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ABSTRACT OF THE DISSERTATION

Spontaneous Thermal Waves and Exponential
Spectra Associated with a Filamentary Pressure
Structure in a Magnetized Plasma

by

David Carl Pace
Doctor of Philosophy in Physics
University of California, Los Angeles, 2009
Professor Troy A. Carter, Co-chair

Professor George J. Morales, Co-chair

An experimental study of plasma turbulence and transport is performed in the
fundamental geometry of a narrow pressure filament in a magnetized plasma.
An electron beam is used to heat a cold background plasma in a linear device,
the Large Plasma Device (LAPD-U) [W. Gekelman et al. Rev. Sci. Instrum. 62,
2875 (1991)] operated by the Basic Plasma Science Facility at the University of
California, Los Angeles. This results in the generation of a filamentary structure
(= 1000 cm in length and 1 cm in diameter) exhibiting a controllable radial tem-
perature gradient embedded in a large plasma. The filament serves as a resonance
cavity for a thermal (diffusive) wave manifested by large amplitude, coherent os-
cillations in electron temperature. Properties of this wave are used to determine
the electron collision time of the plasma and suggest that a diagnostic method
for studying plasma transport can be designed in a similar manner. For short
times and low heating powers the filament conducts away thermal energy through

particle collisions, consistent with classical theory. Experiments performed with

xviil



longer heating times or greater injected power feature a transition from the clas-
sical transport regime to a regime of enhanced transport levels. During the
anomalous transport regime, fluctuations exhibit an exponential power spectrum
for frequencies below the ion cyclotron frequency. The exponential feature has
been traced to the presence of solitary pulses having a Lorentzian temporal signa-
ture. These pulses arise from nonlinear interactions of drift-Alfvén waves driven
by the pressure gradients. The temporal width of the pulses is measured to be
a fraction of a period of the drift-Alfvén waves. A second experiment involves a
macroscopic (3.5 cm gradient length) limiter-edge geometry in which a density
gradient is established by inserting a metallic plate at the edge of the nominal
plasma column of the LAPD-U. In both experiments the width of the pulses is
narrowly distributed, resulting in exponential spectra with a single characteristic
time scale. The temperature filament experiment permits a detailed study of
the transition from coherent to turbulent behavior and the concomitant change
from classical to anomalous transport. In the limiter experiment the turbulence
sampled is always fully developed. The similarity of the pulse shapes and fluc-
tuation spectra in the two experiments strongly suggests a universal feature of
pressure-gradient driven turbulence in magnetized plasmas that results in non-
diffusive cross-field transport. This may explain previous observations in helical

confinement devices, research tokamaks and arc-plasmas.
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CHAPTER 1

Introduction

1.1 Motivation

Anomalous transport is an area of great interest within the plasma physics re-
search community. The field of magnetically confined thermonuclear fusion may
benefit significantly from an improved understanding of this topic. It has al-
ready been shown that turbulent fluctuations increase the transport of mass and
energy [Horton, 1999] in magnetically confined laboratory plasmas. Improved
confinement can expedite the development of fusion reactors as controllable en-

ergy sources.

Space plasma research also encounters anomalous transport [Committee on So-
lar and Space Physics, 2004] across naturally occurring boundaries in tempera-
ture, density, and magnetic field. The modeling of space weather can be benefi-

cially impacted by improvements in plasma transport understanding.

Filamentary pressure structures, meaning structures that are aligned along
magnetic field lines with narrow radial extent compared to their length, are preva-
lent in both space and fusion plasmas. Figure 1.1 is a satellite photograph of the
solar corona in which bright filaments are seen flowing along looping magnetic
field lines. Energy transport along these filaments, and even through the solar
wind en route to interaction with the Earth’s magnetic field, are ongoing areas

of research. An example of filamentary structures from a fusion device is seen in



Fig. 1.2, a photograph from the MAST fusion device. This image shows bright
filaments in the outer edges of the device. They are the manifestation of edge-
localized modes (ELMs) that transport hot plasma from the center of the device
out to the walls. Controlling ELMs to minimize their transport or to avoid them
altogether is presently a major effort within the fusion community [Evans et al.,

2008].

Figure 1.1: Coronal loops on the Sun as imaged by the Transition Region and Coro-
nal Explorer (TRACE) satellite. Filamentary structures form along the
magnetic field lines emanating from the Sun. Image taken from Stanford-

Lockheed Institute for Space Research.



