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To Lauren,
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Far better an approximate answer to the right question, which is often vague, than an exact answer

to the wrong question, which can always be made precise.

—John Tukey
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INSTABILITY, ION HEATING, AND FLOW DRIVE IN HIGH-β HALL PLASMAS

Jason M. Milhone

Under the supervision of Professor Cary Forest

At the University of Wisconsin-Madison

In pursuit of flow-driven plasma instabilities in the laboratory, a novel technique for stirring plas-

mas with global cross-field currents, volumetric flow drive, has been shown to drive high-Alfvén

mach number (MA = V/VA) flows in weakly magnetized, high-β plasmas in the Hall regime. A

uniform weak magnetic field is applied to the plasma volume. Electrodes inserted into the plasma

drive radial current across the magnetic field to exert a torque on the plasma volume. Ion flows

exceeding 1 km/s are measured with MA ∼ 0.2 in argon plasmas.

A high-throughput, high-resolution Fabry-Pérot spectrometer was upgraded to measure ion

temperature and flow profiles with 100 ms time resolution in low-temperature plasmas. The optics

utilize a rail mount system with a collimator for the collection optics to increase portability and

decouple the light collection from the plasma and the diagnostic optical alignment. A Bayesian

analysis for the absolute wavelength calibration was developed to enable first measurements of

ion flow with the spectrometer. With multiple chords through the plasma, profiles of ion temper-

ature and flow are inferred from forward modeling and fitting the plasma emission resulting in

measurements with resolution better than 0.1 eV and 50 m/s.

Hall physics drastically alter the expected equilibrium for volumetric flow drive on the Big Red

Ball and the Plasma Couette Experiment. With magnetized electrons, unmagnetized ions, and an

ion inertial scale greater than the system size (∼ 1 m), the magnetic flux is frozen into the electron

fluid which drifts at speeds much faster than the ions. Electron currents amplify the magnetic

field (x20) when current drive is radially outward and expel the flux when reversed. Under the

right conditions on PCX, a new electromagnetic instability is observed with the electron drifts as

a source of free energy. The ions gain energy and momentum from the instability through Landau

damping resulting in Ms ∼ 0.2 flows with an 2-3x increase in temperature compared to stable
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plasmas. Driving flows in high-β, Hall plasmas with cross-field currents offers an exciting new

avenue of physics necessary to understand for flow-driven plasma instabilities in the laboratory.
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3.12 Étalon PID Tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
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4.10 Fabry-Pérot flow confirmation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
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Chapter 1

Introduction and Motivation

Plasmas are the most abundant form of matter in the universe and many are threaded by mag-

netic fields. Astrophysical plasmas found in the heliosphere, accretion disks, and jets have flows or

pressure that dominate over a weak magnetic field and can be characterized by high-Alfvén mach

numbers (Ma = V/VA � 1) and high-beta (β = 2µ0P/B
2 � 1). In these plasmas, the mag-

netic field plays a subdominant role in the source of free energy in the system but is still crucial

to the overall dynamics. Two important flow driven instabilities for magnetic field generation and

accretion are the dynamo and the magnetorotational instability (MRI).

In weakly collisional systems threaded by weak magnetic fields, the Hall effect can be an

important contributor to the dynamics. For magnetic field generation, there is always a transition

to a weak magnetic field where the electrons become magnetized while the field is too weak to

magnetize the ions. In the Hall regime, the electron dynamics decouple from the ion dynamics at

scales below the ion inertial scale (di = c/ωpi) leading to new behavior between the plasma and

the magnetic field. Typically, plasmas have high conductivity and the magnetic field is considered

frozen into the plasma fluid. However, in the Hall regime, the magnetic field can become frozen

into the electron fluid. This can have profound implications on how the magnetic field interacts

with the plasma as a whole. In the dynamo instability, the electrons are able to stretch, twist,

and fold the magnetic field on much finer spatial scales drastically altering the growth rate and

saturation mechanism [1, 2]. For accretion where the MRI is believed to be important, the Hall

effect alters the growth rate with a dependence on the rotation vector being parallel or anti-parallel
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to the vertical magnetic field [3, 4]. Up until now, the Hall effect has been largely ignored in

describing the equilibrium of laboratory plasmas looking to excite flow driven plasma instabilities.

The goal of this thesis is to understand the equilibrium, flow, and stability of high-beta plasmas in

the Hall regime in pursuit of creating conditions that could naturally lead to the excitation of these

instabilities in the lab.

Figure 1.1: The sunspot butterfly diagram. During solar minimum sun spots appear near the mid-

latitudes. As solar maximum is approached, sun spots appear closer to the equator and the total

number increases. Not shown is the full 22 period with magnetic polarity reversal. Figure credit to

NASA/Marshall Space Flight Center

The dynamo effect is believed to be the mechanism for the generation and maintenance of

magnetic fields in the universe. If the Earth’s magnetic field was not maintained, it would decay

via resistive dissipation in ∼ 104 years which is much less than the age of the Earth (4 billion

years). In addition, paleomagnetic studies show clear evidence that the Earth’s magnetic field

has repeatedly reversed direction at irregular intervals over the last 4 million years with an average

period with an average of 2×105 years. In contrast, the sun has a much lower resistivity resulting in
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a much longer resistive decay time compared to the Earth but undergoes reversals at a much faster

rate. The resistive decay time for the sun’s magnetic field is on the order of the age of the solar

system. The sun exhibits a 22 year cycle of solar activity where the sun’s magnetic field polarity

reverses sign and the number and location of sun spots observed varies. The classical butterfly

diagram presented in Fig. 1.1 demonstrates the half-solar cycle where sun spots appear at the

mid-latitudes during solar minimum. The number of sun spots increases and their location moves

toward the equator as solar maximum is reached. These complicated dynamics of the magnetic

field in the Earth and Sun point to an underlying inductive process such as the dynamo generating

and sustaining magnetic fields.

Astrophysical bodies such as stars, galaxies, planets are all formed by the accretion of matter,

but conservation of angular momentum requires a mechanism for matter falling inward to transfer

angular momentum outward. Like the resistive decay of the magnetic field of stars, the time scale

of viscous diffusion in accretion disks does not meet observations and expectations. Shakura and

Sunyaev suggested an enhanced turbulent viscosity to account for fast momentum transport [5];

however, particles in a gravitational field exhibit Keplerian motion (Ω ∝ r−3/2) and are stable

according to the Raleigh criterion (∂(rΩ2)/∂r < 0). Velikhov and Chandrasekhar both indepen-

dently realized that a weak magnetic field can drastically alter the stability of differentially rotating

conducting fluids and ionized gases [6, 7]. In the 1990s, the magnetorotational instability is named

and proposed as the possible cause of turbulence in accretion disks [8]. In addition, the Hall effect

is known to affect the growth rates of the MRI favoring the flow to be spinning anti-parallel to the

vertical magnetic field [3, 4].

In both the dynamo and the MRI, there are two dimensionless numbers, the fluid and mag-

netic Reynolds numbers, that are crucial to understanding their behavior and stability. The fluid

Reynolds number (Re), the ratio of the inertial forces to the viscous forces, describes if a flow is

laminar (Re � 1) or turbulent (Re � 1). The magnetic Reynolds number (Rm), the ratio of mag-

netic advection to magnetic diffusion, determines if the magnetic field is frozen into the fluid flow

(Rm � 1) or if the magnetic field diffuses quickly (Rm � 1). The fluid and magnetic Reynolds



4

numbers are given by

Re =
LV

ν
(1.1)

Rm =
LV

η
(1.2)

where L is the characteristic length scale, V is a characteristic velocity such as the peak velocity,

ν is the kinematic viscosity, and η is the magnetic diffusivity.

Liquid metals were first used to study flow driven instabilities, but with a fixed resistivity and

viscosity, liquid metals operate in a turbulent regime at relatively low velocities at low Prandtl num-

ber (Pm = Rm/Re ∼ 10−6) pushing the critical magnetic Reynolds number beyond the achievable

limits. Plasmas are an attractive option because the resistivity and viscosity can be varied indepen-

dently. Using Braginskii’s transport theory [9], the fluid and magnetic Reynolds numbers are given

by

Re = 7.8
n18
√
µZ4Vkm/sLm

T
5/2
i,eV

(1.3)

Rm = 1.6
T

3/2
e,eV Vkm/sLm

Z
(1.4)

where n18 is the plasma density in units of 1018 m−3, µ is the ion mass in amu, Z is the ion

charge state, V is the characteristic velocity in km/s, L is the system size in m, Te is the electron

temperature in eV, and Ti is the ion temperature in eV. In a plasma, these parameters can be varied

almost independently yielding a range of accessible magnetic Prandtl numbers. For example, the

electrons can be heated via electron cyclotron resonant heating, and the density can be kept at

moderate levels (∼ 5 × 1017 m−3) using hot emissive cathodes where the ions are only heated

slightly (Ti ∼ 0.5 eV) from collisions with electrons.

The pursuit of flow driven plasma instabilities in laboratory plasmas necessitates a well-confined,

hot, unmagnetized, flowing plasma. Previous experiments at the Wisconsin Plasma Physics Labo-

rator (WiPPL) have achieved great results with driving fast flows in weakly magnetized plasmas.

Measurement of the fluid Reynolds number, critical to developing flow shear, requires accurate

measurements of the flow velocity and the ion temperature which is difficult to measure in low



5

temperature plasmas. Typically, Mach probes combined with a swept Langmuir probe have been

used to measure flow velocity profiles but are not very precise. A Fabry-Pérot spectrometer was

built and successfully used to measure time-averaged ion temperatures, but not flow. As a result,

an upgrade to both the spectrometer and the calibration procedure was undertaken during this the-

sis work to increase the spectrometer’s capability to measure temperature and flow profiles for

multiple times points during a plasma discharge.

When the first plasma experiments for the dynamo and the MRI at the University of Wisconsin-

Madison were developed, the relevant plasma parameters were determined using resistive magne-

tohydrodynamics (MHD). However, plasmas are complicated, and there are other important ef-

fects outside of MHD. The viscosity can be anisotropic resulting in drastically different rates of

momentum transport parallel and perpendicular to the magnetic field. For the ions, the magnetized

perpendicular viscosity (relative to the magnetic field) is drastically lower when compared to the

unmagnetized viscosity for the same density and temperature. Additionally, in diffuse plasmas

where the collisionality is low, the ion inertial scale can become large compared to the system

size and gradient length scales leading to a decoupling between the ions and the electrons. In this

Hall regime, the magnetic field can now be frozen into the electron fluid instead of the ion fluid.

The electron motion can result in Hall currents that are strong enough to modify the background

magnetic field significantly. These effects can drastically alter the equilibrium and interaction of

the plasma with the magnetic field.

Experiments with weakly magnetized, well-confined, high-β plasmas in the Hall regime rele-

vant to flow-driven instabilities are almost non-existent outside of WiPPL. Helicons are generally

operated at low-β, but can be operated at high-β. Results from the WOMBAT experiment showed

β > 1 plasmas with very little diamagnetism [10] and is possibly explained by the neutral pres-

sure profile [11]. On the COBRA device at Cornell, high density plasma jets from plasma bubbles

exhibited increased density or hollowing out depending on the injected current showcasing the

effects of the Hall physics [12], but the evolution of the magnetic field was not measured. Exper-

iments on a linear plasma device with a geometry very similar to the Plasma Couette Experiment

operated at β > 1 with weakly magnetized ions observed large amounts of diamagnetism but
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lacked particle confinement [13]. The Hall effect is known to be important in space propulsion

such as Hall thrusters, but are typically low-β [14]. When the plasma is partially magnetized like

in Hall thrusters, the electrons are able to drift at speeds much faster the sound speed leading to

electrostatic instabilities such as the Simon-Ho [15, 16] and the gradient drift instability [17]. With

high-β, there is the possibility for the fast drifting electrons to interact with the magnetic field

to excite electromagnetic instabilities where the ions might interact with the wave modifying the

distribution function. The work in this thesis aims to display and explain the equilibrium, stabil-

ity, and plasma flow that can be studied in high-performance, well-confined, partially magnetized,

high-β plasmas in the Hall regime at WiPPL.

1.1 Successful plasma spinning on the Plasma Couette Experiment

The Plasma Couette Experiment (PCX) is an experiment at the Wisconsin Plasma Physics Lab-

oratory (WiPPL) built for studying flowing plasmas and the excitation of the MRI. The experiment

is described in more detail in Chapter 2. A novel technique for stirring unmagnetized plasmas

was developed and successfully implemented on PCX. Hot, emissive cathodes are inserted into

the magnetized edge of the plasma and biased to cold anodes drawing cross-field current. A local

torque is applied to the plasma resulting in plasma flow at the edge. Momentum is carried inward

via plasma viscosity leading to the whole plasma flowing.

With edge-stirred plasmas, the flow profile is governed by the diffusion of momentum via ion

viscosity and charge-exchange collisions with neutrals. The viscosity is a diffusive process where

ions collide with other ions exchanging momentum. Charge exchange collisions are a momen-

tum sink; a fast ion collides with a slow neutral exchanging a bound electron resulting in a fast

unconfined neutral colliding with the vacuum wall before it can be re-ionized. A model for the

flow profile was developed by Cami Collins using toroidal momentum force balance in the bulk

of the plasma with assumed velocity at the plasma edge [19, 18]. The toroidal velocity profile is

described by

vφ = AI1(r/Lν) +BK1(r/Lν) (1.5)
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Figure 1.2: Profiles of velocity and viscosity for argon and helium plasmas on PCX. Viscosity

is calculated using Braginskii formulation with ion temperature from velocity profile fit. Figure

credit to Cami Collins [18].

where Lν =
√
τi0ν is the momentum diffusion length, τi0 is the ion-neutral collision time, and I1

and K1 are the modified Bessel functions of the first and second kind. The coefficients A and B

are determined by the velocities of the inner and outer boundaries. Measurements from PCX taken

by Cami Collins illustrate good agreement between the model and measurements of the flow in

both argon and helium plasmas as shown in Fig. 1.2. If charge exchange collisions are frequent,

the momentum is unable to penetrate very far in the plasma.

Understanding the stability of the flow profile to the MRI requires high-resolution measure-

ments of the ion temperature and the flow. The unmagnetized viscosity scales like T 5/2
i . A mea-

surement of the ion temperature and density with 10% uncertainty results in a 27% uncertainty of

the calculated viscosity. Additionally, the droop in the profile can be used to as a measurement of

the viscosity as shown in Fig. 1.2. This motivates this thesis work to develop a high-resolution,

high-throughput Fabry-Pérot spectrometer for measuring ion temperatures and velocities with time

dynamics matching the equilibrium evolution (∼ 100 ms).
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These previous experiments were successful for spinning plasmas, but improvements were

needed to achieve plasmas that could be unstable to the MRI. Ultimately, the neutrals played a

crucial role in determining the flow profile making it hard to spin the plasma fast enough with

enough flow shear using the center magnet stack. Higher ionization fraction plasmas would allow

for faster flows and efficiently couple more of the momentum inward.

1.2 High Rm flows on the Big Red Ball

The Big Red Ball (BRB), formerly the Madison Plasma Dynamo Experiment (MPDX), was

developed as the successor to PCX for studying flow-driven plasma instabilities and now regularly

achieves flows exceeding 5 km/s in helium with ionization fractions of 90% and 50% for argon and

helium respectively. Neutrals still affect the momentum diffusion with the flow only penetrating

∼ 1/3 of the radius. A project to mitigate these issues by adding additional power through electron

cyclotron heating (ECH) is discussed in Appendix C. The flows are an improvement over PCX

and the momentum diffusion length is better, but the larger device still leads to charge-exchange

collisions limiting the momentum coupling to the whole plasma from the edge stirring.

To avoid the reliance on momentum diffusion, a new method of stirring was needed for spinning

plasmas that does not rely on momentum diffusion competing against charge-exchange collisions.

Volumetric flow drive is a novel idea originally proposed for stirring liquid metals where a current

is forced across a magnetic field to apply a J×B torque on the entire plasma volume. Applying a

body force removes the dependence on viscosity to couple momentum in the plasma, and charge-

exchange collisions only function as a body force slowing down the flow and not affecting the

overall profile shape. With a cylindrical geometry, the radial injected current is expected to scale

like ∼ 1/r creating a torque on the plasma with a centrally peaked flow with similar profile.

The first experiments of volumetric flow drive performed by Dave Weisberg are promising

with a centrally peaked flow profile that could potentially be unstable to the MRI, but require more

diagnosing [20, 21]. With the density in the 1017 − 1018 m−3 range with weakly magnetized ions,

the plasma is firmly in the Hall regime. Initial data does show a centrally peaked flow consistent

with our simple 1D MHD model, but the Hall term should be expected to modify the equilibrium.
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Additionally, at the time of the original experiments, none of the existing probes were capable of

measuring the magnetic field deep inside the plasma. With a probe designed and built by Ethan

Peterson, all 3 components of the magnetic field can be measured with a linear array of Hall probes.

The Hall probe array is discussed in more detail in Chapter 2. With measurements of the magnetic

field and the plasma flow, the effects of Hall currents on the equilibrium and stability of the plasma

are ready to be studied.

1.3 Thesis Outline

Plasmas offer a new exciting avenue for studying flow-driven plasma instabilities such as the

dynamo and the MRI, but the plasma parameters necessary for high Re and Rm require accounting

for Hall physics. The stability criterion are directly related to the geometry of the flow and the

viscosity presenting a need for high resolution measurements of the ion temperature and flow.

Non-ideal effects such as the Hall effect play a large role in how the plasma interacts with the

magnetic field. When the plasma is partially magnetized, the electrons decouple from the ions.

The typical frozen-in flux condition (Rm � 1) is modified to the magnetic field being frozen into

the electron fluid. In low temperature Hall plasmas, most of the plasma pressure is in the electron

fluid that is able to drift at large speeds relative to the ions resulting in large currents. These large

currents lead to large magnetic fields relative to the ambient magnetic field and should modify the

equilibrium. These effects beg the question: What role does the Hall effect play in the equilibrium

and stability of flowing plasma driven by cross field currents?

Typically, plasmas generated with hot cathodes at WiPPL are low-collisonality without any

direct heating to the ions resulting in long thermalization times and Ti � Te. With the elec-

trons drifting at speeds much larger than the sound speed and stationary ions, the plasma should

be susceptible to kinetic instabilities. If that is the case, what role do the ions play? If there is an

instability driven by the fast electron drift, it is possible that the ions could gain energy and momen-

tum from the instability if the phase velocity is low enough. With a high-resolution spectrometer,

can the changes to the ion distribution function be measured? With the upgraded Fabry-Pérot
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spectrometer, ion temperatures can be measured with resolution better than 0.1 eV, perfect for in-

ferring additional heating sources to the ions when comparing plasmas with similar collisionality

and plasma production.

This thesis presents the results from flowing plasmas stirred by volumetric flow drive and how

the Hall effect changes the plasma equilibrium and in some cases, leads to large non-axisymmetric

fluctuations. The changes to the equilibrium from the Hall effect are documented extensively with

the use of electrostatic probes and 3-axis Hall probes. First measurements of the ion temperature

and flow profiles using a high-resolution Fabry-Pérot spectrometer upgraded during this thesis

work are presented. Additionally, the Hall effect and the direction of the injected current lead to

either qausi-Keplerian flow or solid body rotation profiles. Under the right conditions, the Hall

effect leads to a new instability on PCX that only occurs with a finite-β.

