with tuned-in diagnostics to allow for
calculation of breakdown factors. Finally, the “Flux Array” campaign was conducted, in
which the flux array (discussed in section 4.2.1) was installed in order to compare the field-
diffusion properties of both ringing-6 and biased dipole pre-ionization methods. FEach of

these campaigns is discussed in more detail below.

5.1 Field Mapping Campaign

Calculation of a breakdown factor requires both a measurement of the time at which
breakdown occurred as well as accurate measurements of the magnetic field distribution in
the system. A short campaign was performed to map out the fields produced by the MTX
machine using B-probes and 3-D printed frames to hold the probes in precise locations.

The campaign consisted of two primary portions: The first set of shots maps out the field
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strength and distribution of the four main #-coils; the second set maps out the strength and

distribution of the dipole coil.

The field mapping of both coil sets was performed using 5 B-probes made specifically
for this task (see figure 43). The probes were constructed by wrapping turns around a #10
bolt with a diameter of approximately 0.165” and had 12 turns of 26 AWG magnet wire.
A twisted pair of approximately 0.5” length connects the probe to an RG-223 coaxial cable
and metal braid soldered to the outer conductor of the cable extends over the twisted pair in
order to reduce noise pickup. All 5 of the probes used were constructed in this fashion and
have an average inductance of about 190 nH with an average calibrated area-turns factor of

2

approximately 1.6 * 107% m2. The calibration was no worse than 5% accurate. Note that

general shot-to-shot variance was found to be less than 3% in terms of field strength.

Figure 43: Photo of one of the B-probes used in the field mapping campaign.

5.1.1 6#-Coil Field Mapping

In order to better understand the field strength and distribution produced by the main
banks of the system (bias, reversal, and cusp banks) a short campaign of shots was performed
with different combinations of firing banks to determine the field strengths and distributions
of the 2-formation/2-cusp coil system. The two primary locations of intersest are the center

of the formation chamber between coils 2 and 3 (see figure 44) and the field null point
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between coils 3 and 4. Note that the separation between all coils is measured as 1”.

Coil 1: Cusp Coil 2: Formation Coil 3: Formation Coil 4: Cusp

Dipole Cail
(one side)

Figure 44: Annotated photo of the MTX coil set.

A 3-D printed probe frame was designed with the intention of measuring axial field
strength at multiple radial and azimuthal locations. Figure 45 displays two different pictures
of the probe-frame, labeling out the points where the probes are held. Figure 46 is a diagram
of the probe frame showing the dimensions for the radial and axial locations for the probes

during the shots.
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Figure 45: Annotated photo of 3-D printed probe frame used to map 6-coil field distribution
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6-coil B-probe

Coil Junction
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Figure 46: Diagram of the #-coil field mapping probe frame.

Four primary axial positions were surveyed; the center of the formation chamber be-
tween coils 2 and 3, the center of coil 3, the mid-point between coils 3 and 4, and the center
of coil 4. See figure 44 above for context on these four locations. At each primary position,
the bias banks, cusp banks, and reversal banks were all fired individually as well as a combi-
nation of the bias with cusp, and finally firing the bias, cusp, and reversal banks all together.

Thus five separate shots were performed for each primary axial location. Additional shots
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were taken to locate the field null between coils 3 and 4 which only fired the bias and cusp

banks. Only the data from the above campaign relevant to this study is presented here.

The first set of shots explored the azimuthal field symmetry in the center of the for-
mation chamber between coils 2 and 3. Thus, the B-probe frame was rotated 90° clockwise
relative to figure 46 so that B-12 was measuring the field strength closest to the #-coil junc-
tion point (note that all other shots in this study were performed with the probe orientation
as shown in figure 46). Inspection of the data shown in figure 47 revealed an azimuthal vari-
ation of approximately 10% from the coil junction to a position 90° off. Azimuthal variation
between 90° and 180° off of the coil junction was found to be negligible. Azimuthal variation
in field strength at the 17 radius measuements (B-probes 9 and 11) was found to be less

than 3%.

Azimuthal field distribution in formation chamber center
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Figure 47: Plot showing azimuthal asymmetry of field distribution in the formation chamber.

A series of shots were also performed to locate the field null point between coils 3 and
4. Figure 48 presents the magnetic field strength at the radial center of the #-coils for several
axial positions between coils 3 and 4. The data shows a field null point slightly closer to coil

3 than coil 4, which makes sense due to coil 4’s tendency to produce a denser magnetic field
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than coil 3. This yields an overall length of the formation chamber of approximately 9.5” or

24 cm.

Field null location between coils 3 and 4

50 —— Mid-point between coils 3 and 4
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Figure 48: Plot displaying measurements used to determine the location of the field null
between coils 3 and 4.

The field distribution between coils 2 and 3 was found to be signficantly different when
compared to the field distribution in the axial center of coil 3. Figure 49 shows that while
magnetic field strength tends to increase with increasing radius inside the axial center of
coil 3, the field strength tends to decrease with increasing radius in the formation chamber

center. This is due to the 1”7 gap between coils 2 and 3 left for diagnostic access.

In calculation of the breakdown factor, it is reasonable to use an average field strength
determined from these measurements. Using a partially quadratic fit as shown in figure
50, an average field strength of 0.227 mT is determined. This is a factor of 0.778 off of
the measurement made by B-3, which is installed in the axial center of coil 3 near the
coil junction point as shown in figure 46. Thus, in calculation of breakdown factors, field

strengths are determined using this factor applied to the measurement of B-3.
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Radial variation in field distribution of formation chamber center
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Figure 49: Plot displaying the difference in radial field distribution between the formation
chamber center and the axial center of coil 3.
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Figure 50: Plot displaying partially quadratic fit to the field mapping measurements of radial
field distribution in the center of the formation chamber.

It should be noted here that the off-set placement of the flux loop (as seen in figure 27
in section 4.2.1), causes more flux to pass through the flux loop than if it were placed at the
exact center of the formation chamber where these field mapping measurements take place.

Measurements of the flux loop in this campaign display a consistent factor of 1.3 higher
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flux measured by the flux loop than is estimated using the field distribution approximation
shown in figure 50. This information is needed to properly understand results from the flux

array campaign analyzed in section 6.3.1.

5.1.2 Dipole Coil Field Mapping

The mapping of the dipole coil’s field distribution was performed using the 3-D printed
frame shown in figure 51. A diagram of the probe’s positions within the frame is shown in
figure 52. Shot-to-shot variance in field strength measurements was again found to measure

less than 3% difference.

B11: horizontal
orientation

B10: horizontal
orientation

B8: vertical
orientation

B9: horizontal
orientation

Figure 51: Annotated photo of the frame and probe positioning used to map the dipole coil’s
field distribution.

Figure 53 shows measurements taken the radial center of the tube in different axial
positions. The measurements indicate that the dipole coil’s field strength does not vary
signficantly within the foramtion region. A simple Biot-Savart approximated field solver
(distribution seen in figure 54) was compared to the measured field strengths (scaled to the

measurement at the center of the chamber) and was found to provide reasonable agreement
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(within 5%) as shown in figure 55. Thus, using the Rogowski coil on the dipole coil (accurate
to within 10% as described in section 4.2.1), the field strength generated by the dipole coil

in the system can be determined.

5.0"

Figure 52: Diagram of probe positioning used for mapping the dipole coil’s field distribution.

Using the these measurements and a Biot-Savart approximation, an average field strength
of 105 mT for a 20 kV discharge and an average field strength of 215 mT were determined.
Note that these values are higher than the measurements depicted in figure 55 due to the fact
that the pre-ionization capacitor bank was changed early in the data gathering campaigns.

This change is discussed in more detail in section 5.2.
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Variation in dipole coil field strength with axial position
taken at radial center of tube
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Figure 53: Plot displaying the variation of transverse field strength of the dipole coil at
various axial locations.
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Figure 54: Plot of a Biot-Savart approximated dipole coil field with labeled measurement
positions. B-9 is at location 1, B-10 is at location 2, and B-11 is at location 3. for the
measurements shown in figure 55.
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Variation of OMF field strength in axial direction
measured at vertical extreme of tube
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Figure 55: Plot comparing measured field strengths to those predicted by the Biot-Savart
approximation.

5.1.3 Field Mapping Campaign Summary

Precise measurements were taken of the field strengths and distributions of the 6-coils
and dipole coil so that accurate field strength values could be used in calculation of break-

down factors for the breakdown campaign (see section 5.2).

The 6-coils were found to vary less than 10% in strength azimuthally and the radial
field distribution in the formation chamber center was measured and can be reasonably
approximated with a partially quadratic fit. The functional length of the formation region
was found to extend just past the formation coils for a total length of approximately 9.5”
or 24 cm. Given the known accuracy of the B-probes, the shot-to-shot variance, and the
estimated error in the partially quadratic fit, the overall error in the measured field strength

used to calculate breakdown factors can be considered no worse than 10% accurate.

The dipole coil’s field distribution was found to vary negligibly within the formation

region and a simple Biot-Savart field approximation was shown to predict the field accurately
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within 5%. Given the known accuracy of the B-probes and the Rogowski coil that will be
used to measure current in the dipole coil, the overall error in the field strength used to

calculate breakdown factors can be considered no worse than 15% accurate.

Measurements were combined with calculation and basic simulation to determine aver-
age magnetic field strengths for the purpose of calculating electric field strengths for break-

down factors.

5.2 Breakdown Campaign

The purpose of the breakdown campaign was to record data on what conditions yielded
prompt breakdown, delayed breakdown, and no breakdown at all. Deuterium gas and Helium
gas in a range of 25-100 mTorr were studied for this purpose. Four primary field config-
urations relevant to breakdown were identified and studied on the MTX system. The first
was the 6-pinch as described in section 3.6. The second and third configurations that can
be studied are the unbiased dipole and the biased dipole (note that the breakdown model is
the same between these two conditions because the induced electric field is aligned with the
bias field as discussed in section 3.5). The final configuration is the ringing-6, as discussed

in section 3.4.

As stated in section 3.6, it was discovered that discharging of the bias and cusp fields on
MTX produced ionization in deuterium gas. Thus, the unbiased dipole and #-pinch configu-
rations are the only ones that can be studied on MTX without seed ionization which means
that the biased-dipole and ringing-6 configurations cannot be studied without seed ioniza-
tion. Therefore, the two primary categories of study are seeded breakdown and unseeded

breakdown.

In initial testing it was seen with spectrometer data that impurity presence tended to

78



decrease over a number of discharges of the reversal bank. Figure 56 shows this tendency
of decreasing impurity presence with repeated shots. Note that the sharp line around 486
nm represents the H-{ line, which is expected for breakdown of deuterium gas (recall from
section 4.2.2 that the spectrometer was fitted with a 650 nm low pass filter to block reception
of H-a emission). For the campaigns discussed here where data was collected, impurity line

strengths comparable to H- emission were not detected using the wideband spectrometer.

Wideband Spectrometer Reading
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Figure 56: Comparison of impurity lines detected in earlier vs. later discharges as measured
by the wideband spectrometer.

5.2.1 Breakdown Campaign Parameters

The parameters of each bank are summarized in table 3. Note that these values are
averaged over the tube area, as determined by the field mapping campaign discussed in
section 5.1. To gather data for the unbiased dipole configuration, only the dipole bank

would be fired and allowed to ring down naturally. For biased dipole data either the bias
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alone or the bias and cusp would be fired and crowbarred close to peak field strength ( 4.6
us) to provide a background field. The dipole bank would then be fired at 10 s into a tube-
area-averaged background field strength of approximately 162 mT and allowed to ring down
naturally. To gather 6-pinch breakdown data firing of the bias banks alone was sufficient for
Deuterium studies. Prompt breakdown could not be achieved in helium using the any of the
banks for an unseeded configuration. Finally, ringing-6 data was gathered by firing both bias
and cusp banks and crowbarring them at 4.6 ps. The reversal banks would also be fired at
4.6 us and allowed to ring down naturally. Note that ringing-0 data was only taken at one
set of bank voltages (specifically the upper ranges of the cusp/bias banksand the lower range
of the reversal bank) as these were the only available settings that allowed for a ringing-

profile with a small 0 crossing as used in previous FRC experiments (see section 2.2).

Table 3: This table summarizes the bank parameters. Note that the magnetic field values
presented are the tube-area-averaged field strength.

Bank parameters for breakdown studies

Bank | Voltage Range (kV) | Field Range (mT) | Frequency (kHz)
Cusp 10 to 20 150 to 300 43
Bias 10 to 20 -110 to -225 43
Reversal 20 to 40 300 to 600 320
Dipole 20 to 40 105 to 215 140

Early on in the campaign it was found that the bank powering the dipole coil was
insufficient to cause breakdown. It originally consisted of a bank with 160 nF, an overall
inductance of 1.25 pH, and a discharge frequency of 350 kHz. This bank was swapped out
with a Scyllac style capacitor with a capacitance of 1.36 uF. This also lowered inductance
by 1/3 to a value of 800 nH and the discharge frequency decreased to 140 kHz. Do note

that table 3 lists the new bank parameters as this was the bank used for all data presented
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in later sections. Note that for a simple discharging capacitor bank the rate of change of

. . . . dl - \4
current is dependent only on the capacitor voltage and discharge inductance so that, & = +.
Further, since FE % x %, it can be inferred that this bank change increased the initial

induced electric field strength by roughly 30%.

Using the bank parameters and configurations discussed henceforth, Deuterium and
Helium gas were swept through pressures from 25-100 mTorr. Photodiodes and the high-
speed imaging camera were the primary diagnostics used to determine if breakdown had
occurred during a shot. It is important to find the minimum conditions (field strengths and
pressures) capable of causing breakdown so that minimum requirements can be identified for
the design of inductively-coupled ionization systems. To do this, a series of approximately
250 shot sequences were performed to establish general baselines for which conditions yielded
prompt, delayed, or no breakdown. Once these baselines had been established, another series
of approximately 100 shots were performed in order to find minimum breakdown conditions
for the four primary configurations. These later shots comprise the bulk of the data that is

analyzed in section 6.1.

5.2.2 Breakdown Factor Calculation

For all conditions except 6-pinch, breakdown factor was calculated in the following
fashion. A signal from the visible light photodiode aimed at the center of the formation
chamber that was above the noise level was taken to be the presence of breakdown. The
time at which the system fired was determined from either B-probes for 6-coil discharges or
the dipole coil’s Rogowski probe for dipole discharges. An example of these traces for an
unbiased dipole shot can be seen in figure 57. Since this was a dipole discharge, breakdown

factor was then calculated using equation 3.5.9. Breakdown timing was determined as the
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difference between the photodiode signal and the fire time of the dipole bank as shown
by the Rogowski signal. Magnetic field strength was determined using the field mapping

information discussed in section 5.1.2.

Time of Breakdown, Shot 2134, Dipole Only
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Figure 57: Plot that shows fire timing of dipole coil relative to the time at which breakdown
occurred. This was done with Deuterium gas at 100 mTorr, and the dipole coil discharging
at its minimum field strength.

In the case of #-pinch discharges, the light signal was generally too weak to be picked
up by photodiodes except in a few cases. Therefore, the high-speed imaging camera was
the primary diagnostic used to determine breakdown timing, albeit with less time resolution
than the photodiodes. Figure 58 displays photodiode signals for a #-pinch discharge in 100
mTorr of Deuterium. Here, a small signal can be seen in the formation chamber and no signal
is detected in the cusp region (between coils 3 and 4). Further, the timing of the high-speed
imaging camera is overlayed on the plot. The images taken by the camera can be seen in
figure 59 and show plasma in the same time that signal is seen by the photodiode (note

that no light was seen in frames prior to the one shown in figure 59). This is an important
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distinction as in all other configuration tested, breakdown first occurs in the cusp region
so that the high-speed imaging camera cannot be used for prompt breakdown detection in
the center of the formation region. Thus, for all f-pinch prompt breakdown studies, the

high-speed imaging camera is used for determination of breakdown timing.

Photodiode intensity gignals, Shot 2374
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Figure 58: Plot showing photodiode traces of a #-pinch discharge in 100 mTorr Dy overlayed
with timing of the high-speed imaging camera.

Frame 6 Frame 7 Frame 8 Frame 9

Figure 59: Frames obtained by the high-speed imaging camera, show existence of plasma
that coincides with the photodiode signal shown in figure 58.
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5.3 Flux Array Campaign

The primary purpose of the flux array campaign was to study flux diffusion in the
biased dipole and ringing-6 configurations, as these are the configurations most applicable
to FRC pre-ionization. Additional parameters of interest include the plasma density, plasma
temperature, and overall flux as measured by the external flux loop. Using table 3 as a
reference, the biased dipole shots were performed by firing the bias and cusp banks at their
peak field strengths and crowbarring them at 4.6 us. The dipole coil was then fired at 10 us
and allowed to ring down naturally. For a ringing-6 shot, the bias and cusp banks were fired
at their peak field strengths and crowbarring them at 4.6 ps. The reversal bank was then
fired and allowed to ring down naturally. Data was gathered using these two configurations
with the flux array installed for pressures of 25, 50, and 100 mTorr using Deuterium and

helium gas.

1 Flux array installed on
end of chamber
Two probes inserted
into formation region

Formation region

B
N S

-

Figure 60: Annotated photo of the flux array installed on the MTX machine.

For the flux array campaign, the flux array (see section 4.2.1 for details) was installed

in the main chamber as seen in figure 60. This precluded the use of the high-speed imaging
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camera as the flux array blocks its line-of-sight. Measurements from the external B-probes
and flux loop in the formation chamber were observed to not be affected by the presence
of the flux array when vacuum and plasma shots were compared. However, measurements
from the photodiodes and the interferometer were seen to be significantly affected during
the ringdown of both the biased dipole and ringing- configurations. Figure 61 depicts an
example of this where peak values of the ringing-6 compressions are signficantly higher in the
presence of the flux array. The same tendency was seen with photodiodes measurements so
that neither accurate measurement of light or integrated line density can be done during the
ringdown of either configuration. However, figure 61 also shows overlapping density values
after the ringdown phase, which is the primary region of interest because this is where a the
reversal field would most likely be fired to form an FRC. Therefore, light based measurements

may still be considered useful after the ringdown phase for comparisons of interest.
Density measurements with and without flux array
ringing-0 discharge, 100 mTorr, D,

—— Without flux array, shot: 2147
—— With flux array, shot: 2328
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Figure 61: Plot comparing interferometer traces with and without the flux array installed.
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Chapter 6

Analysis

First, the results of the breakdown studies are presented, detailing the conditions in
which prompt breakdown could be achieved and how the expectations set forth by the
prompt breakdown models compare to the experimental results. The effects of seed ioniza-
tion are analyzed within the context of breakdown factors and how breakdown requirements
are affected. Then, the observed conditions for which prompt and delayed breakdown are tab-
ulated for use in future pre-ionization system design. Finally, measurements of the ringing-6
and biased dipole pre-ionization configurations are compared and contrasted to determine

benefits and/or drawbacks between the two methods.

6.1 Prompt Breakdown Results

The #-pinch and unbiased dipole breakdown experiments conducted on MTX were unas-
sisted by seed ionization and therefore represent pure case studies on breakdown of gases by
inductively coupled fields. The biased dipole and ringing-6 configuration, however, are both
seeded by the firing of the bias and cusp fields prior to the primary discharge. Table 4 sum-
marizes this. It will be seen in the analysis that the presence of seed ionization significantly
affects breakdown properties. Therefore, it is better to analyze them separately before direct
comparison with seeded conditions. As a final note, the minimum field conditions required
to cause prompt breakdown are generally the most interesting for system design purposes,

so the study was primarily focused on identifying these conditions. Identification of these
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conditions generally required tuning in optical diagnostics, which was a time consuming pro-
cess. Therefore, data on breakdown at higher-than-necessary field conditions is generally

not explored for prompt breakdown.

Table 4: Four primary conditions are analyzed. This table displays which cases are unseeded
and which cases are seeded.

Unseeded Seeded

unbiased dipole | biased dipole

f-pinch ringing-6

6.1.1 Unseeded Breakdown

The unbiased dipole tests consist simply of firing the pre-ionization bank through the
dipole coil (see figure 44) without any other banks, which produced a transverse field through
the tube area. The #-pinch tests performed consisted of firing only the bias banks through
the two central formation coils (coils 2 and 3 as shown in figure 44). See sections 5.1.2 and
5.1.1 for details on field mapping on both of these configurations, respectively. Since both of
these configurations are fired independent of any other systems, they represent case studies

of unseeded breakdown testing and are thus analyzed prior to seeded conditions.

Unbiased Dipole Analysis

The unbiased dipole tests consisted of firing the dipole coil with an area-averaged field
range of 105-215 mT (corresponding to 20 and 40 kV bank charge, respectively) at a discharge
frequency of 140 kHz. Section 5.1.2 gives explicit field mapping details. First, it is noted
that minimum field requirements for prompt breakdown of 25 mTorr Dy gas for the unbiased

dipole configuration could not be established as the maximum field settings were incapable of
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causing prompt breakdown. Further, this configuration could not cause prompt breakdown

of helium at any pressure.

Dipole only, breakdown results
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Figure 62: Plot displaying measured breakdown factors for the unseeded dipole configuration.

Figure 62 displays the breakdown factors measured using a 20 kV charge on the dipole
coil for Dy gas. First, it is noted that the measured breakdown factors are much greater
than unity (o >> 1). Further, lower breakdown factors are measured at higher pressures.
These general results are both consistent with model expectations. Figure 63 shows the
“null” data points at 25 mTorr. Although prompt breakdown could not be achieved, these
points on the plot display the theoretical breakdown factor that the system is capable of at
its defined maximum of 1/8th the cycle time ( 900 ns in this case). This strongly implies
an exponential dependence of field strength requirements on gas pressure, which is also

consistent with model expectations.
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Dipole only breakdown data
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Figure 63: Plot displaying measured breakdown factors for the unseeded dipole configuration.

f-Pinch Analysis

The 6-pinch discharges were formed by firing the bias banks into coils 2 and 3 as shown
in figure 44. The tube-area-averaged field strength varied from 110-225 mT (corresponding
to 10 and 20 kV bank charge, respectively) at a discharge frequency of 43 kHz. Section
5.1.1 gives explicit details on field mapping. Similar to the unbiased dipole results, prompt
breakdown could not be achieved in D5 at 25 mTorr or in helium at any pressure using the
maximum range of the bias banks. Note that the data presented here was obtained using
the high-speed imaging camera as discussed in section 5.2.2. Therefore, this data is obtained
with a lower temporal resolution than other configurations and is subject to higher overall

error.