Figure 1.2: Photograph of filamentary structures in the MAST fusion device. Edge-
localized modes appear as bright filaments as they conduct large amounts

of energy and particles out of the confinement region. Image taken from

UKAEA.

Many features of filamentary structures remain unknown, including their ca-
pacity for transport, mechanisms leading to their generation, and which plasma
waves they may produce. A difficulty in studying these issues within the space
and fusion examples above is that the resulting systems are actually a mixture of
many individual filaments. Interactions between the filaments and the existence
of background instabilities complicate the interpretation of observations. This
thesis utilizes an experiment in which a single filamentary structure is generated
in the background of a quiescent plasma. The resulting system may be imagined
as the isolation of one of the many structures seen in the previous two images.
The fluctuation spectra and associated transport generated by this single filament

proves rich with dynamic behavior. Studies related to plasma turbulence, sponta-



neously generated temperature waves, and non-linear interactions of drift-Alfvén

waves are all performed within this configuration.

The experimental configuration used in this project was originally motivated
by the desire to present experimental evidence for classical heat transport in mag-
netized plasmas. A summary of that successful effort is available as a Ph.D. thesis
[Burke, 1999]. The theory of heat transport due to Coulomb collisions [Landshoff,
1949; Spitzer and Harm, 1953a; Rosenbluth and Kaufman, 1958; Braginskii, 1965]
was developed nearly 50 years before it was quantitatively validated in a labora-
tory plasma [Burke et al., 1998, 2000b] using this configuration. The experiment
consists of a narrow cylindrical region of warm plasma (7, =~ 5 eV) embedded in a
cold background plasma. The heated filament of plasma is manipulated to control
the temperature gradient, thus driving classically described heat transport. Clas-
sical transport is always initially observed in this experiment, but if the heating
is applied over a longer time interval or above a certain temperature threshold,
the system transitions to a regime of enhanced, or anomalous, transport greater
than that predicted by classical theory. Turbulent fluctuations are observed in
this regime, and while some of their features have been investigated [Burke et al.,

2000a], a mature understanding requires more detailed experimentation.

A summary of the transition from classical to anomalous transport in this
experiment is provided by Fig. 1.3, a spectrogram of I, power spectra (color
contour) with the fluctuating component of a single I, trace (fsat, solid white)
overplotted. The heated filament is generated at time ¢ = 0 ms and maintained
until ¢ = 12 ms. Prior to ¢ = 6 ms there is one well defined mode between 25
and 45 kHz. This is a drift-Alfvén eigenmode that has been detailed extensively
both theoretically [Peniano et al., 2000] and experimentally [Burke et al., 2000a].

The presence of this coherent mode does not alter the transport levels, i.e., the



observed transport remains classical during the presence of the drift-Alfvén wave.
After t = 6 ms, a transition from coherent spectra to broadband spectra occurs.
The transition is delineated by the disappearance of the coherent drift-Alfvén line
into a broad region of power spread across many frequencies. Transport levels
are enhanced, or anomalous, during times after this transition. All of this behav-
ior occurs within a range corresponding to low frequency turbulence. The low
frequency range is an area of active research within plasma physics, as discussed

in the following section.
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Figure 1.3: Time evolution of the power spectrum (color contour) with an overplot
of the fluctuating component of an Iy, signal (solid white) from the same
spatial position. Coherent fluctuations of the drift-Alfvén eigenmode are
visible for ¢ < 5.5 ms. After 5.5 ms there is a sharp transition to broad-
band spectra that correlates with the appearance of large relative ampli-

tude pulses in the Iy, signal.



1.2 Low Frequency Turbulence

Identification of the processes underlying low frequency turbulence in magne-
tized plasmas is an ongoing challenge within plasma physics [Krommes, 2002].
By “low frequency” it is meant that the frequency of the fluctuating quantity,
w, is less than the ion cyclotron frequency, €2;. This topic is relevant to the
magnetically confined fusion research community because turbulent fluctuations
can enhance the transport of mass and energy [Horton, 1999|, thereby degrading
tokamak performance. The topic is also of interest in space plasma efforts [Com-
mittee on Solar and Space Physics, 2004] in which enhanced transport across
naturally occurring boundaries in temperature, density, and magnetic field can

result in major effects observable by space and ground-based instruments.