A brief outline of the thesis is presented here. Chapter 1 serves as motivation for building a

high-resolution, high-throughput Fabry-Pérot spectrometer used in conjunction with other plasma

diagnostics for studying the equilibrium and stability of partially magnetized, high-β, flowing

plasmas in the Hall regime. Chapter 2 describes the experiments and diagnostics used in this

thesis work. Chapter 3 goes into detail the design, upgrade, and analysis for a high-resolution,

high-throughput Fabry-Pérot spectrometer for measuring ion temperatures and flows. Chapter 4

discusses the equilibrium properties of volumetric flow drive in high-β Hall plasmas with magnetic

amplification/extreme diamagnetism depending on the current direction. MRI relevant flows are

produced with volumetric flow drive, but the Hall effect provides stabilization to the equilibrium

from the MRI. Chapter 5 describes a unique instability to high-β Hall plasmas observed on PCX

where the ions are ultimately heated and gain momentum from the electrons via the instability.

Chapter 6 summarizes the results of this work and provides future avenues to continue studying

high-β Hall plasmas.
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Chapter 2

Experimental Device

This chapter describes the Big Red Ball (BRB) device, formally known as the Madison Plasma

Dynamo Experiment, and the Plasma Couette Experiment (PCX). The BRB and PCX are versatile

machines at the Wisconsin Plasma Physics Laboratory (WiPPL) for studying a wide variety of

plasma phenomena including but not limited to the dynamo, the magnetorotational instability,

magnetic reconnection, flux-rope turbulence, and collisionless plasma shocks.

Figure 2.1: A photo of the Big Red Ball looking at the North Pole of the vessel. This photo was

taken during the Parker spiral run campaign by UW Photographer Jeff Miller
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2.1 The Big Red Ball

2.1.1 Vacuum Vessel

The BRB consists of two 1.25” thick cast aluminum 1.5 m radius hemispheres. One of the

hemispheres is mounted on rails to allow the sphere to be opened for access inside the vessel.

There are a large array of ports including 184 small, 14 large, and 12 box ports for diagnostic

access. The small ports allow for probes to be inserted radially. The large 16” ports are used for

2D stages mounted with ball joints for scanning an arc in the poloidal plane. A CAD drawing

of the vessel can be seen in Fig. 2.2. Some of the box ports have been converted to windows for

viewing the plasma with optical diagnostics. The BRB has a large plasma volume with great port

access making it a great platform for studying a wide range of plasma phenomena.

Figure 2.2: CAD drawing of the BRB device with cutout showing the rings of permanent magnets

as well as diagnostic access from sweep stages.
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2.1.2 Cusp Confinement

The BRB utilizes a multi-dipole cusp for plasma confinement with a large-volume unmagne-

tized core. There are 36 axisymmetric rings of samarium cobalt (SmCo) magnets with each ring

alternating in polarity. Each ring is spaced 5◦ apart from −87.5◦ to +87.5◦. Each magnet has ap-

proximately ∼3 kG surface magnetic field strength. Approximately 20 cm from the surface of the

magnets, the magnetic field has decayed to almost Earth’s magnetic field. As a result, the plasma

has a large volume-to-loss-area ratio yielding high performance plasmas with confinement times

on the order of milliseconds. A schematic of the magnetic field geometry and profiles of electron

density and temperature are shown in Fig. 2.3. The inset shows the decay of the magnetic field

along with the electron density and temperature profiles with a plasma edge located at ∼ 140 cm

where the magnetic field is about 50 G. As a result of the confinement scheme, high performance

plasmas are obtained with an unmagnetized core with gradients only in the edge.

Magnet North pole 
faces inwards

Magnet South pole 
faces inwards

LaB6
Cathodes

Molybdenum
Anodes

Scanning
Probes

(a)

(b)

Figure 2.3: (a) Magnetic field drops off rapidly as a function of distance from the magnets. (b)

Plasma is confined by edge magnetic field with the only gradients in the edge of the plasma.
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2.2 The Plasma Couette Experiment

The Plasma Couette Experiment (PCX) is a 1 m diameter, 1 m tall cylindrical stainless steel

vacuum vessel presented in Fig. 2.4. It is the prototype experiment for the BRB. During 2015, PCX

was upgraded by Ken Flanagan in his thesis work to enlarge the plasma volume and increase the

plasma performance. The old magnets were replaced with similar samarium cobalt magnets on the

BRB. There are concentric rings of alternating polarity magnets forming a high-order multipole

cusp magnetic field to confine the plasma. Two rings located at the top and bottom “corners”

tilted at 45◦ were added to reduce plasma leakage. Part of the upgrade included adding water

cooling lines for each magnet ring. The magnets are covered with alumina tile limiters to insulate

the conducting magnets from the plasma. After the upgrade, PCX is capable of producing 5 eV,

1018 m−3 argon plasmas with > 50% ionization fractions.

Figure 2.4: (a) Picture of PCX. A LaB6 cathode is mounted on top the vessel for volumetric flow

drive experiments. The Fabry-Pérot spectrometer is located on the scannable optics table under

the black-out cloth. (b) A CAD drawing of PCX. Two cryogenic pumps are located at the bottom

with a turbo molecular pump mounted on top. The horizontal box port has a window for optical

diagnostics. KF40 ports are used for probes, cathodes, and anodes.
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PCX is a small versatile experiment that is perfect for testing diagnostics. The simple cylin-

drical geometry is ideal for testing chord measurements requiring Abel inversions. The upgraded

Fabry-Pérot spectrometer, outlined in detail in Chapter 3, was tested and benchmarked on the

scannable optics table of PCX. Details of the Fabry-Pérot measurements can be found in Chap-

ters 4 and 5.

2.3 Plasma Production

The BRB is a versatile machine with many ways of producing plasmas. Originally, the main

source of plasma was from hot emissive cathodes with plans to add electron cyclotron heating

(ECH). Now, plasmas are also generated with ECH, plasma washer guns [22], and compact toroid

injectors [23, 24]. As a result, a wide range of plasma parameters are possible in different gas

species. A summary of the plasma parameters for the various plasma production sources is pre-

sented in Table 2.1.

LaB6 ECH Washer Guns Compact Toroid Injector

Input Power 300 kW 40 kW 1 MW 1 GW

ne (1018 m−3) 0.1-2 0.01-0.3 0.1-10 0.5-50

Te (eV) 3-15 3-15 2-5 10-20

β (P/Pmag) 1−∞ 1−∞ 0.1-100 0.1-100

Table 2.1: Plasma parameters for different plasma sources

2.3.1 Emissive Cathodes

Hot emissive cathodes are used to produce hot dense plasmas on both the BRB and PCX. Lan-

thanum hexaboride (LaB6) cathodes are heated to approximately 1700◦ C where its work function

is very low and becomes a strong electron emitter. The cathodes are biased with respect to cold

molybdenum anodes to strike a discharge. Primary electrons (100-400 V) emitted from the cathode

collide with neutral atoms starting a cascade of ionization creating the plasma.
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On the BRB, there are 12 installed cathodes. Each cathode has a graphite filament heater

isolated from the LaB6. The heater is described in detail in Dave Weisberg’s thesis work [20].

On PCX, a single LaB6 cathode modified for deeper insertion is mounted on the top of PCX on

the central axis. Each cathode is biased with its own 36 kW switching DC power supply with

a maximum current of 120 A. The power supply has an initial breakdown feature allowing the

voltage to rise up to∼ 1 kV to assist with plasma breakdown. With this system, plasmas have been

created with upwards of 300 kW of injected power from LaB6 cathodes.

2.3.2 Electron Cyclotron Heating

Plasmas can be produced via high power microwaves. Currently, there are three 20 kW mag-

netrons operating at 2.45 GHz continuous wave (CW) installed on the BRB. These magnetrons

operate at the same frequency as a standard microwave oven found in your kitchen, only 5-10x

stronger. Depending on the input power and neutral fill pressure, plasmas can become over-dense

where the electron density exceeds the cutoff density (7.75 × 1016 m−3) for 2.45 GHz. Break-

down is achieved by having electrons in the neutral gas resonate with the wave and the permanent

magnetic field at 875 G. More details regarding the electron cyclotron heating (ECH) system and

plasmas produced by it are presented in Appendix C.

2.3.3 Plasma Washer Guns

Electron cyclotron heating and emissive cathodes are designed for long duration plasmas.

Other sources are used for pulsed experiments. The plasma washer guns create dense plasmas

with a 10 ms duration. The plasma guns used on the BRB are the same array used on the Rotating

Wall Machine (RWM) and the Line-tied Reconnection Experiment (LTRX). The plasma gun is

coaxial with a cathode at the end where the gas is injected with an anode at the front. Molybdenum

washers are placed coaxially and separated with boron nitride washers to help with breakdown.

The discharge is initialized with a type-E pulse forming networking with an impedance of 0.1 Ω

that lasts for 10 ms. The washer gun is a floating circuit that can be biased relative to an external

anode to draw axial current through the plasma.
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2.3.4 Compact Toroid Injector

Two compact toroid (CT) injectors are routinely used on the BRB for studying shock phenom-

ena. The CT injector is a magnetized coaxial plasma gun consisting of two cylindrical electrodes.

A bias coil supplies an initial poloidal field. The electrodes are biased via a high voltage capacitor

bank with a low inductance design to create the initial plasma. The self-Lorentz force accelerates

the plasma down the barrel at very high velocities ∼ 100 km/s. The very dense plasma leaves the

magnetic barrel as a compact toroid that can expand into the BRB vessel to densities on the order

of ∼ 1019 m−3.

2.4 Diagnostics

The BRB has a large suite of diagnostics for probing various plasma properties. Electrostatic

probes such as Langmuir and Mach are inserted into the plasma, but can perturb the plasma by

increasing the plasma loss area and be a source of impurities. As a result, non-invasive diagnostics

such as optical emission spectroscopy, mm-wave interferometry, and a Fabry-Pérot spectrometer

were developed.

2.4.1 Single Tip Swept Langmuir Probe

A Langmuir probe consists of a metal tip (planar, cylindrical, etc.) inserted into the plasma

and biased to draw current from the plasma. When the probe is biased negatively well below

the floating potential, Vf , the probe is collecting ion current equal to the ion saturation current,

Isat = 0.6neCsA, where ne is the electron density, Cs is the sound speed, and A is the probe area

neglecting sheath effects. When the probe is biased well above the floating potential, the probe is

collecting electron saturation current. Between those extremes, the current can be described by

I = Isat

(
1− e(V−Vf )/Te

)
(2.1)

[25]. There are a cornucopia of non-ideal effects that modify the ideal case in Eq. 2.1 including

but not limited to sheath expansion, probe geometry, and hot electron populations [26].
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Our Langmuir probe is biased with a sweeping voltage ranging from−120 V to +30 V using a

power amplifier circuit. The current to the probe is measured with an line resistor and an isolation

amplifier circuit designed by Mikhail Reifman widely used at WiPPL. The voltage is measured

across a 30:1 voltage divider with another isolation amplifier.

2.4.2 Triple Probe

A triple probe is a three tipped probe inserted into the plasma to measure the plasma density,

electron temperature, and floating potential. The main advantage of a triple probe over a voltage-

swept Langmuir probe is that electron temperature, density, and floating potential can be estimated

for a single time point instead of an average over a voltage sweep. This is extremely useful for fast

fluctuating plasmas or when a ground referenced probe is not ideal because the plasma potential is

extremely negative.

The operation of a triple probe is extremely simple compared to a Langmuir probe. A voltage

is applied between two of the tips and the third tip is left floating in the plasma. The negatively

biased tip collects ion saturation current and the positively biased tips collects an equal amount of

electron current. From the ion saturation current, the plasma density can be inferred. The electron

temperature is equal to the voltage between the positively biased tip and the floating tip divided by

ln(2). The equation describing the current balance is given by

− Isat = Isat

(
1− ee∆V/kbTe

)
. (2.2)

The floating potential is measured via a voltage divider on the floating tip to ground. A diagram of

the circuit can be seen in Fig. 2.5.

2.4.3 Mach Probe

Plasma flow can be measured by inserting Mach probes into the plasma. A Mach probe consists

of two planar surfaces oriented perpendicular to the flow and biased negatively. The surface facing

upstream collects more current than the oppositely directed surface. The mach number (M =
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Figure 2.5: Electronic schematic of a triple probe circuit. Two floating tips (V− and V+) are biased

with voltage, ε. The ion saturation current is measured over resistor, R1. The electron temperature,

Te, is extracted by measuring the voltage difference between V+ and Vf1 using a voltage divider.

The floating potential, Vf is by a separate ground referenced voltage divider. Credit: Figure created

by Ethan Peterson.

V/Cs) of the flow, the ratio of the velocity to the sound speed, is given by

M = 0.45 ln

(
Iup

Idown

)
(2.3)

where Iup is the upstream current and Iup is the downstream current [25]. The difference in probe

area between the tips is calibrated by flipping the probe for two consecutive discharges and calcu-

lating an offset Mach number. In general, Mach probes have uncertainties on the order of ∼ 0.5

km/s which is ideal for fast flows. For flows below a km/s, high-resolution spectroscopic measure-

ments inferring the velocity from Doppler shifts are better suited. Additionaly, mach probes can be

hard to interpret due to non ideal effects. For large bias voltages and large Debye the lengths, the

downstream probe can collect more current than the upstream probe [27, 28]. For PCX and BRB

plasmas, the Debye lengths are small compared to the probe size.

2.4.4 3-Axis Hall Probe Array

Magnetic fields are measured at WiPPL using linear arrays of 3-axis Hall probes developed by

Ethan Peterson in his thesis work [29]. The probe array consists of 15 probes each measuring all
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Figure 2.6: Linear array of 3-axis Hall probes with 1.5 cm spacing. BR and Bz are mounted on

opposite sides of a printed circuit board. Bφ is located on a second printed circuit board perpen-

dicular to the first. A 3D printed nylon housing was designed by E. Peterson to help with board

alignment. The probe array is inserted in a quartz dip tube to measure magnetic fields in the plasma

and is air cooled.

3 directions of the local magnetic field. The probe is inserted inside a quartz dip tube with forced

air cooling to keep the probes from overheating from the plasma particle flux heating the quartz

tube. There are two sensitivities depending on the the probe construction. The upgraded version

used for volumetric flow drive experiments on PCX has 9 high sensitivity (28 mV/G) probes and 6

low sensitivity (10 mV/G) probes separated by 1.5 cm. The upgraded version is inserted into a 3D

printed nylon housing for better alignment of the PCB boards. A CAD drawing of the upgraded

Hall probe array is presented in Fig. 2.6.
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Figure 2.7: Schematic of the heterodyne mm-wave interferometer. There is a fixed local oscillator

at 320 GHz and a programmable variable frequency. Each mixer receives signal from both sources

and mixes down to the intermediate frequency. The beam that travels through the plasma develops

a phase shift due to the plasma dispersion relation. The mixer preserves the phase and a difference

of phase between the two mixers yields a measurement of the line integrated density.

2.4.5 mm-wave interferometer

The electron density is measured non-invasively on the BRB with a mm-wave interferome-

ter. The diagnostic is a heterodyne system with a local oscillator at 320 GHz and a second pro-

grammable frequency source. The intermediate frequency, the difference between the frequen-

cies, is generally set at 1 MHz and determines the time resolution for density measurements. A

schematic showing the optical paths for the beams are shown in Fig. 2.7. The local oscillator beam

is split into two and both beams stay on the optics table and are collected by the two mixers. The

programmable frequency beam is split into two where one path remains on the optics table while

the other traverses across the plasma twice. The beam traversing the plasma develops a phase lag

as it travels through the plasma given by

∆φ = − ω

2cnc

∫
nedl (2.4)
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where ω is the angular frequency of the wave, c is the speed of light, nc is the cutoff density for the

wave, ne is the electron density, and dl is the infinitesimal path length in the plasma [25].

The phase lag induced by the plasma is measured and analyzed by an FPGA. The mixers

preserve the phase of the signals and output a new signal at the intermediate frequency. That signal

is passed through a comparator circuit to give a digital signal that can be digitized by the FPGA. A

algorithm run on a LabView field programmable gate array (FPGA) developed by Carl Wahl parses

the two digital signals and calculates the phase difference in real time. The algorithm determines

the phase in units of π. A phase difference of π corresponds to a density of 2.4×1017 m−3 assuming

a uniform density along the chord through the plasma. The upper density limit (1.3× 1021 m−3) is

set by the cut-off density for the wave traveling through the plasma. The density resolution depends

on the clock frequency of the FPGA and the intermediate frequency. For a clock frequency of

200 MHz and an intermediate frequency of 1 MHz, the FPGA has 200 divisions for a fringe giving

a density resolution of 1.2 × 1015 m−3. After the shot is finished, the data is saved to permanent

storage and used to convert phase to plasma density.

2.4.6 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) measures the passive spectra emitted by the plasma to

infer properties about the plasma [30, 31, 32]. At WiPPL, the OES diagnostic consists of a compact

USB spectrometer from Ocean Optics and a fiber-coupled collimator for the collection optics. In

a coronal model [33], a free electron collides with a ground state atom exciting a bound electron

to a higher energy state. Before the atom can interact with the plasma again, the electron relaxes

back to the ground state spontaneously emitting photons at discrete energies. The emissivity for

an emitted wavelength from upper state i to lower state j is given by

ε ∝ Γijngne 〈σve〉 (2.5)

where Γij is the branching fraction, ng is the ground state density for the atom, ne is the electron

density, and 〈σve〉 is the excitation cross-section.
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The excitation cross-section depends on the electron distribution function and ideally could be

used to estimate the electron temperature, Te. In practice on the BRB and PCX, this is not ideal be-

cause of the injected primary electrons. The cross-section has a threshold energy for excitation and

is most sensitive to the tail population of the electron distribution function. In other experiments,

OES has successfully been used to measure electron temperature.

On the BRB, OES has been used to measure the profile of the neutral population [34]. Neutrals

are diffusing inward from the wall and being ionized by the plasma. Due to geometric effects, one

would expect there to be fewer neutrals in the center compared to the edge of the plasma. This

diffusion process can be described by

∂Nn

∂t
+∇ · ~Γ = Srecomb − Sion − SCX (2.6)

where Γ is the particle flux that obeys Fick’s Law, Srecomb is the recombination rate, Sion is the

ionization rate, and SCX is the charge-exchange rate. Srecomb is small for BRB plasmas and can

be ignored. SCX behaves similarly to ionization because a charge-exchange neutral becomes a fast

neutral that leaves the plasma hitting the wall before it can interact with the plasma. The source

terms have the form, nnne〈σve〉, where the 〈〉 denotes the average over the electron distribution

function. Assuming steady-state with neutrals diffusing according to Fick’s Law in a sphere with

only radial dependence, the neutral density profile is given by

Nn(r) = Nn(Redge)

(
Redge

r

)
sinh (r/d)

sinh (Redge/d)
(2.7)

whereRedge is the plasma edge,Nn(Redge) is the edge neutral density, and d is the neutral depletion

length. The form for the depletion length is

d =

√
Dn

(〈σv〉ion + 〈σv〉CX)ne
(2.8)

where 〈σv〉ion is the ionization cross section, 〈σv〉CX is the charge exchange cross section, and Dn

is the neutral diffusion coefficient. A similar profile in a cylindrical geometry can be derived for

PCX. However, the shortest depletion lengths measured on BRB are still on the order of the system

size for PCX.
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2.4.7 Fabry-Pérot Spectrometer

A high-precision high-throughput Fabry-Pérot spectrometer has been developed for measuring

ion temperatures and flows. The passive spectra is measured through an étalon that produces an

interference pattern consisting of concentric rings. The rings can be analyzed to infer the ion dis-

tribution function. The diagnostic was originally designed by Fred Roessler and Chris Cooper, but

was redesigned during my thesis work to enable higher time resolution with a new calibration pro-

cedure yielding accurate absolute wavelength calibrations. The diagnostic and analysis procedure

are discussed in detail in Chapter 3.