Discharges of 225 mT (20 kV charge on the bias banks) into the formation coils resulted

in consistent prompt breakdown at 100 mTorr and 50 mTorr, albeit with higher variance
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than seen in the unbiased dipole results above. Discharges of 170 mT (15 kV charge on the
bias banks) achieved prompt breakdown in approximately 50% of shots (delayed breakdown

was seen in the other 50%). Figure 64 summarizes these results.

0-pinch, breakdown results
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Figure 64: Plot displaying measured breakdown factors for the #-pinch configuration.

The fact that the 15 kV bias discharge did not break down consistently indicates that
this condition is close to the absolute minimum field requirement to cause prompt break-
down. Further, prompt breakdown could not be achieved with a 15 kV bias discharge at 50
mTorr despite the fact that it is capable of injecting the same amount of energy that caused
breakdown at the 20 kV charge. This implies that rate of energy injection (i.e., power) be-
comes an important factor, which then implies the assumption that the recombination rate
is negligible may be violated at this condition. However, it is worth noting that breakdown
factors overlap at the 100 mTorr condition indicating that the model is working as intended

in these specific conditions.

The higher variance in the #-pinch breakdown factors can be analyzed more closely
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using the Boris Pusher algorithm discussed at the beginning of chapter 3. Using a starting
point near the tube edge (4 cm radius) and simulating its path for 50 ns, it is seen that
an electron under the influence of a 225 mT #-pinch discharge at 43 kHz will be pulled in
radially as shown in figure 65 below. Here it is seen that the electric field does not accelerate
electrons out of this system in this configuration, unlike all other configurations tested in this
study, so that free electrons will only be lost on timescales relative to thermal velocity. This
could be why a higher variance is seen in breakdown factor for the #-pinch, since electrons
are confined longer and therefore have a longer chance to interact and impart energy to the

gas through collisions.
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Figure 65: Plot displaying the path of an electron in a bias discharge (225 mT peak field at
43 kHz) simulated using a boris pusher.

Overall, the higher variance makes it more challenging to pull specific conclusions from
this data, but there does seem to be a general decreasing trend in breakdown factor as

pressure increases. The fact that 25 mTorr could not be broken down also implies non-linearly
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increasing breakdown factor at lower pressures. These observations are still consistent with

model expectations.

Finally, it is worth noting that breakdown factors measured for both 6-pinch discharges
and unbiased dipole discharges at 100 mTorr show are within similar ranges (1500 < o* <
2000) with exception to a single #-pinch data point where breakdown occurred signficantly
later in time. This could imply that breakdown factors are also useful for comparing dif-
ferent configurations to one another, but more data would be needed to make any certain

conclusions.

6.1.2 Seeded Breakdown

The two seeded breakdown cases consist of the biased-dipole and ringing-6 configura-
tions. In a biased dipole shot, the bias banks were fired into coils 2 and 3 while the cusp
banks were fired into coils 1 and 4 (see figure 44 for coil locations). These banks were crow-
barred at approximately 4.6 us and the pre-ionization bank was then fired into the dipole
coil at 10 us into a tube-area-averaged background field strength of approximately 162 mT
and allowed to ring down naturally. For a ringing-6 discharge, the bias and cusp banks are
fired in the same manner as the biased dipole configuration, but instead of firing the dipole
coil the reversal banks were discharged into coils 2 and 3 at 4.6 us (the same time at which
the bias and cusp banks are crowbarred) into a tube-area-averaged background field value

of 175 mT.
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Figure 66: Comparison of external field measurements for ringing-6 discharges in Dy to
vacuum.

The bias banks are discharged for both the biased dipole and ringing-6 configurations,
which were seen in the #-pinch results above to produce prompt breakdown for Dy at 50
and 100 mTorr. It is important to know whether the 6-pinch discharge is producing enough
plasma to affect field distribution, because if the field distribution is changed by the presence
of this plamsa, then the breakdown models no longer apply. Figure 66 shows a comparison
of external magnetic field measurements on coil 3 for ringing- for a range of pressures (note
that the trace labeled “vacuum” was measured to have a pressure on the order of 1 pTorr).
These results clearly indicate that the plasma created by the initial #-pinch discharges are
not significantly affecting field distribution at the time of the reversal banks’ firing. Further,
images from the high-speed imaging cameras confirm that significant plasma presence is
quenched by the time the reversal banks fire (due to the lower electric field strength near

the peak of the §-pinch discharge).
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While the field geometry produced by the cusp coils firing independently is not covered
by the models, it is worth noting the results of a short campaign of shots that studied
their prompt breakdown capabilities. It was observed that the cusp fields were able to
produce visible prompt breakdown with weaker tube-averaged-field strengths when compared
to the bias discharges. The same field mapping analysis as summarized for the formation
chamber in figure 50 in section 5.1.1 was performed for the cusp coils with the results seen
in figure 67 below. Comparing the two field distributions, the cusp coils clearly produce
an overall stronger magnetic field than is produced in the formation chamber for 20 kV
charges (note that they were designed with this intention for the purpose of containing an
FRC). However, the cusp banks discharged at 10 kV still produced weaker electric fields than
those produced by the 20 kV bias discharges but were observed to yield prompt breakdown
in conditions where the bias discharges could not. Essentially, the cusp fields were able
to cause breakdown with significantly weaker fields than the bias fields (prompt breakdown
could even be observed in 100 mTorr of Helium with the cusp fields). The primary difference
between the bias and cusp fields is the curvature of the fields in the axial direction. Therefore,
it is possible that VB and curvature drift have a signficant impact on breakdown. It is also
possible that more impurities exist on the tube surface in the cusp region (as both the bias
and cusp fields pass through the tube at this location), which may be affecting the prompt
breakdown characteristics in this region. Regardless, two major points were elucidated in
this short study. The first is that the cusp fields generate more seed ionization than the
bias fields. Secondly, the affects of field curvature relative to electron motion on prompt

breakdown characteristics should be studied in the future.
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Figure 67: Partially quadratic fit to the cusp coils’ field distribution based on field mapping
measurements.

Biased Dipole Analysis

It was found that the biased dipole configuration was able to cause prompt breakdown
at all tested pressures of Dy (25 - 100 mTorr). Figure 68 shows the measured breakdown
factors for a biased dipole configuration fired with a 20 kV charge on the bias, cusp, and
dipole banks. It should be noted that the range of measured breakdown factors here is
on the order of measurement error in the diagnostics so that relative comparisons between
these low values cannot be made. However, it is clear that the measured breakdown factors
for this configuration are significantly lower than its unbiased equivalent (see figure 69 for

comparison).
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D,, biased dipole breakdown results
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Figure 68: Measured breakdown factors of biased dipole configuration in Do, fired with a 20
kV charge on the bias, cusp, and dipole banks.

Given the expectations based on the general electron density equation 3.2.3 (which
states n, = neoe"”‘”on(”e)f(; ve), it is probable that this exponential decrease in measured
breakdown factor with pressure is due to the presence of more charged particles at the time
of the discharge which significantly increase the bulk cross section of the gas. However,
without a measurement of electron density (such low densities cannot be measured with the
present experiment’s interferometer), it cannot be stated for certain if the increased electron

density is not the primary factor.
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D-, biased dipole breakdown results
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Figure 69: Comparison of the measured breakdown factors for an unbiased dipole configu-
ration to the biased dipole configuration.

Since it was hypothesized that seed ionization from the bias and cusp banks were causing
the change in measured breakdown factor, another set of data was taken using weaker field
strengths on the bias and cusp fields. It was theorized that weaker bias and cusp discharges
should yield less seed ionization, which should increase measured breakdown factors relative
to those seen in figure 68. This comparison is presented below in figure 70 which shows
similar measured breakdown factors except in the case of a 25 mTorr static fill where one
of the two data points is measured with a significantly higher breakdown factor. While
more data would be needed to be sure of this relationship, it is still consistent with the
expectations based on the hypothesis. In the cases of 50 and 100 mTorr, it is possible that
the 10 kV bias and cusp discharges still provide suffient seed ionization to significantly alter

the breakdown timing of the biased dipole.
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D,, biased dipole breakdown results
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Figure 70: Comparison of bias and cusp field strength on breakdown factor in Ds.

As seed ionization is expected to be a dominant factor in prompt breakdown, it is
worth discussing the results of helium tests since it has the highest first ionization energy
requirement of any known element. Figure 71 displays measured breakdown factors for
helium exposed to a biased dipole configuration with each bank charged to 20 kV. Again, it
is clearly seen that the seed ionization has a signficant effect on prompt breakdown properties.
Recall that the dipole bank, even when charged to its maximum 40 kV capacity, could not
promptly breakdown helium at any pressure. Figure 71 shows that with seed ionization,
helium promptly breaks down at all pressures tested. However, a noticeable outlying data
point with a measured breakdown factor over 600 can be observed at the 100 mTorr range.
Of the three data points at 100 mTorr, two were obtained using the same degree of filtering
on the visible light photodiode aimed at the center of the formation chamber. Figure 72
presents the intensity measured over time for these two data points. A small, but noticeable

signal is seen on one trace vs. the other between 4 us and 10 us, indicating the presence of

98



detectable seed ionization (recall that the dipole bank is fired at 10.6 ps). This indicates at
least that the outlying data point was subject to weaker seed ionization than its counterpart.
This further indicates that breakdown factors can be used as a proxy for determining efficacy
of seed ionization. It should be noted that the reason for weaker seed ionization in one shot
vs. another was determined to be due to a difference in bias crowbar timing of one switch,

which allowed for weaker seed ionization in the outlying shot.

Tests were then performed using weaker seed ionization by discharging the bias and cusp
fields at 10 kV (as opposed to the previous 20 kV charge) while contintuing to discharge the
dipole bank at 20 kV. These results are shown in figure 73 and compared to the results of
firing the bias and cusp banks at 20 kV. While prompt breakdown could be achieved with
a 100 mTorr fill, it could not be achieved at 50 or 25 mTorr under these conditions. This

again implies that seed ionization has a strong affect on prompt breakdown capabilites.

Helium, biased dipole breakdown results
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Figure 71: Measured breakdown factors of biased dipole configuration in helium, fired with
a 20 kV charge on the bias, cusp, and dipole banks.
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Breakdown Signals of Biased Dipole Shots in Helium at 100 mTorr
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Figure 72: A plot depicting the chamber center photodiode signal for two of the three 100
mTorr data points seen in figure 71, including the outlying data point.

Helium, biased dipole breakdown results
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Figure 73: Comparison of bias and cusp field strength on breakdown factor in Helium. Dipole
bank discharged at 20 kV while bias and cusp fields are discharged at 10 kV.
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On a final note regarding the seeded breakdown results, it is worth considering how
seeding electrons into a gas may change the expected breakdown behaviour. Recall equation
3.2.3, which gives the electron growth rate due to ionizing collisions as n, = nege™“ten(ve) Jo ve.
Clearly, seeding a gas with electrons will increase the initial electron density, ne. Addition-
ally, when a gas is given seed ionization, it is expected that some electrons in neutral atoms
will be excited into higher energy orbitals. Figures 74 displays both the mometum transfer
cross section of ground state hydrogen ([23]) as well as the ionization cross section of hydro-
gen energized to the 2S state ([34]). It is clear that the interaction cross sections for high
energy electrons are significantly higher than for ground state particles, particularly given
that fact the that electron impact ionization cross section is only one component of the over-
all momentum transfer cross section. A similar plot showing the electron impact momentum
transfer cross section ([35]) and electron impact ionization cross section of helium in the
25 state ([36]) is displayed in figure 75. When considering the effects of seed ionization on
breakdown properties of a gas, the change in cross sections of excited gases should not be

discounted.
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Figure 74: Comparison of hydrogen electron impact cross sections for momentum transfer
at ground state to ionization cross section at an excited state. Produced using data from
Yoon’s[23] and Dixon’s[34] studies.
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Helium cross sections as a function of energy state
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Figure 75: Comparison of hydrogen electron impact cross sections for momentum transfer
at ground state to ionization cross section at an excited state. Produced using data from
Itikawa’s[35] and Dixon’s[36] studies.

Ringing-f Analysis

Recall from the derivation of electron energy scaling in section 3.4 that the energy
that can be transferred to electrons in a ringing-6 system is signficantly limited by the pre-
existing bias field. Although the ringing-6 system on MTX was able to break down promptly
for Do, figure 76 shows that much lower breakdown factors than expected are observed. This
effectively means that breakdown is occurring before electrons are expected to acquire kinetic

energy on the order of the ionization energy of the gas.
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D,, ringing-6 breakdown results
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Figure 76: Measured breakdown factors of a ringing-6 system in D, fired with 20 kV on the
bias, cusp, and reversal banks.

The Boris Pusher simulation was used at this point to better understand electron dy-
namics in a ringing- configuration. Figure 77 displays the results of this simulation, showing
a simulated electron’s path on the left (starting at a radius of 0.25 cm with no initial energy)
and the energy of this simulated electron over time on the right. Note that starting the
electron with initial velocities on the order of thermal velocities did not alter these results.
An electron impact energy of approximately 10 eV is required to at least excite electrons
deuterium atoms to higher energy states so that this is the mimimum interaction energy.
As is clear from the right side of figure 77, electrons accelerated by the ringing-6 here are
not expected to achieve this energy until just after 300 ns. Figure 78 displays the measured
breakdown times of the ringing-6 breakdown studies. Comparing the breakdown times of
figure 78 to the expected electron energy from the Boris Pusher on the right side of figure 77,
it is clear to see that breakdown is occuring long before maximum electron energies would

be expected to be capable of causing breakdown.
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Figure 77: Left: A scatter plot showing the simulated path of an electron under the influence
of the MTX ringing-6 system, starting from close to the center of the tube. Right: the kinetic
energy of this simulated electron over time.
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Figure 78: Measured times of breakdown for a ringing-6 discharge with 20 kV on the bias,
cusp, and reversal banks.

The end result is that there is either an unaccounted for source of energy in the system

or that electrons are able to effectively transfer momentum to the gas below the minimum
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interaction energy of 10 eV. Although energy is injected into the gas via the bias and cusp
discharges, visible evidence of plasma has subsided by the time the reversal bank is fired and
therefore could not serve as an energy source capable of causing this difference. However, it
is surmised from the biased dipole results that the presence of seed ionization is significantly
reducing electron mean-free-paths and the same should be true in a ringing-6 configuration.
This shorter mean-free-path means that electrons accelerated by the induced electric field
can more easily transfer energy to the gas but this only happens in electron-neutral or
electron-ion collisions. It is possible that electrons are transferring energy to the small
population of ions, which then collide with neutrals to cause ionization. Alternatively, one
may consider that the single particle motion models no longer apply due to plasma dynamics
from the seed ionization becoming non-negligible. However, comparison of measured vacuum
field strengths to ringing-0 discharges (see figure 66 in which differences only occur after
the field 0 crossing, signficantly later than observation of breakdown) makes this unlikely.
These measurements strongly imply that the plasma presence is not significantly altering the
field distribution near the time of breakdown. Finally, it is worth noting that the framing
camera images taken of ringing-0 discharges (see figure 79) at least qualitatively match the
expectation of charged particle drift in the outward radial direction that begin to curve later
in time as the background magnetic field becomes weaker. Exploration of this mechanic with
different seeding or field strengths may shed light on the problem which is left as an open

endeavor for interested future researchers.
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Figure 79: Visible light images of a ringing-6 discharge synchronized to external magnetic
field measurements.

Prompt breakdown of the same ringing-6 configuration (20 kV charge on all banks) was
observed in Helium for 50 and 100 mTorr as shown in figure 80. In this case breakdown factors
much less than 1 are measured for 100 mTorr discharges, but breakdown factors on the order
of unity are measured for 50 mTorr. Prompt breakdown could not be observed at 25 mTorr.
This presents an interesting case as it is the only seeded configuration tested that actually
measures breakdown factors that span unity. This would imply that something about the
configuration is fundamentally changing as a function of pressure. If seed ionization is the
cause for anonymously early breakdown observed in ringing-6 discharges, it is possible that
the 50 mTorr case represents an inflection point in this relation. This field configuration and

seeding in Helium gas then would be an appropriate place to begin studies into the early
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breakdown of ringing-6 discharges. It should be noted that the error on measurements of o*
near unity are subject high error due to the resonant nature of the ionization cross-section

near this point and the rapidly changing electron energy at this point in a #-pinch discharge.

Helium, ringing-0 breakdown results
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Figure 80: Measured breakdown factors of a ringing-6 system in helium, fired with 20 kV on
the bias, cusp, and reversal banks.

6.1.3 Summary of Prompt Breakdown Results

Measurements of breakdown factors for unseeded prompt breakdown configurations
(unbiased dipole and #-pinch) are consistent with the expectations of the proposed breakdown
model. This implies the model’s potential viability as a useful design tool for inductively-
coupled ionization systems. It was determined in the study that electron energy alone is
insufficient to appropriately predict inductively-coupled breakdown. The discharge power
of a system was also seen to play an important role and future work should elucidate this

dependence so that a minimum power requirement for breakdown can also be established.
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Measured breakdown factors of seeded configurations show that seed ionization signficantly
impacts prompt breakdown characteristics and drastically reduces field strengths required to
cause prompt breakdown. Prompt breakdown in the ringing-6 configuration is generally seen
well before the model predicts breakdown to be possible. It is possible that plasma formed
at the cusp region where bias field strength is weaker is streaming to the formation chamber,
causing the observed breakdown. It is noted that a shift in this anomylous behaviour was
observed in helium discharges between 25-100 mTorr so that future work would benefit
from focusing on this region for further study. The most conclusive result of the prompt
breakdown studies is that a staged approach of seeding ionization followed by a higher power
preionization discharge signficantly increases the energy coupling between the gas and the
preionzation system, particularly for lower pressure gases. Further, measured breakdown
factors in a staged pre-ionization system can be used to easily compare efficacy of seed
ionization systems without the need for sensitive diagnostic setups for detection of seed

ionization characteristics.

6.2 Delayed Breakdown Conditions

Although the primary focus of this research is on prompt breakdown and the models
developed for it, it is still worthy to note the conditions unseeded conditions that yielded
delayed breakdown as well as prompt breakdown as this information is useful for the general
design of inductively-coupled pre-ionization systems. Seeded configurations were capable
of prompt breakdown in almost all conditions (see section 6.1.2 for more details) so this
section only presents results for unseeded configurations. The tables below list the field
configuration, gas pressure, whether prompt breakdown was observed and whether delayed
breakdown was observed. The “configuration” column will list either unbiased dipole or

f-pinch as the configuration for a given row. This listing will be followed by listing the
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voltages on each bank. For example, an ubiased dipole discharge firing with 20 kV on the
dipole bank will list “unbiased dipole: D20” as its configuration. Note that for all unbiased
dipoles and #-pinch configurations, banks are fired and allowed to ring down naturally. The
pressure column presents the static fill pressure for the tests (4/- 10 mTorr) and whether
prompt and/or delayed breakdown were observed is indicated with either “Y” for yes or “N”
for no. Bank parameters are summarized in 5. Note that the field values shown represent
the minimum and maximum of the field averaged over the tube area (see section 5.1 for more
details on field mapping).

Table 5: This table summarizes the bank parameters. Note that the magnetic field values
presented are the tube-area-averaged field strength.

Bank parameters for breakdown studies

Bank | Voltage Range (kV) | Field Range (mT) | Frequency (kHz)
Cusp 10 to 20 150 to 300 43
Bias 10 to 20 -110 to -225 43
Reversal 20 to 40 300 to 600 320
Dipole 20 to 40 105 to 215 140

f-pinch delayed breakdown results are represented in table 6. The results here represent
the only unique case in which prompt breakdown was observed but breakdown on subsequent
rings of the system was not. However, in this particular case the photodiodes that would
normally pick up the presence of delayed breakdown were signficantly overfiltered and it is
possible that breakdown could not have been observed by them even if present. Of note is
the fact that the span of 10 to 20 kV charge on the bias bank spans the ability of the sytem
to break down D, gas at all. Therefore, this data is directly applicable in the design of a
f-pinch bank intended to ionize deuterium. Systems weaker than the equivalent of this 20

kV charged bias bank should not be expected to reliably ionize Ds.
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Table 6: This table summarizes the breakdown observation results of #-pinch tests in deu-
terium gas. *Tests on the 15 kV bias discharge had excessively overfiltered photodiodes and
may not have detected delayed breakdown, even if present.

Breakdown observations for 6-pinch tests in D,
Configuration Fill Pressure | Prompt Delayed
(mTorr, £10) Breakdown Breakdown

f-pinch: B20 100 Y Y
f-pinch: B20 50 Y Y
f-pinch: B20 25 N Y
f-pinch: B15 100 Y N*
f-pinch: B15 50 N N*
f-pinch: B10 100 N

f-pinch: B10 50 N

f-pinch: B10 25 N

Table 7 summarizes the results of #-pinch testing in helium. In addition to this infor-
mation, it should be noted that prompt breakdown could be observed with cusp fields alone
(see the beginning of section 6.1.2 for details. However, prompt breakdown could not be
observed with any standard system of the standard systems that fit the prompt breakdown
models presented in this work. Delayed breakdown of helium could be observed with reversal
discharges into the formation coils but could not be seen with any other banks discharged
through the f-coils. As such, if breakdown of helium is desired, it is strongly recommended

to inject seed ionization prior to firing of a more powerful ionization system.
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Table 7: This table summarizes the breakdown observation results of #-pinch tests in helium
gas. *For 40 kV reversal discharges scattered sparks of light could be seen with the framing
camera but it could not be confidently considered prompt breakdown.