A significant effort has been devoted to the identification of universal behav-
iors in the spectra of turbulent fluctuations. A rich literature exists for both
laboratory [Chen, 1965; Kamataki et al., 2007; Labit et al., 2007; Skori¢ and
Rajkovi¢, 2008; Budaev et al., 2008; Pedrosa et al., 1999; Stroth et al., 2004;
Carreras et al., 1999; Zweben et al., 2007] and space [Tchen, 1973; Kuo and
Chou, 2001; Milano et al., 2004; Zimbardo, 2006; Bale et al., 2005] plasmas. The
cited references are merely a representative sample of the available literature.
Kolmogorov’s early contribution [Kolmogorov, 1941] has had a major influence
in these activities [Frisch, 1995]. In particular, that pioneering work makes a
general prediction of algebraic spectral dependencies that has resulted in most
modern spectral results being presented in a log-log format. Piecewise fits are
then applied in order to extract power-law values for comparison to the Kol-
mogorov prediction. A large dynamic range is compressed by the log-log display,
however, and important features related to the turbulence may be obscured. An

exponential frequency spectrum is one such important feature, and its presence



and underlying mechanism are described in this thesis.

1.3 Summary of Thesis Results

In the following an abbreviated description is presented regarding the major

results obtained in this thesis. These are:
e Confirmation of previous results due to filamentary geometry.

e Observation of a spontaneous thermal wave in the absence of an externally

driven source.

e Observation of exponential power spectra associated with anomalous trans-

port that are generated by Lorentzian pulses in measured time series data.

1.3.1 Confirmation of Physics Results Due to Plasma Geometry

The previously cited work of Burke, et al. was performed in the LAPD device
prior to 2000. The present studies are performed in the machine that replaced the
original LAPD, which has been named the LAPD-U, signifying it as an “upgrade”
over the original. With similar plasma production sources and plasma properties,
the major difference between these two machines is their length along the applied
background magnetic field. The LAPD featured a plasma of less than 9.4 m in
length. The LAPD-U plasma length is approximately 15 m. Throughout this
thesis the LAPD-U designation will be used to emphasize the completely different
linear device used for this work compared to the foundational efforts conducted

on the LAPD.

Precisely because the LAPD-U is a different machine, all of the results in this
thesis confirm that fundamental plasma physics is responsible for the observed

phenomena, rather than the geometry of a particular device. The LAPD-U pro-



vides boundary conditions that were not present in the previous device, yet the
coherent modes observed are the same, along with the important features of

transport that have been re-observed.

1.3.2 Thermal Wave

The existence of low frequency, coherent, fluctuations is documented in the earlier
work within this experimental environment [Burke et al., 2000a]. Observations
show this is a coherent mode that, while seemingly unrelated to the generation
of low frequency turbulence, is capable of strongly modulating the drift-Alfvén
modes that are excited by the filament. These fluctuations are identified here
as representing a spontaneously excited thermal wave. A thermal wave is the
diffusive propagation of a temperature oscillation driven by a similarly oscillat-
ing source. Although thermal waves in plasmas have been studied [Gentle, 1988;
Jacchia et al., 1991], and even manipulated to deduce subtle issues of anoma-
lous transport in tokamaks [Mantica et al., 2006; Casati et al., 2007], controlled
experiments in basic plasma devices are made difficult by the geometry of a mag-
netized plasma. The complexity arises due to the large difference in the thermal
conductivities along and across the magnetic field, x| > k., requiring plasmas

with significant length along the magnetic field direction.

The discrepancy in thermal conductivities results in an extended structure
that acts as the cavity for a thermal wave resonator [Shen and Mandelis, 1995].
The results presented here represent thermal wave oscillations that appear with-
out the setting of a driver. Other experimental work involving this phenomenon,
including those referenced, drive the wave with a controllable heat source. The
drive source is as yet unidentified here, though it is demonstrated that the elec-

tron beam heating is not the direct cause, i.e., there are no coherent low frequency



oscillations in the beam source. A possible candidate for the drive source is the
heat-flux instability that is found in the solar wind [Forslund, 1970] and in laser-
plasma interactions [Tikhonchuk et al., 1995]. This work has been summarized

in Pace et al. [2008b].

1.3.3 Exponential Spectra

Figure 1.4 provides an example of an exponential power spectrum from the ex-
periment. In a semi-log display, an exponential dependence appears as a straight
line. This behavior is used to calculate the scaling frequency (decay constant) of
the spectra for comparison with the time width of the Lorentzian pulses. The
coherent peaks in Fig. 1.4 (located at approximately f = 30, 60,90, and 120 kHz)

coexist with the exponential behavior that extends from 20 < f < 200 kHz.
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Figure 1.4: Semi-log plot of an Iyt power spectrum. Coherent modes, due to the
presence of drift-Alfvén waves, can be seen in the range 20 < f < 120

kHz and coexist with the exponential in the range 20 < f < 200 kHz.