2.5 Experimental Workflow and Data Acquisition

2.5.1 Control Software

The experiments are controlled by a LabView application that interfaces with the various equip-

ment in the lab for creating and measuring plasma properties. The heater voltage and current for the

cathodes on the BRB are digitized by a compactRIO, a National Instruments real-time computer

system, and logged to a MySQL database. On PCX, LabView communicates with Arduino micro-

controllers sending commands to power supplies. In addition, custom electronics were designed

and built in-house to control various equipment.

2.5.2 Data Acquisition

Data is digitized at 250 kHz with 16 bit resolution on ACQ196 digitizers from D-tAcq So-

lutions. The digitizers are armed by shell scripts and triggered via the 20 Channel trigger box

controlled by the LabView field-programmable gate array (FPGA). After a shot, the data is up-

loaded to the MDSplus [35] data server. The data is stored in the tree structure show in Fig. 2.8.

In addition to storing raw data, nodes in the MDSplus tree have formulas referencing other nodes

in the tree to compute processed values such as cathode current without having to store the data

multiple times.
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Figure 2.8: MDSplus tree structure for PCX. Raw data and processed data are stored in the top

level PCX tree.

2.5.3 Data Visualization

Normally, data stored in MDSplus was viewed in a Java application called jScope [36]. Due

to the long time duration at high digitization rates, jScope crashing became a significant hurdle for

viewing data between shots. In response, I developed a python application with a GUI using the

Qt framework utilizing Matplotlib [37] for displaying the data shown in Fig 2.9. It has a number of

the same features from jScope. It utilizes the MDSplus thin client to retrieve data so the user does
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not need to maintain a list of tree environment variables on their local machine. Data is retrieved

with parallel calls to MDSplus to speed up large data transfers. In addition, data is cached locally

to allow going back and forth through a series of shots looking for signal changes. For speed of

plotting, data is decimated by default and the decimation is updated after the user zooms on a

portion of a graph. Overall, PiScope has been a successful replacement of jScope for most use

cases on the BRB and PCX.

Figure 2.9: PiScope is a python app for viewing MDSplus data at WiPPL built to replace jScope.

Shown here is the main window with 15 3-axis magnetic field measurements along with the loca-

tion of each probe in the R-Z plane.
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Chapter 3

A spectrometer for high-precision ion temperature and velocity
measurements in low-temperature plasmas

Many processes and behaviors of low-temperature plasmas are heavily influenced by ion dy-

namics. Some examples include sheath expansion by warm ions [38, 39], atmospheric pressure

plasmas and their medical applications for ions near room temperature [40], and the transport of

momentum via kinematic viscosity in flowing plasmas. In each of these examples, it is extremely

important to have a measurement of the ion temperature and velocity distribution in order to cor-

rectly predict and model behavior. In the case of flowing plasmas, Braginskii [9] developed a

formula for kinematic viscosity using collisional theory showing that the momentum of an unmag-

netized plasma diffuses at a rate set by the ion thermal speed, vT i, and the ion-ion collision time,

τii. This combination of terms results in a particularly strong, T 5/2
i , dependence on the ion tem-

perature. Propagating the error of a given ion temperature measurement to the resulting viscosity

illustrates the need for precise measurements for estimating the theoretical value. For example, a

singly-charged argon plasma with an ion temperature relative uncertainty of 10% and an electron

density relative uncertainty of 10% (both reasonable uncertainties for well-diagnosed laboratory

plasmas) yields a 27% uncertainty in the theoretical value of Braginskii viscosity. This level of

error can greatly affect results of modeling flows in experimental data [19]. In a similar fashion,

the viscosity can be experimentally determined from spatially resolved measurements of velocity

that require accurate flow measurements. Motivated by the desire for accurate viscosity measure-

ments and the ability to compare with theory, we have developed a high precision velocity and ion

temperature diagnostic, which is applicable to many other low-temperature plasma applications.
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Measurements of ion temperature and ion flow in the low-temperature regime can be quite chal-

lenging. Traditionally, basic plasma experiments have been diagnosed with probes inserted into the

plasma. The flow velocity can be measured with a Mach probe [41, 42, 43, 27] and interpreted as

an absolute velocity using the local sound speed measured by a Langmuir probe. The ion tempera-

ture is more difficult to measure with a probe. Retarded field energy analyzers (RFEA) [44, 45, 46]

can be used to measure the ion energy distribution function directly, but shielding out the electrons

is difficult. Probes can also be detrimental to the plasma performance by increasing loss area, sput-

tering of particles, and outgassing leading to a decrease in conductivity and an increase in neutral

drag. Laser induced florescence (LIF) [47, 48] is another option, but it is expensive, more compli-

cated, and has low time resolution. In addition, it is possible for the metastables to be produced

from ionization instead of from ground state excitation [49]. Ion temperature and flows can be

measured non-invasively by using optical diagnostics that are sensitive to both velocity and veloc-

ity shear. Straight forward measurements of ion emission require high resolution spectrometers

and can suffer from lack of light with insufficient étendue.

In this chapter, we describe a high-throughput and simple-to-implement spectrometer capable

of measuring the very small Doppler shifts and broadening of low-temperature plasmas, using a

Fabry-Pérot étalon and a digital camera. Previous measurements with the Fabry-Pérot spectrometer

demonstrated the ability to measure ion temperatures as low as room temperature up to a few

eV [50, 51]. This chapter focuses on the design decisions and analysis for a complete overhaul of

the Fabry-Pérot spectrometer. The diagnostic redesign included the use of a large cross section,

high numerical aperature fiber and collimator and a rail mounted assembly resulting in a higher

éntendue spectrometer that is easy to align and is portable between the different laboratory spaces

at the Wisconsin plasma physics laboratory (WiPPL) [50].

3.1 Fabry-Pérot Basic Theory

A Fabry-Pérot étalon consists of two parallel highly reflective plates separated by some dis-

tance, d. If the light entering the cavity satisfies the interference condition, then sharp circular

rings are observed when the exiting light is focused. Light entering the étalon at angle θ as shown
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in Fig. 3.1 has a phase shift after two reflections given by

φ = 2 ((2πnd cos θ/λ)− ψ) (3.1)

where n is the index of refraction for air, λ is the wavelength of light, and ψ is the phase angle

from reflection (0 or π). The mth ray exiting the cavity has an electric field given by

Em =
(
Aie

jωτ
)
t2r2(m−1)e−jφ(m−1) (3.2)

where t is the transmission coefficient, r is the reflection coefficient, andAi is the initial amplitude.

The total electric field, Etotal, after focusing the rays is the sum over all the rays exiting the cavity

and is given by

Etotal =
∞∑
m=1

Em = Ait
2r−2ej(ωτ+φ)

∞∑
m=1

(
r2e−jφ

)m
=

Ait
2ejωτ

1− r2e−jφ
. (3.3)

The intensity of light, I , is given by

I = EtotalE
∗
total =

A2
i t

4

1 + r4 − r2e−jφ − r2ejφ

=

(
T 2

(1−R)2

)
Ii

1 + 4R
(1−R)2

sin2
(
φ
2

) (3.4)

where Ii is the initial intensity of the light ray entering the cavity, T = t2, and R = r2. The

observed intensity pattern is at a maximum when the phase difference from reflections in the cavity

is an integer multiple of 2π.

The finesse, F , is the ratio of the distance separating the peaks divided by the full-width at

half-maximum of the peaks. The theoretical finesse is given by

F =
π

2

√
4R

(1−R)2
=
πR1/2

1−R
(3.5)

and is only a function of the quality of the mirrored interior surfaces. In practice, the finesse is

reduced due to other effects including but not limited to surface flatness and non-parallelness of

the plates. For our étalon, the theoretical maximum is around 30 but in practice in between 20 and

22.
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Figure 3.1: Ray enters the étalon and reflect many times on the inner parallel surfaces. At each

reflection, a portion refracts through and exits at the same initial angle.

3.2 Design Considerations for high-resolution spectroscopy

Measuring ion temperatures below a few eV and velocities below 10 km/s spectroscopically

in the visible range requires a spectrometer with a resolution of the order of a picometer. For low

electron temperature plasmas (Te < 10 eV) at moderate densities (ne ≈ 1018 m−3), ion emission in

the visible spectrum is weak. Measurements could be made in the VUV, but then the spectrometer

becomes an integral part of the vacuum vessel which can complicate adjustments and calibration.

The combination of low radiance and the need to resolve ion equilibrium time dynamics sets the

requirements for the light gathering capability of the diagnostic. These requirements can be satis-

fied by a traditional grating spectrometer, but a Fabry-Pérot spectrometer is more compact and has

a simpler optical design that can be implemented at lower cost.

One of the first design considerations is the spatial resolution of the chord measurement. For

typical plasmas at WiPPL, the electron density and temperature is uniform except for a steep edge

gradient. For expected ion temperatures, the velocity gradient scale length is on the order of about

30 cm, so the spatial resolution requirements are modest. Therefore, the maximum optical through-

put is set only by the optical access to the plasma which is constrained by the magnet spacing and
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port size. The magnet spacing allows the use of two-inch collection optics which provide ade-

quate light collection with sufficient resolution of velocity gradients. The light is collimated by

the collection optics and transmitted over a fiber to the spectrometer. The collimator is attached

to a linear stage mounted on a box port with a large window to allow many different views of

the plasma cross section and to decouple the alignment of the diagnostic from the plasma view.

To maximize the light collection, a large core diameter, high numerical aperature (NA) fiber was

chosen to maximize the étendue, G = πS (NA)2. A multi-fiber bundle could also be used, but the

packing fraction must be considered. The large NA requires very fast (low f /#) optics requiring

aspherical lenses for collimation to limit spherical aberrations.

The main optical element in a Fabry-Pérot spectrometer is an étalon consisting of two highly

reflective parallel plates separated by a small distance d. The high reflectivity allows for light to

reflect many times before exiting the cavity. For a given wavelength, λ, the interference condition

is given by

mλ = 2nd cos θ m ∈ 0, 1, ...,m0 = Floor
(

2nd

λ

)
(3.6)

where n is the index of refraction of air, θ is the angle that light enters the étalon relative to the

optical axis, and m is a nonnegative integer less than the maximum order, m0. The light exiting

the étalon is focused by a lens with focal length f2 down onto the camera sensor. The measured

intensity pattern is a set of concentric rings (see Fig. 3.2) where the innermost ring corresponds to

the maximum order m0. The étalon is placed inside an optical telescope where the rays are within

a small range of angles from horizontal to achieve the desired ring interference pattern.

The components in the optical assembly are chosen based on a few design criteria. As shown

in Fig. 3.3, the assembly consists of a fiber with collimator, an optical telescope, an étalon placed

inside the telescope, a bandpass filter, and a camera sensor. As discussed earlier, the étendue is

set by the fiber and collection optics. The requirements for the detector are quite modest and

depend mostly on pixel sensitivity, pixel size, and read noise. As such, the first measurements are

conducted with a commercial digital camera. The camera lens with focal length f2 was chosen to

have 5 sets of concentric rings such that the central ring of interest is near the optical axis away

from any adverse effects such as spherical aberration. The objective lens of the telescope was
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Figure 3.2: Fabry-Pérot image of Th Ar-fill hollow cathode lamp. The calibration lamp’s compli-

cated spectra in this wavelength range consists of two dominate lines (ThI 487.873302 nm, ArII

487.98634 nm) [52] and many low amplitude ThI lines. Contributions from the nuisance lines

are mitigated using three Andover 1 nm FWHM bandpass filters at 488 nm. The three two-cavity

filters provide a -30 dB rejection ratio of wavelengths outside twice the bandpass. The log scale

emphasizes the undesirable secondary ring pattern from misalignment.

chosen to match the illuminated part of the lens from the collection optics to the sensor size. The

filter must be placed in a region where the rays have a small angle with respect to the optical

axis otherwise more light than expected will pass through the filter. A picture of the assembled

diagnostic can be see in Fig 3.3.

Achieving good alignment of the Fabry-Pérot spectrometer is crucial for high spectral resolu-

tion. Alignment requires all elements centered on, and perpendicular to, the optical axis. If any of

the components are offset from the optical axis the intensity profile will be shifted from the center

of the image plane resulting in rings lacking azimuthal symmetry in intensity. The étalon plates

can be made parallel with three adjustment screws controlling the amount of pressure applied via

springs. The camera sensor must be placed such that the sensor images at infinity, otherwise the
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Figure 3.3: (a) Fabry-Pérot optical schematic. Light is collected from the plasma with a f/1.0

collimator mounted on a linear stage to allow scanning of the plasma volume. The chord’s closest

distance to the origin is labeled by its impact factor, b. An optical beam dump is located on the

far side of the vessel to limit reflected light from entering the collimator. (b) Optical Schematic of

Fabry-Pérot. (c) Picture of Fabry-Pérot. Light from the fiber is collimated by a f/1.0 collimator and

focused by the objective lens (f1 = 350 mm) onto 5 mm spot size on the étalon (d = 0.88 mm).

The light exiting the étalon is focused onto the CMOS sensor via the field lens (f2 = 150 mm) as

concentric rings due to the interference condition (Eq. 3.6). All lenses are 50.8 mm in diameter

and the camera is a 24 MP Nikon D5200 digital camera.

rings will be out of focus and extra Gaussian broadening will need to be accounted for in the anal-

ysis. With the high-throughput collection optics, these effects are reduced in situ by collecting

light from a calibration lamp and observing the ring pattern while adjusting the placement of each

optical element.
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3.3 Image Processing

The model for intensity on the sensor is a function of wavelength and pixel distance relative to

the center of the concentric rings. To increase signal-to-noise and decrease the number of pixels

(24 million) in the calculation, a technique called annular summing [53, 54] is used where pixels

are binned into annuli with equal area. The location of the nth bin edge is given by

rn =
√
n (2rN −∆) ∆ n ∈ 0, ..., N (3.7)

where rN is the largest bin radius and ∆ = rN − rN−1. Each pixel in a bin can be treated as

an independent identically distributed measurement because the count rate on a particular pixel is

uncorrelated with other pixels. For each annuli, the mean and standard deviation of the mean are

calculated from the histogram of points in an annulus to account for differences in the number of

pixels in each annulus from mapping discrete pixels to annuli. Pixels that have counts outside ±3

standard deviations from the mean are treated as outliers and discarded.

Before the final annular sum can be analyzed, the center of the ring pattern must be known to

within a few tenths of a pixel. The center is determined by iteratively performing annular sums on

halves of the CCD based on an initial center-of-mass estimate. A new center guess is calculated

based on the misalignment of the individual peaks. This procedure is iterated until a threshold for

the next step size is met. A portion of an annular sum is shown compared against the raw pixel

intensities in Fig. 3.4. The expected noise is mostly from photon counting statistics. The read

noise and dark counts are on the order a few counts each. With annular summing, small features

and overlapping peaks are identifiable with a significant increase in signal to noise (≈ 50×).
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Figure 3.4: Intensity in counts is shown as a function of radius from the center of the ring pattern.

The noise is the result of mostly photon counting statistics. The read noise and dark counts are on

the order of a few counts. Annular Summing reduces the uncertainty of the mean counts in a bin

to approximately 1 count.

3.4 Bayesian Method for Analysis
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Figure 3.5: Procedure for solving a problem with a Bayesian approach.

The following section outlines the procedure implemented to calibrate the spectrometer using

the Bayesian methodology illustrated in Fig. 3.5. An introduction to the probability math and

overview of the analysis is given in Appendix A. First, a model for generating spectra is chosen.

Each pixel is considered to be an independent measurement and have a probability likelihood

distribution equal to a Normal distribution with mean and standard deviation estimated from the
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annular summing technique described in Sec. 3.3. The prior probability distribution is determined

from known physical constraints on parameters such as ”temperatures are positive.” Finally, the

posterior distribution is found via a Monte Carlo calculation which draws samples from the prior

distribution and evaluates the likelihood. Any extra parameters in the model, such as amplitudes or

offsets, are integrated over to give marginal posterior probabilities for the parameters of interest.

Define the Model: The model for intensity on the sensor is a function of wavelength and pixel

distance relative to the center of the concentric rings. To increase signal-to-noise and decrease the

number of pixels (24 million) in the calculation, a technique called annular summing [53, 54] is

used where pixels are binned into annuli with equal area. Each pixel in a bin can be treated as

an independent identically distributed measurement because the count rate on a particular pixel is

uncorrelated with other pixels. For each annuli, the mean and standard deviation are calculated

from the histogram of points in an annulus to account for differences in the number of pixels in

each annulus from mapping discrete pixels to annuli. Pixels that have counts outside ±3 standard

deviations from the mean are treated as outliers and discarded. Before the final annular sum can

be analyzed, the center of the ring pattern must be known to within a few tenths of a pixel. The

center is determined by iteratively performing annular sums on halves of the CCD based on an

initial center-of-mass estimate. A new center guess is calculated based on the misalignment of the

individual peaks. This procedure is iterated until a threshold for the next step size is met. A portion

of an annular sum is shown compared against the raw pixel intensities in Fig. 3.4. The expected

noise is mostly from photon counting statistics. The read noise and dark counts are on the order

a few counts each. With annular summing, small features and overlapping peaks are identifiable

with a significant increase in signal to noise (≈ 50×).

Calibration of a Fabry-Pérot spectrometer with fixed spacing and stable cavity pressure re-

quires knowing the étalon spacing, d, and the camera focal length, f2, for an absolute wavelength

calibration and the finesse, F , for the instrument point spread function. The absolute wavelength

calibration is performed using spectroscopic methods because it is impossible to measure the étalon

spacing to within λ/2 to determine the absolute order number, m0. Normally, the étalon spacing is
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calibrated by placing the étalon in a chamber and scanning the pressure to vary the index of refrac-

tion. The exact spacing is not known during the pressure scan but the change in spacing is known

very precisely [55]. Our constraints on time resolution where the entire spectra is measured si-

multaneously makes the pressure scanning technique impossible to implement and requires a fixed

étalon spacing calibration procedure. The maximum possible finesse can be calculated from the

reflectivity of the interior surfaces of the étalon, but the effective finesse depends on other factors

such as plate flatness, the parallelism of the plates, and the clear aperture.

The calibration procedure involves solving for f2, d, and the finesse F by forward modeling

the spectra from a thorium hollow cathode lamp with argon gas fill measured by the Fabry-Pérot

spectrometer. Thorium was chosen because it is a heavy element with only one long-lived isotope

allowing for simultaneous wavelength and point-spread function calibrations. The point-spread

function, PSF, is given by

PSF(λ) =

(
1 +

[
2F
π

sin

(
π

2nd cos θ

λ

)]2
)−1

(3.8)

and at a maximum when the interference condition defined in Eq. 3.6 is satisfied. The point-spread

function can easily be mapped to pixel radius r by using the trigonometric relationship:

cos θ =
f2√
f 2

2 + r2
. (3.9)

Finding the étalon spacing, d, to the precision needed is difficult because the uncertainties in the

measurements lead to finding many solutions corresponding to adjacent order numbers. To solve

this issue, a Bayesian approach called Multimodal Nested Sampling is used which is encoded in

the software package MultiNest [56, 57, 58, 59] which was adapted from the Nested Sampling

algorithm [60]. This method finds the probability distribution which best describes the uncertainty

in the calibration parameters conditioned upon background information that constrains the reason-

able range for these parameters. Our analysis uses a mostly non-informative prior except for highly

informed edges to limit the scope of the Monte Carlo search since it is a computationally expensive

procedure.