Breakdown observations for 6-pinch tests in helium
Configuration Fill Pressure | Prompt Delayed
(mTorr, £10) Breakdown Breakdown
f-pinch: R40 100 N* Y
f-pinch: R40 50 N* Y
f-pinch: R40 25 N Y
f-pinch: R20 100 N Y
f-pinch: R20 50 N Y
f-pinch: R20 25 N Y
f-pinch: B20 100 N N
f-pinch: B20 50 N N
f-pinch: B20 25 N N

Table 8 lists observations of breakdown in deuterium gas with the unbiased dipole con-
figuration (i.e., firing the dipole coil by itself with no other systems). The tests performed
with a 40 kV charge on the dipole bank did not have diagnostics tuned to observe prompt
breakdown. Therefore, prompt breakdown in these cases may have been present but unob-
served. At its minimum possible firing settings, the unbiased dipole configuration was still
able to cause delayed breakdown at all pressures so that a system design minimum could

not be identified.
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Table 8: This table summarizes the breakdown observation results of unbiased dipole tests
in Dy gas. *For the 40 kV dipole discharges, photodiodes were not tuned to look for prompt
breakdown, so it may have been present and unobserved in this case.

Breakdown observations for unbiased dipole tests in deuterium
Configuration Fill Pressure | Prompt Delayed
(mTorr, £10) Breakdown Breakdown
unbiased dipole: D40 100 Y Y
unbiased dipole: D40 50 N* Y
unbiased dipole: D40 25 N* Y
unbiased dipole: D20 100 Y Y
unbiased dipole: D20 50 Y
unbiased dipole: D20 25 N Y

Table 9: This table summarizes the breakdown observation results of unbiased dipole tests
in helium gas.

Breakdown observations for unbiased dipole tests in helium
Configuration Fill Pressure | Prompt Delayed
(mTorr, £10) Breakdown Breakdown
unbiased dipole: D40 100 N
unbiased dipole: D40 50 N Y
unbiased dipole: D40 25 N Y
unbiased dipole: D20 100 N N
unbiased dipole: D20 50 N N
unbiased dipole: D20 25 N N

Table 9 presents results for unbiased dipole tests in helium gas. At its maximum

charge (40 kV), the dipole bank was capable of causing delayed breakdown of helium at
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all three pressures tests but prompt breakdown was not observed at any settings. The 20
kV charge was unable to produce delayed breakdown so that the minimum field strength
(at this frequency) required to cause delayed breakdown in helium will between these two

settings.

In summary, the results imply that the occurrence of prompt breakdown is a strong
indicator of whether breakdown will continue later in time for inductively-coupled ionization
systems. As induced fields become weaker, prompt breakdown no longer occurs, but delayed
breakdown will follow. As the induced fields decrease further in strength, delayed breakdown
also becomes impossible for the system. Therefore, the data presented in these tables can
help to serve as a rough guide for the minimum design requirements of inductively-coupled

pre-ionization systems.

6.3 Preionization Method Comparisons

The second primary focus of this work is to compare and contrast the more classical
ringing-0 pre-ionization system to a field-aligned method. The motivation for use of a field-
aligned method is that ringing-6 methods have been found in the past to have issues diffusing
100% of the initial bias flux into the plasma prior to the reversal phase (see section 2.2
for more details on prior studies). The field-aligned method chosen here is a dipole coil
configuration which should induce electric fields aligned with the existing bias field lines to
ionize the plasma, and thereby have better flux diffusion characteristics. See section 4.1.1
for general design information and sections 5.1.1 and 5.1.2 for more detailed field mapping

information of these systems.

Table 10 summarizes the pulsed power system’s parameters. For the biased dipole data
presented here, the bias banks were charged to 20 kV and fired through the formation coils.

The cusp banks were also charged to 20 kV and fired through the cusp coils (see figure 81 for
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coil locations). The dipole coil’s bank was then fired at a 40 kV charge with a 10 us delay
relative to the bias and cusp banks and allowed to ring down naturally. For a ringing-6 shot
the bias and cusp banks were fired with the same settings as for a biased dipole shot but the
reversal banks would be fired into the formation coils at a 20 kV charge with a 4.6 us delay
relative to the bias and cusp banks and allowed to ring down naturally. Note that with the
dipole banks being discharged a 40 kV and and the reversal banks being fired at 20 kV, the

dipole bank discharge contains approximately twice the energy of the reversal banks.

Internal measurements of the magnetic field strength at the axial center of the formation
chamber at varying radial positions were made using the flux array. Sections 4.2.1 and 5.3
present more details on the flux array’s design and implementation, respectively. Note that
external magnetic diagnostics were seen to measure the same traces with or without the
flux array present. Light-based diagnostics however, were subject to significant alteration
during the ringdown of the pre-ionization system. After the ringdown of the pre-ionization
system though, when a reversal field would nominally be fired to form an FRC, light-based
measurements are unaffected. Therefore, their data can still be used for comparison of the
pre-ionization systems at the times of interest. Section 5.3 details these findings in more

detail.

Table 10: This table summarizes the bank parameters. Note that the magnetic field values
presented are the tube-area-averaged field strength.

Bank parameters for breakdown studies

Bank | Voltage Range (kV) | Field Range (mT) | Frequency (kHz)
Cusp 10 to 20 150 to 300 43
Bias 10 to 20 -110 to -225 43
Reversal 20 to 40 300 to 600 320
Dipole 20 to 40 105 to 215 140
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Coil 1: Cusp Coil 2: Formation Coil 3: Formation Coil 4: Cusp

Dipole Coil
(one side)

Figure 81: Annotated photo of the MTX coil set.

6.3.1 Pre-ionization Study Results

First note that no significant trace of impurities in either configuration could be observed
with the broadband spectrometer, which used a lowpass filter to block the H-« line. A notch
filter was not used to block H-f emission and this signal was significantly brighter than
any impurity signals that could be measured. Figure 82 presents measurements of internal
magnetic field, external flux, and line-integrated density made for ringing-6 shot with a 100
mTorr static fill of Dy gas. The internal field measurements at the top of the figure indicate
that the internal magnetic field of the plasma swings close to the 0 point (passing it at some
points) but slowly builds up flux after successive rings. The external flux measurement also
displays this behaviour and the line-integrated density (measured through the center of the

tube) sees strong peaks during the compressive phases of the ringing-6 as would be expected.

115



The ringing-0 system has finished ringing down at approximately 25 ps, which in this case

would be an appropriate time to fire a reversal field to form an FRC.

Figure 83 presents a zoomed-in view of the time-frame in which reversal fields would
likely be fired to form an FRC. The radial field distribution of the internal magnetic field
measured at 25 us agrees with the results observed in field mapping campaign for vacuum
conditions in section 5.1.1 within 5%. This strongly implies that the bias field is fully
diffused within the plasma. These internal measurements yield a total flux of approximately
1 mWb while the flux loop measures approximately 1.3 mWb. However, the flux coil’s
position closer to coil 3 yields a measurement of flux approximately 1.3 times that observed
in the exact axial center (see section 5.1.1 for details), so that these two measurements are
also in agreement. Therefore, it is reasonable to assume that the internal magnetic field
strength measurements made later in time are close to the real value and that the field
is fully diffused into the plasma at 25 pus. The interferometer measures a line-integrated
density of 5.34 * 10*°m~2 over an integration length of approximately 10 cm. A 100 mTorr
fill of deuterium equates to a particle number density of approximately 6.6 x 10*'m =3 (note
there are two deuterium atoms per gas molecule). Therefore, if the plasma is uniformly
distributed, this implies an overall ionization percentage of 80% at 25 us. Unfortunately,
images of the plasma were not captured at these times. However, the temporal uniformity
of the magnetic field measurements and line-integrated density at these time-scales strongly

imply the plasma was uniformly distributed in space.
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Figure 82: Simultaneous measurements at axial center of formation chamber of internal
magnetic field strength(top), external flux (middle), and line-integrated density(bottom) of
a ringing-0 pre-ionization shot at 100 mTorr of deuterium.
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Figure 83: Simultaneous measurements at axial center of formation chamber of internal
magnetic field strength(top), external flux (middle), and line-integrated density(bottom) of
a ringing-6 pre-ionization shot at 100 mTorr of deuterium, zoomed into the time of interest.
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Figure 84 presents similar measurements for a biased dipole pre-ionization shot with a
100 mTorr fill of deuterium gas. The internal field measurements do display fluctation of the
axial magnetic field strength (likely due to plasma dynamics) but the measurements tend to
remain less than a 100 mT in intensity. This shows that the field-aligned method maintains
bias field strength during the pre-ionization process as intended. The flux loop measurement
shows signficantly less ringing than the internal measurements, further implying the axial
ringing is due to plasma dynamics. Due to the larger inductance of the dipole coil it takes
approximately 30 ps longer than the ringing-6 to finish ringing down. Therefore, for this
method the time of interest (at which a reversal field would be fired to form an FRC) is
approximately 45 us. Note that the dipole coil is still ringing down at this point but has

dispersed approximately 90% of its energy.

Biased dipole, 100 mTorr, Shot: 0002278
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Figure 84: Simultaneous measurements at axial center of formation chamber of internal
magnetic field strength(top), external flux (middle), and line-integrated density(bottom) of
a biased dipole pre-ionization shot at 100 mTorr of deuterium.

Figure 85 zooms in on the time of interest (45 us and beyond) for the biased dipole mea-
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surements. Again, the field distribution measured by the flux array matches the distribution
seen in field mapping studies in section 5.1.1 within 5%. The internal measurements yield
an estimated diffused flux of approximately 0.8 mWb while the flux loop measures approxi-
mately 1.1 mWhb, which is a factor of 1.4 greater than the internal measurements (where a
factor of 1.3 is expected based on field mapping studies). It is possible the discrepancy in
the measurement is due to plasma dynamics that have not yet ceased, since the dipole coil
has only rung down to 90% of its initial energy. Setting this discrepancy of less than 10%

aside, the biased dipole coil also achieves 100% of flux diffusion.

Biased dipole, 100 mTorr, Shot: 0002278
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Figure 85: Simultaneous measurements at axial center of formation chamber of internal
magnetic field strength(top), external flux (middle), and line-integrated density(bottom) of
a biased dipole pre-ionization shot at 100 mTorr of deuterium, zoomed into the time of
interest.
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4.8 us 9.2 us 13.6 us 18 us 225 us 27 us

Figure 86: Visible light images captured for a biased dipole shot using the high-speed imaging
camera.

The interferometer measures a line-integrated density of 2.4%10?°m 2

over an integration
length of approximately 10 cm. A 100 mTorr fill of deuterium equates to a particle number
density of approximately 6.6x10*'m~3 (note there are two deuterium atoms per gas molecule).
Pictures captured by the high-speed imaging camera on seperate shots of biased dipole pre-
ionization are shown in figure 86 with a trace of the dipole current overlayed with camera
exposures is shown in figure 87. These images imply that the plasma has a relatively uniform

distribution at 45 us. Therefore, assuming uniform plasma distribution, this implies an

overall ionization percentage of 36% at 45 us.

The lower ionization percentage produced by the biased dipole pre-ionization when
compared to the ringing-6 is likely due to the longer ring-down time. Given that the dipole
bank contained twice the energy for its discharge when compared to the ringing-6, this implies
that higher power systems more efficiently couple energy to the gas. Given that a plasma

loses energy through radiation and particle loss over time, this is a sensible result. Note that
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temperature comparison via line ratios could not be made in the region of interest due to H-3
signals not being intense enough to detect. However, appendix D does detail the temperature
analysis that could be performed in times when H-3 was intense enough to be observed. To
summarize the pre-ionization performance of the ringing-6 and biased-dipole configurations,
both methods achieved full flux diffusion after sufficient ringdown, no significant difference
in impurity content was observed between either method, and while the ringing-6 discharge
produced a higher ionization percentage than the biased dipole, this is likely due to the
lower inductance and therefore higher power of the ringing-0 system. Do note that both of
these configurations were provided with ample seed ionization as discussed earlier in this
chapter. Therefore, it’s possible that in the absence of seed ionization these configurations
yield significantly different performance than observed here. Thus, these studies have not
uncovered any physical basis for the superiority of one technique over the other, leaving only
engineering parameters as the factor determining a choice between the two methods for a

given experiment.

Implementation of a ringing-6 pre-ionization system tends to indroduce complexity to
the design of the pulsed power system. Since a ringing-6 back is generally discharged through
the same formation coils as the bias and reversal banks, each with different firing timings, it
is necessary to take precautions to ensure that the banks do not pre-fire one another. Fur-
ther, since the quality of pre-ionization will be directly dependent on the voltage with which
a system is fired, appropriate system isolation with satisfactory performance can rapidly be-
come a complex problem. Additionally, the capacitance of a ringing-6 bank will generally be
limited by the capacitance of the reversal bank. Without inductive isolation (which can sig-
nificantly reduce power), it is generally necessary that the capacitance of the ringing-6 bank
be much less than the reversal bank so that current discharges from the reversal bank are

not split between the 6-coils and the pre-ionization bank. While field aligned pre-ionization
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methods (like the biased dipole configuration studied here) circumvent many of these com-
plexities, they are not without drawbacks. Field-aligned banks tend to fire through separate
coil systems and are not integrated into the bias/reversal banks but this does require the
design and implementation of a separate coil-set. This introduces complexity to the design
of the experimental region, limiting diagnostic access and signficantly reducing the ability to
modify coil positions. Given the results observed here and these engineering considerations,
it is left to the designer of the experiment to decide which method is appropriate for their

purposes.
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Figure 87: The current in the dipole coil as measured by a Rogowski probe overlayed with
camera exposure timings from figure 86.

6.3.2 Pre-ionization Comparisons: Summary

Ringing-6 and biased dipole pre-ionization methods are studied and compared here.

Both systems are known to be provided with seed ionization from prior analysis (see section
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6.1.2) which likely impact the results observed here. Full flux diffusion was achieved in both
configurations after ring down and neither system displayed signficant observable impurity
content. The ringing-f system achieved an ionization percentage of approximately 80%
while the biased dipole achieved approximately 36%, despite the biased dipole discharging
with twice the energy of the ringing-6 system. This is surmised to be due to the difference
in ring-down time between the two systems (with the ringing-0 system being signficantly
faster). This implies higher power pre-ionization systems will couple energy more efficiently
than lower power systems (likely due to radiative and particle loss time-scales) and should
be considered in the design of pre-ionization studies. The power injection of the ringing-6
system was roughly three times that of the dipole coil (see table 3 for bank parameters)
so that small factors of power injection can make significant differences in pre-ionization
percentages in the regimes studied here. However, no physcial reason for the superiority of
either method was observed, which leaves the only practical/engineering considerations for

determining a choice between the two for a given system.
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Chapter 7

Conclusions and Future Work

One goal of this study was to introduce a semi-empirical model for the prediction and
quantitative comparison of breakdown in inductively coupled systems. The second goal was
to compare MTX’s field-aligned pre-ionization system to that of the more classicly used

ringing-6 for FRC applications.

Measurements of breakdown factors for unseeded prompt breakdown configurations
(unbiased dipole and #-pinch) are consistent with the expectations of the proposed breakdown
model. Measured breakdown factors of seeded configurations show that seed ionization
signficantly impacts prompt breakdown characteristics and drastically reduces field strengths
required to cause prompt breakdown. Prompt breakdown in the ringing-6 configuration is
generally seen well before the model predicts breakdown to be possible. It is possible that
plasma formed at the cusp region (where bias field strength is weaker) streams into the
formation chamber, causing the observed breakdown. However, observed emission intensities
in the cusp region are significantly weaker than those measured in the formation chamber
so that it is unlikely that the total emission of light in the formation region is due energy
flowing in from the cusp region. It is noted that a shift in this anomylous behaviour of
early breakdown was observed in helium discharges between 25-100 mTorr so that future
work would benefit from focusing on this parameter regime for further study. The most
imperative result of the prompt breakdown studies is that a staged approach of seeding

ionization followed by a higher power preionization discharge signficantly increases the energy
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coupling between the gas and the pre-ionization system, particularly for lower pressure gases.
Further, measured breakdown factors in a staged pre-ionization system can be used to easily
compare efficacy of seed ionization systems without the need for sensitive diagnostic setups
that can measure seed ionization characteristics. Thus, a semi-empirical model has been
introduced for breakdown in inductively-coupled systems that can be used to aid in design

of pre-ionization systems.

Ringing-f and biased dipole pre-ionization methods were studied and compared. Both
systems are known to be provided with seed ionization from the discharging of the bias
and cusp fields, which undoubtedly impacted the results observed. Full flux diffusion was
achieved in both configurations after ring down and neither system displayed signficant
observable impurity content. The ringing-6 system achieved an ionization percentage of
approximately 80% while the biased dipole achieved approximately 36% despite the biased
dipole discharging with twice the energy of the ringing-6 system. This is surmised to be
due to the difference in power injection between the two systems, with the ringing-6 system
injecting power roughly three times faster than the dipole coil system. This implies higher
power pre-ionization systems will couple energy more efficiently than lower power systems
(likely due to radiative and particle loss time-scales) and should be considered in the design of
pre-ionization studies. No physical reason for the superiority of either method was observed,
which leaves the only practical /engineering considerations for determining a choice between
the two for a given system. The primary difference in engineering parameters is that a
ringing-6 system tends to introduce complexity to the pulsed power system design while
field-aligned pre-ionization systems tend to introduce complexity to the experimental region
and limit diagnostic access. As a final note, for dynamic formation of FRCs (i.e., formation
of FRCs while also translating them), field aligned methods should be strongly considered.

Ringing-0 pre-ionization for dynamic formation must be carefully timed so that the FRC is
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formed with sufficient flux, whereas field-aligned methods will be less subject to these issues

as they do not ring the axial flux.

The breakdown studies revealed that seed ionization plays a dominant role in effective
pre-ionization for plasma. Thus, one avenue of future research is comparison of various
seed ionization techniques and their relative efficacy for overall pre-ionization quality. Such
studies can now be performed more easily using breakdown factors. Breakdown factors can
also be measured for other gases, field configurations, and field parameters. Expansion of
the catalogue of available breakdown factors would be a worthy endeavor. It was determined
in the study that electron energy alone is insufficient to appropriately predict inductively-
coupled breakdown. The discharge power of a system was also seen to play an important
role and future work should elucidate this dependence so that a minimum power requirement
for breakdown can also be established. As breakdown tended to be observed at much lower
discharge powers with the cusp coils, another avenue of future research is to study how
field curvature affects prompt breakdown of gases, possibly through the effects of gradient
and curvature drifts of electrons in a magnetic field. As it has been established that low
collision-rates in these systems are the primary limiting factor, the effects of doping a gas
with high-7Z elements should be studied. It is possible that small percentages of doping can
lead to signficantly earlier breakdown, thereby increasing overall coupling efficiency of pre-
ionization systems. Finally, a comparison of ringing-# and field-aligned methods has not been
performed in the absence of seed ionization. Such a comparison may yield physical reasons,

rather than purely engineering reasons, for the selection of one method over another.
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Appendix A

History of FRC Experiments

Theta-pinch experiments were being explored in 1950s at a variety of institutions in-
cluding the U.S. Naval Research Laboratories[37][38], Los Alamos Scientific Laboratory[39],
the Institute for Plasma Physics in Garching Germany[40][41], and Culham Laboratories in
the United Kingdom[42][43] as a method of producing thermonuclear plasmas. Researchers
noted in these experiments that application of a reversed bias field prior to the theta-pinch
firing would produce a compact toroid with lifetimes exceeding the Alfven transit time.
However, interest began to wane in these field-reversed theta-pinch experiments due to rota-
tional and tearing instabilities that lead to short life-times[1][2]. Tearing instabilities caused
“magnetic islands” to manifest post formation of these toroids but the rotational instabil-
ity was the most significant hindrance to longer lifetimes. Compact toroids formed with a
reversed-field theta-pinch tended to become elliptically shaped and develop a bulk rotation
in the azimuthal direction. As the toroid became more elliptical, impact with the vacuum
tube’s walls would cause complete destabilization. Significant effort was made early on by
researchers to understand the exact cause of this instability and the cause is still under
investigation to this day over 50 years later[44][45][46][47][48][49][50]. Most work seems to
agree that disruption of a radial electric field that exists in an FRC [51] leads to the spin-up
of the rotational instability but what exactly disrupts the radial electric field remains to be
proven. Regardless, due to these issues interest in field-reversed theta-pinch research began

to wane in the 70s as lifetimes could not exceed a few microseconds and no solutions were
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projected to counteract these instabilities.

In the mid and late 1970s, experiments at the Kurchatov institute in the Soviet Union
had shown that the use of higher intensity bias and lower intensity reversal fields coupled
with independently controlled mirror coils that could control where magnetic reconnection
occurred significantly reduced the generation of instabilities during formation. These mirror
coils were positioned on either both axial ends, producing fields an opposite polarity of the
bias field. Further, a pulsed quadrupole magnetic field (which consisted of four conductors
carrying current in the axial direction outside of the vacuum tube, thereby producing az-
imuthal magnetic field near the tube wall) was fired during reversal in order to limit flux and
particle loss to the wall when the axial magnetic field crossed the zero field strength point
as predicted by the Green-Newton limit [52]. This pulsed quadrupole field was also shown
to significantly delay the startup of the rotational instability. These experiments reported a
final plasma life time of 100 us [53][54]. It should be noted here that published work from
the Kurchatov experiments could not be found by the author and references used in older
works only cite presentations at conferences (whose works have not been digitized) so that
all discussion of the Kurchatov work here comes from secondary sources. The rest of this
historical review will focus primarily on FRC experiments that use/used the reversed theta-
pinch formation method, as the pre-ionization work in this document applies most directly

to this type of formation method.