Exponential spectra from a variety of experiments are found throughout the
published literature. This is made possible by the semi-log display some re-
searchers have chosen to use for the results. Figure la of Xia and Shats [2003]
exhibits exponential behavior over four orders of magnitude from floating po-
tential measurements. This experiment was performed in a helical device that
reported proof of an inverse cascade. Figure 1 of Fiksel et al. [1995] features an
exponential dependence in an experiment observing magnetic fluctuation-induced
heat transport. Figure 6b in Kauschke et al. [1990] shows an exponential spec-
trum with embedded coherent modes for a nonlinear dynamics experiment in

a low pressure arc discharge plasma. Figure 7 of Maggs and Morales [2003]
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presents an exponential spectrum from magnetic fluctuations at the free edge of
the LAPD-U. The exponential spectra in these examples are readily identified
because of the semi-log plot display. The appearance of such spectra in a wide
variety of experiments suggests that it may also be present in other results where
it is simply compressed by a log-log display.

The power spectra, P, of measured fluctuations display an exponential de-
pendence in frequency, P(f) o exp(—2f/fs), where f; is a scaling frequency.
This exponential feature is only observed after the temperature filament tran-
sitions into the enhanced, or anomalous, transport regime. Concomitant with
the exponential spectrum is the observation of pulses or spikes in the time series
data. These pulses, which can be either upward or downward going in amplitude
depending on the measurement location, are Lorentzian in temporal shape. A
Lorentzian pulse has an exponential power spectrum, leading to the conclusion
that the appearance of these pulses causes the exponential spectrum. A brief

summary of this work may be found in Pace et al. [2008a].

1.4 Thesis Outline

This thesis is composed of five chapters. Chapter 2 presents the laboratory device
in which this study is performed, along with a review of the various diagnostics
employed to measure plasma properties. Chapter 3 details the results surround-
ing the identification of a spontaneously generated thermal wave in the filament.
This is the culmination of an effort to identify coherent oscillations featuring a
lower frequency than the other previously known modes of the system. The ther-
mal wave is likely to be supported in many filamentary plasma systems including
the solar corona. Modification of the temperature profile by the thermal wave

leads to large amplitude pulses in time series signals. These pulses are discussed
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in Chapter 4, which also presents evidence for a universal characteristic of power
spectra in turbulent plasmas. Such spectra exhibit exponential dependencies in
frequency and are found to result from the Lorentzian shape of the measured
pulses. Similar spectra, and in many cases similar pulses, are observed in the
existing plasma literature and in ongoing research at linear machines and toka-
maks. A density gradient experiment performed in the same device as this thesis
work also exhibits these pulses and exponential spectra. Chapter 5 compares the
density gradient experiment to the temperature filament experiment as part of
the argument for the universal nature of the exponential spectra and Lorentzian
pulses. Conclusions and a unifying summary of these topics are presented in
Chapter 7. Finally, the appendices present results on plasma flows in relation
to the primary topics, techniques of wavelet analysis that have been applied in
power spectra calculations, and a summary of techniques employed to detect the

Lorentzian pulses that generate exponential power spectra.
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CHAPTER 2

Experimental Setup and Overview of the

Temperature Filament

2.1 Large Plasma Device

The Large Plasma Device (LAPD-U), part of the Basic Plasma Science Facility
(BaPSF) at UCLA, provides an ideal parameter regime in which to perform this
experimental investigation. The present device, as shown in Fig. 2.1, is a larger

version of the one described in Gekelman et al. [1991].

20.7 m Overall

17.5 m Solenoid

16.6 m Plasma

[ = =N | 'S BRI EREREESRREEEEEREEEAT 'S EEE] 'Y
| Vom oo m T T W T W T W W R T W T A W W TR BT e e

Figure 2.1: Dimensional schematic of the LAPD-U, illustrating the long axial extent

that is vital to the parallel heat transport studies performed.