The goal of calibration is to calculate the marginal posterior probability distribution for f2, d,

and F given a hollow-cathode lamp spectrum. The model for the calibration spectrum consists
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Figure 3.6: Annular sum of the Th-Ar hollow cathode lamp using the 3 Andover 1nm FWHM

bandpass filters at 488 nm to reduce contributions from weak Th I lines. A ThI line (487.873302

nm) and an ArII line (487.98634 nm) have been identified for their first and second relative order

numbers. The orange region represents a calibration fit and shaded for emphasis. INSET: The

central peak is a Th I line (487.800942 nm). The two remaining peaks are thought to consist of

multiple unresolved lines.

of 6 parameters: the camera focal length, f2, the étalon spacing, d, the finesse, F , the Ar II

amplitude A, the Th I amplitude relative to the Ar II amplitude Arel, and the Ar ion temperature,

Ti. The thorium temperature is assumed to be 1000 K1; however, the modeled spectrum shows

very little change when varying the temperature from room temperature up to 2000 K. These

calibration parameters will be noted as θC for brevity. As noted in Fig. 3.6, three filters are used

to limit the contribution from nearby Th I peaks so that the tails of the dominant lines due to the

Lorentzian point-spread function can be distinguished. The goal of performing the calibration is

to acquire sufficiently precise data to minimize the uncertainty in f2, d, and F . The marginal

1based on correspondence with F.L. Roesler
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posterior probability distribution for these calibration parameters is given by

p(f2, d,F|{Cr}, I) =

∫
p(θC |{Cr}, I) dAdArel dTi (3.10)

where {Cr} represent the set of calibration measurements at each radii, I is any additional back-

ground information such as known wavelengths, and p(θC |{Cr}, I) is the posterior probability

distribution including extra parameters, such as amplitudes, needed for modeling the spectrometer

image of the calibration lamp spectra. The full marginal posterior in Eq. 3.10 can be rewritten

using Bayes’ theorem [61, 62] as

p(θC |{Cr}, I) =
p({Cr}|θC , I)p(θC |I)

p({Cr}|I)
(3.11)

where p({Cr}|θC , I) is the likelihood, p(θC |I) is the prior probability, and p({Cr}|I) is the ev-

idence. We follow the flowchart in Fig. 3.5 to determine the calibration parameters and their

uncertainties from p(θC |{Cr}, I).

Define the prior: The prior probability consists of 6 independent uniform distributions—

one for each parameter. The prior distribution used for f2 is a uniform distribution between

[145.5, 154.5] mm which assumes with high confidence that f2 is within three standard deviations

of the manufacturer’s specification of 150±1.5 mm. The prior probability range for d is determined

by back-lighting the étalon with a Hg lamp and counting the number of fringe orders that pass as

the alignment screws are adjusted. Estimating 40 orders at 500 nm yields a shift in d of 0.01 mm

giving a range of [0.87, 0.89] mm. The lower bound for the finesse is set by calculating the ratio

of the distance between adjacent Ar II orders in pixels-squared and the full-width half-maximum

in pixels squared. The upper bound for the finesse prior is set by estimating the ideal finesse from

the reflectivity of the coating (92%) [63]. Combining these results gives us the expectation that the

finesse lies in the range [20, 32]. The prior ranges for the amplitudes are set using a lower bound

of 75% and an upper bound of 200% of the counts at the peak location. Very little is known about

the specific conditions of the plasma inside the hollow cathode calibration lamp. A relatively naive

uniform prior for the argon ion temperature ranging from room temperature to 1 eV was used. This

prior for Ti is justified post facto since the resulting marginal posterior is Gaussian in shape and

well within the prior boundaries.
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Define the likelihood: The last component needed for calculating the marginal posterior is the

likelihood probability distribution. Since each data point in {Cr} is characterized by a Gaussian

uncertainty, a maximum entropy argument [62] for assigning a particular distribution yields a χ2-

distribution. Since each pixel is an independent measurement, the resulting distribution is given

by

p(θC |{Cr}, I) =
N∏
r=1

1

σr
√

2π
exp

[
−(Cr −MC(r))2

2σ2
r

]
(3.12)

where MC(r) is the calibration forward model for the lamp spectrum and σr is the uncertainty

associated with the data point Cr.
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Figure 3.7: Marginal posterior probabilities for focal length f2 and étalon spacing d for a synthetic

calibration. The empty space in the d posterior displays the discrete separation by λ/2 for the

possible solutions to the maximum order number. The synthetic image was created using 150 mm

and 0.88 for f2 and d respectively.
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Figure 3.8: Marginal posterior probability for the finesse, F , from a synthetic calibration generated

with a true value of 20.7. Marginal posterior is mostly Gaussian in shape and can be described by

a mean and standard deviation of 20.68 and 0.09 respectively.

Calculate posterior and marginalize parameters: To verify the calibration procedure, a syn-

thetic calibration image with just two dominant peaks was generated using f2 = 150 mm, d = 0.88

mm, and F = 20.7 for the focal length, étalon spacing, and finesse respectively. Noise was then

added to the image based on photon counting statistics. The synthetic image was processed by

the procedure outlined in Section 3.3. The marginal posterior results are show in Figures 3.7 and

3.8. The joint marginal distribution for f2 and d highlights the need for multimodal nested sam-

pling. The bin widths for the d axis are λ/10 to show there are many possible solutions within our

precision. The peaks are separated by λ/2 which corresponds to a different maximum order, m0.

There is also a positive correlation with f2 as d is increased to the next order solution. It should be

noted that this is a difficult problem to solve because of the many solutions and many regions of

low likelihood. This solution was run on 240 processors on the high-performance cluster (HPC)

at the UW-Madison Center for High-Throughput Computing with 1000 live points sampling over

a 150 million points from the prior probability space with only 47,452 accepted points and took
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approximately 18 hours to complete. Once a calibration is performed, determining the plasma flow

velocity and ion temperature is much less computationally intensive.

3.5 Plasma Analysis

The analysis of a plasma is performed in a similar manner to the calibration. Ultimately, the

goal is to calculate the marginal posterior for Ti and V given emission measurements from the

plasma. This is accomplished by marginalizing over the nuisance parameters (such as the ampli-

tude, A) and the calibration resulting in

P (Ti, V |{Pr}, I) =

∫
V
P (θP , θC |{Pr}, {Cr}, I) dθC dA (3.13)

where θP are the plasma model parameters, {Pr} are the intensity measurements from a plasma

image, and P (θP , θC |{Pr}, {Cr}, I) is the joint probability of the plasma model parameters and

the calibration parameters conditioned upon all of the measurements. The integrand in Eq. 3.13

can be rewritten as

P (θP , θC |{Pr}, {Cr}, I) = P (θP |{Pr}, θC , I)P (θC |{Cr}, I) (3.14)

where P (θP |{Pr}, θC , I) is the marginal posterior for the plasma parameters given the calibration

parameters and P (θC |{Cr}, I) is the calibration marginal posterior determined in Sec. 3.4. The

marginal posterior for the plasma parameters will be computed using MultiNest.

The posterior for the plasma parameters given a calibration can be rewritten using Bayes’

theorem as

P (θP |{Pr}, θC , I) =
P ({Pr}|θP , θC , I)P (θP |I)

P ({Pr}|θC , I)
(3.15)

where P ({Pr}|θP , θC , I) is the likelihood probability distribution, P (θP |I) is the prior distribution

for the plasma parameters, and P ({Pr}|θC , I) is the evidence. The likelihood is the same as

Eq. 3.12 with a plasma forward model for the annular bin counts MP (r) given by

MP (r) =

∫
dλPSF(λ)× A exp

[
−1

2

(
λ− λ0(1− V/c)

σTi

)2
]

(3.16)
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where λ0 is the wavelength of the Ar II line, V is the toroidal velocity, A is the amplitude, and σTi

is the thermal broadening. For now, chord effects are neglected for simplicity of analysis. Future

work will incorporate a velocity gradient along the line-of-sight in the forward model and multiple

chord measurements will be used to resolve the velocity gradient. The prior range for Ti is between

room temperature and the electron temperature since the only ion heating mechanism is through

electron collisions. The prior range for V is likewise assumed to be subsonic (|V | <
√
kTe/mi).

The prior range for the amplitude is set at 75% and 200% of the peak counts in the image.

3.6 Initial Results

A calibration for measuring Ar II emission was taken using 3 stacked 1 nm full-width half-

maximum 488 nm central wavelength filters with an integration time of 3 seconds. The resulting

image can be seen in Fig. 3.2 with a log-scale for the counts. Most of the extraneous lines have been

reduced to just above the background level as seen in Fig. 3.6. Performing the calibration procedure

outlined in Section 3.4 yielded poor results for the wavelength calibration. As a solution, a known

third emission line was added to the calibration. The middle nuisance peak in the Fig. 3.6 inset is

identified as a singlet from the NIST Atomic Spectra Database [52] using the posterior wavelength

calibration with two known lines. The resulting posterior distributions using 3 emission lines

for f2 and d are shown in Fig. 3.9. All other marginal posterior distributions resemble Gaussian

distributions and can be characterized by a mean and standard deviation. The finesse was measured

to be 22.71 ± 0.04. The addition of the third wavelength in the calibration significantly constrains

the marginal posterior for the étalon spacing. Any errors in the absolute wavelength calibration

result in a systematic offset for the velocity. Refitting the Ar II peak with a velocity shift yields a

systematic error of 20 m/s.

Initial data for the Fabry-Pérot spectrometer was taken on the plasma Couette experiment

(PCX) [19, 64, 65]. Plasmas were created with a lanthanum hexaboride (LaB6) emissive cath-

ode [66, 50] placed in the center and biased relative to a grounded molybdenum anode to produce

an argon plasma with an electron density of 4× 1017 m−3 and electron temperature of 4 eV. Using
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Figure 3.9: Marginal joint posterior probabilities for f2 and d from a calibration lamp image using a

model with 3 wavelengths each with one order. The probability distributions are better constrained

than the synthetic results due to the third wavelength used in the model. The estimated systematic

uncertainty in the wavelength calibration can be characterized by a Doppler shift of 20 m/s for the

ArII line.

the marginalized calibration posterior for f2, d, and F in the analysis outlined in Section 3.5, pre-

liminary results show an ion temperature of 0.339 ± 0.007 eV and an ion velocity of −3 ± 4 m/s

for a chord very close to the axis of symmetry for the vessel where no flow is expected because of

the regularity condition at r = 0. The marginal joint posterior probabilities for Ti and V can be

seen in Fig 3.10. Initial results from a volumetric flow drive (VFD) [21] plasma on PCX measured

ion velocities of 250 m/s.
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Figure 3.10: Marginal joint posterior probabilities for Ti and V from an argon plasma on the PCX

experiment. The plasma was generated using a single LaB6 cathode. The spectrometer chord

was near the axis of symmetry where the toroidal flow velocity must go to zero. The marginal

probabilities resemble Gaussian distributions, and the marginal joint posterior shows very little

correlation.

3.7 Camera Upgrade

Initial results with the Nikon D5200 digital camera were promising, but there were a few issues

that needed to be addressed. The pixels are relatively small at 4 µm requiring integration times

greater than a few hundred milliseconds. Although, annular summing greatly increases the signal

to noise, we want the tails of the spectrum to be above the dark counts which sets the minimum

integration time. In addition, knowing the exact time of exposure is difficult because the delay

between the camera recording an image and the trigger is approximately 240 ms. The camera is

also limited to 3 frames per second (fps). The goal was to pick a monochrome camera capable of
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taking more than 10 images per one second plasma, with minimal delay between the trigger and

data acquisition.

At the time of considering an upgrade, the WiPPL lab owned two candidate cameras: the Nikon

D5200 and an Andor iStar ICCD. The Andor camera is an intensified CCD that would allow short

integration times at very specific times but would only allow for 3 fps. We chose to look at CMOS

cameras offered by ThorLabs that allow higher fps and are monochrome. A summary of the 3

cameras can be see in Table 3.1. To determine if the ThorLabs camera would suit our needs, we

needed to estimate the integration time. The minimum integration time is set by the number of

counts in the wings of the airy function measured by the Fabry-Pérot spectrometer. Assuming the

optics is designed such that every ray entering the system is collected at the sensor, the ratio of pixel

size to sensor size is the important factor to consider. For the Nikon D5200, the ratio of pixel size

to sensor size is 0.004 mm / 15.6 mm = 0.026% where for the ThorLabs DCC3260M it is 0.082%.

With only changing the camera and a single lens, we can obtain a 3x reduction in integration time.

A sample of a quick linear least squares fit to a stationary plasma is shown in Fig. 3.11 showcasing

the new time dynamics that can be measured by the Fabry-Pérot spectrometer.

Nikon ThorLabs Andor iStar

Sensor Type CMOS CMOS CCD

Sensor Dimensions (6000, 4000) (1936 x 1216) (1024, 1024)

Pixel Size (µm) 4 5.86 13

FPS 3 41 3

Read Noise (e-) 3 7 5

Quantum Efficiency 0.5 0.75 0.5

Table 3.1: Camera comparison table
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Figure 3.11: Quick Ti fit for FP to demonstrate time dynamics.

3.8 Étalon Temperature Stabilization

The goal of measuring profiles of velocity with the Fabry-Pérot spectrometer requires temper-

ature stabilization of the étalon spacers. Initial calibration measurements showed the zero velocity

calibration drifting as much as 1 km/s over the course of a few hours as the temperature in the lab

varied. As a result, we decided we needed to implement a proportional-integral-derivative con-

troller (PID) to achiever better stabilization of the calibration over time. For 1◦ C, an étalon spacer

made of fused quartz would expand 0.5 nm. A 1 km/s velocity shift is equivalent to a expansion

of 3 nm for the étalon spacing. Glass is a factor of 10 worse than quartz and Invar is a factor of

2 worse. For 10 m/s stability with a quartz spacer, we need to have 0.06◦ C temperature stability.

Our design goal was to regulate the étalon temperature to within 0.1 degree C.

We purchased a PID controller from Omega for étalon temperature stabilization. The controller

measures the temperature of the étalon housing using a thermistor. The heater consists of two 1

cm x 5 cm strips of flexible polyimide insulated heat tape with a power density of 5 W/in2. The

PID controller is controlling the temperature by minimizing this function, u(t) given by

u(t) = Kpe(t) +Ki

∫ t

0

e(τ)dτ +Kd
d

dt
e(t) (3.17)
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Figure 3.12: Étalon temperature during Ziegler-Nichols PID tuning. At a gain of Kp = 90, oscil-

lations started with a period of 17 minutes.

where e(t) is the difference between the temperature and the setpoint, Kp is the proportional gain,

Ki is the integral gain, and Kd is the derivative gain. The PID was tuned using a Ziegler-Nichols

method [67] which entails increasing the proportional gain with integral and derivative gains set

to zero until oscillations begin. The results from increasing the gain until oscillation can be seen

in Fig. 3.12. The gain that causes oscillation, Ku, and the period of oscillation, Tu are used to

calculate the three parameter using these equations:

Kp = 0.6Ku (3.18)

Ki = 1.2Ku/Tu (3.19)

Kd = 3KuTu/40 (3.20)

The results from tuning can be seen in Fig. 3.13 where the étalon has been slowly ramped to a

specified setpoint.

After temperature stabilization, the étalon zero velocity calibration became more stable, but

not stable enough for a plasma scan. The drift of the zero flow calibration can be seen in Fig. 3.14

during a run day. These fluctuations lead me to believe that the spacers are not made of quartz, but
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Figure 3.13: Étalon temperature ramping from room temperature to a setpoint of 25 degree C. A

linear ramp was used to limit overshoot. According to the controller, the temperature is regulated

to better than 0.03 degree C. After reaching the setpoint, the controller can be left on indefinitely.

Figure 3.14: Drift of the zero velocity calibration over time taken using setup described in Fig. 3.15.

possibly normal glass which has a thermal expansion coefficient that is 10 times worse than quartz.

To counteract this issue, Ken Flanagan designed, ordered, and 3D printed parts for a linear stage
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to move a 45 degree mirror in front of the collection optics collimator so calibration images can

be taken after every plasma discharge. A CAD drawing of the stage can be see in Fig. 3.15. The

new étalon spacing can be determined by using the run day’s calibration with an offset velocity

compared to a new étalon spacing with zero velocity. This relationship in peak location given by

rpeak = f2

[(
2d/(λ(1− v/c)

m0

)2

− 1

]1/2

= f2

[(
2(d+ ∆d)/λ

m0

)2

− 1

]1/2

(3.21)

where the order m0 is assumed unchanged, v is the offset velocity, ∆d is the change in étalon

spacing, rpeak is the location of the calibration peak, and f2 is the camera lens focal length. Solving

for ∆d yields this relationship with the offset velocity:

∆d =
d v

c

(
1 +

v

c

)
. (3.22)

With this relationship, it is now possible to measure flow profiles with the Fabry-Pérot where the

limiting factor is the shot to shot reproducibility and not the absolute wavelength calibration.

Figure 3.15: Linear stage for positioning a calibration mirror in front of the collection optics

immediately after the plasma discharge. The stage was designed, 3D printed, and assembled by

Ken Flanagan.
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3.9 Summary

A high throughput, high étendue Fabry-Pérot spectrometer has been built for measuring ion

temperatures and velocities to high precision. A Bayesian technique for calibration was developed

to handle the uncertainty in the absolute order number. To counteract drifts in the wavelength

calibration, both étalon temperature stabilization and a linear stage enabling automatic calibrations

for every plasma discharge were implemented. As a result, the Fabry-Pérot spectrometer is able to

measure ion temperatures and velocities multiple times per shot with unprecedented uncertainties

for low temperature argon plasmas.
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Chapter 4

Volumetric Flow Drive

As discussed in Chapter 1, PCX and the BRB were built to study plasma hydrodynamics and

flow-driven instabilities such as the dynamo and the magneto-rotational instability (MRI). Cami

Collins had amazing results with spinning plasmas on PCX using cathodes embedded in a cusp

magnetic field [19, 18, 64]. With the center stack equipped with small tungsten cathodes, a cen-

trally peaked flow was achieved. Unfortunately, there were a few issues with the flow for exciting

the MRI: the cathodes were fragile and prone to breaking, applying a weak magnetic field changed

the optimal location for cathode placement for driving flow, and the shape of the flow profile was

stable to the MRI because of the momentum diffusion length. As a response to these issues, vol-

umetric flow drive was proposed as a solution to driving the flow globally instead of locally and

relying on viscosity to couple momentum. First results on the BRB were promising but needed

more diagnostic coverage. This chapter describes the latest experiments with volumetric flow drive

on the BRB and PCX.

4.1 Overview of Volumetric Flow Drive

Volumetric flow drive is the process of drawing current across a weak uniform magnetic field

applying a body force to the plasma. As a result, the neutrals only play a role as a body force to

slow the plasma down and not inhibit the transfer of momentum like in the edge-driven case. With

a cylindrical geometry, we naively expect to have the radial current, Jr, scale like ∼ 1/r. The

resulting body force would give rise to a centrally peaked flow similar to Keplerian flow that could

be unstable to the MRI (kzVA < −∂Ω2/∂ ln r).
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The applied magnetic field is considered weak when the plasma β, the ratio of the plasma

pressure to the magnetic pressure, is on the order of 1 or higher and the ions are weakly magne-

tized. When β > 1, the plasma is able to push the magnetic field around. Electrons and ions are

considered magnetized when the particle is able to complete many gyro-orbits around a field line

without collisions with other particles and the system wall. Summaries of the various frequen-

cies and length scales for typical argon plasmas at WiPPL can be see in Fig. 4.1. The electrons

are almost always magnetized with the cyclotron frequency greater than the collision frequencies

with ions and neutrals. The ions remain relatively unmagnetized for fields less than 50 G with the

ion-electron collisions being more frequent than ion-neutral collisions.
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Figure 4.1: (a) Collision frequencies and cyclotron frequencies as a function of magnetic field for

typical argon plasmas. (b) Ion and electron Larmor radii as a function of magnetic field compared

to the PCX system size for typical argon plasmas. Parameter ranges are: Te ∈ [3.0, 5.0] eV,

Ti ∈ [0.3, 0.6] eV, ne ∈ [3, 6]× 1017 m−3, and nn ∈ [3, 6]× 1017 m−3
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4.2 Volumetric Flow Drive on the BRB

For the VFD experiments run on the BRB, the cathode anode configuration was set up to draw

current radially outward. The decision to run the experiment with cathodes at the equator was based

on the ease of installation and the MRI is more unstable in Hall-magnetohydrodyanmics (Hall-

MHD) when the angular momentum vector is anti-parallel to the applied magnetic field [4, 3, 18].