Due to the success of the Kurchatov experiments, the 1980s saw a “boom” in FRC
research with multiple experimental programs being generated in short order, particularly
in the United States. The combination of using independently driven cusp coils and another
technique to inhibit the growth of the rotational instability became a standard adopted
by nearly all other field-reversed theta-pinch experiments, launching research into FRCs as

they’re known today. Indeed, the term “Field Reversed Configuration” appears to have
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been first published in 1982 as several other experiments began exploring FRCs[2][55][56].
Following the Kurchatov results, Los Alamos Scientific Laboratory began its own campaign
of FRC research with the “Field Reversed theta-pinch eXperiments” A and B (FRX-A and
FRX-B) and their primary results were published in 1981 [11]. The two experiments were
operated in concert with one another with FRX-A being used to study particle loss and
different operational approaches (like the independently driven cusp coils of the Kurchatov
studies) while FRX-B, with its more powerful reversal bank, was used to study scaling of
equilibrium FRC stability and lifetime. FRX-A compared independently driven to passively
driven cusp coils and showed that independently driven cusps yielded longer lived FRCs.
However, even without using this technique, FRX-B was able to use lower compression fields
to achieve FRCs with lifetimes up to 50 ps. The lifetime was limited by the rotational
instability, which was theorized to be caused by cross-field transport loss of ions with a
preferential angular momentum, causing spin-up of the FRC due to conservation of angular
momentum. Further, researchers here were beginning to draw connections between ion
gyro-radius and FRC stability (later to be called the “s” parameter, a central factor for FRC
stability). It was theorized that more flux trapping should lead to longer lifetimes and the
Field Reversed theta-pinch eXperiment C (FRX-C) was proposed which would have a larger

diameter fill tube to trap more flux (from 25 cm diameter to 40 cm diameter).

Complimentary to the particle loss studies performed on FRX-A and their relation to
the rotational instability, the Staged Theta-Pinch (STP) experiment at Nagoya university
investigated the theory of end-shorting as the potential cause of rotational spin-up[57]. An
FRC that has any ion velocity in the azimuthal direction and a pressure gradient in the radial
direction will form an electrostatic field in the outward radial direction[51]. End-shorting
occurs when axial magnetic field lines outside of the FRC terminate in the conductive ends

of the machine which tends to short out the radial electric field produced in the FRC.
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Two primary theories exist that explain why this end-shorting leads to spin-up[45][49] but
studies on the STP experiment in 1982 strongly indicated that spin-up is strongly dependent
on end-shorting effects. This determination becomes important in later FRC experiments
that electrically bias the ends of their machines to maintain a radial electric field as an
alternative method of suppressing the rotational instability. In 1982 a 2D MHD study of the
FRC’s rotational instability indicated that quadrupole fields could mitigate the growth of
the instability[58]. Shortly after this in 1983 notable results were published from the PIACE
experiment at Osaka university in Japan[59]. It was reported that use of quadrupole fields
had completely suppressed the growth of the rotational instability. In fact, significantly
weaker fields than predicted by the computational work were actually required to mitigate
the instability’s growth. The results clearly indicated a direct suppression of the elliptical
deformation and spin-up of the FRC. It should be noted that the quadrupole fields were not
actually turned on until after the firing of the field reversal coil, in contrast to the Kurchatov
experiment where the quadrupole fields were pulsed during the field reversal stage. This was

the first time that complete suppression of the rotational instability had been achieved.

Primary findings of the Triggered Reconnection eXperiment (TRX-I) were published
in 1984[60] by Mathematical Sciences NorthWest (MSNW) in Washington state. This ex-
periment further investigated equilibrium FRC scaling using the now-termed “programmed
formation” approach (using independently driven cusp coils to control where magnetic recon-
nection occurs during FRC formation as pioneered in the Kurchatov studies). Additionally,
octupole fields were used to suppress the growth of the rotational instability[3]. Using these
techniques, lifetimes up to 150 pus were achieved. Studies on this experiment also showed the
development of a sheath during field reversal so that flux loss to the wall occurred on diffusive
time-scales[61] rather than the Alfven time-scale as predicted by Green and Newton[52]. No-

tably, FRC lifetime was shown to scale with higher s parameters, indicating that a machine
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exploring higher s FRCs should be considered.

In the following year of 1985 a summary of results on the FRX-C and FRX-C/T (T
for translation) were published. The large tube diameter (40 cm) allowed for higher trapped
flux in the FRC which, when coupled with quadrupole stabilization to suppress rotational
instabilities, yielded FRC lifetimes of up to 300 us. FRX-C/T demonstrated the ability to
translate equilibrium FRCs and showed that the process was reasonably adiabatic, increas-
ing the appeal of the FRC for a fusion reactor as this could significantly simplify reactor
design. On FRX-C it was observed that the strength of the axial contraction increased with
trapped flux, and beyond a certain level of trapped flux the FRC did not survive the axial
contraction. This became a limiting factor for longer lifetimes in these studies but particle
confinement was still considered a primary focus for increasing lifetimes and getting closer
to the Lawson criterion[62]. Better particle confinement had recently been predicted by
numerical studies[63] to scale with higher s parameter which was now corroborated by both
the FRX-C and TRX experiments. Again, the next step was to explore higher s parameters
in FRCs.

Two concurrent studies occurred in 1986. In Osaka Japan studies on the Osaka Compact
Toroid (OCT-L1) machine studied quadrupole suppression of the rotational instability using
neutral beam spectroscopy to determine azimuthal velocities of hydrogen ions[64]. Results
indicated reduced azimuthal velocity of ions with stronger quadrupole fields, cementing the
use of quadrupole fields as a valid method of suppressing ion spin-up. TRX-II was also
reported on in this year, which was a slightly modified version of TRX-I[65]. Since it had been
shown on TRX-I that the Green-Newton limit was not, in fact, a true limit of reversal speeds
due to sheath formation during field reversal, the main coil on TRX-I had been replaced
with a slower multi-turn coil to study slower formation on the now called TRX-II machine.

It should be noted that MSNW had now become Spectra Technology Incorporated (STTI).
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With slower formation it became apparent that non-uniformities/asymmetries in pre-ionized
plasma prior to reversal could propagate and lead to poor FRC formation and stability.
This experiment is also notable for the fact that it showed FRCs could be formed by slower

methods which encouraged the exploration of other formation methods in the near future.

The next major result in reverse-theta-pinch formed FRCs came in 1993 when prelim-
inary results from the Large-s eXperiment (LSX) were published by STI[7]. LSX was the
response to the call for studying FRCs with larger s parameter, as its name would imply.
LSX was a major effort in FRC research that incorporated results from many previous ex-
periments. The results of TRX-II showed that LSX could use a slower reversal field (25 us
quarter-cycle time) which relaxed the engineering requirements and made it easier to form
FRCs with a larger s. It used a larger diameter tube (80cm) scaling up from that of FRX-C
to trap more flux, octupole fields to protect the tube wall during field reversal (as studied on
TRX-II)[3], and quadrupole fields to suppress growth of rotational instabilities as many ex-
periments had used at this point. A suite of seed-ionization and pre-ionization systems were
installed (see section 2.1 for more details). LSX was able to form FRCs with s parameters up
to 8. The primary results indicated that for FRCs with s < 4 post formation deformations
such as fluting would decay away and yield a stable FRC but for s > 4 these deformations
would not decay fast enough and caused shorter FRC lifetimes. It is notable that in 1990,
the U.S. DOE made the decision to change its approach to fusion energy and drastically re-
duced support for alternate fusion concepts (which FRC research fell under)[66]. Due to this,
the LSX experiment was only operated for one year before funding was no longer available.
Due to this, researchers could not conclude whether s ~ 4 was a physical limit or if better
formation techniques could create a more stable FRC with fewer deformations at higher s.
However, it was recommended that Neutral Beam Injection (NBI) should be explored in

an approach where an FRC could be formed with lower s parameter, allow deformations to

144



decay, and then use NBI to inject energetic particles to increase the s parameter.

The U.S. DOE’s decision to effectively stop funding alternative fusion concepts brought
an end to the flurry of FRC research that occurred from 1983 to 1993. However, over the next
20 years several university projects were able to continue work with smaller grants and stud-
ied topics including Rotating Magnetic Field (RMF) formation[67][68][69][70], Coaxial Slow
Source formation[71][72], as well as collision merging and FRC compression using leftover
equipment from LSX experiment[73][74][75]. Japanese efforts in FRC research continued
at Osaka University with the FRC Injection eXperiment (FIX). In operation since 1992[76]
(about the same time-frame as LSX), the researchers at Osaka were now studying the use
of NBI to sustain an FRC. Particular attention was given to the capture efficiency between
the NBI and the FRC plasma as a function of injection angle and beam energy[77]. FRC
lifetimes on FIX were increased by approximately a factor of 2 (from 300us to 600us) using

NBI sustainment, indicating that this is a valid approach to increasing FRC lifetimes|78].

The next major FRC experiment was the Field Reversed theta-pinch eXperiment -
Liner (FRX-L) at Los Alamos[79] and its sister project, the Field Reversed Configuration
Heating eXperiment (FRCHX) at the U.S. Air Force Research Laboratory (AFRL) in New
Mexico[80]. Publications for these twin projects spanned from 2005 to 2013. They were
funded as a Magnetized Target Fusion (MTF) study to form and accelerate an FRC into
a metal liner which would then be imploded by the Shiva Star capacitor bank at AFRL
to compress the FRC to high density and temperature. The role of FRX-L was to study
production and translation of a high density FRC suitable for liner compression, and it
achieved the highest reported FRC densities in literature to date with measurements of
ne ~ 5 x 10%m™3. Because the translation and compression of the FRC requires much
less time than a standard lifetime no suppression of the rotational instability was expected

to be required. Liner implosion tests were conducted at AFRL with results that showed
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weak plasma compression. This was determined to be due to insufficient lifetimes ( 20 ps)
and researchers proposed a closer analysis of pre-ionization could yield higher trapped flux
and longer lifetimes. Further, FRCHX scientists decided to test a new method of rotational
suppression that was suggested in the early 80s by a researcher on the STP experiment[81].
Researchers explored supporting the radial electric field of the FRC using electrodes at
appropriately biased field potentials in locations where the external magnetic field lines
terminated. However, results on their use were only preliminary at the time of the FRCHX
publication and their viability as a suppression mechanism for the rotational instability
was not determined. A final note on the LANL efforts is that the use of plasma guns for
seed ionization was explored on the Magnetized Shock eXperiment (MSX)[4] in 2015. The
MSX machine was an upgraded version of the FRX-L device that used an annular array
of plasma guns to produce seed ionization in an annular configuration prior to a ringing-
theta pre-ionization stage. A 350% increase in trapped flux was reported at typical operating
pressures (50 mTorr) as well as allowing operation at lower fill pressures than were previously

possible. More details on this device are discussed in section 2.2.

In 2012 (just before the summary of efforts on the FRCHX project were published),
Tri Alpha Energy published a summary of work on their new C-2 machine[51]. It should be
noted here that Tri-Alpha Energy (now TAE Technologies) has performed and published a
significant number of detailed studies on FRC physics, all of which are available from their
website. The vast majority of work performed on FRC physics over the last decade (time of
writing this is 2023) has come from TAE technologies such that covering the extent of their
work is beyond the scope of this historical review. Therefore, only their seminal publica-
tions on their main experiments will be discussed. The C-2 experiment was constructed to
study FRC equilibrium and life-times using collision merging formation of two field-reversed

theta-pinch formed FRCs, which were then sustained using NBI. Suppression of the rota-
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tional instability was explored by using both quadrupole fields as well as end-biasing of the
machine. Specifically it was noted that the presence of quadrupole fields inhibits the effec-
tiveness of NBI[82][83]. Siginificant work was done comparing quadrupole suppression to
end-biasing suppression with the overall result that end-biasing was a viable approach and
to stabilizing the FRC against this mode. On the C-2 device lifetimes of up to 3000 us were
achieved. C-2 was upgraded to the C-2U machine and results were published in 2017[84].
The upgrades consisted of enhancements to both the power of the NBIs as well as more
variable control of the machine’s end-biasing. These upgrades allowed researchers to achieve
FRC lifetimes up to 5000 ps. Further, results from C-2U displayed encouraging confinement
scaling with electron temperature, prompting construction of the C-2W machine. Initial
results of the C-2W machine were published recently in 2021[85]. This new machine features
almost universally upgraded systems including higher voltage and pulse duration end-biasing
electrodes, higher energy NBIs with tunable energies during plasma shot, higher energy main
bank systems, as well as active control systems to assist in FRC shape and position. Further,
the use of Google’s machine-learning framework has been applied to determine operational
parameter regimes that consistently produce hot and stable plasmas. On this new machine
FRC lifetimes have been reported of up to 30 ms, which is limited by pulse duration of the
NBIs.

In recent years, efforts have been made by researchers in China to explore the properties
of FRCs and their potential application to fusion energy. Yingguang-1 was an experiment
fielded by the China Academy of Engineering Physics in Mianyang China and preliminary
results were published in 2017]citeRN13. The machine itself is similar in nature to the FRX-
L device with its stated goal as exploring the viability of MTF using an injected FRC as the
target. Efforts thus far have been primarily focused on stable FRC formation, however, as

of the most recent publication FRC lifetimes are limited by the fact that the reversal field is
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not being crowbarred. Researchers state that this will be upgraded in future work. In this
study significant attention was given to the pre-ionization system which will be discussed
in more detail in section 2.2. Very recently in 2022 initial studies on the Keda Mirror with
AXissymmetry (KMAX) experiment fielded at the University of Science and Technology in
Hefei China have been published[5]. KMAX is a collision merging formation machine similar
in nature to the C-2 device fielded by TAE Technologies. Researchers explored the use of
plasma guns as seed ionization to increase the trapped flux of the FRC post-formation as
reported by Weber on the MSX machine[4]. An increase in trapped flux of 30% was observed

in the study when comparing plasma gun seed ionization to no seed ionization.

Research into FRCs as effectively began with the Kurchatov experiments in the mid
and late 1970s, spurring a flurry of publicly funded research in the U.S. and Japan in the
1980s culminating with studies on the LSX machine in 1993. At this point public funding
for FRC fusion research was drastically reduced and led to a significant decrease in research
performed for two decades. In the last decade there has been a significant surge in private
funding for fusion energy research which includes FRC work like that being published by
TAE technologies. Helion energy is another company exploring FRC fusion applications but
as of yet little has been published on their efforts so it is difficult to say more. The state of
FRC research in the U.S. at this point is inexorably tied to private funding due to public
policy on fusion energy research. Where FRC research goes from this point on will depend
heavily on these two private fusion energy companies but the dedication of the researchers
at TAE Technologies to publishing their work in extensive details means that whatever the
future brings, their work will undoubtedly contribute to further the understanding of FRC

physics.
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Appendix B

Collisions and Rate Equations

Particle collisions can be either elastic or inelastic. Elastic collisions occur when two
particles collide and transfer momentum but no change in either particle’s internal energy
or identity occur (e.g., a scattering collision between an electron and neutral). Inelastic
collisions occur when one or both particles involved in a collision become excited, fractured
(disassociation of a molecule for example), ionized, or recombine. Even for electrons in a
hydrogen gas a plethora of inelastic collisions are possible. Table 11 shows some of the more
common examples. For each of these collisions a collision cross section can be defined and

each is a function of the kinetic energy of the collision.

Table 11: An abbreviated list of inelastic collisions for electrons in hydrogen gas (Note that
there are multiple possible levels of excitation

Collision description Reaction

Excitation of H, Hy+e” — H5 +e”
Tonization of H, Hy+ e~ — Hf + 2e”
Dissociation of Hy Hy+em — 2H + e~
Ionization of H H+4 e — H" +2e”

Tonization of excited H H 4+e — H" +2e”

Due to the wide range of possible collisions and their energy dependencies, it is of-
ten convenient to use equivalent cross sections that represent a general type of reaction or
summation of reactions. A common example which is often used for an introduction to the

cross-section concept is analyzing how far an electron passes through a gas before colliding
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with a particle and losing all momentum in the direction of interest. In fact, equation 3.1.8
from the Townsend derivation represents exactly this where the effective cross section of a
momentum absorbing collision occurring in a gas is instead represented as a mean-free-path.
Note here that a mean-free-path is defined as the average distance traveled by a particle be-
fore a collision in which its momentum is significantly altered. So, while a cross section can
be defined for any type of specific or general collision, mean-free-paths are usually defined
in terms of a particular particle. The equivalent of 3.1.8 in terms of cross section is defined

as

ne(z + dx) = ne(x) — (Gionnn)ne(z)dz (B.0.1)

where the subscripts e and n represent electron and neutral populations respectively and the
cross section of interest in this case is the electron impact ionization cross section, represented

as gjon. The same result is also obtained as equation 3.1.12 now in terms of cross section as

TLe(ZL‘) — neoe(aionizationnn)af (BOQ)

Further, the rate of electron growth due to electron impact ionization in such a system can
be defined by simply taking the time derivative of equation B.0.2 (noting the general chain

rule: d/dtle"] = u'e*) which yields

dn. dx S
dt - <nn0'ion$>neoe (BOS)

Noting that the term outside of the parentheses in equation B.0.3 is simply the electron
density from equation B.0.2, the rate of electron population growth due to electron impact

ionization can be rewritten as
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_dn,

51 = dt

= NeNpTion (Ve) Ve (B.0.4)

where v, is the electron velocity (recall as stated above that cross section is generally a
function of electron energy). Note that while this has been derived for the electron impact
ionization cross section, the same general process may be used for any electron impact

interaction like those listed in table 11.
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Appendix C

Magnetic Diagnostics Details
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The term “magnetic pickup diagnostics” refers to diagnostics that measure
magnetic fields using voltages induced on electric circuits (Faraday’s law). Our three major
types of magnetic diagnostics are flux loops, which measure magnetic flux through a large
region, B-probes, which measure magnetic field over a small region (ideally a point location
compared to the system scale), and Rogowski coils, which allow for measurement of currents
passing through a wire. The purpose of this document is to provide a thorough explanation of
the physics, calibration, and post-processing of basic magnetic diagnostics.

First, we will cover basic physical modeling of the three primary forms of magnetic
pickup diagnostics used on the experiment. Then, we will discuss the design requirements and
overview of potential challenges of each diagnostic. We will then cover some basic circuit
modeling with notes on parasitics, followed by transmission line treatment notes, and finishing
with development of a general analytic model that can be applied to each magnetic diagnostic
as well as accompanying LTSpiceXVII models. We will then detail the construction and
calibration methods of each diagnostic and their results followed by some basic notes on digital
filtering.

Part 1: Physics of flux loop, B-probes, and Rogowski coils

Flux loop physics:

Out of the three main types of our magnetic diagnostics, flux loops are the most basic
implementation of Faraday’s law. When a magnetic flux normal to the plane of the loop
changes in time, a voltage will be induced on the coil as shown in figure 1. (provided the loop is
un-shorted). They are used to measure the total flux in a certain region (usually a large one
compared to B-probes).

Figure 1: Flux measurement region of a flux loop

The voltage induced by the normally-directed, time-varying flux can be deduced using Faraday’s
law as shown,

¢(t) =f V(t)dt
0
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The self-inductance of a flux loop can be estimated using

D 8D
Lyustoon ~ 1 (51) 1n|(F2) 2]

Where Dp;, is the diameter of the loop and dg; is the diameter of the wire used to make the
loop.

B-probe physics:

A B-probe is just a slightly different implementation of a flux loop. Whereas a fluxloop
usually measures magnetic field over a large area, the goal of a B-probe is to measure the
magnetic field strength at a point. Therefore, B-probes are usually much smaller in diameter
and may have more than one turn as shown in figure 2.

B (66666)
+/-  +/-

Figure 2: B — probe field measurement region, pickup loop area highlighted in pink

More turns in a B-probe will mean a stronger signal but it will also mean that the measurement
may be more distributed in space (depending on the density of the windings) or that parasitic
effects could become less negligible (winding capacitance for example). This is a standard
trade-off made based on the measurement’s needs. The physics are the same as shown for the
flux loop above with minor modification. To get the field strength at the B-probe from a
voltage measurement, we use

do(t)

—— = NpAgB(0),

V(L) =

Solving for magnetic field, we get

B(t) =

1 t 1 rt
NoAs Jo vie) = K_Bfo V)

Where N is the number of turns in the B-probe and Ay is the area of those turns. We use
k3 = NpAp which we call the “area-turns” factor of the B-probe. It is common to measure
this value during a calibration procedure, which we will cover later.

154



The self-inductance of a B-probe can be estimated using an ideal solenoid equation
with a Nagaoka correction factor for finite solenoids (plot shown in figure 3).

k : Nagaoka coefficient

1 2 3 4 6 8 7 8

zlr : Solenoid diameter/length

Figure 3: Plot of Nagaoka coefficient for determining inductance of finite length solenoids (note we do not use k for the
Nagaoka coefficient in this writeup)

So we will have

UN;Ag

Ly

L = Cyp

Where [ is the length of the B-probe’s solenoid and Cy is its corresponding Nagaoka factor.
Although this is useful for design, once the B-probe is constructed, it is best to measure the
probe’s inductance using an LCR meter.