The 6 cathodes were located near the equator with two ring anodes at the north and south poles

of the device. The cathodes were located at -15◦, -5◦ (x2), +5◦ (x2), and +15◦. The ring anodes

were designed by John Wallace are shown in Fig. 4.2 and are a stainless steel ring with an inner

diameter of 20 cm and an outer diameter of 33 cm. A cartoon depicting the experimental setup is

presented in Fig. 4.2.

Figure 4.2: Volumetric flow drive setup on the BRB. Cathodes (yellow) are installed near the

equator at ±15◦ and ±5◦. There are two stainless steel polar anodes (blue, shown on the right)

installed on each hemisphere’s pole. A weak uniform axial magnetic field (purple) from the 4 m

Helmholtz coil is applied. The cathodes are biased relative to the grounded anodes drawing current

(red) across the plasma radially outward. Flow (green) is expected to flow in −φ̂ direction with

respect to the N pole.
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The two main diagnostics for the experiment were a linear array of 3-axis Hall probes spaced

3 cm apart for measuring the magnetic field and a Mach-Triple probe for measuring plasma flow,

electron temperature, and electron density. Each probe was mounted on a 2D stage capable of

scanning in the poloidal plane mapping out a “pie” slice of the plasma. The two stages were

located at +15◦ and +65◦. A simplified schematic showing the location of cathodes, anodes, and

probes is shown in Fig. 4.3. All 3 axes of the magnetic field were measured for the two pie slices.

The density, electron temperature, and ion velocities were measured for a cylindrical radius scan at

z = +40 cm shown as a vertical magenta line in Fig. 4.3. Four 3-axis Hall probes were mounted

on the wall of the BRB near the equator each separated 90◦ to monitor non-axisymmetric effects.

Figure 4.3: Simplified schematic of the BRB showing diagnostic access. Two sweep stages are

mounted at 15◦ and 65◦. 65◦ is limited in travel to avoid the other probe and the Earth’s magnetic

field correction coil. Cathodes are inserted near the equation with ring anodes at the poles.

For the BRB experiments, 4 cases of applied magnetic field were carried out: -1.4, -0.9.

-0.4, and 0.4 G. The current was limited to approximately 300 A because of the plasma self-

extinguishing. It is worth nothing that there is a residual magnetic field from the permanent mag-

nets that resembles a large dipole with a field strength of approximately ∼ 0.4 G. Time traces of

density, electron temperature, magnetic field, and injected current are presented in Fig. 4.4. The
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electron density and temperature are measured with a triple probe at r = 26 cm, z = 40 cm. The

applied magnetic field is initially small, but almost immediately increases to a large value as the

injected current ramps up. It can be seen that north pole anode is preferentially collecting more

current over the other. This could be due to an imbalance in the injected cathode current or an

asymmetry in the magnetic field that is not captured in the measurements.

Figure 4.4: Typical time traces for VFD experiments on the BRB. Electron density, ne, and electron

temperature, Te are measured with a triple probe at r = 26 cm, z = 40 cm. The initial magnetic

field is +0.4 G pointing toward the north pole of the vessel. The magnetic field increases with the

injected current with the north anode preferentially drawing more current.

In all magnetic field cases, a large increase in the magnetic field in the center of the device is

observed. Depending on the initial field strength, the increase is between 10-20x the initial field.

Examining the initial flux compared to the final plasma flux shows that this final magnetic field

cannot be explained solely by compression of the initial field. Measurements of the axial magnetic
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Figure 4.5: Magnetic field measurements forBz0 = 0.4 G. Axial field lines are shown in black. The

colormap represents the magnitude of the magnetic field. Near the axis, the magnetic field lines

are mostly straight. The field is peaked on axis with a value of ∼ 10 G yielding approximately

∼ 20x the initial applied magnetic field.

field and flux lines can be seen in Fig. 4.5. The field lines show that the field is mostly straight

in the z direction. A 1D cut shown in Fig. 4.6 shows an approximately ∼ 10 G field at the center

with a gradient decreasing over a large portion of the plasma. The plasma beta is large (> 0.3)

throughout the plasma. For the +0.4 G applied field case, β is 0.4 near the axis and ∼ 2 at r = 20

cm. At the peak flow, the Alfvén velocity, VA is as high as ∼ 1.5 km/s giving an Alfvén Mach

number, MA, near ∼ 0.5. In all magnetic field cases, the plasma is in a regime where the plasma

pressure and flow are strong enough to modify the magnetic field structure as is clearly shown in

Figures 4.4, 4.5, and 4.6.

In addition to the large magnetic field in the center, the plasma density is unexpectedly hollow.

The profile of the electron density from the Triple probe can be seen in Fig. 4.6. In hindsight,

it should be obvious that if there is a steady-state magnetic field gradient in the plasma, that the
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Figure 4.6: Radial profiles at z = +40 cm for 4 cases of applied axial magnetic field of (a) electron

density, (b) toroidal velocity, (c) axial field Bz, and (d) axial flow Vz.

plasma is in MHD equilibrium and must satisfy ~J × ~B = ∇P − nimiV
2
φ /r. Using the assumption

that the dominant component is Bz and the centrifugal term is small, the MHD equilibrium in the

radial direction is
dp

dr
= JφBz = −Bz

µ0

∂Bz

∂r
(4.1)

where Ampère’s law has been used to replace Jφ. SinceBz and its derivative are always oppositely

signed in these plasmas, the pressure gradient is always positive and the plasma density must be

lower at the origin compared to the plasma bulk.
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The dominant terms contributing to the plasma equilibrium that are neglected in our simple

model are two fluid effects including the Hall term and the electron pressure gradient in the gener-

alized Ohm’s law. The generalized Ohm’s law is given by

~E + ~V × ~B = η ~J +
~J × ~B

ne
− 1

ne
∇pe (4.2)

where ~V is the single fluid velocity (~V ≈ ~Vi), η is the plasma resistivity, ~J× ~B/ne is the Hall term,

and ∇pe is the electron pressure term. In resistive MHD, the Hall term and the electron pressure

term are neglected. The Hall term scales with the ion skin depth (di = c/Ωpi) and becomes impor-

tant at low to moderate densities where the collisionality is low. For relevant plasma parameters on

the BRB and PCX, the ion skin depth is on the order of 50 cm and can be larger than the system

size. When the Hall term dominates and the plasma resistivity is low, the traditional frozen-in

flux condition with the ion fluid is now with the electron fluid. In the case of our experiment,

the current direction is radially outward resulting in electrons flowing radially inward dragging

the magnetic field inward. In addition, they are drifting in the Sign(Bz)φ̂ direction enhancing the

applied magnetic field.

In addition to the magnetic field amplification and hollowed out density profile, the plasma

is successfully spinning with a centrally peaked profile shown in Fig. 4.6. Even though the ions

are not fully magnetized, they should feel a portion of the E × B torque causing the plasma to

flow. Outside of the core where the magnetic field is largest, the ions are completely unmagnetized

and viscosity couples momentum radially outward. For the +0.4 G case, the peak toroidal flow in

argon is almost 1 km/s. The flow profile is in a regime that could potentially be unstable to the MRI

with decreasing angular velocity and increasing angular momentum with radius, but the magnetic

field is too strong. Strong axial flow was measured at a cylindrical radius at z = 40 cm away from

the anodes consistent with the ion current direction. The full 2D velocity profile requires further

study but is promising for spinning fast flows in a lighter gas species such as helium.
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4.3 Results on PCX

The next set of experiments with the current direction flipped were run on PCX where it is

easier to install a single LaB6 cathode at the center and anodes (r = 32 cm) near the edge. For

this experiment, the diagnostic suite includes an upgraded linear array of 3-axis Hall probes with

1.5 cm separation, a Mach-Langmuir probe, a Triple-probe, and a Fabry-Pérot spectrometer. A

schematic in Fig. 4.7 shows a top-down view displaying the locations of the cathode, anodes, and

diagnostics. With the Hall probes, we expect to see the plasma expel the magnetic flux from

the core of the plasma, based on the two-fluid affects observed on the BRB and NIMROD [68]

simulations presented in Ken Flanagan’s thesis work.

Figure 4.7: Top down view schematic of volumetric flow drive on PCX. A LaB6 cathode is installed

at r = 0 with 4 anodes at r = 32 cm. A Mach-Langmuir probe is installed at 45◦ where vertical

is 0◦. The Triple probe is located at 135◦. The linear array of 3-axis Hall probes is located at 300◦

with a maximum insertion to ∼ 3 cm. The box port viewing area allows for optical diagnostics

to be scanned across the plasma. The Fabry-Pérot is capable to reaching an impact factor of 3 cm.

For a typical VFD discharge on PCX, the injected current ranges between 50 and 100 A. Within

100 ms, the plasma has expelled most of the flux in the core. Typical time traces of density, electron

temperature, cathode voltage, cathode current, and magnetic field for a VFD discharge on PCX is
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presented in Fig. 4.8. Unsurprisingly, the amount of flux left in the plasma depends on the injected

current with more current removing more flux. The injected current is being deflected into the φ̂

direction via the Hall effect resulting in a Jφ opposing the initial magnetic field.

Figure 4.8: Typical time trace from a stable VFD plasma on PCX. Density, ne, and electron tem-

perature, Te, are measured with a Langmuir probe. The injected current initially rises to a large

value removing most of the magnetic flux from the plasma. Afterward, there is a slow ramp in the

injected current expelling more of the plasma flux.

Typically, the plasma equilibrium on PCX is similar to the BRB, but that is not the case with

volumetric flow drive. For edge-driven plasmas there is a region of localized gradients at the

plasma edge and an unmagnetized uniform plasma core. With VFD, the gradient extends much



62

deeper into the plasma. The equilibrium profiles including the magnetic field and plasma density

can be seen in Fig. 4.9 along with a reconstruction of the density profile using the MHD equilib-

rium. The magnetic field is expelled from the core of the plasma with a large density in the core.

The electrons are mostly magnetized with the cyclotron frequency (Ωce) exceeding the electron-ion

collision frequency (νe) except at the very center where the field is zero. The plasma β is much

larger than one everywhere except at the very edge of the plasma where the magnetic cusp field is

strong. Measurements of the floating potential and plasma potential show very little electric field

in the plasma. The elongated density profile coupled with the large toroidal current are the biggest

differences when comparing to edge-driven plasmas.

The long density gradient extends well past what is considered the edge of PCX plasmas and

is unexpected. For VFD plasmas on PCX where the resistivity is low, the extended gradient is a

feature of two fluid effects. For ion momentum balance, the only terms are the radial electric field,

the centrifugal term, and the ion pressure gradient. The radial ion flow is considered small and

is neglected in the analysis. Measurements from the Fabry-Pérot spectrometer discussed later do

not see any increased broadening from a radial ion flow. For the electrons, the momentum balance

gives

Er =
JφBz

ne
− 1

ne
∇pe =

∇pi
ne
−
miV

2
φ

er
(4.3)

where the MHD equilibrium has been inserted. The plasma currents and magnetic field balance

the total pressure gradient, but the two fluid effects in Ohm’s law leave a small electric field to

balance the small centrifugal ion flow term and the density gradient to confine the ions radially.

The ion flow is small, and the centrifugal term for PCX contributes very little. Measurements of the

flow with the Fabry-Pérot spectrometer show solid body rotation with a peak flow of ∼ 200 m/s.

Details of the flow measurements are found in Section 4.4. On the BRB, the effect is the opposite

where the radial electric field draws ions away from the origin. This effect of density piling up

or hollowing out based on the current direction was seen in high density plasmas on the COBRA

device [12] where the Hall effect can still be important even at large densities.

The large azimuthal current (Jφ) can be explained by examining the toroidal direction of the

generalized Ohm’s Law (Eq. 4.2) where the only forcing terms are resistivity and the Hall term.
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Figure 4.9: Typical equilibrium profiles from VFD experiments on PCX. Initial applied magnetic

field is reduced to essentially zero in the plasma bulk with a ∆Bz of ∼ 6 G, a result from the

toroidal current caused by the drifting electrons. The plasma density gradient extends deep into

the plasma compared to the typical 3-5 cm for a standard discharge. Plasma β is greater than 1

almost everywhere in the plasma until the very edge where the magnetic cusp field is strong. There

is a small radial electric field at large radii which is negligible from 20 cm inward.

The ions are assumed unmagnetized, and the only gradients in the plasma are in the radial direc-

tion. The electric field in the toroidal direction is identically zero because there is no steady-state

inductive electric field. In equation form, this yields

Eφ ≡ 0 = ηJφ −
JrBz

ne
⇒ Jφ =

Ωce

νe
Jr (4.4)
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where Spitzer resistivity has been used to relate resistivity to the electron collision frequency, νe.

For a small injected current, Jr, a large Jφ can develop because the electrons are magnetized with

weak fields. In addition, the direction of Jφ is determined by the sign of JrBz. On PCX where

Jr < 0, the induced toroidal current will always be in the direction to reduce the magnetic field in

the plasma. For the experiment on BRB where Jr > 0, the induced toroidal current will always be

in the direction to increase the magnetic field in the plasma.

4.4 VFD Ion Temperature and Flow Profiles

The Fabry-Pérot spectrometer was installed on PCX to measure flow and ion temperature pro-

files. For VFD experiments, integration times for sufficient photon counts were between 50 to 200

ms depending on the chord location and density of the plasma. To verify the plasma was flowing

with volumetric flow drive, the Fabry-Pérot measured spectra at an impact factor of 21 cm. The

chord was treated as a point source to get an estimate of the velocity. The results from different

applied fields are presented in Fig. 4.10. Positive velocity indicates flow moving toward the Fabry-

Pérot spectrometer. The sign of the velocity flips with the applied magnetic field and matches the

J×B direction. A positive applied field with current radially inward results in flow in the +φ̂

direction which corresponds to flow away from the spectrometer.

Measuring the ion temperature and velocity radial profiles requires modeling the emissivity

along the chord. The emissivity, ε, from a position in the plasma along the line of sight is given by

ε(s) =
c

4πλ0

ne(r)ni(r) 〈σv〉 exp

(
−(λ− λ0[1− Vφ(r) cos θ/c])2

σ2
Ti

(r)

)
(4.5)

where Vφ is the torodial ion velocity, σTi is thermal broadening, and θ is the angle between the line

of sight and the φ̂ direction. The radiance, L, measured by the spectrometer is the line integral

of the emissivity along the line of sight. The signal measured by the spectrometer is the radiance

convolved with the instrument function. More detail can be found in Chapter 3.

The measured spectra is modeled with a few parameters. The ion temperature is generally

presumed to be constant in the plasma bulk. With VFD, there is large density gradient and higher

magnetic fields. With this in mind, we have chosen a simple linear profile that allows a nonzero
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Figure 4.10: Time trace of velocity from the Fabry-Pérot spectrometer for different applied mag-

netic fields. Flow flips direction with the magnetic field direction. Positive velocity corresponds to

flow toward the spectrometer.

temperature gradient in the plasma. The proposed ion temperature model can be see in Fig. 4.11(a).

The model is defined with a central temperature and an edge temperature with no constraints other

than temperatures must be positive and a maximum allowed temperature (∼ 3 eV). If the posterior

probability is hindered by the upper bound, the solver can be rerun with a higher upper bound.

The ion velocity is presumed to be strictly in the toroidal direction. This ad hoc assumption

is revisited later. Measurements from Mach probes and preliminary results from the Fabry-Pérot

suggest simple solid body rotation. An offset velocity has been included to account for small

misalignment of the collimator and systematic error in the absolute wavelength calibration. The

toroidal velocity model can be seen in Fig. 4.11(b). The model is defined with an offset velocity

and a peak velocity at the anode location. The velocity profile is kept flat, even if nonphysical,

beyond the anodes because the Fabry-Pérot is less sensitive in that region where the density is low.

The profiles of Ti and Vφ are found by measuring multiple chords at different impact factors

and running them through our Bayesian analysis. Each image has an amplitude and uses the global

Ti and Vφ profiles that have been discussed. The density profile from probe measurements is used
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Figure 4.11: Ion model for Fabry-Pérot. (a) Linear Ti profile that allows the center to be colder or

hotter that the edge temperature. If the temperature is indeed flat, the two temperatures will not be

statistically different from each other. (b) Solid body Vφ profile until the anode location. Profile is

flat afterwards where the Fabry-Pérot is less sensitive due to a lack of light. The center allows an

offset velocity to account for systematic uncertainties such as misalignment of the collimator and

wavelength calibration error.

to model the emission along a chord, but is not used to determine the amplitude for a given image.

The procedure is the same as described in Chapter 3. The likelihood for a radii in a given image is

the Normal distribution with a mean and standard deviation derived from annular summing. The

prior is once again mostly non-informative. We use PyMultiNest to sample efficiently from the

prior to calculate the posterior probability and the evidence.

For n images, the prior consists of n+4 independent prior probabilities for each parameter. The

amplitude priors are truncated Normal distributions with zero probability for amplitudes less than

zero. The two temperature parameters are Uniform distributions from room temperature 0.025 eV

to 3 eV. The offset velocity has a Uniform prior from −500 to +500 m/s. The peak flow velocity

has a Uniform prior from −5 to +5 km/s to include velocities up to the sound speed for a hot Ar

plasma. If the posterior looks influenced by any of the prior variables, it is widened until it is no

longer affected. For computation speed, the prior volume can be reduced as long as the posterior

distribution remains unaffected.
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Figure 4.12: Fabry-Pérot measurements and fits for the 6 chords.

For the VFD experiment, 6 chords were used to calculate the posterior for the ion temperature

and flow profiles. The chords were located at 3, 5, 10, 15, 25, and 35 cm. The peak location (ranode)

was at r=32 cm. Unfortunately, the Fabry-Pérot is unable to reach r=0 due to physical constraints.

In future work, the angle with respect to the machine could be changed to allow passing through

the origin. Each image has its own calibration taken within 5 seconds of the plasma discharge to

ensure an accurate velocity calibration. The fill pressure was 1.3 × 10−5 Torr. The bias voltage

was 300 V and the applied magnetic field was 5.7 G. The fits for the 6 chords are presented in

Fig. 4.12 and show great agreement with the data. Each fit shown is the mean of models generated

by sampling from the posterior distribution.

The full posterior probability resembles a multivariate Normal distribution with each individual

marginal probability resembling a Normal distribution. Examining the 2D joint marginal distribu-

tion for two of the parameters yields one of two cases: circular contours (no correlation) or tilted

elliptical contours (linearly correlated). In this posterior, there were no unexpected correlations
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in the posterior. The amplitudes show correlation with the temperature because increasing the

amplitude also increases the tails of the distribution and resembles temperature broadening.

Figure 4.13: (a) Joint marginal posterior probability for the edge and center Ti values. The in-

dividual marginal probabilities do not overlap indicating the assumed linear profile is statistically

significant. (b) Joint marginal posterior probability for the peak toroidal velocity and the offset

velocity at r = 0. The mean of the offset is close to zero but is not included within one standard

deviation.

The joint marginal posterior for the two ion temperatures shows the center of the plasma is

colder than the edge. The 2D posterior can be seen in Fig. 4.13(a). There is a correlation between

the two variables because of the parameterization. If the center is hotter, the edge can be colder to

achieve the same broadening for inner chord measurements. The two marginal posteriors resemble

Normal distributions with slight deformities that might go away with more sampling points in the

solver. The Ti profile is interpreted to be statistically significant because the marginal posteriors

do not overlap.

The joint marginal posterior for the two velocities is presented in Fig. 4.13(b). The peak

toroidal velocity is∼ 190 m/s. The negative sign means the flow is away from the Fabry-Pérot (+φ̂
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direction). The measured offset velocity is ∼ 12 m/s with zero not included in one standard devi-

ation. The offset velocity is an estimate of the systematic errors in the diagnostic including chord

position / alignment and absolute wavelength calibration. In the model, the velocity is assumed to

be completely in the toroidal direction. If there was radial flow, our Doppler shift would need a

Vr sin(θ)/c correction. Because sin is an odd function, radial velocity would look like temperature

broadening. The broadening would be most pronounced at chords near the origin where the chord

is close to being radially aligned. Figure 4.13(a) shows the inner temperature to be colder than the

edge temperature indicating any radial flow must be too small to measure with this spectrometer.

The profiles of Ti and Vφ from the Bayesian solver are presented in Fig. 4.14. The confidence

intervals are created by sampling from the posterior distribution using them to compute the radial

profiles from the model. Ti shows the temperature increasing radially outward. The ions are

unmagnetized and transport should be fast enough to remove any temperature gradients. The

velocity profile has a peak flow near 200 m/s with a small offset velocity at the origin as previously

discussed. The ions flow fastest where they are partially magnetized near the anodes with viscosity

coupling the momentum inward.

Figure 4.14: (a) Ti profile from the Bayesian solver. Black levels show 68%, 95%, and 99%

confidence intervals for the radial profile. (b) Vφ profile from the Bayesian solver.
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The Fabry-Pérot takes many images over the course of the plasma discharge. The beginning

of the discharge has a lot of variability and is not used for the Bayesian profile solver. The results

for the inner and edge Ti and peak Vφ are displayed in Fig. 4.15. The inner Ti is initially lower

but equilibrates with the outer temperature over the course of the discharge. The transport physics

remains poorly understood because the ions are mostly unmagnetized and should be mobile. How-

ever, the results shown here seem to be consistent with previous non VFD plasmas with a cathode

on axis. In those plasmas, an increase in the ion temperature is observed and could be the result

of collisional heating from the fast electron population in the magnetic cusp. The increase in the

inner ion temperature is consistent with the increase in plasma density and collisionality over the

course of the plasma discharge. The flow is initially at its highest speed when the density is lower.

As the density rises in time, the flow slows down to∼ 150 m/s. The initial peak flow is most likely

the result of a lower density plasma spinning fast during the initial current increase. After the first

100 ms of plasma, the current drastically reduces and slowly ramps up over the remaining portion

of the discharge. As the density increases, the peak velocity decreases due to momentum diffusion

and charge-exchange collisions. Late in the discharge, the ions are able to flow slightly faster as

the drive increases with the injected current.

Figure 4.15: Time trace of Ti and Vpk using Bayesian solver for each time point.
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4.5 Summary

A high-β Hall plasma equilibrium has been described on the BRB and PCX with opposite

direction currents for the two experiments. With radially outward current, the electrons carry

most of the current and drag the magnetic field lines inward. In addition, the Hall electric field

deflects electrons into the toroidal direction creating a toroidal current much larger than the injected

current. The resulting magnetic field at the center is much greater than the initial applied field. The

centrally peaked flow is promising for exciting the MRI, but the increased magnetic field on axis is

stabilizing to the MRI. On PCX with radially inward current, the electrons travel radially outward

and are deflected in the toroidal direction to remove flux from the plasma.

The increased magnetic field on the BRB is fascinating because of the similarities it shares with

the homopolar disk dynamo. The initial magnetic field plays the role of a fixed field threading the

conducting disk in the dynamo. The radially injected current will either reinforce the applied field

if the electrons are deflected in the correct toroidal direction. For the case of BRB, the electrons

move radially inward and drift to reinforce the magnetic field. In contrast, on PCX, the electrons

more radially outward and drift in the opposite direction toroidally to expel the applied magnetic

field similar to the homopolar dynamo where the growth rate only occurs if the disk is spinning

in the right direction. The analogy breaks down because the system is driven but is still useful to

think about how the Hall electric field can generate currents that can reinforce or destroy magnetic

field.

In both cases, volumetric flow drive produced flows measured with either with Mach probes or

a Fabry-Pérot spectrometer. The Fabry-Pérot flow and temperature results are an absolute achieve-

ment in precision and time-scale for low-temperature plasmas. For the BRB, volumetric flow drive

is a triumph in creating a high-Alfvén Mach number flow (MA ∼ 0.5) that is centrally peaked with

lots of flow shear. On PCX, the flow is small but does increase with the strength of the applied

magnetic field. In both cases, the ions are flowing where the magnetic field is large enough to par-

tially magnetize them resulting in a local torque. The momentum diffuses away from the driving
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location to the rest of the plasma resulting in qausi-Keplerian flows for the BRB case and solid

body flows for the PCX case.
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Chapter 5

Electromagnetic Gradient Drift Instability

The goal of volumetric flow drive on PCX was to drive fast flowing ions for the purpose of

studying flow-driven plasma instabilities. Experiments on PCX shown in the Chapter 4 show

the development of solid-body rotation at slow speeds for moderate applied magnetic fields. We

chose to keep increasing the applied magnetic field in hopes to achieve a faster flow. For a fixed

cathode voltage and neutral pressure, increasing the magnetic field increased the injected current

substantially and saw some improvement in the max flow speed. However, once the applied field

passed some threshold, large coherent fluctuations appeared on every measureable quantity except

for the applied voltage as shown in Fig. 5.1.
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Figure 5.1: Fluctuations on PCX. (a) Time trace from a typical unstable plasma on PCX. (b)

Zoomed in view of the fluctuations showing large coherent fluctuations on every signal except for

the applied voltage.

5.1 Fluctuation onset on PCX

The stability of the plasma is dependent on the strength of the magnetic field. The stable

plasmas presented in Chapter 4 show almost complete expulsion of the applied magnetic field. For

a fixed neutral pressure and cathode voltage, increasing the applied field leads to an instability.

Figure 5.2 shows almost complete flux expulsion for the stable cases with very little removed flux

as the magnitude of the applied field increases for the unstable cases. The marginal stability case

is when the initial injected current is small with very little flux expelled and the plasma becomes

unstable. As time progresses during the discharge, the injected current increases with more flux

expelled and the plasma becomes stable. The stability threshold is near Bz ∼ 1.5 G for this

particular neutral fill pressure and cathode bias voltage.

The flux expulsion is dependent on the strength of the injected current. The stability threshold

was probed again by keeping the magnetic field fixed at one of two cases (6.75 and 7.3 G). For
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Figure 5.2: (a) Mean Bz at t = 1 s vs B0 for a fixed neutral pressure (nn = 2.5 × 1017 m−3) and

cathode bias voltage (300 V). Deviation from unity line (black dashed) shows flux expulsion from

the core of the plasma. (b) Mean injected current I vs meanBz for a two different applied magnetic

fields (6.75 and 7.3 G) with fixed neutral pressure (nn = 2.5×1017 m−3). Injected current is varied

by varying the applied cathode voltage.

each case, the neutral pressure was held constant and the cathode bias was varied to control the

injected current. The results of the scan are presented in Fig. 5.2. For large injected currents, most

of the flux is removed and the plasma is stable. For low cathode voltages, little flux is expelled

from the plasma and is unstable. The stability threshold is again around ∼ 1.5 G again for plasma

parameters similar to the previous scan. The dependency on the magnetic field strength in the

plasma is probably related to the plasma β and is discussed in more detail in Section 5.4.

5.2 Mode structure

The fluctuations measured on PCX have a frequency of 2− 3 kHz, which lies between the ion

cyclotron frequency, Ωci, and the electron cyclotron frequency, Ωce. Figure 5.1 shows fluctuations

on Bz, Icathode, Te, and ne. The magnetic fluctuations are predominately in Bz with fluctuations

in r and φ being too small to measure (< 0.1 G). The magnetic flux decreases drastically from
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the initial applied field exactly like the stable plasmas in Chapter 4, but is not quiescent. The

temperature measurements from the triple probe are suspect because the electrons are probably

non-Maxwellian. The voltage measurement on the cathode shows no fluctuations meaning that the

fluctuations are from the plasma and not the power supply. Not shown is the density measurement

from the second electrostatic probe that is out of phase with the shown time trace indicating non-

axisymmetric fluctuations (m 6= 0).

Figure 5.3: Profiles of ne, Te, Bz, and the vacuum B0. Error bars indicate the median of the

fluctuations with the upper and lower limits indicating the extrema of the fluctuations.

The power spectral density for Bz, Isat, and Te is presented in Fig. 5.4. Every fluctuating signal

has matching peaks in the power spectral density. There is a dominant peak in the 2− 3 kHz range

with a few additional harmonics. The strength of the harmonics depends on the magnetic field in

the plasma. For large initial magnetic fields, the harmonics are greatly reduced and the fluctuations

are much closer to being a pure single mode.
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Figure 5.4: Power spectral density for Bz, Isat, and Te signals in fluctuating plasmas.

The fluctuations were recorded with a high-speed camera mounted on the mid-plane of PCX

equipped with a fish-eye camera lens. Three image stills from the video recorded at 27 kHz are

shown in Fig. 5.5. The light dominated by neutral emission shows a dense column of plasma rotat-

ing around the central axis of PCX indicating a predominately flute-like m=1 mode. Measurements

of the rotation period match the measured fluctuation frequencies from the magnetic and Langmuir

probes.

The main analysis tool for examining time traces from different sources is the normalized

cross-correlation. The cross-correlation gives a measure of how similar two time traces are. The

discrete form for the normalized cross-correlation for two signals, f and g of length N with lag j

is

(f ? g)(j) =
1

N

∑N
j=1(f [i+ j]− f̄)(g[i]− ḡ)√

Var(f)Var(g)
(5.1)

where f̄ is the mean of f , and Var(f) is the variance of f. The normalized auto-correlation (f = g)

gives a measure of the coherence time of a fluctuation.
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Figure 5.5: Three image stills from phantom camera recorded at 27 kHz with 36 µs exposure.

Mach-Langmuir probe is visible on the left side. Column of plasma rotates about the central axis

of PCX.

Figure 5.6 presents the cross-correlation between Bz and the Isat measurements as well as the

auto-correlation of Bz for approximately 3 periods. The auto-correlation of Bz shows a coherence

time much longer than a single period and actually extends to the end of the plasma duration

indicating a very long lived coherent state rotating around the central axis of PCX. Accounting for

the toroidal position of each probe, the cross-correlations show that Bz is mostly out of phase with

Isat within probe location error. With β > 1, it is expected that large density fluctuations would

expel the magnetic field with local diamagnetic currents.

Ion saturation current fluctuations are measured by two electrostatic probes separated by 45◦

toroidally and 18.5 cm vertically. For a positive applied magnetic field, the mode rotates in the

anti-clockwise direction when viewed from above. In Fig. 5.6, Bz and probe 1 are time shifted
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Figure 5.6: (a) Auto-correlation ofBz and cross-correlations forBz with Isat from two electrostatic

probes. (b) Time traces of Bz and Isat with toroidal shift correction. Bz is almost completely out

of phase with density fluctuations. Isat from the two probes show good agreement with each other.

to probe 2’s location using ∆t = ∆φ/(2πf) where ∆φ is the toroidal separation in radians. The

probes match reasonably well and show good agreement with a m=1 flute mode with kz ∼ 0

when the toroidal shift is accounted for. With the toroidal separation accounted for, the magnetic

fluctuations are almost out of phase with the density fluctuations. Errors with radial probe locations

are not accounted for here.

Figure 5.7 presents a 2D reconstruction of the mode structure. The Langmuir probe was

scanned radially across the plasma volume with the hall array fixed. Each time trace was filtered at

the mode frequency determined by the fast Fourier transform of Bz and synced by maximizing the

cross-correlation in δBz. The mode structure is recovered by mapping time to the toroidal direction

(2πft→ φ). The full signal is used for the mapping, but it is worth noting that the dominant mode

is chosen to be m=1 with the toroidal mapping. The mode shown in Fig. 5.7 includes the toroidal

shift between the Hall probe array and Probe 2. The peak density of the mode has a much steeper

gradient compared to the stable equilibrium and is out of phase with the magnetic field where most

of the magnetic flux expelled.
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Figure 5.7: (a) 2D structure of the ion saturation current, Isat. Blob of increased density at −45◦

rotates around the central axis counter-clockwise. (b) 2D structure of the magnetic fluctuation,

δBz. At the location of the blob, the magnetic field decreases significantly. The perturbation

rotates with the density blob.

5.3 Ion heating and flow

The Fabry-Pérot spectrometer was used to measure the ion temperature and velocity profiles

for the unstable plasmas. The Bayesian model is exactly the same as used in Chapter 4 except that

no offset velocity was included. This model is a first attempt to model the dynamics in the plasma

and does not account for the fluctuations in n or V .

Figure 5.8 shows the profiles from the Bayesian solver. The confidence interval for Vφ is con-

strained to be zero at the origin in the model. The most surprising element is the large temperature

increase from the core to the edge of the plasma and is discussed in more detail later. The ions are

unmagnetized and radial transport should be extremely fast to squash any temperature gradients.

The marginal posterior is shown in Fig. 5.9. The joint marginal posterior of Ti shows clear sepa-

ration between the inner Ti and the outer Ti pointing to a broadening mechanism that is radially

dependent.
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Figure 5.8: Bayesian posterior solution for Ti and Vφ profiles. Model includes a linear Ti and Vφ

profile with V = 0 forced at the origin. No oscillating quantities from the instability have been

included.

Figure 5.9: Marginal posterior for Ti,center, Ti,edge, and Vpk.

The 6 individual fits from the solver are presented in Fig. 5.10. The chords show great agree-

ment with the model for radii inside of 15 cm. For chords outside of 15 cm, the left side of the fit

which corresponds to higher velocities moving away from the spectrometer deviates from the data.

The zero velocity location in pixel space is marked with a red dashed line and the mode rotation
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velocity is marked with a black dashed line. The deviation of the fit from the data is exactly in the

region of the mode rotation velocity suggesting heating via Landau damping. Ions with velocities

near the phase velocity of the wave are able to gain energy from the saturated instability. The

energy deposited in the tail of the ion distribution function redistributes over time resulting in ion

heating and higher ion temperatures overall. The Landau damping is easier to detect at large radii

where the rotation velocity of the mode is largest.

Figure 5.10: Fabry-Pérot measurements and fits for the 6 chords of the unstable plasma. The zero

velocity (red dashed) position and the mode rotation velocity (black dashed) are marked in pixel

space. The naive model with solid-body rotation agrees well with measurement with the high

velocity tail deviating from the fit as the chords move out in radius.

The amazing precision of the Fabry-Pérot spectrometer allows us to question the validity of a

∼ 0.5 eV difference in temperature over the radial profile. The Bayesian model is too simplistic

to explain the broadening measured by the spectrometer. The next step is to add in the fluctuating

velocity the ions experience from the wave. The ion quiver velocity can be estimated from the
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density fluctuations and is given by

Ṽ = k̂

(
ω − k ·Vi0

k

)
ñ

n0

. (5.2)

See Appendex B and the next section for more details about the linear mode analysis. A chord

at r = 30 cm treated as a local measurement was modeled using a flowing thermally broadened

Gaussian with a quiver velocity estimated from the density fluctuations and Eq. 5.2 time averaged

over one period. The time averaging was done via numerical integration. Results from the fitting

are presented in Fig. 5.11. Twice the quiver velocity and thermal velocity are shown with arrows.

The ion temperature decreased by ∼ 0.4 eV consistent with the profile measurement discrepancy

between the edge and the core. The quiver velocity should decrease as the radius approaches the

central axis because the mode is rotating at a fixed angular velocity.

10 5 0 5 10
V (km/s)

2|V|

2Vthi

/k
Data
Model+Instr. Fn.

Figure 5.11: Spectrum from the Fabry-Pérot spectrometer. The model is a thermally broadened

Gaussian with a fluctuating |Ṽ | velocity estimated from probe data. The right tail deviates from

the model where Landau damping heats the tail of the ion distribution function.

Full modeling of the chord requires a proper WKB analysis for the fluctuations in the radial

direction where the radial derivatives are not approximated as local oscillating quantities ( ∂
∂r
→
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ikr). Solving for the fluctuations in the radial direction becomes a boundary valued problem that

can be solved numerically using eigenfunctions and eigenvalues [69]. Once the full problem is

solved, the fluctuating density and velocity with phase information can be used to model the time-

average of a Fabry-Perot chord measurement. This calculation is not the subject of this thesis, but

could be done in future work.

Figure 5.12: Ti vs Bz mean. Blue shows the original Ti analysis without Ṽ . Orange is with the Ṽ

correction. The decrease is ∼ 0.4 eV for the all measurements. After the correction, the ions still

show heating via Landau damping from the saturated instability.

With the injected current varied for multiple applied magnetic fields, the Fabry-Pérot spec-

trometer measured the ion light at a tangency radius of 30 cm. The original analysis along with

the quiver velocity correction are shown in Fig. 5.12 as a function of the mean magnetic field early

in the discharge. In both cases, the spectrum broadening varies linearly with the mean magnetic

field. The difference between the two temperatures is approximately 0.4 eV consistent with the

analysis shown in Fig. 5.11. The amount of ion heating observed relative to the magnetic field is

not understood at this time.
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Figure 5.13: Mode frequency and peak ion velocity, Vi0, vs mean Bz. Each data point represents a

single shot with an injected current and applied magnetic field.

With the same scan, the mode frequency and plasma peak velocity, Vi0, show a similar linear

pattern with the mean magnetic field as shown in Fig. 5.13. The frequency has a general linear

trend but with a lot of variance, especially at lower magnetic fields. The peak ion flow is mostly

linear with the magnetic field, but the flow is not detectable below∼ 3 G. The discussion regarding

the variance of the mode frequency and the relationship to the peak ion velocity is presented later.

The mechanism for energy exchange between the ions and the wave is still undertermined,

there is enough energy in the wave to explain the observed ion temperature increase in the case of

instability if a collisionless mechanism like Landau damping were involved. Using an ion acoustic

wave as a proxy, we can estimate the energy damping rate of the wave to estimate the amount of

power absorbed by the ions. The imaginary part of the frequency for an ion acoustic wave can be

used to estimate the power deposited into the ions from the wave. The imaginary part is given by

ωi = − |ωr|
(1 + k2λ2

De)
3/2

√
π

8

[√
me

mi

+

(
Te
Ti

)3/2

exp

(
− Te/(2Ti)

1 + k2λ2
De

− 3

2

)]
(5.3)
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where ωr is the real part of the frequency and λDe is the electron Debye length [70]. The difference

in energy for the ions in PCX from the stable case (0.4 eV) to the unstable case (1.4 eV) at the

same density of 2 × 1017 m−3 is ∼ 0.1 J. The estimated total power deposited into the ions is

∼ 25 W assuming a 1 G magnetic fluctuation. Depositing 0.1 J with a power input of 25 W results

in a heating time of ∼ 4 ms which is comparable to the ion confinement time. Based on these

calculations, the energy lost by the wave via Landau damping is sufficient to explain the heating

measured in the ions.

5.4 The Electromagnetic Gradient Drift Instability

The fluctuations seen on PCX are from the saturated state of the electromagnetic gradient drift

instability, a high-β cousin of the gradient drift instability [17]. In addition to having the electron

drifts becoming unstable with the ions with free energy in the density and magnetic field gradients,

the magnetic field can fluctuate as well through Ampère’s law. The derivation follows Section II

of Frias et al. The full derivation can be found in Appendix B.