Rogowski coil physics:

Rogowski coils are used to measure currents (usually on a pulsed power system). A
Rogowski coil is a solenoid that has its length curved into the shape of a loop and is wrapped
around a current carrying wire (see figure 4 below). When current is passing through the wire
of the pulsed power system, it generates a magnetic field that is then picked up by the
Rogowski coil. In many laboratories, Rogowski coils are commonly made using coaxial cable by
soldering a length of insulated magnet wire to the tip of the cable and wrapping it around the
inner insulator in a coiled fashion.
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Figure 4: Rogowski coil diagram

The voltage measured in a Rogowski coil can be related to the current in the primary
line it is wrapped around through mutual inductance. Mutual inductance is defined as the
magnetic flux present in one system due to the current in another and vice versa. For our case
mutual inductance is

Where ®g, is the flux present in the Rogowski coil due to the current (I,;,,) present in the
line of interest. If 1,4, (the diameter of the Rogowski coil as it is wrapped around the primary)
is much greater than r;,,;,,(the diameter of the individual pickup loops of the Rogowski solenoid)
then we can approximate the magnetic field in the Rogowski coil using the Biot-Savart equation
for the magnetic field at a point far away from a wire. So provided 1,4 > 7y, then the
magnetic field in the Rogowski coil due to the current in the primary line is approximately
constant across the area of the Rogowski’s individual loops and is given by

B _ .ul prim
Rog anmaj

The flux in the Rogowski coil then is just the magnetic field in the Rogowski coil’s loops
multiplied by the area of the turns (Ag,4) in the coil and the number of turns (Ng,4), so that

q)Rog = NRogARogBRog

Where Agog = mr2;,. So now we can get the mutual inductance between a Rogowski coil and
the primary line as

M _ .UNRogARog
Rog 2T mq;
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Here, as with the B-probe earlier, we lump geometric values of the Rogowski coil into a
geometric coefficient that we will call the “area-turns-per-length” factor of the Rogowski coil so
KRog — NRogARog

rmaj
Using this factor, we can describe the mutual inductance between the primary line and the
Rogowski coil as (it should be noted that some versions of this derivation include the 27 factor

in the kg, 4 term but here we do not)

To determine the current going through the primary line, we start again with Faraday’s
equation as

V() = _NRogd)Rog(t) = _NRogARogBRog(t)

To relate the field in the Rogowski coil to the current in the primary line, we use the Biot-Savart
law again to get

,ujprim (t)

BRog ) = anmaj

And we can see that the voltage induced on the Rogowski coil is given as

,uNRogARogjprim(t) _ UKRogiprim(t)

V() =
© 27R 21

= MRogjprim(t)

Thus, the voltage induced on the Rogowski coil is the change in current multiplied by the
mutual inductance factor. Solving for the primary current, we get

21 ftV(t)
UKRog Jo

Iprim ) =

Provided again that 73,4 > T35, We can treat the Rogowski coil as a solenoid (a Nagaoka
correction factor is less likely to be needed for a good inductance estimate here) and get an
estimate of the inductance as

2 2
_ ,uONRogrmin

Lios =
Y P




Part 2: Design requirements and non-ideal effects

Here we will discuss our specific design requirements, followed by some general notes
and discussion of non-ideal effects to account for, and finish with a discussion on how to
appropriately approach modeling of transmission lines.

Parameter range for MTX magnetic diagnostics

Presently, there are two primary pulsed discharges on MTX. One is ~60 kA at 40 kHz (a
bias discharge) and the other is ~200 kA at 350 kHz (a reversal discharge). Because there are
plasma dynamics that may occur at faster frequencies than this, we will say that our goal
frequency range is ~40-1000 kHz. So our Rogowski coils will be measuring 1-100 kA signals at
frequencies of 40-1000 kHz.

The main coils supply field to a 10 cm diameter tube, and we expect to get a maximum
of ~2 T fields from a reversal discharge into a vacuum. When an FRC is formed, these values
can increase as the FRC excludes field (although the overall flux is not expected to increase) so
we may see fields up to 6T. A field of 2T on a 10cm diameter tube can produce a maximum of
~20 mWhb of flux. At 350 kHz, this will produce about 50 kV on the flux loop itself so we must
take special care with insulation on it. The B-probes will be measuring 0-6 T fields at
frequencies of 40-1000 kHz.

A note on inductively coupled systems:

First, we note that for inductively coupled systems (like what we’re working with here),
even though mutual inductance is symmetric, the complete circuit system is not symmetric.
What this means is that (in our Rogowski case for example) if we drive 100 kA through the
primary line we may get 5A on our Rogowski circuit. However, if we drive 5A through our
Rogowski circuit, we will certainly NOT get 100 kA through our primary circuit.

Modeling the magnetic pickup diagnostics in a circuit:

First note that the voltage generated in an element of a circuit due to mutual inductance
is entirely separate from the voltage dropped across that same element. For example, if a
Rogowski is put in series with a resistor whose impedance is larger than that of the Rogowski
itself, then most of the voltage generated by the Rogowski will actually be dropped across the
resistor. So in our case (because the presence of the Rogowski does not significantly affect the
impedance of the primary line and the circuits are effectively decoupled), the Rogowski coil acts
as a voltage source of joMI,,;, with a source impedance of jwLg,g-
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Notes on parasitic capacitances:

Parasitic capacitances are capacitances in the system that are unintended and often difficult
to model properly but may not be negligible depending on the signal frequency.

One case of this is “winding-to-winding” capacitance. Both B-probes and Rogowski coils
can have multiple windings (i.e. loops) of wire that can be densely packed. The capacitance
between windings can become non-negligible at higher frequencies. It will typically manifest as
a drop-off in magnitude response at higher frequencies as well as phase discrepancy.

Another example is the capacitance between high-voltage electrodes/wires and the
diagnostics. For example, a Rogowski coil is often wrapped closely around the wire it is
measuring current in. If this wire also gets to high voltage and the frequency of the signal is
high enough, signal from the high-voltage line can capacitively couple onto the Rogowski coil. A
simple way to test for this is to obtain a signal with the Rogowski coil, then reverse its
orientation, and obtain the same signal again. Since the coupled signal will have the same
polarity regardless of the Rogowski coil’s orientation, a distinct difference in signal strength
depending on orientation will be present if the capacitive coupling is non-negligible.

These are just a couple of examples of parasitic capacitance that one must watch out for
and is by no means a complete list.

Notes on skin-depth effects:

It is common for Rogowski coils and B-probes to be constructed by winding the loops of
the solenoid back over a central wire. Figure 5 below shows that this core wire is often in the
plane of the loop through which a changing flux induces a voltage.

End-on view of

solenoid Loop Area

Side view of solenoid

N

Core Area

Figure 5: Diagram showing first a side view of a solenoid and then an end-on view down the solenoid to describe the core area
(from which flux can be excluded due to skin-depth effects) relative to the loop area.
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Magnetic field will only penetrate radially into the core up to about a skin-depth. Therefore, at
higher frequencies, the loop area is actually reduced by some fraction of (or the entirety of) the
core’s area. This will manifest purely as a drop in magnitude response at higher frequencies.
To approximate this change, we assume that magnetic field will penetrate exactly one skin
depth, radially inward towards the core. We can approximate skin depth as

Where p is the resistivity of the core’s material (usually copper is a good assumption). When
the skin-depth is less than the core’s radius, flux will start being excluded and the magnitude
response of the diagnostic will decrease. This can be modeled as a decrease in the effective

area of the diagnostic as

2
Aeff(w) = Aloop - T[(rcore - 6(0)))

This can be accounted for in the geometric factor of the diagnostic by using an effective area
ratio so that

Transmission line notes:

There are 2 primary effects introduced by a transmission line. The first is the potential for
signal reflections (we will NOT have a matched source/line/termination system). This
determines whether or not we need to do a fully distributed transmission line model. Second,
the actual circuit parameters of the transmission line itself become relevant to the circuit
depending on the length of the line and the frequency of the signal (note that the circuit
parameters of the transmission line are also a determining factor in reflection considerations).
As a first approximation, we can use the ratios of the transmission line’s circuit parameters’
impedances to the source and termination impedance to determine whether we can use a
single lumped model for the line or if we have to distribute it. For intermediate cases we can
get an accurate model by using a few distributed elements but again at higher frequencies it is
necessary to use a fully distributed transmission line for an accurate model.

Consequently, there are 4 primary ways to treat a transmission line; resistive, lumped
element, multi-element, and fully distributed. Which method is appropriate will depend on the
relative impedances of the source, transmission line, and load in the targeted frequency range.

In many cases transmission lines can be ignored and this can easily be checked for by
seeing if; A: the inductive impedance of the transmission line is very low compared to
termination and source impedances, B: the capacitive impedance of the transmission line is
high compared to termination and source impedances C: verifying that the wavelength of the
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signal is much greater than the transmission line’s physical length. Intermediate situations are
detailed below but deciding what type of treatment is necessary is ultimately up to the designer
and their requirements for accuracy.

Resistive treatment

If the transmission line’s capacitive impedance is high compared to the termination
impedance, and the inductive impedance is low compared to the termination impedance, then
the transmission line can be treated as a resistive element (this is akin to a DC treatment) or
ignored entirely if the transmission line’s resistance is low enough.

Lumped element treatment

This treatment means modeling the transmission line using its bulk parameters. It is
customary to model the transmission line as a “pi circuit” (we use this treatment later for our
model validation in the analysis section). For example, for a 10’ cable with 100 nH/ft and
100pF/ft, use a 1000 nH inductor in the circuit model with 500 pF capacitors on either side. For
our requirements, this treatment is appropriate for cases where the cable’s inductive
impedance and/or capacitive impedance are of the order of 2% or more of the termination
impedance.

Multi-element Treatment

This treatment is an intermediate case between the lumped element and fully distributed
treatments. For a single element model, it was necessary that the cable’s circuit impedances
were a non-negligible fraction of the termination impedance. As a transmission line model is
distributed, each element’s capacitive impedance increases. If distributing the transmission line
into a few elements can achieve the necessary ratios, then a multi-element treatment can be
appropriate. Note that the accuracy of the circuit model will increase with additional elements.

Fully Distributed Treatment

In this case, the cable’s capacitive impedance is of the order of the cable’s inductive
impedance. This can mean that the cable is attenuating the source signal in a non-negligible
fashion. Here it is necessary to distribute the transmission line into many elements (usually
done using a circuit modeling software like LTspice unless you write your own). In practice we
use a fully distributed model as opposed to the analytic model, even though both are
appropriate for our use case here.

Reflection Considerations

Another method of determining whether reflections must be considered depend on the
time it takes for your signal to propagate across the transmission line and back compared to
your signal’s wavelength. If your signal’s wavelength is much greater than the length of your
transmission line, then you can ignore reflection effects and treat the transmission line using
one of the reduced element models mentioned above. (Note that this is referred to as being an
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“electrically short” line). Propagation velocity in a transmission line is given as u,, = = where
r

€, is the relative permittivity of the transmission line’s insulator (usually polyethylene where
€, = 2.25) and c is the speed of light in a vacuum. So for our case with RG-223, our wavelength
fora 1IMHz signal is

A—uP—ZEB(%)—zoo — 656 ft
=F = Timng C 200m=6567

And if we have at most a 20 ft bnc cable, then for our case we should be well within the range
to use one of the reduced model elements described above.

Lossy transmission lines

Cable resistance for RG-223 is given as approximately 0.015Q/ft but because multiple
connections can further increase resistance it is best to measure the actual resistance of the
cable at DC. For skin effects in our analytic model (we do not use a lossy transmission line in
the LTSpice software), we’re currently using a relation | found on-line which, when compared to
measurements seemed accurate enough beyond 200 kHz. The relation gives resistance per
meter of a bnc cable as

Where

TTf o

O-C u

Ry =

a (.445 mm) is the radius of the cable’s inner conductor, b (1.475 mm) is the radius of the
cable’s insulator, f is frequency, and g, (5.96e7 S/m) is the conductivity of copper. Note
though that the cable’s resistance is 0 at DC, which is clearly not correct. We should find or
derive a better approximation of coax resistance at some point.

Part 3: Circuit modeling

Integrator/probe analytic modeling:

Here, we present an analytic model of the Rogowski coil. The model is easily adapted to
work for both Rogowski coils and bdot probes. It is common to use passive integrators for
these types of circuits, primarily to help eliminate high frequency noise and obtain a cleaner
signal. Further, while the response of magnetic pickup diagnostics response varies
proportionally with w, the response of a standard integrator is inversely proportional to w (for
certain ranges) so an integrator can help maintain a more consistent signal strength over a
range of frequencies. Therefore, the circuit model shown in figure 6 includes an integrator on
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the measurement side. The induced voltage on the left side of the circuit is given by Vgyr =
4 UKRog

Vrog = —MIpim or in the frequency domain, Vzog = —jwM Iy, where M = — Zisthe
mutual inductance of Rogowski/primary line coupled system.
i 17|!1 Viz
I
L_Rog R_Ro R_int  L_int
— 00 VA I N~ T0 +—O
_h, ~ |7
7 Ltx R l 6
EMF | I S o o\ . -~
£, L | et v Ctx2 _ R _term _Cnt Vsig
[\‘ . — 4 1*7 /\

Figure 6: Circuit diagram for the analytic response derivation

Our goal is to get Vsig/VEMF so we can properly deconvolve our signal where Vsig is the voltage
signal picked up at the scope and Vg is the voltage signal induced at the probe. We begin by
defining some convenient equivalent impedances (Z, and Z|,) as labeled on the above
diagram.

y _l 1 P 1]‘1
"2 \Ze,, +Z,, + Rine  Reerm  Zc,,

int

Wz, YR+ 21y Ze,,,

Using voltage division we can determine the signal voltage on the integration capacitor as

V. = V”ZZCint
9 Rint + ZLint + Zcint

We continue to work backwards using voltage division again to define V; and V, as

V121, - VEMFZ),

i — p.
th+Rtx+Z||2 1 RB+ZLB+ZI|1

]/”2=Z

Plugging in our definitions of ;, and 3 into the relation for V5;,;, we can obtain the response
function as

Vsig _ 2122152 Cine
Vemr  (Rp + Zyy + Z,)(Z1,, + Rex + Z,) (Rine + Zy, + Zcy,)
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At this point the models for B-probes and Rogowski coils diverge slightly due to the different
interpretations of induced voltage. For Rogowski coils, the current in the primary line can be

determined as
3 2 2t~ (Veur
Iprim = —VEMF = —Vsig <~—>

UKRog] W JWUKRog Vsig

And for B-probes, we get

_ 1 . 1 (Veur
B =- ] Vemr = —— ] Vsig <—~ )
JWKE JwKg Vsig

14 _ . . , . .
Where ( fMF) is just the inverse of the integrator’s response function derived above.
sig

Integrator/probe spice modeling:

If analytic modeling is not accurate enough for a given frequency range/circuit setup,
then a spice analysis may be necessary. We use LTSpice XVII for the following analysis. Below
we see a spice model in figure 7 where the transmission line has been modeled using Spice’s
built-in lossless transmission line.

L_Ro R_int L int

t R_scope

® in
983 -
55n
: 31.2n 20=50 gso T98n 1e6
R_term

Figure 7: LTSpice XVII model for a rogowski/integrator combo

SINE(O 1)
AC1

The values used are the measured values from a Rogowski/integrator combination used in the
lab. Note for this model that we neglect Rogowski coil and transmission line resistance. The
process of getting the response from LTSpice XVIl into a useable form for signal deconvolution
can be somewhat unintuitive, so here we will go into some detail on the process.

The first step is obviously to create the circuit model in spice. The settings for the
voltage source should be set as seen in figure 8. Once the circuit is created and the voltage
source settings are input, the simulation command settings must be input. To access them,
either click “edit” on the upper bar and then select SPICE analysis, or right-click on the
simulation object in the circuit diagram (as shown in figure 9).
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Figure 8: Settings for the supply voltage in the SPICE simulation
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Figure 9: How to edit the simulation command in LTSpice XVII

This brings up the “edit simulation command” box. To get the response function equivalent to
the analytic version derived above, select “AC Analysis” from the upper bars in the box.
Typically for these purposes, using a “decade” sweep with 1000 points per decade from 1 to
1e9 Hz is sufficient. Note that incorrect settings will results in incorrect circuit analysis.
Insufficient resolution (number of points per decade) or improper frequency range (setting too
high of a start frequency or too low of a stop frequency) can be troublesome to diagnose so
ensure that these are correctly set.

Once the circuit is properly constructed and the simulation commands are set, the
simulation can be run by clicking the little running guy icon below the upper-most selection bar
or by selecting “simulate” in the upper-most selection bar and selecting “Run”. Once this is
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done a blank plotting screen should appear (if the simulation ran without issue). Clicking on the
node that joins the integration capacitor and scope resistor (C_int and R_scope in figure 6)
should yield a curve similar to the one seen in figure 10 (assuming the circuit parameters are
similar).

Help

B L REMHAS LD L3 TN Aa ap

¢ dec 10001 1e9. Click here to bring up

the response at this

node
R_int
L “in
SINE(O 1) 9, — R_scope
AC1 Td=31.2n Z0=50 50 Tsan 16

R_term %
NS

Figure 10: Click on the node at the scope's measurement point to get the circuit's response so the induced voltage on the probe

Once this is done it is time to export the response. FIRST CLICK ON THE PLOTTING
WINDOW (otherwise the following commands will not be available). Once the plotting window
is selected, click “File” in the upper selection bar and select “Export data as text”. This will bring
up the window seen in figure 11. It will automatically select the trace in the plotting window as
the data to export. Use the “Polar” format as this will be much easier to interpolate than the
complex response. Select the name for the data file in the top bar on the window. Once this is
done the data will be written to a text file with the selected name.
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Cancel 0K

Figure 11: Data exportation window

The output format of the data will be as shown in figure 12. Due to the odd choices (I
don’t know why they didn’t choose to simply use a comma-separated format with a descriptive
header) the data will have to be carefully parsed. The first column is the frequency value in
Hertz, the second column is the magnitude response in decibels, and the third column is the
phase angle in degrees. The reference value for the magnitude response’s decibel format is the
voltage amplitude of the voltage source in the spice simulation (if you’ve been following this
guide, Vopurce = 1 V). Therefore, to get the voltage value, the relation is

VaB

Vsig _ 10 20
VSTC

if your voltage amplitude was properly set in the spice simulation then V.. = 1

Oe+000
)0

Fir
i
1
»
1
1
1.1
1.1
1.1
1
1
1.1

Figure 12: Example of polar data output for a trace from LTSpice XVII
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Once parsed the data normally must be interpolated for a specific set of frequencies to
be useful. For example, the frequency array obtained when taking the Fourier transform of a
voltage over time data set recorded by an oscilloscope or other digitizer is a commonly used set
of frequency values. Since there is a negative half of the frequency array created in the
interpolation script, fully understanding the interpolation script requires a basic understanding
of the discrete Fourier transform, so refer to the signal processing section of this write-up as
needed.

We now have the polar format of the circuit’s response from the SPICE simulation at the
desired set of frequencies. The final step is to convert it back to its complex form. The
response is given to us in the polar format so that

7 7 (ien)
_ sig - |- sig e\180°
VSource VSource

Vsig

Source

is the magnitude response given by

Vsig . .
Where=——2— is our desired complex response, |17

Source

SPICE (after converting from decibels as detailed above), and 8 is the phase angle in degrees
given by SPICE. In order to get the complex form, we simply perform the calculation shown in
the above equation. Note that for the negative portion of the frequency array, the complex
conjugate of the above relation is used. With this done, the final product should be a more
accurate circuit response when compared to the analytic derivation above (provided
transmission line resistance is negligible).

Comparison of analytic and spice models:

Here we use data taken by a bdot probe on the machine for comparison. The bdot
probe is measuring the field produced by a bias discharge in the radial and axial center of the
coil set. Plotted below are the interpreted field strength from the signal voltage for both
analytic and spice simulation deconvolution using a digital 1, 25, and 35 MHZ low-pass filter
(shown in figures 13, 14, and 15 respectively). As would be expected, the analytic solution
becomes less accurate when interpreting high frequency values. This is due to its low-
resolution approximation of the transmission line. It should be noted though that for 1IMHz the
solutions are identical so that this analytic approximation can likely work for many conditions in
this lab and others.
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Figure 13: Analytic vs spice signal deconvolution with 1 MHz digital low-pass filter
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Figure 14: Analytic vs spice signal deconvolution with 25 MHz digital low-pass filter
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Figure 15: Analytic vs spice signal deconvolution with 35 MHz digital low-pass filter
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Part 4: B-probe design and calibration procedure

Isolating and measuring Kp

Here we cover the calibration process of a B-probe. Our goal is to experimentally
determine ky (the area-turns value) of the B-probe. First, we look mathematically at how to
isolate kz. From our analysis in the physics section above, we know that Vg (t) = KBB(t). If
we use phasor notation (assuming that B(t) is sinusoidal) then we can equivalently state

Vemr = KpjwB
Where the tilde indicates a sinusoidally varying value such that
]7 — Voej((*)t"'d)l) and B = Boej(wt+¢2).

However, during the actual calibration process, we will only be measuring real magnitudes and
potentially phase difference if desired. It is prudent to briefly analyze the circuit formed by the
probe and scope before proceeding. In practice, measuring a signal from a B-probe using a
high impedance termination on a scope can tend to amplify high-frequency noise, making the
intended signal more difficult to isolate. Therefore, in the calibration process we generally use
a 50 Q) termination on our scope. If the transmission line between the probe and the scope is
negligible (use the appropriate transmission line treatment from the section above to
determine if it is, for the calibration setups used for MTX probes the transmission line is
negligible), then the circuit can be approximated as shown below in figure 16.

11
[
LB -

—s O

j\ R_term V_sig
V_EMF /"
\

)

\‘J
Figure 16: Circuit diagram of a probe/scope combination, neglecting transmission line components
To obtain the EMF voltage from the signal voltage we use the following relations
Vsig = Reerml1, Vemr = Zioth, Ztot = JwLg + Reerm

Eliminating I; between the first two equations yields a simple response function.

v jwL;
EMF _ 14+ JwLg
Vsig term
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Here we can note that the response function is quite simple indeed. The real part of the
response is just 1, and the inductance of the probe only serves to introduce a frequency
dependent phase shift relative to the source voltage (the imaginary part of the response). It’s
worth noting that for those without an LCR meter available for measuring inductances, the
above relation can be used to determine the probe’s inductance by measuring the phase
difference and applying the full complex response. Since we have an accurate LCR meter for
measuring probe inductance, we can dispense with the phasor notation since we will only be
measuring magnitudes and state more simply that

Vogmr = VOsig = kpwB

Where V, represents a peak magnitude value. In practice, a more accurate value of the average
peak signal voltage can be obtained by using the RMS measurement on a scope, so keeping that
in mind and rearranging the above to solve for Kk, we then say that
o = VRMSSig
5= —02

wBrys
A final note on this is that if the wire in the core is of non-negligible diameter compared to the
loop diameter, then flux exclusion (as discussed in the section above) must be accounted for.
This effect makes it such that Kz becomes frequency dependent but its frequency dependence
can be isolated in the “effective area” term so that

kp(w) = Ko, Aerr(w)
If this term is separated out then one can also say that

VRMSSig

K . =
% wBrysAerr(w)

Where Aeff(a)) is defined in the earlier flux exclusion section. On the B-probes primarily used
for MTX this effect accounts for ~10% variation in the probe’s response and is therefore vital to
account for.