The derivation assumes that all quantities have a non-oscillating component denoted by “0”

and an oscillating component with zero mean denoted with a “∼”. We assume a Fourier solution,

exp (−iωt+ ik⊥ · r), with k⊥ ⊥B0ẑ in the Boussinesque approximation, kxLx � 1, where x is

any of the coordinate directions. With our assumed solution, the linearized continuity equation

combined with the linearized ion momentum equation gives

ñ

n0

=
k2
⊥

(ω − k⊥ ·Vi0)2 − k⊥V 2
thi

eΦ̃

mi

(5.4)

for the relationship between the density (ñ) and electrostatic fluctuations (Φ̃) where Vi0 is the

equilibrium ion flow velocity and Vthi is the ion thermal velocity. Equation 5.4 is only valid when

ω − k⊥ ·Vi0 � k⊥Vthi, otherwise kinetic effects need to be accounted for. With Te still 2 − 3x

larger than Ti, the wave is expected to be damped on the ions but the real frequency should remain

close to the fluid theory.

The fluctuating magnetic field is derived from the linearization of Ampère’s law assuming that

the radial current is dominated by the electron current, Jr ≈ −neV e
r . The radial component of the
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fluctuating drifts for the electrons is shown in Eqn. B.7. The relationship for B̃ is given by

B̃

B0

=
β

2

(
eΦ̃

Te
− ñ

n0

)
(5.5)

where β is the electron β and Te is the electron temperature.

The electron continuity equation is more complicated than the ions because the compressibility

of the electron flow must be accounted for. The combined continuity and momentum equations are

shown in Eqn. B.6. After linearization and assuming a Fourier solution, the relationship between

the fluctuating density and electrostatic potential is given by

ñ

n0

=
(1− β)v∗ − vD − βvE

(ω/kφ)− (1 + β)vE − vD − βv∗
eΦ̃

Te
(5.6)

where v∗ = −Teκn/(eB0) is the electron diamagnetic drift, vD = −2TeκB/(eB0) is the magnetic

drift, vE = −E0/B0 is the E × B drift, and κn = ∂ lnn/∂r and κB = ∂ lnB/∂r are the inverse

gradient length scales for n and B respectively.

Combining Eqns 5.4 and 5.6 via quasi-neutrality gives the dispersion relation:

ω = k⊥ ·Vi0 +
1

2

k2
⊥
kφ

C2
s

A

(
1±

√
1− 4

k2
φ

k2

A
C2
s

(B − Vi0)

)
(5.7)

where A and B are given by

A = (1− β)v∗ − vD − βvE (5.8)

B = (1 + β)vE + vD + βv∗ . (5.9)

The plasma is unstable to the electromagnetic drift instability when

A (B − V0) >
1

4

k2
⊥
k2
φ

C2
s . (5.10)

For PCX, the electron drift velocities are on the order of 10 km/s with the E ×B drift being lower

because the electric field is small. A and B are large in comparison to the sound speed and peak

ion velocity but are required to have the same sign for the plasma to be unstable.

The frequency as a function of the main parameters, κn, κB, β, and B0 is shown in Fig. 5.14.

PCX with κn < 0 and κB > 0 is always stable to the GDI for weak electric fields. Only with finite
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β is PCX unstable. As β increases, the region of instability in κn and κB space rotates clockwise

approaching the vertical axis. The angle between the marginal stability boundary also shrinks as

β increases. As a result, the mode is stabilized at high-β. A frequency of ±2.5 Hz (+ denotes

rotation vector parallel to ẑ) has been marked on the 4 panels to show where the frequency range

of PCX is located in the 4D phase space. For PCX, unstable plasmas have β in the range of 1− 4,

while stable plasmas have β > 5.

Figure 5.14: Frequency vs κN and κB at fixed β and Bz. PCX with κN < 0 and κB > 0 is stable

at β = 0. Mode disappears at high-β.

5.5 Comparison of theory and experiment

The dispersion relation for the electromagnetic gradient drift instability predicts that the fre-

quency is linear in k ·Vi0. Figure 5.15 shows the relationship between the measured frequency

and measured peak ion velocity. A straight line with slope k ·Vi0 with an intercept of 2.3 kHz is
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compared to the experimental data. Most of the variance in the frequency shown in Fig. 5.13 is

explained by the ion flow velocity. The remaining variance is due to hard-to-measure quantities in-

cluding κn and κB. The frequency of the mode diverges at one of the marginal stability boundaries

making exact predictions of the frequency difficult.

Figure 5.15: Frequency vs peak ion velocity. Most of the variance in the frequency is explained

by the k ·Vi0 Doppler shift in the dispersion relation. The remaining variance is from hard to

measure quantities such as κB and κn.

The growth rate squared as a function of β is shown in Fig. 5.16. Only for a small range of

β is the mode unstable (γ2 > 0). The growth rate also diverges at the high-β limit for marginal

stability. This behavior matches well with experiment. For large injected currents, Bz drops to a

low value of ≤ 1.5 G at higher densities with β � 1. As a result, the plasma remains stable to the

electromagnetic gradient drift instability. When the injected current is low, the plasma density is

much lower with β ∼ 2− 4. In this range, PCX is unstable and immediately shows fluctuations in

the saturated state.
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Figure 5.16: Growth rate squared, γ2, vs β. Unstable if Re(γ) > 0

5.6 Summary

We have observed a unique instability in high-β, collisionless Hall plasmas transfer energy

and momentum from the electrons to the ions. The instability may have some connections to

instabilities observed in Hall thrusters [17, 14, 71, 72, 73], Penning traps [16, 74, 75] and the iono-

sphere [76, 77, 78, 79, 80]. The theorized gradient drift instability in these plasmas has strong elec-

tron drifts in crossed electric and magnetic fields but is electrostatic and low-β with no magnetic

field fluctuations. Previous experiments [13, 81] have shown large electromagnetic fluctuations at

higher frequencies attributed to a lower-hybrid drift instability, but were unable to detect any ion

heating with a directional ion velocity analyzer.

In conclusion, recent experiments on PCX have shown the excitation of the electromagnetic

gradient drift instability with large amplitude magnetic and density fluctuations. Additionally,

the ions are shown to be flowing in the toroidal direction and heated by the saturated instability

via Landau damping. Finally, a simple two-fluid theory has been developed to explain the local

dispersion relation for the electromagnetic gradient drift instability.

For flow-driven plasma instabilities, the electromagnetic gradient drift instability is problem-

atic. The ion heating leads to a large increase in the unmagnetized ion viscosity due to the T 5/2
i

dependence. The density is roughly 2×1017 m−3 for most of the unstable plasmas discussed. With
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that density and an ion temperature of 0.4 eV, the viscosity is estimated to be∼ 15 m2/s. If the ions

have a temperature of ∼ 1.4 eV as seen in the unstable plasmas, the viscosity drastically increases

to ∼ 350 m2/s. The flow shear necessary for these instabilities is unable to develop due to the high

viscosity. As a result, the fluid Reynolds number is kept quite low.

The electromagnetic gradient drift instability presents an interesting regime for future studies.

The instability was not observed on the BRB with the opposite current direction to PCX. On PCX,

the conditions are κB > 0 and κn < 0 which is only unstable with finite-β effects. With BRB, the

gradient length scales are flipped, but β is still relatively large indicating that the BRB should be

stable. Plans for a future experiment with the matching current direction on the BRB could allow

the opportunity to study the instability at higher drive currents and magnetic fields leading to the

excitation of multiple modes as a path to plasma turbulence.
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Chapter 6

Conclusion

At the start of my graduate work, the lab that houses the BRB was a converted classroom

where the floor had been removed to create a two story lab space. The vacuum vessel arrived

soon after with a ton of work that goes into starting a new lab. The first thing I did in the lab was

attach myself to the vessel with a fall harness so hose barbs could be braised with a torch onto the

aluminum pipes that would provide water cooling to the vessel wall. Since then, the lab has grown

from having first plasmas in September, 2011 to becoming a national user facility.

6.1 Summary of Results

This thesis was originally motivated by the pursuit of understanding flow driven instabilities

such as the dynamo and the magnetorotational instability in laboratory plasmas, but the realization

of the importance of Hall physics shifted the focus. However, studying flowing plasmas even in the

Hall regime still required a better understanding of the ion dynamics with an upgrade to the Fabry-

Pérot spectrometer for high resolution ion temperature and velocity measurements. Hall physics is

known to affect the underlying process of the dynamo and MRI, but the plasma equilibrium in the

lab was never really considered when the first volumetric flow drive experiments were proposed.

In this thesis, it is shown that the Hall effect in these low collisionality, high-β plasmas is crucial

to understand if the dynamo and MRI are going to be observed in a laboratory plasma.

Following the motivation outlined in Chapter 1, the Big Red Ball and the Plasma Couette

experiment along with the hardware, diagnostics, and data acquisition are presented in Chapter 2.

Chapter 3 goes into great detail on the design, upgrades, and Bayesian analysis for the Fabry-Pérot
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spectrometer for high-resolution, high-throughput ion and velocity measurements. Chapters 4 and

5 describe the rich physics of high-β Hall plasmas.

In Chapter 3, the journey of upgrading the Fabry-Pérot spectrometer to measure both ion tem-

peratures and flow with high precision with integration times on the order of ∼ 100 ms is detailed.

The optics were changed to a rail mount system to increase the portability of the diagnostic and

to simplify the optical alignment. A Bayesian analysis was developed to address the multi-modal

issues in fixed wavelength calibration inherent to Fabry-Pérot spectrometers. The absolute wave-

length calibration used for velocity measurements was solved by temperature stabilization and

automatic calibration immediately after plasma discharges. With the improvements, the spectrom-

eter is capable of measuring ion temperatures and velocities with resolutions better than 0.1 eV

and 50 m/s respectively.

In Chapter 4, the effects of Hall physics on the plasma equilibrium for volumetric flow drive

are described. Volumetric flow drive on the BRB successfully drives a centrally peaked ion flow.

Surprisingly, a large amplification of the small applied uniform magnetic field is observed. The

large increase of the magnetic field is a direct manifestation of the Hall effect. The radially out-

ward current is mostly comprised of electrons traveling radially inward that are deflected into the

toroidal direction causing an azimuthal current reinforcing the applied magnetic field. Switching

the current direction results in an extreme form of diamagnetism where the electrons are deflected

into the azimuthal direction to counteract the applied magnetic field. The equilibrium with an

axial magnetic field and azimuthal current requires a density gradient that is hollow with radially

outward current and a centrally peaked density profile for current directed radially inward. With

radially directed inward current on PCX, solid body rotation with a peak of ∼ 190 m/s is observed

with the Fabry-Pérot spectrometer. In both cases, the flow is largest when the magnetic field is

capable of partially magnetizing the ions resulting in the ions to feel a portion of the E×B torque.

As a result of the magnetic field being pushed around, the ions only feel a local torque and the

momentum diffuses to the rest of the plasma via viscosity. With radial cross field currents, the

generated Hall currents modify the equilibrium by either reinforcing or negating the applied field
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based on the injected current direction resulting in a centrally peaked or solid body flowing plasma

with large density gradients.

In Chapter 5, a unique instability is observed on PCX when the applied magnetic field is too

large and the diamagnetism is unable to expel most of the flux in the plasma core. The observed

instability is the electromagnetic gradient drift instability, a high-β cousin to the gradient drift

instability. The mode is a non-axisymmetric flute mode and assumed to have a m = 1 toroidal

mode number based on high-speed video and probe data. The mode saturates during the plasma

start up and rotates until the power supply turns off. Correlations between all the probes last

throughout the duration of the plasma. The instability would not occur on PCX without finite-β,

but is stabilized by large β. Measurements from the Fabry-Pérot show that the ions are much hotter

compared to stable VFD plasmas. The heating is from the saturated instability via Landau damping

observed with an elongated tail in the ion distribution function near the phase velocity of the wave.

The Hall effect combined with the most of the pressure coming from the electron fluid leads to an

efficient mechanism where the saturated instability is able to remove energy and momentum from

the electrons and deposit it into the ion fluid resulting in heating and faster flows.

The ramifications of the Hall effect in volumetric flow drive plasmas are less than ideal. For

the case on BRB with radially outward current, the flow profile is centrally peaked, perfect for

studying the excitation of the MRI. However, the hollowed out density profile coupled with the

large increase of the magnetic field on axis suppresses the instability. The plasma beta is now

below one and the magnetic tension is much stronger leading to stabilization against the MRI.

On PCX, the electromagnetic gradient drift instability is exciting new physics to study with the

possibility of exciting multiple modes that could be a path to plasma turbulence, but the increased

ion temperature increases the viscosity dramatically limiting the amount of flow shear that can

develop.

Perhaps changing gas species on the BRB could be beneficial for excitation of the MRI with

volumetric flow drive. If the performance of the plasmas can be increased with more cathode power

and better coupling of ECH power into the plasma, an increase in the density and the reduced mass
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of the helium compared to argon could lower the ion inertial length down to the 20− 40 cm range

where Hall effects might play a smaller role in the equilibrium.

6.2 Future Work

The equilibrium work for the volumetric flow drive experiments is incomplete at the moment.

The reversed wwwower, we hope to carry out the experiments in both argon and helium achieving

higher flow speeds.

As noted in Chapter 5, the original current configuration for VFD on BRB should be stable to

the gradient drift instability and was not observed experimentally, but with the current direction

flipped, the plasma should be unstable. With the next experiment with the cathodes at the poles,

the equilibrium and stability observed on PCX can be probed more on the BRB with the additional

power and plasma performance. If the edge peaked profile observed is not unique to PCX, the

new configuration might be useful for spinning up co-rotating hemispheres to model differential

flow similar to the solar convective zone. Additionally, the larger current drive and magnetic fields

could lead to the excitation of multiple modes serving as a path to plasma turbulence.

The upgraded Fabry-Pérot spectrometer up to this point has only operated on PCX with argon

plasmas. The diagnostic is capable of measuring helium ion emission, but helium plasmas on PCX

are low-performance with too little ion emission. Moving the spectrometer to the BRB for the next

set of VFD experiments will allow for the first measurement of ion temperature and flow in helium

plasmas. Additionally, one of the original motivations for the Fabry-Pérot was the verification of

Braginskii’s unmagnetized viscosity. With faster flows on the BRB from VFD or edge-stirring, the

Fabry-Pérot can be used to measure the flow shear and momentum penetration treating the plasma

as a viscometer.

High-β, Hall plasmas offer a rich new avenue of plasma physics and flow-driven instabilities to

be explored. These proposed ideas are just a few directions to continue this research. I look forward

to seeing the new research into high-β Hall plasmas and especially the continued operation of the

Fabry-Pérot spectrometer.
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Appendix A:
Bayesian Probability for Fabry-Pérot Spectroscopy

The Fabry-Pérot analysis utilizes Bayesian statistics to calculate a probability function for the

parameters of interest given the data. At the heart of the analysis is Bayes’ theorem:

P (A|D) =
P (D|A)P (A)

P (D)
(A.1)

where A is the parameter of interest, D represents the data, and parameters to the right of | in a

probability are held constant. P (A|D) is the probability of the parameter A given the data, D,

which is different from P (A,D), the probability of A and D. The probability of two events, such

as A and D, is given by

P (A,D) = P (D|A)P (A) . (A.2)

Marginalization allows us to eliminate the dependency of an event and account for its effect.

Marginalization for a continuous probability distribution function is given by

P (A) =

∫
P (A,D)dD (A.3)

where the entire space of D has been integrated over. These equations cover most of the Bayesian

probability needed to understand the Fabry-Pérot analysis outlined below and presented in great

detail in Chapter 3.

The goal is to calculate the marginalized posterior probability for plasma measurements such

as Ti and V given the data from a plasma. Ignoring effects such as the data is line integrated, the

marginalized posterior is given by

P (Ti, V |{P}, {C}) =

∫
P (Ti, V, {Cal}|{P}, {C})d{Cal} (A.4)
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where {P} is the set of data points in a plasma image, {C} is the set of data point in a calibra-

tion image, and {Cal} is the set of calibration parameters, and nuisance parameters such as the

amplitude have been left off for brevity. The integrand in Eq. A.4 can be expanded as

P (Ti, V, {Cal}|{P}, {C}) = P (Ti, V |{P}, {Cal})P ({Cal}|{C}) (A.5)

where the conditionals have been simplified if the variables are independent. The second term in

Eq. A.5 is the posterior probability for the calibration. Eq. A.5 can be interpreted as calculating

the posterior for Ti and V while sampling from the calibration’s posterior probability. As a result,

the calibration analysis can be done separately and then sampled from for the plasma analysis.

The first step in calculating the marginalized posterior for plasma parameters is to calculate the

marginalized posterior for the set of calibration parameters such as the étalon spacing, d, and the

camera focal length, f2. Applying Bayes’ rule, we can expressed the marginalized posterior as

P ({Cal}|{C}) =
P ({C}|{Cal})P ({Cal})

P ({C})
(A.6)

where P ({C}|{Cal}) is the likelihood probability, P ({Cal}) is the prior probability, and P ({C})

is the evidence. The prior can be as informative as we choose. We choose to have a mostly non-

informative prior.

Each measurement is assumed to be independent from each other (i.e. pixels don’t have infor-

mation about adjacent pixels). The likelihood probability distribution is given by

P ({C}|{Cal}) =
∏
i

P (Ci|{Cal}) (A.7)

where P (Ci|{Cal} is the likelihood for an individual measurement Ci. The individual likelihood

is described by a Normal distribution, N (µi, σ
2
i ), where µi is our model for the intensity for mea-

surement i and σ2
i is the variance estimated from the data in an annular sum.

The first term in Eq. A.5 can be rewritten with Bayes’ rule as

P (Ti, V |{P}, {Cal}) =
P ({P}|Ti, V, {Cal})P (Ti, V )

P ({P}|{Cal})
(A.8)

where P ({P}|Ti, V, {Cal}) is the likelihood for a plasma chord measurement, P (Ti, V ) is the

prior, and p({P}|{Cal}) is the evidence. The likelihood is the same form as the likelihood used
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for the calibration posterior. With these equations, it is now possible to calculate the marginal

posterior distribution for Ti and V .
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Appendix B:
High Beta Gradient Drift Instability Derivation

Fluctuations from the electromagnetic gradient drift instability have been observed on the

Plasma Couette Experiment. Measurements from the experiment indicate the stability is related to

the plasma β. We believe this instability is related to the gradient drift instability [17], an electro-

static instability with ∇Bz and ∇n with wavevector perpendicular to ẑ. In addition to density and

electrostatic fluctuations, large Bz fluctuations are observed and require additional physics to the

gradient drift instability to explain the behavior.

The analysis outline in section II of Frias et al. is extended for magnetic fluctuations in Bz only

with k perpendicular to the applied magnetic field (z). The ions are unmagnetized and only follow

a ballistic response. The ion continuity equation and momentum equation are

∂n

∂t
+∇ · (nVi) = 0 (B.1)

nmi

(
∂Vi

∂t
+ (Vi · ∇)Vi

)
= neE− Ti∇n (B.2)

where the Lorentz force has been neglected because the ions are unmagnetized and the ion tempera-

ture is treated as a constant. We assume a Fourier solution∼ ei(−ωt+k·r) for the linear perturbations

and assume a Boussinesque approximation (kxLx � 1). With the assumed form, ion continuity

and momentum balance become

−iωñ+ ik ·Vi0ñ+ in0k · Ṽi = 0 (B.3)

−iωṼi + i (k ·Vi0) Ṽi = −ikeΦ̃
mi

− V 2
thik

ñ

n0

. (B.4)
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Combining everything yields a relationship between the density and electrostatic fluctuations given

by
ñ

n0

=
k2
⊥

(ω − k ·Vi0)2 − k⊥V 2
thi

eΦ̃

mi

. (B.5)

For fluid theory to be valid, ω − k ·Vi0 � k⊥Vthi and can be neglected in the analysis. This

assumption is discussed in more detail in Chapter 5.