Helmholtz coil theory:

The relation above indicates how to determine Ko, Vrms and w can be determined by

measuring the voltage wave-form induced on the B-probe but this still leaves the
determination of Bgys. For this, we use a Helmholtz coil, a diagram of which is shown in figure
17.
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Current

Figure 17: Basic diagram of a Helmholtz coil

A Helmholtz coil is an assembly of two axially collocated coils connected in series. Their loops
have a radius R and they are separated by that same distance R. Helmholtz coils are useful
because they produce a relatively uniform magnetic field in the center between them. If a
constructed Helmholtz coil is close enough to the ideal model, the field strength at the axial and
radial center of the two coils can be considered a known value. A Helmholtz coil will produce
an axial field that has a very uniform field over a large axial range at its radial center.

Specifically, the magnetic field strength along the coil’s radial center (along z at r = 0) is given
by the following relation.

oINR? 1 1

+
R 2 R 2
2 a 2 a_
(R +(2+z) ) (R +(2 z) )
Where [ is the current in the coil, and N is the number of turns on each side of the Helmholtz
coil (not their combined total). Generally, it is prudent to design a Helmholtz coil that suits the
needs of the B-probe(s) to be calibrated. When it comes to determining whether the above
relation is applicable, the assumptions of an ideal Helmholtz must be analyzed to determine if
they apply to the Helmholtz design being considered. First is the assumption that the field is
radially uniform over the area that the B-probe is measuring the field. Provided the radius of
the Helmholtz coil’s loops is much greater than the radius of the B-probes loops, this

assumption is valid. Second, it is assumed that the wires forming the loops of the Helmholtz
coil are infinitely thin. If the radius of the Helmholtz coil’s loops is much greater than the

Bz(z) = £

3 3
2 2
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diameter of its wires (and the wires are tightly wound over a small area) this assumption is
valid. Finally, it is assumed that winding-to-winding capacitance of the Helmholtz coil’s loops is
negligible. Whether this assumption is valid or not is difficult to say based on a design but it
straightforward to determine experimentally. The frequency range in which the winding-to-
winding capacitance of the Helmholtz coil must be characterized.

It is important to note that at higher frequencies, driving the necessary current for
calibration can require high voltages that may punch through the magnet wire’s insulation or
exceed power supply output capability. The inductance of the Helmholtz coil can be estimated
(it’s always better to measure if possible though) by approximating it as two ideal solenoids
connected in series, where each coil’s inductance is modified by the Nagaoka coefficient as

described in Part 1 above. Therefore, we can approximate the inductance using
uN?mR?
L = ZCNFT

Where Cyr is the Nagaoka coefficient, N is the number of turns on EACH side of the Helmholtz
(not their combined total), R is the radius of the Helmholtz coil’s loops. And [ is the length of
each solenoid (not the length between them).

Helmholtz coil characterization:

Because Helmholtz design will often be iterative at first, we describe the
characterization process and its necessity before discussing design. Characterizing a Helmholtz
coil is a process in which the functional frequency range (where winding-to-winding
capacitance is negligible) is determined. The characterization process is relatively
straightforward. Using a resistive load in series with a Helmholtz coil, the voltage output of
both the RF supply and the voltage drop across the resistive load are measured. The physical
setup is shown in figure 18 below. The results from these measurements are compared to the
results of a simple spice simulation the circuit for which is shown in figure 19 (see Part 3 for
information on how to use SPICE simulation outputs). It is assumed that winding capacitance is
the first most dominant parasitic not included in the circuit diagram so that deviation of
measured values from the simulated response will indicate the presence of non-negligible
winding capacitance effects.
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Figure 18: setup for helmholtz coil characterization
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Figure 19: SPICE circuit against which measured results are compared

R_scope
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The resistance and inductance of the Helmholtz coil was determined using an LCR meter. The
same was done for the resistive load, yielding the values seen in the circuit diagram above in
figure 19. Two different Helmholtz coils were compared, each with the same nominal diameter
and number of turns but with different thicknesses of insulation. The Helmholtz coil on the left
of figure 20 uses thinly insulated magnet wire while the one on the right uses thickly insulated

jumper wire.

Figure 20: Left - a helmholtz coil made using thinly insulated magnet wire, right - a helmholtz coil of the same dimensions as the
one on the left but made with thickly insulated jumper wire
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The comparison of the measured results vs. their respective spice simulations are shown in
figure 21. (Note that the lower experimental frequency range is limited by equipment). Close
inspection of the magnitude responses will show significant deviation for the magnet wire
Helmholtz at around 500 kHz while the jumper wire Helmholtz doesn’t significantly deviate
until around 2 MHz. In practice it is prudent to set a “safety-factor” on the coil’s upper
frequency limit to minimize error (the next section shows that using a limit 40% below the
frequency determined with this method is sufficient). This process determines the upper
frequency limit to which a Helmholtz coil may be used. The primary advantage of using the
lower frequency magnet wire Helmholtz is because it actually produces a field strength much
closer to that of ideal Helmholtz coil field predictions (the assumption that the Helmholtz’s
windings are not spatially distributed is more valid for the magnet wire version). Therefore, the
low-frequency Helmholtz will provide a more accurate calibration for probes (provided it is
used within its operational frequency).

Jumper Wire Helmholtz: Magnitude response | Magnet Wire Helmholtz: Magnitude response

=== measured magnitude response
—— spice simulation response

=== measured magnitude response
—— spice simulation response

...
2

Magnitude Response
Magnitude Response

._
2

108 - 108 ) 104 10° 108
Frequency (Hz) Frequency (Hz)

Figure 21: Measured Helmholtz response vs. ideal simulated response for: left- thickly-insulated jumper wire Helmholtz coil,
right - thinly-insulated magnet wire Helmholtz

B-probe and Helmholtz coil design:

Used as an example here are the B-probes designed for mapping the distribution of the
OMF field (producing tens of mT field strengths at ~350 kHz). Since the probes are measuring a
relatively low signal compared to those produced by the main system and are not constrained
by the coils’ 3D-printed frame geometry, larger diameter probes were designed which required
a corresponding Helmholtz coil design.

The new bdot probes were made using about 12 turns of 26 AWG magnet wire over a
length of ~0.45 inches and with a diameter of approximately 0.165”, yielding a theoretical area-
turns constant of = 1.65-107(-4) m”2. To calibrate these new probes, a Helmholtz coil was
made using a 3d printed frame. The Helmholtz coil was made with 20 turns of 24 AWG magnet
wire, has a 3.165" loop diameter, theoretically produces a uniform 0.447 mT/A over an inch of
length, a Nagaoka coefficient of ~ 0.12, and has a measured inductance of 167 uH. Figure 22
displays pictures of both the B-probe (left) and the Helmholtz coil (right).
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The Helmholtz coil was designed so that; 1: its loop diameter was much greater than the
the loop diameter of the Bdot probe (~20 times greater), its windings don’t occupy a significant
cross-sectional area (20 turns of 26 AWG magnet wire has a cross-sectional area of ~4E~° m?
compared to the ~1.6E 3 m? cross section area of the Helmholtz’s loop and separation plane),
and its region of uniform axial field spans a length twice that of its associated B-probe length.
Its absolute current limit will be approximately 0.577 A based on its wire thickness and its
voltage limit specified by the manufacturer is 4850V. In practice, significant safety factors are
used for both of these limits.

The ideal field distribution of the Helmholtz coil (using the equation from the Helmholtz
theory section) calculated for these parameters is shown in figure 23 (left shows the ideal field
strength produced while right shows the normalized variation in field strength). An ideal
Helmholtz coil made with the above parameters will produce approximately 0.447 mT/A and its
field strength will vary less than 0.5% over the 0.45” length of the B-probe to be calibrated. It
should be noted that the Helmholtz coil used here is the same magnet wire one characterized
in the previous section, so that it’s upper operable frequency limit is 200 kHz.

Figure 22: Left - Probe made for field mapping, Right-Helmholtz coil made to calibrate the new probes
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Figure 23: Left - Field strength ideally produced by Helmholtz coil with 1 Amp of current, Right - Normalized variation in field
strength.
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B-probe calibration process:

We continue to use the field mapping probes as an example in how the calibration
process is performed. The calibration setup is shown in figure 24 and its corresponding circuit
diagram of the helmholtz portion of the circuit is shown in figure 25. One may note that this is
the same circuit setup as the characterization process of a helmholtz coil but without
measuring RF supply output (and now measuring the voltage induced on a bdot probe inserted
into the Helmholtz coil).

The steady state calibration signal is produced by a Hewlett-Packard 3312A function
generator which is amplified to higher signal strength using a Model 75A250 RF amplifier made
by Amplifier Research which has a nominal output impedance of 50 (). The output of the
amplfier is connected to the Helmholtz coil in series with a 47.2 () load resistance whose
parasitic inductance was measured with an LCR meter. The bdot probe is inserted into the
center of the Helmholtz coil. The scope was set to use 1 M) inputs and measure the voltage
across both the resistive load and the B-dot probe.

From here, the data of frequency, load voltage, and probe voltage are gathered for
varying frequencies. We can determine current through the Helmholtz coil from the voltage on
the resistive load and field produced for the given current using the previously determined
value of 0.447 mT/A of the Helmholtz coil. Then, we can use the relation for determining Ko, of

a B-probe derived above as

VRMSSig

Kp =
wBrys

Noting that the core area is much smaller than the loop area for these particular probes so the
effective area correction factor discussed earlier is not necessary.
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Resistive load

Figure 24: Physical setup of the calibration process for a B-dot probe
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Figure 25: Circuit diagram of the Helmholtz coil portion of the circuit

Figure 26 displays the results of calibrating “Bdot-11" (one of the B-probes made for the
field mapping procedure) using both the magnet-wire Helmholtz and the jumper-wire
Helmholtz. First noted is the off-set between the two calibration curves. This is expected as
the thickly insulated wire Helmholtz is expected to deviate significantly from its ideal field
distribution because the assumption of infinitely thin wire and their distribution is violated.
However, the calculated calibration constant for it varies less than 0.5% across the measured
frequency range. The calibration curve produced by the magnet wire Helmholtz varies across
the entire measured frequency range but this is also expected due to the results of its
characterization process which determined that beyond 500 kHz the winding capacitance
becomes a significant factor. Still, a variation of ~¥3% of the calibration constant is seen
between 40-500 kHz with a trend matching that shown above 500 kHz which implies the 3%
variation is linked to winding capacitance effects on the Helmholtz coil. This shows that it is
prudent to use a “safety factor” when setting the upper limit of Helmholtz coils. Closer
inspection here reveals that the calibration constant varies less than 0.5% between 40 kHz and
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200 kHz so setting the actual frequency limit of the Helmholtz coil to approximately 40% of that
determined in the characterization process should be sufficient.

Given the above analysis, we obtain the calibration constant of the bdot probe by taking
the average of the measured points between 40 and 200 kHz for the thinly insulated B-probe to
be the here as Ko, ~ 1.553E~* m? (recall that the theoretically predicted constant was of
KB goal™ 1.65:107(-4) m”2 which serves as a good sanity check). Further, we can reasonably
expect this calibration value to be accurate up to at least 1 MHz, satisfying the stated design
requirements Part 2. In order to account for any other unquantified errors in the calibration

process we state that the probe is accurate to at least 5% in magnetic field measurements up to
1 MHz.

Bdot-11 Calibration on thinly and thickly insulated Helmholtz coils

—— Bdotll, Magnet-wire Helmholtz
—— Bdotll, Jumper-wire Helmholtz
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Figure 26: Calibration curves determined for Bdot11 using the thinly insulated magnet wire Helmholtz (black) and the thickly
insulated jumper Helmholtz (green)
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Part 5: Flux Loop Design

As stated before, the flux loop is conceptually the simplest diagnostic. The voltage
induced on the loop is directly related to the rate of change of flux in it as

dd(t) dB(t)
V() = dt = AfluxloopT

Or in phasor notation as
V= ]CU(,‘IS = Afluxloopngz

Fluxloop calibration and sources of error:

Although a flux loop can technically be calibrated using a known time-varying flux,
producing a well-known flux on the size scale of a flux loop can be cumbersome. Further, the
dimensions of a flux loop are usually easily measured so that the error in the flux loop’s
“calibration” (Kfyxi00p = Afiuxioop) Will be on the scale of the error in its radius(rryxi00p)
measurement squared, i.e.

6Kfluxloop = 0((6rfluxloop)2)

Therefore, rather than having any calibration procedure for flux loops, its error in area is simply
estimated using the above based on the radial measurement uncertainty. Additional sources of
error in the area measurement can exist if one is not careful though. For example, if a twisted
wire pair with thick insulation is used to lead back to a transmission line, they can form
unintended pickup loops near the measurement point that increase error. Proper shielding of
any such twisted pairs can help minimize this source of error.

High voltage division and voltage coefficients

Flux loops on the MTX machine are presented with a unique challenge due to the fact
that the reversal discharge is both high field strength and high frequency (~2.5 T at ~350 kHz)
over the area of the flux loop which has a diameter of ~10 cm. Simple calculation will show this
can induce voltages on the order of 50,000 V. Accurately measuring a 50,000 V signal at ~350
kHz can be difficult to put it bluntly. It should be noted that using a loop with no resistance and
measuring the current through it is not a valid option since the flux loop will then act as a flux
conserver and change the field distribution produced by the main coils.

The primary difficulty of measuring such a signal is that the circuitry used to divide out
the signal must maintain a well-known impedance value under the application of high voltages.
Capacitive division is an option but capacitance actually varies as a function of applied voltage
(particularly at high voltages) as the dielectric material has voltage dependent permittivity and
the capacitor itself may even flex due to electrostatic forces. Inductors do NOT have any
voltage dependent characteristics but it turns out in practice that designing an inductive divider
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with sufficiently high inductive impedance that does not arc through insulation at high voltage
or suffer from parasitic capacitance effects is a challenging design problem. Resistors also tend
to have voltage dependent characteristics but there are a large variety of resistor materials
available in market so it was decided to test some high voltage resistors for this application.
Several varieties of resistors were tested on MTX to find suitable resistors.

Resistive divider testing on MTX

The change in the resistance value of a resistor due to the application of voltage is
referred to as its “voltage coefficient of resistance” or VCR. The simplest way to determine if
VCR effects are negligible is to test a flux loop divider with two or more of the same resistors in
series and obtain data for both a ringing bias and a ringing reversal discharge. Then use only
one of the resistors and obtain the same data. If VCR effects are negligible, then the processed
flux measurement from each test should match. If the processed flux measurement does not
match then VCR effects are non-negligible. (Note that parasitic inductance may also need to be
accounted for depending on the divider’s resistance, size, and the frequency of the applied
pulse). Examples of this testing are included below.

HVRAPC resistor testing for Flux Loop

Testing was first performed on January 30", 2023 using the same high-voltage resistors
used for charging and dumping capacitor banks on MTX. Specifically, these are HVRAPC brand
resistors with model number T2530C683K-0, with a voltage rating of 52,000 Volts and a
resistance value of 68.3 k) (+/- 10%) shown below in figure 27. A divider was constructed using
two of these resistors in series and a spice model of the entire circuit is shown in figure 28.

HVRAPC

Figure 27: One of the HVRAPC resistors tested for VCR
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Figure 28: Circuit model of the HVRAPC resistive divider for flux loop

In series the resistors measured 134.4 k() and with one shorted the resistance used was
72.3 kQ. According to the spice model above, the change in voltage signal magnitude from
using 72.3 kQ (one resistor) to 134.4k() (two resistors) is different by a factor of 1.86 and the
change in phase response between the different resistance values is negligible. Therefore, if
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VCR effects are negligible then the difference in voltage signal between the two setups should
be different by a factor of 1.86. Figure 29 below displays the results with the voltage from the
134.4 k() resistive divider scaled up by 1.86 for a bias discharge. The two traces clearly do not
match and it is concluded that for these resistors VCR effects are non-negligible. In particular,
note that the voltage induced on the flux loop for the bias discharge shown is only about 600
volts (0.3T peak field at 40 kHz). Since these resistors are designed primarily for use as energy
dissipation in capacitor charging/dumping this result was not entirely unexpected.

raw voltage, 67 kOhm resistors voltage coefficient comparison

— 2 resistors, scaled up by 1.86
—— 1 resistor

0.75

0.50

0.25

0.001 oo
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—0.50
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Figure 29: VCR effects on the HVYRAPC brand resistors

Ohmite model 500 series testing for flux loop

The next set of tests was performed on February 21-22" using Ohmite brand resistors
model 508AS101KDG2 with a voltage rating of 50,000 Volts and a resistance value of 100 Q (+/-
10%) shown in a series assembly below in figure 30. The resistive divider was constructed to
minimize inductance and a 20 Ohm measuring resistor was used for direct voltage
measurement. Note that in the image, two of the 4 resistors are shorted (part of the tests to
determine if voltage coefficients are negligible). Too high value of a measuring resistor means
too large of a voltage signal sent back to the scope but too low means that parasitic inductance
becomes more relevant (which it’s best to avoid). A 20 Ohm measuring resistor (upper right
portion of figure 30) was chosen as a compromise between these two extremes for this set of
tests.

The parasitic inductance of the divider was measured using an LCR meter and by
shorting the resistors using aluminum wire (not pictured). The value measured was 1.3 uH,
which should be an overestimate because the shorting wire used was much smaller area than
the resistors themselves.

In order to determine whether voltage coefficients are a concern for this setup, a bias
shot (957) and a reversal shot (959) were performed using a single coil that was fully isolated
from all other coils (to ensure that energy from the discharge was not transferred to other
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banks via mutual inductance). A spice model of the divider circuitry and backend integrator is
shown in figure 31. A 20dB attenuator was used between the integrator and the divider which
is not shown in the circuit. Two of the resistors of the divider were then shorted out for a
nominal resistance of 232 Ohms and another bias shot (961) and reversal shot (960) were
performed.

The resulting interpreted flux of these tests are shown in figure 32 below. Reversal
shots 959 and 960 unintentionally produced a plasma in the low pressure vacuum tube late in
time which was only roughly pumped down during the tests. Regardless, the results in early
time prior to breakdown are still viable and show no significant VCR effects. Therefore these
resistors were deemed viable for use as voltage dividers in the present operational range (~10
kV induced on the flux loop).

Figure 30: series assembly of the 500 model ohmite resistors with 2 of the 4 resistors shorted out for VCR tests

Tx_from_fluxloop_to_divider Tx_from_divider_to_scope

L_fluxloop Ldiv Rdiv g measure R_int L_int
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1e6
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315n 1300n 477

Td=3.048n 2p=50 20
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Figure 31: Divider and integrator circuit model of the 500 model Ohmite resistor test
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Vol;gge coefficient tests, direct voltage measurment, bias shots: 957 and 961 Voltage coefficient tests, direct voltage measurment, reversal shots: 959 and 960
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Figure 32: Results of testing for VCR effects on 500 model Ohmite resistors for Bias and Reversal discharges

Final flux loop design:

The final flux loop design is a simple one shown in figure 33 below. The wire loop itself
is made of wire insulated up to 30 kV and forms a twisted pair at its junction point that leads
back to a 100 kV coaxial cable where it is soldered. The twisted wire pair is shielded using braid
and the 100 kV coax cable connects to the resistive divider (un-shorted now) shown in figure 30
above. The loop itself has been measured to have a diameter of 0.114 m + 0.001 m so that its
area accuracy should be on the order of 1%. Although the exact inductance of the resistive
divider is not known, we know that it is not more than 1.3 uH, which can account for up to 5%
of the impedance of the divider so that we can say with confidence our flux measurement is
accurate for a loop diameter of 0.114 m to approximately 5%.

Figure 33: Image of the final flux loop design presently used on the MTX machine
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Part 7: Rogowski Coil Calibration
Dipole coil Rogowski probe calibration

A Rogowski coil was made for measuring current waveforms on the dipole coil. It consists of
approximately 35 turns of 0.2” loop diameter and can be seen in figure 34 below installed on
one of the OMF coils. The Rogowski was calibrated on the benchtop using the setup shown in
figure 35 (with a corresponding circuit diagram shown in figure 36). Figure 37 presents a plot
from the LTSpice simulation of figure 18’s circuit depicting the response of the measurement at
the scope compared to the voltage produced at the power supply. Barring any effects not
accounted for in the simulation, it shows that the calibration setup should be effective up to at
least 1 MHz calibration.

Figure 34: Rogowski coil installed on one of the OMF coils

RF Power supply

Conducting wire
with Rogowski in
position

Attenuators were

NOT used. Picture

taken before their
removal.

Figure 35: Calibration setup for the Rogowski coil. Note that the 50 Ohm attenuators shown in the picture were NOT used.
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Figure 36: LTSpice XVII circuit for the Rogowski's calibration setup

Figure 37: Response from the circuit in figure 18 comparing measurement at the scope to voltage output by the RF device.
Indicates that the measurement can be considered accurate up to at least 1 MHz.