The electrons are magnetized and have equilibrium E×B drifts and diamagnetic drift veloci-

ties that are compressible and is accounted for in the continuity equation giving

∂n

∂t
+ vE · ∇n− 2n(vE + vpe) · ∇ lnB = 0 (B.6)

where vE is the E×B drift and vpe is the electron diamagnetic drift. Assuming a Fourier form

again, careful linearization of the the drift velocities with the inclusion of magnetic fluctuations

gives

ṽe = −ikφ
Φ̃

B0

r̂ +

(
ikr

Φ̃

B0

− u0
B̃

B0

)
φ̂ (B.7)

ṽpe = ikφ
Te
eB0

ñ

n0

r̂ −

[(
ikr

Te
eB0

+ v∗

)
ñ

n0

+ v∗
B̃

B0

]
φ̂ (B.8)

where u0 = −Er0/B0 φ̂ is the equilibrium E×B drift velocity and v∗ = −Teκn/(eB0) φ̂ is the

equilibrium diamagnetic drift.

The magnetic fluctuations can be related to the density and electric field perturbations through

Ampère’s Law. Assuming the toroidal current is only from the electron drift velocities and ne-

glecting the displacement current, the toroidal component of Ampère’s law is

(∇×B)r = µ0Jr = −µ0neVe · r̂ (B.9)

ikφB̃ = −µ0neṼe,r (B.10)

where Ve is the total electron drift velocity. Linearing Eq. B.9 and inserting Eqn B.7 gives

B̃

B0

=
β

2

(
eΦ̃

Te
− ñ

n0

)
(B.11)
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where β = 2µ0n0Te/B
2
0 is the electron plasma pressure to magnetic pressure ratio.

Linearizing Eq. B.6 and assuming a Fourier solution gives

− iωñ+ u0
∂n0

∂r
+ iu0kφñ− 2n0κB(ṼE + Ṽpe) · r̂− 2n0(u0 + v∗)ikφ

B̃

B0

= 0 (B.12)

and combining Eqns. B.7-B.11 results in

ñ

n0

=
(1− β)v∗ − vD − βvE

(ω/kφ)− (1 + β)vE − vD − βv∗
eΦ̃

Te
(B.13)

where vD = −2TeκB/(eB0) is the electron magnetic drift velocity and κB = ∂ lnB/∂r is the

inverse gradient length scale for the magnetic field. Setting β = 0 recovers the result from Frias et

al. Eq. 16 [17].

Invoking quasi-neutrality to combine Eqns. B.5 and B.13 gives the dispersion relation

ω = k⊥ ·Vi0 +
1

2

k2
⊥
kφ

C2
s

A

(
1±

√
1− 4

k2
φ

k2

A
C2
s

(B − V0)

)
(B.14)

where A and B are given by

A = (1− β)v∗ − vD − βvE (B.15)

B = (1 + β)vE + vD + βv∗ . (B.16)

For β = 0, the unstable criterion from Frias et al. is recovered. The condition for instability is

A (B − V0) >
1

4

k2

k2
φ

C2
s . (B.17)

Assuming V0 is small and inserting Eqns B.15 and B.16 gives[
(1− β)κn − 2κB − β

eE0

Te

] [
(1 + β)

eE0

Te
+ 2κB − βκn

]
>

1

4

k2

k2
φ

1

ρ2
s

(B.18)

where ρs = Cs/Ωci is the ion Larmor sound radius.
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Appendix C:
Electron Cyclotron Heating System

The electron cyclotron heating (ECH) system was built to produce and heat plasmas on the

BRB. For the purposes of studying flow driven instabilities, it is important to decouple the plasma

production from the stirring drive. ECH also directly heats the electrons, important for increasing

the magnetic Reynold’s number, Rm = LV/η ∝ T
3/2
e . With Rm � 1, the plasma is able to advect

field lines with the plasma flow, an important criterion for instabilities such as the dynamo.

C.1 Building a Magnetron Power Supply

The original goal for the ECH system was to build a power supply for 5 20 kW steady-state

2.45 GHz magnetrons. A steady-state magnetron requires a few key components for operation: a

high voltage power supply, an DC magnetic field, and a heater circuit for the cathode filament.

C.1.1 High Voltage Power Supply

The high voltage power supply had a few design goals: a regulated output voltage than can vary

from 5 kV to 15 kV with less than 5% ripple, a 1 ms turn on/off time, and 10 A of output current

to power all five magnetrons. We decided to build our power supply based on a simple linear

regulator with a 4CX35000C power tetrode to regulate the output voltage. The tetrode is capable

of dropping all of the input voltage at zero current. As a result, it can be used as a modulator and a

regulator and will be referred to as the Mod/Reg.

The high voltage power supply system consists of a few stages: a 3 phase step up transformer,

a 3-phase rectifier, a filter capacitor, a 360 Hz notch filter, and the modulator/regulator (Mod/Reg)

brought over from MIT by Jan Egedal. These components can be seen in Fig. C.1. The transformer
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steps up from 240 VAC to 14.5 kVAC. The output of the transformer is then passed through a 3-

phase rectifier. The output of the rectifier is filtered by a 16 µF capacitor and a 360 Hz notch filter

consisting of an inductor and capacitor in series. The voltage after the filters is much higher than

14.5 kV because of the leakage inductance of the step up transformer. Under no load, the output

voltage is around 20.5 kV which corresponds to the peak voltage of 14.5 kVAC. Under loads of

about 10 A, the voltage never droops below 19 kV. The magnetrons operate in the range of 13.5 to

14.5 kV and require a voltage regulator.

Figure C.1: a) Picture of the high voltage rectifier, filter caps, and 60 Hz notch filter. b) Picture

of the inside of the mod/reg power supply. The grid driver circuit raises/lowers the tetrode grid

voltage based on the light level in the fiber optic cable. c) Picture of a Muegge 20 kW 2.45 GHz

magnetron with WR-430 circulator with water dummy load.

The main component of the Mod/Reg is a power tetrode (4CX35000). A tetrode is a vacuum

tube with four electrodes: a thermionic cathode, an anode, a control grid, and a screen grid. The

purpose of the screen grid is to electrostatically shield the anode from the control grid. The grid

voltage ultimately controls the load current through the tube setting the voltage drop from the

cathode to the anode. The feedback control consists of a voltage divider and a comparator to a set

point. The difference or set point error is transmitted over a fiber using an infrared diode. The grid
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driver adjusts the grid voltage up and down based on the increased or decreased error signal. A

simplified schematic of the high voltage power supply is shown in Fig. C.2.

Grid
Driver Fiber

Error
Amp.

Ref.

4CX35,000C

+750

To Magnetron

14.5 kVAC

Figure C.2: Schematic of the high voltage Modulator/Regulator (mod/reg) power supply. 14.5 kV

is rectified and filtered with 16 (or is it 4, I should check the vault) µF capacitor and a 60 Hz LC

notch filter. The heart of the mod/reg is a 35 kW power tetrode with 750 applied to the screen

grid relative to the cathode. The output voltage is measured with a voltage divider and compared

against a reference voltage. The error is transmitted over a fiber to the grid driver which adjusts

the grid voltage to change the output voltage.

Initial testing of the Mod/Reg was carried out in feed-forward mode where the negative feed-

back is turned off. A current was applied to the infrared diode to set the grid voltage to a steady

state value. The load was a 2 KΩ water load resistor with copper sulphate dissolved in the water.

The results from the test are summarized in Fig. C.3. Four different grid voltages were used in the

test with the most negative resulting in zero output voltage. As the grid voltage is raised, the output

voltage increases in magnitude. As expected, the ripple on the output voltage increases as the load

current increases because the 16 µF capacitor begins to discharge during the cycle. As seen in the

FFT in Fig. C.3, the dominant frequency of 360 Hz has been reduced significantly.

The Mod/Reg was tested with feedback on the same water load resistor to demonstrate voltage

regulation and the ability to modulate on and off. The control voltage was varied to change the
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Figure C.3: The top graph shows the voltage trace of the mod/reg with a 2k resistor load in feed-

forward control as a function of the grid voltage. Under small load currents (Vgrid < −250),

the voltage ripple is small as expected. As a grid voltage is raised and the current through the

load increases, the ripple grows. The bottom graph shows an fast Fourier transform (FFT) of the

Vgrid = −200 V case where the dominant frequency is 120 Hz. For a 3 phase rectifier, 360 Hz is

the dominant mode expected and has been mostly eliminated by the LC notch filter.

output voltage from a few kV up to ∼16 kV. The results from the water load testing can be see in

Fig. C.4. With the resistive load, the Mod/Reg is showing good voltage regulation as well as very

fast turn on.

C.1.2 Electromagnet

The magnetic field is a crucial component to magnetron operation. The electrons move radially

outward from the cathode to the anode. The magnetic field deflects their trajectory into the toroidal

direction. If the right conditions are met, the electrons resonate with the magnetron anode structure

at the RF output frequency.

For a typical microwave oven magnetron, the magnetic field is from permanent magnet. In

contrast, a high-power microwave with variable output power will use an electromagnet to control

the RF output power. When the magnetic field is much larger than the optimal field, the magnetron
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Figure C.4: Testing the mod/reg power supply with a high voltage water load by varying the control

voltage input. It seems that the mod/reg is regulating well and removing the 60 Hz harmonics.

is cutoff and the electrons are unable to travel from the cathode to the anode. When the magnetic

field is too weak, the electrons don’t resonate with the anode cavities and no RF is produced. The

output power can be varied by using a less than optimal magnetic field where the electrons don’t

perfectly resonate with the cavity.

C.1.3 Filament Control

When a magnetron is in operation, a portion of the electrons resonating with the anode cavities

will strike the cathode and generate more heat. At high output powers, this additional heating

can be substantial and must be avoided. To mitigate the issue of electron back bombardment, the

AC voltage applied to the filament is reduced based on the output RF power. Our goal was to

create a system that would automatically reduce the filament heating power as the magnetron Rf

power increased. We decided to use a relatively simple technology not used very often anymore, a

saturable reactor. In simple terms, a saturable reactor is a current controlled variable inductor. If

the control winding has a large DC current, the inductance of the AC winding decreases and more

of the voltage is dropped across the inductor instead of the filament load. In practice, our saturable

reactor was built out of two toroidal cores wired in series, but magnetically anti-parallel. Two
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extra windings were wrapped around both cores and will be the called the two control windings.

The primary windings are for the AC circuit and will function as a variable inductor. DC current

is applied to the control windings to saturate the cores and lower their inductance. The primary

windings are hooked up anti-parallel such that no net electromotive-force (EMF) is produced in

the control windings. The first control winding is used to heat the filament up by slowly ramping

the current up to some value. The second control winding has current running in the opposite

direction to oppose the saturation from the first control winding. This second control winding

will be run in series with the magnetron to automatically decrease the filament heating power. A

simplified schematic of the saturable reactor can be see in Fig. C.5. Primary voltage and current

waveforms for the magnetron filament can be seen in Fig. C.6 for various DC control currents. The

waveforms are similar to phase angle control with a triac, but are more rounded and contain less

harmonic content.

Figure C.5: Diagram of a 2 toroidal core saturable reactor. The AC windings are connected in

series, but anti-parallel in magnetic polarity. The DC control windings wrap around both cores.

The AC windings do not induce a net voltage on the DC control windings because each produces

a voltage opposite to the other.



121

500

250

0

250

500

Vo
lta

ge
 (V

)

0 10 20 30 40 503

2

1

0

1

2

3

Cu
rre

nt
 (A

)

Figure C.6: Primary side waveforms for the magnetron filament with varying control currents

through the DC winding of saturable reactor.

C.1.4 Magnetron Testing with Mod/Reg

At this point, all of the components are the magnetron power supply have been tested separately

and were ready to be wired together. The saturable reactor primary circuit was attached the to step

down transformer for the magnetron filament. The step down transformer also servers as high

voltage isolation for the cathode from earth ground. Control winding #1 of the saturable reactor

was hooked up to a variable current power supply to control the filament heating power. Control

winding #2 was wired in series with the magnetron to back off the filament heating power as the

magnetron outputs more RF power. A schematic of this setup can be seen in Fig. C.7.

Initial testing of the full system was performed with short pulses, ∼5 ms. Control winding #2

was not used because of the short duration of the pulses to simplify the experimental setup. The

testing setup for the magnetron had two controls: the cathode voltage and the magnet current. The

first test was to pulse the high voltage at roughly -13.5 kV with a large magnet current to block

the generation of RF. This worked as expected where there was almost no anode current and no

RF power was generated. The second test was to find the optimal voltage and magnet current
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Figure C.7: Schematic of the high voltage circuit for a magnetron. The filament of the magnetron

is controlled by a saturable reactor. The user increases the current in control winding #1 to increase

the heating power to the filament. The high voltage is supplied to the magnetron cathode from the

mod/reg power supply. The return current flows through control winding #2. The output RF power

is proportional to the magnetron current. The filament power needs to be lowered as the RF power

is increased to account heating from electron back-bombardment on the cathode.

for producing RF power at the full 20 kW. The datasheet from the manufacturer gives an ideal

operating point of -13.5 kV for the cathode and 1.8 A for the electromagnet yielding 2.1 A of

anode current and 20 kW of RF power. Unfortunately, we were unable to find this operating point.

The next steps was to perform a systematic search in our 2D parameter space looking for anode

current and RF output power. We would choose a voltage set point and systematically lower the

electromagnet current from RF blocking looking for the generation of RF power. Unfortunately,

we were unable to find the optimal setpoint for the magnetrons. As is discussed later, the issue was

most likely related to magnetron conditioning. High power continuous wave magnetrons need to

be run steady-state to condition the vacuum inside the magnetron to reduce arcing.
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Figure C.8: Time trace of voltage, current, and output RF power for 2.8 A electromagnet current.

This is a clean time trace that was not very repeatable. A proper conditioning of the magnetron

would have most likely fixed this.

C.2 Final System

C.2.1 Muegge Power Supply

Eventually, we decided to buy the magnetron power supplies from Muegge and abandon the

1 ms rise time in-house high-voltage power supply. The power supply includes an unregulated high

voltage power supply, a filament heater with circuitry to compensate for electron bombardment,

a regulated electromagnet power supply, and interlocks. The high-voltage power supply is a 12

pulse rectifier with a standard capacitive filter. The electromagnet is used to regulate the output

RF power by starting with a RF blocking magnetic field before applying the high voltage. The

electromagnet current is decreased until the required RF power is reached. The power supply is a

reliable all-in-one system that allows for easy operation of a 20 kW magnetron.

Figure C.9 shows the forward and reflected power from two magnetrons installed on the BRB.

There is an approximately delay of 2-3 seconds from giving the command to the power supply to

turn on and when the RF is first detected. A series of interlocks must be passed and then the elec-

tromagnet can be decreased to the require level for RF power generation. Once the electromagnet

starts to decrease, the RF power has a ∼ 200 ms rise time, much longer than the originally desired
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Figure C.9: Time trace of forward and reflected power for two magnetrons creating a helium

plasma on the BRB. The plasma was under-dense and probably should not be reflecting as much

power. It could have something to do with the horn.

1 ms rise time. The slow time scale makes it difficult to use ECH for short pulsed experiments with

delicate probes that can’t withstand the heat loading from long-duration plasmas.

One lesson learned after the purchase of the Muegge power supplies was the importance of

conditioning. The magnetron is prone to arcing when it is not properly conditioned. To condition

the magnetrons, the magnetron is run for many hours with a water-cooled waveguide dummy load.

The power can be slowly ramped during that time to full power. This conditioning should be

done every time the magnetron is not used for a few weeks. Because of the experimental and

exploratory nature of building our power supply, we were never comfortable doing this procedure

and were always going to be prone to arcing in the magnetron.

C.2.2 Waveguide and Launcher

The original waveguide launcher was unterminated waveguide that ended at a radius near the

magnet faces with mostly O-mode orientation. As a result, the first experiments had arcing be-

tween adjacent magnets that left black marks. Fortunately, the magnetization of the magnets was
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unchanged when measured with a Hall probe. To mitigate arcing, the magnets within an approxi-

mate 50 cm radius were covered with copper to cover the gaps between the magnets.

The unterminated waveguide was replaced with a copper horn made by Mike Clark. The horn

is flared in both the E and H plane and stops flush with the magnet faces. The horn has flexible

metallic fingers in the jacket and is press fit onto the waveguide inserted into the BRB. With the

copper magnet covers and the waveguide horn, most of the arcing issues were resolved.

C.2.3 Electron Cyclotron Heating on the Big Red Ball

To date, 40 kW of ECH power is installed on the BRB with an additional 20 kW ready to

be installed. A typical time trace of the RF power is shown in Fig. C.9 for an argon plasma.

The plasma is over-dense and is most likely reflecting most of the power back down the horn.

Launching the waves at an angle would most likely mitigate the reflection issues.

An RF power scan was performed for argon plasmas at a fixed neutral fill pressure. The density

and temperature were measured with a Langmuir probe located in the plasma core away from the

edge. The results are shown in Fig. C.10. The density and temperature show two distinct modes

in the plasma that is most likely from the neutral pressure drifting over the course of the scan. The

temperature does no vary much with power which is typical for argon plasmas where most of the

power is radiated away.

A radial scan at a fixed neutral pressure and power was performed in argon with results pre-

sented in Fig. C.11. The plasma is just over-dense for most of the profile. The plasma resembles a

typical cathode plasma with gradients only in the edge of the plasma. No excess heating is detected

in the edge where the plasma is under-dense.

A triple probe radial scan was performed in helium plasmas with a single cathode biased during

a portion of the plasma duration. For all RF powers, we were unable to create an over-dense helium

plasma without the assistance of a cathode. The plasma is initially created with ECH only. From

135 cm and inward, the density profile resembles a typical cathode plasma. Outside of 135 cm, the

RF power is creating more plasma. The electrons show an increase in temperature to approximately

125 cm. When the cathode is biased, the plasma is immediately pushed over-dense in the core.
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Figure C.10: Results from an RF Power Scan in argon plasmas. (a) ne vs RF power (b) Te vs RF

power

Figure C.11: ne and Te radial profiles in an ECH argon plasma. Profile looks very similar to a

standard LaB6 cathode plasma except less dense. Plasma is just over-dense with respect to the cut

off density of 7.8× 1016 m−3 for 2.45 GHz.
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The density profile resembles a cathode plasma, but shows plasma production and electron heating

outside the typical plasma edge at 135 cm. After the cathode is no longer biased, the density

decreases slightly but is still over-dense. The electron temperature is within error identical to the

cathode and ECH plasma.

Figure C.12: Helium ne and Te radial profiles generated by ECH and cathodes. The plasma is

created with ECH. A few seconds later, a cathode is biased for one second. ECH is continued for

one second before the end of the plasma. (a) ne and (b) Te profiles are shown for the 3 phases from

a triple probe.

C.3 Summary

The initial goal of the electron cyclotron heating system was to efficiently create over-dense

plasmas with hot electrons while decoupling the plasma producing and heating from the plasma

stirring, but some issues were encountered that need addressing. Although we eventually pur-

chased all-in-one power supplies for the magnetron, much progress was made toward building our

own high-voltage power supply system with fast turn-on capability. Over-dense plasmas in argon

were successfully created using ECH only, but helium required the extra input power from a LaB6
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cathode. With the plasma being over-dense, coupling of the ECH power to the plasma is difficult

with large amounts of power being reflected back down the waveguide. The plasma edge behaves

like a mirror to the emitted microwaves. Possible improvements to the system could leverage this

behavior by launching the power at an angle relative to the plasma edge to have reflections bounce

back and forth between the plasma edge and vacuum vessel wall without any traveling back down

the waveguide.
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