The results of the obtained data have been used to obtain a calibration curve for the Rogowski
coil that can be seen in figure 38. The curve shows unexpected results where the Rogowski’s
response appears to decrease as a function of frequency. This data was obtained by eye
instead of using a laptop to capture instant values so at least some of this data is lent an
unquantified error by that (the RF power supply can drift in frequency and power over the
several seconds it takes a human to record the values displayed on the scope. A second
calibration should be done for more accurate results. For now, the given calibration curve
indicates that the Rogowski should yield accurate values within 10% of the true value.
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Rogowski geometry factor as a function of frequency
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Figure 38: Calibration curve for the OMF Rogowski

The Rogowski coil is used with an analog integrator as described in the magnetic diagnostics
writeup with nominal values of 1000 Q2 and 100 nF. Using the above calibration and an analog
integrator, data was obtained with the Rogowski coil for OMF currents shown below in figure
39. Peak currents are 13.5 kA at 30 kV and 18.1 kA at 40 kV, displaying an expected ~33%
increase in current for the increase in voltage. Again, these values can be expected to be
accurate within 10% of the true current.

Rogowski currents of OMF discharges at 30 and 40 kV
(filtering out trigger pulser signal)

1
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Figure 39: Comparison of current measurement firing the bank at 30 and 40 kV.
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0-coil Rogowski probe calibration

Although these Rogowski probes were created and calibrated after the data taken for this
dissertation document, it is still worth presenting the calibration process for these probes. The
author would like to thank Evan Loftin for his efforts in this section of the study. The probes
and calibrations represented here were performed entirely by Evan. In order to properly
calibrate a Rogowski probe for the MTX 6-coils, a calibration coil was created. An annotated
photo of the calibration setup can be seen in figure 40 below.

Function Generator

RF amplifier

| Calibration Coil

Resistive Load |

-

Rogowski Probe

Figure 40: An annotated photo showing the calibration setup for Rogowski probes to be installed on 6-coils.

This calibration circuit setup is the same as in the previous section with two exceptions:
The calibration coil is used here instead of the bare wire in the previous section; The resistor
used for the data presented here is not the one pictured in figure 40 and not the one used in
the previous Rogowski probe calibration section. For calibration of these Rogowski probes a
more powerful signal could be used due to the higher current capability of the calibration coil,
and thus a higher power resistor was used as the load. Specifically, an Ohmite brand model
889SP500k was used, which was measured to have a resistance of 47.4 (). Data was obtained in
a similar fashion as the previous section.

The probes themselves were made using 26 AWG magnet wire, which was passed
through clear heat-shrink tubing, then wrapped around on the heat shrink (after heating) for a
loop diameter of approximately 2.5mm. Probes were made with either 100 or 150 turns and
once all turns had been made, another layer of heat shrink was used to hold windings in place
(see figure 41 below). The probes were then coupled to RG-223 BNC cable to transmit the
signal.
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Figure 41: A photo showing a closer image of a Rogowski probe installed on the calibration coil.

Calibration proceeded in a similar manner as specified in the previous section, with the results
shown in figure 42 below. . 100 turn and 150 turn probe calibrations are compared in order to
determine if winding-to-winding capacitance of the Rogowski probe is an important factor.
Over the frequency range of interest (10-400 kHz), the calibration is seen to vary less than 5%
and by less than 10% up to 1 MHz. Therefore, the Rogowski coils now installed on the MTX
machine are expected to be accurate to better than 5% for frequencies up to 400 kHz.

Measured variation in Kk with frequency
for 8-coil Rogowski probes

0.011 _,_,_’——\_’_/_—
0.010

— 0.009]

E 0.008. —— measured k for a 100-turn probe
> —— measured k for a 150-turn probe
[

X 0.007 |

0.006 |
*‘——_._.—-—'_'—__-._
0.005
0 200 400 600 800 1000

Frequency (kHz)

Figure 42: A plot showing the measured calibration coefficient of two separate Rogowski probes, one made with 100 turns, and
the other made with 150 turns.
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Part 7: Signal-processing

In this section we describe how to obtain a current trace from the voltage data of a
Rogowski coil with an integrator. The approach described below is easily translated to use with
B-probes and flux loops. Note that this section is NOT intended to provide the reader with a
full understanding of Fourier transforms, only how to use a Discrete Fourier Transform for these
specific applications.

Processing with The Discrete Fourier Transform

We measure the voltage at the capacitor of the integrator, and from that we wish to
determine the current passing through the primary line that the Rogowski coil is measuring.
Basically, with our analytic model or the spice simulation, we have the response (or transfer
function) of the integration circuit in the frequency domain. This allows us to calculate the
primary current from the voltage at the integrator’s capacitor in the frequency domain but
frequently we are more interested in looking at signals in the time domain. The simplest way
to get the primary current in the time domain is to transform the voltage measurement on the
integrator’s capacitor from the time domain into the frequency domain, apply the circuit
response, then transform the data back into the time domain. The general process is shown in
the flow chart in figure 43 below where H(w) represents the circuit response in the frequency
domain.

Apply Fourier Transform to Apply circuit response to Apply Inverse Fourier
obtain voltage in frequency obtain current in frequency Transform to obtain current
domain domain in time domain

VCmr(w) = fft(VCmr(t)) fprim (w) = cht(w)H(w) Lyrim (t) = ifft(iprim @)

Figure 43: Basic flow chart of how to apply a frequency response to a time varying signal

Python’s numpy package is well equipped to help us do this easily, but there are some
finer points to cover to apply these well. In Python, we use the “fft” function which performs a
discrete Fourier transform on a data set (a voltage trace in our case). This transforms our
voltage data set from being a purely real function of time to a complex-valued function of
frequency. It is imperative that we understand the structure of this complex-valued data set to
properly apply the circuit response and filtering properly.

The Discrete Fourier Transform outputs a very specific structure of information. First,
the output values correspond to specific frequency bins (ranges of frequency). The size of
these frequency bins (i.e. the “frequency step” of the domain) is determined by the minimum
resolvable frequency of the signal. This is defined as the period of the total sample time
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f 1
e lend — Cstart

The maximum resolvable frequency is dependent on the number of samples taken
between the start and end times (i.e. the sampling frequency). For the Discrete Fourier

Transform (DFT), it is defined as one frequency bin below the Nyquist frequency or

# of samples
z(tend - tstart)

With these terms defined, we can describe the corresponding frequency structure of the
output of the Discrete Fourier Transform for an even number of data samples and it is

fmax - fNyquist - fmin -

min

[O' fmin: meinr fmax - fmin: fmax: fNyquist: _fmaxr _fmax + fmin: - zfminr _fmin]

What this means is that the first value returned by the DFT corresponds to the DC offset
of the signal. The second value AND LAST VALUE corresponds to the contribution of signals
with a frequency around f;,,;,,, the third and second to last values correspond to 2f;,;n, etc.
When we apply a circuit response to the output of the DFT, we must be sure to properly apply
the response to both the positive frequency and negative frequency components correctly
(more on this after a note on filtering).

Frequency Filtering using DFT

It is worth noting several more things here. First, we can now easily filter out signals
we’re not interested in analyzing. For example, it is common to see noise spikes at the firing of
the banks due to EMI from gap firings. The frequency of this noise signal is much higher than
the frequency of interest. To filter it out, we artificially set to 0 the values of the DFT in those
frequency ranges. For example, we commonly filter out any signals higher than 50 MHz on our
signals. Note here that we must also filter out the negative frequency contributions but take
care not to filter out the low frequency contributions of the negative end. i.e. do not simply
find the target frequency and filter out everything above it, as this will also eliminate the
negative frequency contributions for frequencies of interest. For example, a proper 50 MHz
filter will only 0 out contributions above 50 MHz and below -50 MHz. Finally, any DC offset in a
trace can be removed by artificially setting the first value of the DFT (whose frequency
corresponds to 0 Hz) to 0. After the filtering process, the circuit response can be applied to the
DFT data-set to obtain current in the frequency domain.

Applying Circuit Response using DFT

Once we have the filtered voltage signal in the frequency domain it’s time to apply the
circuit response. If you’re using an analytic model (like the one derived above), then simply
calculate the response using the full frequency domain of the FFT (negative frequencies
included) and apply it to the FFT data. You may have to take care when using square roots in
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Python’s numpy to get an output (when taking the square root of a negative value, just add
“+0j” to define it as imaginary so the sqrt function will behave.

If using a spice model, the process is different and a bit more complex. LTSpice XVII can
output response as either Cartesian/complex (real and imaginary values) or polar (magnitude
and phase). Interpolating complex-valued sets can be difficult (if you know how to do it then
more power to you) so we output the magnitude and phase of the response from spice. We
then interpolate these using numpy’s “interp” function for the corresponding frequency values
of your DFT. Note that spice also doesn’t output this information for 0/DC frequency so you
will have to artificially add that response value at the beginning of the array. For our case with
magnetic diagnostics, response at DC frequency is simply 0. Then we use Euler’s equation to
obtain the complex response (i.e. the complex valued response) for the positive frequency

range.
x + iy = |mag|e’?

Where we have obtained “mag” and “¢” from the Spice’s polar output. Now we have the
complex response for the positive frequency portion of the DFT. To get the complex response
for the negative frequency portion of the DFT, just take the complex conjugate of the positive
portion of the response. Remember to structure your response array correctly before applying
it to the DFT and then you’re finally good to go.
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Appendix D

Line Ratio Temperature

Measurements
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Under certain conditions it is possible to estimate a plasma’s electron temperature by
analyzing ratios of line emission coming from electron transitions within the plasma. Care must
be taken to apply appropriate assumptions about the statistical state of the plasma. Therefore,
this topic is covered in detail here so that the methods used for temperature estimates in this
study are clear.

Theory
Electron Configuration Basics

Line emission refers to the spontaneous emission of photons when an electron de-excites
from a higher energy shell of an atom. When an atom gains energy (for example through a collision
or photon absorption), its electrons can become “excited” and occupy a higher-level energy state.
The excited state tends to be unstable and the electron will “de-excite,” transitioning to a lower
energy shell and emitting a photon in the process. Figure 1 displays an example of two commonly
observed transitions, the Hydrogen-a and Hydrogen-f (parts of the Balmer series) transitions.

n=4

~

\H-ﬁ emission (486 nm)

H-a emission (656 nm)

Figure 1: Basic diagram of hydrogen energy shells

The emitted photon energy is equal to the change in energy of the electron as it transitions
to a lower energy state. For a hydrogen (or deuterium) plasma, the ratio of intensities of these two
colors of emission can be analyzed to determine electron temperature in a plasma, provided the
assumption of Partial Local Thermodynamic Equilibrium (PLTE) within the plasma is valid, which
will be defined later.

It is also worth reviewing basic electron structure terminology so as to easier understand
contemporary charts of information that must be used in the calculation of the electron
temperature. First reviewed is the basic configuration of electron shells in an atom which will
provide a context for understanding the “quantum numbers” of an electron. Recall the standard
shell description as shown in figure 2 below. 1s represents the lowest energy state, 2s and 2p
represent the next highest energy state, and so on. The letters s, p, and d (f not shown in diagram)
represent the “sub-shells” within each shell.
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1s
2s, 2p
3s, 3p, 3d . , — 19

Figure 2: Standard definition of energy shells for electron configuration

Quantum numbers are used to specify an electron’s state when bound to an atom and there are
four of them in total. The first one is the “principal quantum number,” which defines the energy
level an electron is bound to and it is usually represented as “n”. Infigure 2, the principal quantum
number is equivalent to the shell’s energy level so that for the 1s shell n=1, for the 2s/2p shell n=2,
and so on. The second quantum number is the is referred to as the “azimuthal quantum number”
and is represented as [. The number defines the subshell that an electron is in, so that for an
electron in the s sub-shell l = 0, for an electron in the p sub-shelll = 1, for an electron in the d sub-
shell I = 2, and so on. Under certain conditions this spin value can affect the emitted photon
energy and will be discussed a bit later. The third quantum number is the “magnetic quantum
number” and is represented as m;. This quantum number will not be relevant to the models used in
this analysis. Finally, the fourth quantum number is the “spin magnetic quantum number” which

defines the spin angular momentum of an electron and has the value of either + %, or — % Like the

azimuthal quantum number, the spin value can also affect the emitted photon energy under certain
conditions and will be discussed a bit later next.

So as to avoid confusion with external literature it is worth noting the “fine-structure” model
of a hydrogen atom. Let it be noted here that this model is not necessary for the temperature
estimations performed here but due to its prevalence in literature on the topic it is worth defining
here so that the reader is clear when reading other literature. This becomes especially important
when determining the statistical weight of an electron’s energy state. When the emission spectrum
of a specific transition is closely observed, the spectrum actually has the shape of a doublet. This
is because the energy of the transition has a dependence on the spin of an electron. As such, the
fine-structure shell model of the hydrogen atom is modified as shown in figure 3 below. The
subshells are now given by the “total angular momentum quantum number” which is defined as

j=1+s
1s
28, 24,2, 2P3/2 , ’
3s, 3P1/2) 3P3/2s 3d3/5, 3ds), , , , ... etc.

Figure 3: Diagram of subshells in the Hydrogen fine structure model

Note that the subscripts in the subshell designations correlates to the total angular momentum
quantum number and electrons bound to different subshells in this model actually have slightly
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different energies. This modelis commonly assumed in much literature regarding emission spectra
so the reader should be aware of which model between the two shown above the material is using.

Radiation model for LTE plasmas

For a plasma that is in Local Thermodynamic Equilibrium (LTE), the relative population of
two energetic electron states can be assumed to be thermally distributed (see section on
“jonization equilibrium ratios” in the chapter on “thermodynamic equilibrium relations” in Griem"),
so that

Npm  gm —E‘}’C;E"

Om _Im e, 1
N,  gn

Where Nj is the population of the i’th energy state, g; represents the statistical weight of that energy
state (this will be discussed in more detail later), E; is the energy associated with that electron
state, k is the Boltzmann constant and T, is the electron temperature. LTE in a plasma requires that
the plasma be dominated by collisions and that radiative absorption in the plasma is negligible.
This is valid for plasmas of n, > 101® cm™3 and kT < 5 eV (see Griem?) which is close to values
being explored on the MTX machine (note that for LTE, the assumption that T; = T, is valid) but not
always true. However, the relation can still hold accurate to better than 10% for plasmas in Partial
Local Thermodynamic Equilibrium (PLTE). The energy difference between various excited states is
small when compared to the energy difference between ground level and higher energy states.
These excited states are more likely to be validly described by a thermal distribution and in this
state a plasma can be said to be PLTE (this effectively means that ion temperatures and electron
temperatures are allowed to differ) (see Kroesen?®).

The plasma parameters and electron energy states for which PLTE can be assumed have
been studied intensively and thus the range of validity for PLTE is relatively well understood. In
general, the higher the electron density and the lower the principal quantum number, the more
valid a PLTE assumption is for a plasma, as demonstrated by Fujimoto and McWhirter* (see figure 6
of their publication). Using Fujimoto’s plot, it becomes apparent that for electron densities greater
than 10" cm™ and temperatures less than 10 eV, PLTE should be valid for comparison of H-a and H-
B lines and any higher energy level transitions. Therefore, equation 1 above may be used to
represent energetic electron state populations.

Now that the validity of equation 1 has been established (within 10% accuracy), note that
emission intensity of a given energetic electron population in a plasma can be determined as (see
section on “relative intensities of lines of the same atom or ion” in the chapter on “spectroscopic
temperature measurements” in Griem')

Where i,,,,, is the total intensity produced by a line emission of an electron transitioning from state
m to n and integrated over spectral length of [, & is the reduced Planck’s constant, w,,, is the
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frequency of the emitted radiation (assumed constant over spectral integration, i.e. line spectrum is
narrow), A,,, is the Einstein coefficient for the transition, and N,,, is the population of the given
energetic state. Direct substitution for two arbitrary energized states of equation 2 into equation 1
will yield

, Em, —E
lmlnl wmlnlAmlnlgmlnl L ML
: — e KT, 3
lmznz wmznzAmznzgmznz
Where the lefthand side represents the ratio of two spectrally integrated line intensities and the
other variables are consistent with those specified in equations 2 and 3. If the emission
wavelength, Einstein coefficients of the transitions, statistical weight, and bound energy of both
transition types are known, then electron temperature can be calculated as
T, = Emy = Bm, 4

a k 11’1 <im1n1 wmznzAmznzgmznz )
lmznz wmlnlAmlnl gmlnl
Do note that a method using a linear fit that increases accuracy by using multiple line ratios (useful

for heaver gases) is outlined in the supplemental materials of Chu’s publication®. For a single ratio,
error can also be estimated using the method suggested by Griem' so that

AT, _ kT, |AX
Te (Emz - Eml) X

vl

Where X represents the value in the natural logarithm of equation 4. If itis assumed that the error
in the emission frequency, Einstein coefficients, and statistical weights is negligible compared to
the intensity ratio measurement (a likely scenario for this situation), then the time independent
error of the estimate will be equal to the uncertainty in the intensity ratio measurement plus
another 10% due to the PLTE model. It must also be noted that when using fast time resolution
photodiodes, one must also take into account the statistical decay time (inverse of the Einstein
coefficient) and account for error in time-varying measurements as well. For example, the Einstein
coefficient for H-f for hydrogen is given by NIST as 4;; = 8.4193 * 10°s™1, the inverse of which
means on average it takes = 120 ns for the emission event to occur. This means that changes in
intensity occurring on timescales faster than this are subject to additional error proportional to the
rate of change of intensity and the Einstein coefficient. This can be modeled by dividing the rate of
change of intensity by the Einstein coefficient and the instantaneous intensity value. Since there
are two events being measured, each one is calculated separately and contributes to the total error
in intensity ratio. Finally, bit noise tends to add an additional 1% overall uncertainty. Therefore, the
overall error can be estimated as

AT, kT Al ﬁ(il_lﬂ
; t
T B | oo T\ L, (22 |
2
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Temperature Analysis

Temperature comparisons here could only be performed within a very specific range, due to two
primary factors. Two perform a line-ratio calculations, two detectable intensities of line emission
are required. In many cases H-f emission could not be detected with the diagnostics at hand. This
implies that the plasma temperatures in these tests are generally very cold. Additionally, using the
ratios of H-a to H-f generally only work up to approximately 10 eV. This is because once the
electron temperature reaches this value, the emission of H-a tends to cease as the majority of
electrons in hydrogen orbitals are in the n=4 shell. However, some analysis of electron temperature
can still be performed in the pre-ionization studies.

Figure 4 below shows the camera images taken from a ringing-68 discharge in 50 mTorr of deuterium
gas. The image shows a much brighter spot on the 4" frame (7.55-7.65us) which directly coincides
with the temperature going off-scale what this method can measure as shown in figure 5. It’s worth
noting that the average temperature increased by ~0.1 eV from before vs. after the compression,
implying a small degree of shock heating.

Figure 4: Images taken of a ringing-6 discharge in 50 mTorr of deuterium.

Inferred electron temperature from
H-alpha and H-beta line ratios, shot: 0001848

—— electron temperature
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Figure 5: Line ratio temperature of a ringing-6 discharge in 50 mTorr of deuterium gas.
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Temperature measurements in the biased-dipole configuration could be performed over a longer
span of time due to the fact that the maximum variation of line intensity was not as high as seen in
the ringing-8 configuration due to the plasma compression. Figure 6 displays the measured
temperature of a biased-dipole discharge in 100 mTorr of deuterium gas. The temperature tends to
stay consistent of the timescale shown at ~0.4 eV. However, by the time the reversal field would be
fired for formation (~50 us), H-f emission is no longer detectable, implying a very cold plasma.

Inferred electron temperature from
H-alpha and H-beta line ratios, shot: 0002162

1.2
—— electron temperature
I error
1.0
0.8
=
L
— 0.6
0.4
0.2
12 14 16 18 20 22 24 26

time (us)

Figure 6: Line ratio temperature of a biased-dipole discharge in 100 mTorr of deuterium gas.
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Appendix E

Interferometer Details
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Plasma density measurements on the MTX machine are obtained using interferometry.
Interferometry is a technique that refers to the use of an interference pattern between two
beams for measuring parameters of a system such as path length or refractive index. A plasma’s
refractive index is a direct function of its electron density (subject to some conditions discussed
later) and thus, interferometry can be used to measure electron density in a plasma. If an
average charge state is also known then an average ion density can also be determined. A
general overview of interferometry with regards to plasmas can be viewed in Hutchinson®.

Interferometry Introduction

The speed of light in a plasma is different than that of air (due to its refractive index or
permittivity). This causes a change in the phase of the beam after it exits the plasma that is
directly related to the plasma’s density. If this “scene” beam is then superimposed with a
“reference” beam that has not passed through a plasma, the changing of phase between the
two beams will be seen as a variation in beam intensity. This variation is referred to as an
interference pattern. It should be noted that interference of the beams requires that they are
coherent (i.e. they have the same wavelength in air). Mathematically, the interfered beams can
be represented as the superposition of the electric fields of each beam as given by Hutchinson?

Et — Elei(a)t) + Ezei(wt+¢)
Equation 1

Detectors will generally measure the “power” of a beam incident on it and the power of
two superimposed beams is given again by Hutchinson?! as

2E, E,
|Ee|* = [Ef + EZ] |1+ >

E? + E2 cos(¢)

Equation 2

Given that E; and E, are constant, it is evident that the detected power of the beam will vary
only with the phase change of the scene beam. For example, if the two waves are completely
out of phase (¢ = m, 3m, 57 ...) the combined beam will be at its minimum power due to
complete destructive interference and if the two waves are perfectly in phase then the
combined beam will be at its maximum power (¢ = 0,27, 47 ...) due to constructive
interference. Figure 1 plots the variation in power with ¢ of the superimposed beam with E; =
E, (if E; # E, then the minimum power does not reach 0)
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Superimposed beam power |E;|?

0 ) T 3r/2 2
Scene Beam phase (@)

Figure 1: Variation in total beam power with phase difference of two superimposed beams

Thus, the measured power of two coherent interfering beams (one of which passed
through a plasma) can be used to determine the phase change between the two beams. In
order to relate this to the plasma’s refractive index and thus its electron density, several
assumptions are made. First it is assumed electron velocities do not approach the phase
velocity of the laser beam (~speed of light) so that the plasma can be considered cold with
respect to the beam?. In addition, if the magnetic field in the direction of beam propagation is
negligible and if the wavelength of the beam is much smaller than the gradient scale of the

. d . o ) .
plasma (i.e. |f% > %ﬁ where x is the direction of the beam’s propagation) then the following

equation can be used to relate plasma density to the measured change in phase (a thorough
derivation of this is given by Merritt3).

Equation 3

Where w is the beam frequency, c is the speed of light, n, is the electron density, [ is the path
2

length of the beam through the plasma, and n, = 2 ::ee" is the critical density at which the

beam begins to get absorbed into the plasma rather than propagating through. The A¢

calculated with this represents the change in phase of the scene beam due to the presence of a

plasma compared to the phase state with no plasma present, i.e. App = ¢(t) — ¢(0).
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Phase Ambiguity

The problem of phase ambiguity in this form of measurement arises when the combined
beam reaches its minimum or maximum power. Figure 2 displays an example of this problem.
The green line represents the density of a plasma that the scene beam is passing through while
the red line represents the detected intensity of the interfering beam. Between t, and t4, no
plasma is present and so the phase difference between the scene and reference beams does
not change and there is no variation in beam intensity. Between t; and t, the plasma is formed
and begins to increase in density, causing a phase lag in the scene beam which is detected as a
change in beam intensity. However, at t, the beams are perfectly out of phase and the plasma
begins to decrease in density. At this point, an increase or decrease in plasma density looks
exactly the same on the power detector, i.e. it is impossible to tell whether the phase lag of the
scene beam continued to increase or decrease, i.e. the sign of A¢ cannot be determined.
Figure 3 displays how a positive or negative change in phase will yield the same result in
detected power. Thus, if a change in sign of A¢g occurs when the beams are at complete
constructive or destructive interference, it cannot be detected. This issue is referred to as
“phase ambiguity.”

No phase ambiguity detection method

|E,|?

e —————

[0 tl IZ
time

Figure 2: The green line represents plasma density changing over time. The red line represents the associated phase shift from
an intensity measurement. At time 2 the change to decreasing density cannot be detected by the intensity variation.

Scene Beam

Reference Beam

|E;|*(+dp) = |E.|*(~dep)

Superimposed beam fields (E; + E»)

Figure 3: Displaying how a negative or positive frequency shift from two beams that are 180° out of phase yields the same total
intensity.
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Frequency Modulation for Phase Discrimination

Historically, the problem of phase ambiguity has been solved through the application of
frequency modulation. In this method either a vibrating mirror or acousto-optic modulator
(AOM) are used to introduce a high frequency (10s of MHz) oscillation in the measured value of
Ag¢. With the measured signal oscillating an arbitrary frequency, changes in the scene beam’s
effective path length now manifest as a frequency shift of the measured signal. If A¢ changes
positively, the frequency of oscillation is increased and if A¢ changes negatively, the frequency
of oscillation is decreased. It should be noted that for this approach to work it is necessary that
the “carrier” frequency (the oscillation frequency introduced by the vibrating mirror or AOM) be
much higher than the rate of change of plasma density.

This approach is shown graphically in figure 4 for clarity. First, note that because
another frequency is super-imposed on the signal that the detected power is no longer directly
proportional to A¢ so the red line specifically represents |E;|2. Between t, and t; with no
plasma present, the detected power oscillates at the carrier frequency of the vibrating mirror or
AOM. As the plasma density increases between t; and t, the frequency of the signal oscillation
increases relative to the plasma density’s rate of change. As the plasma density decreases
between t, and t5, the frequency of the oscillation decreases below that of the carrier
frequency. Finally, once the plasma density reaches 0, the frequency of the oscillation returns
to that of the carrier frequency.

Frequency Modulation Method for Phase Ambiguity

time

Figure 4: Green represents a changing plasma density in time. Red represents the measured intensity of an interference beam
that is using frequency modulation to detect the sign of ¢
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Quadrature Method for Phase Discrimination

Recently an alternate solution to the phase ambiguity problem was introduced by
Weber?. The fundamental concept behind the approach is to split the recombined beam into
orthogonal s and p polarizations while having the polarizations 90 degrees out of phase with
one another (see the Interferometer Setup and Tuning section below for more details on how
this is done). As a result, neither beam’s intensity will reach peak amplitude at the same phase
shift of the scene beam. Figure 5 displays the resulting power measurements graphically. The s
polarization in red (| E;|?) has the same phase ambiguity problem as shown in figure 2 above.
However, the p polarization in blue is out of phase with the s polarization and the change in sign

dne . . . . -
of% is clearly observed at time t, where it is ambiguous for the s polarization. Because these

two polarizations are 90 degrees out of phase with one another a change in derivative of the
measured value will always be observed in one polarization or the other.

Quadrature Method for Phase Ambiguity

to tl tz t3

time

Figure 5: Green represents changing plasma density over time. Red represents variation in intensity of the s polarization and
blue represents variation of the p polarization's intensity which is 90° out of phase with s.

The quadrature discrimination method’s time resolution is only limited by the sampling
rate/time resolution of the photo detectors used (whereas the frequency modulation method is
limited by the selected carrier frequency). Further, the quadrature method minimizes the use
of electronic components in the diagnostic (no AOM'’s or high frequency demodulators are
needed) which allows for easier implementation on experiments that produce high levels of
ElectroMagnetic Interference (EMI) like MTX. For these reasons it was chosen to use this style
of interferometer on MTX.
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Interferometer Construction

The MTX project was already in possession of many of the necessary optical components
required to build a 532 nm (green) laser interferometer using the quadrature phase
discrimination method introduced above. Therefore 532 nm was selected as the laser
wavelength to use for this diagnostic. It is important to estimate how effective this wavelength
will be for detecting the plasmas being studied. The static fill gas pressure range to be explored
prior to ionization is 10-100 mTorr and using D, as an example, the associated electron density
at full ionization can be determined as

_ 2PN,
~ RT

Ne

Equation 4

particles i
mole

is the universal gas constant, T = 293K is the ambient temperature of the gas, and

Where P is the gas pressure in Pascals, Ny = 6.022 * 1023 s Avogadro’s number, R =

8.314—~

mol*K
the factor of 2 is due to the diatomic nature of D,. Using a green laser and conservatively

assuming ~1 cm integration length (since a torus will be a common ionization structure in these
experiments), equation 3 above can be used to estimate a phase shift due to the plasma. Figure
6 below shows estimated phase shifts for several pressures and degrees of ionization.

Expected phase change for a given laser over a 1.0 cm integration length
: : I :

m— 532 nm

10-14 === 10 percent ionization of 10 mTorr
== = 10 percent ionization of 50 mTorr
=== 10 percent ionization of 100 mTorr
= = = 100 percent ionization of 10 mTorr
== = 100 percent ionization of 50 mTorr
=== 100 percent ionization of 100 mTorr

10—2,

A¢ (Radians)

10—4,

10%° 107 107 1022
Electron Density (#/m~™3)

Figure 6: Estimated phase shift using a 532 nm laser on a plasma annulus ~1cm in total width for various ionization states and
pressures.

It is clear to see that for these assumptions only a few to tens of milliradians of phase
shift will be induced at the most for a deuterium plasma (depending on the length integration,
assumed 1 cm here for plotting). Ultimately, measurement sensitivity will depend on noise
levels which will be determined during the experimental campaigns but it is unlikely that this
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interferometer will be able to determine electron densities in early time during the pre-
ionization process. However, the integration length may increase up to an order of magnitude
later in the ionization process (the tube diameter is 10 cm), so the design will be capable of
measuring final plasma density after the pre-ionization process prior to field reversal (and
certainly capable of measuring FRC densities post-formation). Taking into account the fact that
the beam will pass through the plasma twice, it can be calculated that depending on integration
length and assuming full ionization, 1-10° of phase shift can be induced for a 10 mTorr fill, 5-50°
for 50 mTorr, and 10-100° for 100 mTorr.

Interferometer Parts

The laser used for the interferometer is a Thorlabs model DJ532-10 laser diode. Itis
stated to have a center wavelength of 532 + 1 nm. Its coherence length can be approximated
using®

AZ
Lcoh ~ E
Equation 5

Where Av is the FWHM of the beam’s spectrum profile which was determined by calling
Thorlabs technical support who provided a value of AA = 10.3 fm. This yields a coherence
length of L =& 30 m which is more than sufficient for the present task.

The diode is contained in a Thorlabs TCLDM9 laser diode mount which is equipped with
an AD592AN temperature sensor to allow for temperature control of the laser to ensure ideal
performance. Power is provided to the laser using a Thorlabs LDC205C laser diode controller
and temperature control is provided by a Thorlabs TED200C temperature controller. A Coherent
brand LabMax_TOP optical power meter was used to tune the laser power to ~5 mW for safety
reasons (this corresponds to a supply current of 133.3 mA at 24° C).

The photodetector selected for use is the Thorlabs DET10A model which outputs a
voltage relative to incident beam intensity. Its measurement bandwidth capability is dependent
on its termination impedance (noting that higher termination impedance yields higher voltage
signals). Because the interferometer will be unable to provide strong signal during the pre-
ionization process, the bandwidth (i.e time-resolution) requirements on the detectors are
relaxed and lower bandwidth capability is acceptable to allow for stronger signal strength. The
manual for DET10A photodetectors states that termination resistance can be calculated for a
desired bandwidth resolution using

1

Rigrm = ————
rerm Zﬂf BW Cjunc

Equation 6
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Where Cjyy is the photodetectors junction capacitance, given as Cjy,. = 6 pF in the manual.
Presently a termination of 5 k(Q is being used which yields a bandwidth resolution of ~5 MHz
(meaning rise times of ~100 ns are resolvable). In the interferometer’s present state this yields
a signal with a 30 mV average with a peak-to-peak oscillation of 20 mV, which is considered
sufficient for measurement (provided EMI shielding performs well enough).

Interferometer EMI Shielding

The optical table for the interferometer is bolted onto an 80/20 cart that can be moved
into position and mounted to the machine’s frame for stability. The entire assembly can be
viewed in figure 7. A higher quality ground connection is provided between the machine and
table through a thick grounding braid (not pictured).

Figure 7: Image showing the interferometer table and cart setup.

In order to provide sufficient electrical shielding the power and temperature controllers
are contained in an EMI shielded box with an internal battery powered UPS that is disconnected
from wall power during operation using a custom contactor box shown in figure 8.
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Battery Powered UPS

AC Power Disconnect [ TED200C Temperature
Controller

Figure 8: Image showing the diode controller's and their battery UPS in an EMI enclosure on the bottom of the cart under the
optical table.

Power to the laser diode and its solid-state cooling system is channeled through a shielded braid
to a copper box that sits on the optical table with the interferometer and provides EMI shielding
for both the laser diode and the photodetectors. Three small holes are drilled into the
enclosure to allow the laser to get out and the two photodetectors to receive signals. Shielded
BNC throughputs are bolted into the copper box and the photodetectors send their signals
through these to another EMI shielded data acquisition unit through 25’ of RG-223 coaxial cable
(21’ to the enclosure and another 4’ inside the enclosure). The laser and photoreceiver
enclosure can be viewed in figure 9.

EMI Shielded Enclosure for
Laser Diode and Photodetectors

EMI Shielded Enclosure
for Laser Power Supply

Shielding for Power and
Cooling cables

Figure 9: Image showing the EMI enclosures for both the laser power supply and the laser/photodetectors, as well as their
cabling.
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Interferometer Setup and Tuning

A diagram of the interferometer can be seen in figure 10 and an annotated top-down
photo of the overall setup can also be seen in figure 11. The laser is initially emitted (elliptically
polarized) from the laser diode inside of the EMI enclosure. It passes through lens L1 which
focuses the beam to a small diameter profile over the length of the interferometer. The beam
then passes through polarizer P1 and half-wave-plate HWP1 and is then split by polarizing beam
splitter PBS1. The combination of P1, HWP1, and PBS1 allow for tuning of laser intensity
between the scene and reference beams by rotating the polarization. Extra mirrors are included
at multiple points in the interferometer to allow for better tuning of both beam position and
angle.

M
Quartz Vacuum Tube
[l e i SN | S i 1
| [ Plasma ] 1
L oo on oo oo oo oo oo oo e o oam mm mm omm omm e omm e e e e e e e mm mm e mm mm mm Em Em mm e Em -
AN Scene Beam
M M
M Reference Beam PBS1
Al
M V M
——r2 /] M
C—T—1HWP2 13 L2
/ Sror 4 Brer —— HWP1
C—|—1QwWP1
(D Srar + Bragle + 907 |‘| |‘| ——1pP1
NPBS1 e +am|_| |_| M +— 4
v PBS2 HWP3 P3 0 ———— == — -~ —— — -———=-
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Figure 10: Diagram of the interferometer as it is currently setup. L=Lens, P=Polarizer, HWP = half-wave-plate, PBS = polarizing
beam splitter, M = mirror, A = aperture, QWP = quarter-wave-plate, NPBS = non-polarizing beam splitter, F = spectral filter, PD =
photodetector

The scene beam passes through the quartz vacuum tube and is bounced off a mirror on
the other side of the tube to pass through the plasma again. The quartz tube tends to refract
the beam in a vertically striated pattern as seen in figure 12. Therefore, the scene beam is
passed through aperture Al to reduce static background light intensity before being collimated
by lens L2 and L3. The scene beam then proceeds through polarizer P3 which is tuned to allow
maximum beam intensity. The beam then has its polarization rotated so that it is 45° relative to
PBS2 “after” passing through NPBS1 (the reference beam was blocked during this tuning
process).
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Figure 11: Top down photo of the interferometer labeling out various beam paths

Figure 12: Image of the refraction that occurs when the beam passes through the quartz vacuum tube.

The reference beam passes through polarizer P2 to retain maximum intensity and is then
rotated to 45° relative to PBS2 “after” passing through NPBS1 (the scene beam was blocked
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during this tuning process). After this was tuned, quarter-wave-plate QWP1 was used to delay
the reference beam’s p component by 90° so that the reference beam was circularly polarized.
QWP1 was tuned by temporarily placing a polarizer before the beam impinged on
photodetector PD1. QWP1 was tuned until there was less than 2% variation in detected signal
strength for any polarization state of the reference beam.

After the beams have recombined at NPBS1, they are then split into their § and p
components where the p component is 90° out of phase with the § component due to the
reference beam’s circular polarization. Each photodetector is equipped with a lens which
focuses the beam down onto the detector’s surface and a spectral filter with a center
wavelength of 532 nm with a + 10 nm FWHM. Once tuned, a forced mechanical vibration (i.e.
tapping table with a screwdriver) was introduced and a snapshot was taken with a Tektronix
scope. The resulting signal which can be viewed in figure 13. Comparison with figure 5 above
indicates that the signal looks as expected. Where a change in direction of the path length (i.e.
phase angle for a plasma) is somewhat ambiguous in the yellow signal 1 (from PD1), it is clearly
evident in the blue signal 2 (from PD2).

Waveform
Display

| Dots Only
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Time

Set to Auto

bl % : 2 1 H 4 ; §
{8l 5.00mV" * ‘Ch2°5.00mv'+M 200us ‘A Ch1 700

T 30.000%

Waveform Backlight | - I Color
Display 'ﬂhﬁlﬁlv e f“%‘#‘""f Palette

Figure 13: Photo of the DET10A signals on a Tektronix oscilloscope from the quadrature interferometer. The yellow line
represents the s polarization and the blue represents the p polarization. Change in path lengths of the beams was introduced by
tapping the table to yield the signal shown here.

213



Interferometer Testing and Modification

During initial testing of the interferometer, it was revealed that signals were dominated
by electrical noise from firing the pulsed power system. Reflection issues arose when using
higher termination impedances for the DET10A photo-diodes to increase signal strength. In
order to overcome this additional shielding was placed around the BNC cables going from the
interferometer table to the shielded oscilloscope enclosure. Additionally, two transimpendance
amplifiers were installed (Femto brand, model DHPCA-100) which are able to amplify the signal

strength of the DET10As and allow for an impedance matched transmission at 50 Ohms. These
modifications can be viewed in figure 14 below.
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Figure 14: Modifications made to the interferometer after testing. Transimpedance amplifiers for stronger signal and shielding
braid for reduce electrical noise

The transimpedance amplifiers did put out periodic high frequency noise signals so 15 MHz
lowpass filters (mini-circuits brand, model BLP-15+) were installed at the oscilloscope signal
input. The transimpedance amplifiers were set to grounded mode with an amplification of 10%,
DC-coupled, and using a 10 MHz bandwidth output filter (strong noise signals were seen when
firing the machine using a full bandwidth setting. These settings can also be seen in figure 15
below. Finally, vibrations from the vacuum pumps were strongly coupled to the machine in
frequency ranges that may be of interest (~ 1 kHz). Kneeling pads placed underneath the

vacuum pumps helped to damp this vibration down to approximately 30 Hz, far below
frequencies of interest.
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Figure 15: Settings on the transimpedance amplifier

Interferometer Post-Processing

Here we briefly summarize the necessary algorithms given in Weber’s paper* that are
necessary to determine plasma density from the measured intensities. The overall process
consists of scaling the sensors’ voltages to one another, followed by determining the intensity of
the reference beam. With this information in hand (assuming the reference beam is of constant
intensity), variation in beam intensity is assumed to be in the scene beam and this variation can
be calculated using the constant reference beam intensity. Finally, since the interfering beams
are 90° out of phase the sine and cosine components are each solved for using the intensity
measurements and the overall phase change is determined using Euler’s equation. With the
phase change in hand, the determination of plasma density follows simply.

In order to perform the intensity scaling/calibration process, it is necessary to obtain the
maximum and minimum voltage signals of each detector. On the present machine vibrations
from the vacuum pumps transmitted to the optical table provide sufficient path length changes
to see full minimum and maximum signals of the interfering beams. Once a long time scale
dataset has been taken (pump vibrations occur at ~30 Hz so a few 100ms is usually sufficiently
long timescale), the minimum and maximum voltage signals can be used for the following
equation set to determine scaling ratios.

_ Ns (Vp max ~ Vp min)

Vs max ~— Vs min

D

Where 1y, = 1 (since the intention is only to scale one sensor to the other). Intensities are then
calculated using
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Where 1, is the channel dc offset from the oscilloscope (in practice oscilloscopes usually have a
small voltage offset on their channels). Using this, minimum and maximum intensities of both
the s and p polarizations can be calculated. Using the s polarization, the reference beam
intensity can be calculated using the following equation set,

Is max ~ Is min

Iref =
2\/ Iratio

Where

Iratiozfi\/’fz_l

(see Weber’s paper for more information on which sign to use) and

f -9 (Ismax + Ismin>2 -1

Is max ~ Is min

Finally, the variation in scene beam (again, assuming constant reference beam intensity) can be
calculated as

Ien =I5 + 1, — \/21ref(15 + 1) = 12— (I — 1)

Using the time varying scene beam intensity, constant reference beam intensity, and the
measured s and p polarization intensities, cosine and sine of the phase are calculated as

Iy — 0.5L,0f — 0.5,

Kk = cos(¢) =
\ Iref]scn
L, — 0.5, — 0.51
o = sin(qb) — P ref scn

Ireflscn
Finally, using Euler’s equation, e'® = cos(¢p) + isin(¢), the phase can be determined as

o= ne[rcr )

It should be noted here that once the phase value has been obtained, the “unwrap” function in
Python’s Numpy library is very handy for getting total phase shift from cycled phase shift.

Error Estimation

The first source of error comes from Weber’s paper, stated as

error ~ VOO* — |Re{d}|
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However, when calculated, this yields 0 error. In his python scripts, he has used
error = Im{®}

which practically yields 0 error (0(10712)). Bit noise error alone is far more significant than this
error estimation.

Tests were performed to determine the noise levels coupled from the pulsed power
machine onto the photo diodes during operation. By blocking the reference beam and
observing only the power of the scene beam (no interference pattern) it became clear that little
electrical noise was coupled. However, a clear shift in the average laser power occurs as seen in
figure 16 below (note that the periodic noise spikes are due to noise coming from the
transimpedance amplifiers and this noise is generally filtered out digitally during post-
processing). The cause of the shift remains unknown but since the interferometry method used
accounts for shifts in scene beam intensity, the present solution has been to recalibrate the
interferometer every shot (which has been automated and takes approximately 5 seconds).

Shifting signal of scene beam on plasma shot

0.055
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i —— interferometer_p, shot: 0001787
0.045
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£ 0.040
0.035
0.030
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Figure 16: Raw voltage photodiode traces taken during a ringing theta plasma shot with the reference beam blocked.

It must also be noted that the intensity ratio calculation (I,.4¢i,) from the equations
above yields values that seem incorrect (very small scene beam intensity compared to reference
beam intensity usually) but the algorithm correctly reconstructs shifts in scene beam intensity
and all other values when back-calculated. Therefore, it is believed that the process still works
overall and yields reasonable answers, but it is something to take note of and return to if things
seem off later.

For a cylindrical plasma, Hutchinson gives an approximation of beam deflection as
No

0 =~
ne
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Where n, is the peak electron density. Initial rounds of testing have shown a deuterium ringing
theta plasma to have a peak electron density of n, = 4e16 cm. For a green laser, n..;; =
4e21 cm3. Therefore, an angular deflection of at most 8 =~ 6e — 4°. This can lead to a total
movement of the final beam on the detector lenses of about 20 um, which is presently not
expected to be a significant source of error. For later experiments with helium and argon that
have higher electron densities, this may become a more significant source of error.

Given that a shift of < 5mV occurs every shot and factoring in bit noise (a total spread of
~ 2.5 mV), and the fact that the total signal strength measured is on the order of 100 mV, it is
reasonable to claim that the interferometer’s line integrated density measurement is accurate
to approximately 15% or better.
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