The LAPD-U produces plasma by discharging a cathode-anode pair. A barium-
oxide coated, nickel cathode is heated to emission temperature near 850 °C. A
wire mesh molybdenum anode is positioned 50 cm away from the cathode. A
large capacitor bank connects the pair and discharges a few thousand Amperes

of current for some fixed bias voltage (typically in the 65 V range). The anode
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mesh is 50% transparent, allowing half of the electrons emitted by the cathode
to pass through and travel down the length of the device. This produces plas-
mas that fill the 20 meter-long vacuum chamber. During the main discharge (a
flat-top current pulse between the cathode-anode pair lasting up to 12 ms), the

resulting plasma column extends up to 60 centimeters in diameter.

The LAPD-U provides a wide range of plasma parameters for study. The
solenoidal magnetic field may be set to any value between 500 and 2500 Gauss.
Magnetic coil elements are separately connected, allowing for various field config-
urations (mirror, beach, etc.). Inert gases are typically used to generate plasmas
since these do not chemically interact with the oxide coating of the cathode.

Table 2.1 lists typical plasma parameters for the LAPD-U.

Parameter Symbol Range
Magnetic Field B, 500 - 2500 Gauss
Electron Density Ne 1-3x102cm™3
Electron Temperature T 6-8eV
Ton Temperature T; 1eV
Ion Cyclotron Frequency A 190 - 950 kHz
Electron Collision Frequency Ve ~ 3.5 MHz
Electron Thermal Speed Vthe ~1x10% cm™

Table 2.1: LAPD-U Parameters

14



2.2 Temperature Filament Setup

2.2.1 Afterglow Plasma

The principal results of this thesis are obtained in the afterglow phase of the
LAPD-U plasma. The afterglow is a common term used to describe the plasma
that remains in the vacuum chamber after a cathode discharge has been turned
off. Figure 2.2 is a plot of the LAPD-U discharge current (black trace) and the
line-averaged electron density (red trace) as measured by an interferometer. A
double-sided blue arrow extends across the post-discharge regime in which the
plasma is in the afterglow phase. When the discharge shuts off there is no longer
a heating source to maintain plasma temperature. Thermal conduction to the
ends of the device causes the electron temperature to decay rapidly, on the order
of microseconds. Diffusion is a much slower processes, however, so the plasma
density decays on the order of milliseconds. As a result, the LAPD-U afterglow
plasma features a very low temperature (7,,7; < 1 eV) while maintaining a
moderate density (n, ~ 1 x 102 cm™3) for the first 30 ms after the primary
discharge ends. Most of the temperature filament experiments begin at a time

0.5 ms after the discharge current ends and last for 10 to 15 ms.
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Figure 2.2: Time evolution of the discharge current through the anode-cathode pair
(black, I4is) and the line-averaged column electron density (red, n.) dur-

ing an LAPD-U plasma-pulse.

2.2.2 Basic Overview

A small heat source is applied at one end of the LAPD-U during the early after-
glow phase in order to create a temperature filament that is approximately five
times hotter than the surrounding background. Plasma properties are measured
throughout the resulting three dimensional structure over time scales that allow

the relevant transport and turbulence behaviors to arise.

A schematic of this system (not to scale) is given in Fig. 2.3. A cylindrical
coordinate system is shown and is referenced throughout this treatment. The
axial coordinate is labeled z, the radial coordinate r, and the azimuthal coordinate
is . The electron beam is located at (r,z) = (0,0) cm. The heat source is
modeled as a one meter long, 3 mm across rigid cylinder of hot plasma that is

placed 16 m away from the main cathode/anode. The heating done in this region
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is classically transported to setup the filament structure that may reach 12 m in
length and 1 ¢m in diameter. Further details of this system are presented in the

following sections.

Electron Beam Shaft —
?
r
: _bo
' Z
! Temperature Filament Heat
; Source
/
/\ o
Cathode Anode ¢ B

Figure 2.3: Not to Scale. Schematic of the temperature filament experiment high-

lighting the extended structure parallel to the background magnetic field.

2.2.3 Heating Source: Lanthanum Hexaboride Electron Beam

Plasma heating is accomplished by the injection of energetic electrons from a
crystal of lanthanum hexaboride (LaBg). The work function of LaBg is low enough
that direct heating of the crystal, accomplished by running current through it,
provides adequate energy for thermionic emission. An operating temperature of
1800° K is used. Such crystal temperatures are achieved by running a current
through the crystal itself. Figure 2.4 shows the electron beam device as purchased
from Applied Physics Technologies (a-p-tech.com): a single crystal of LaBg is held
in place above a ceramic washer by molybdenum-rhenium (Mo-Re) posts. On the
underside of the washer, the posts provide the access point for driving the heater

current.
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Mo-Re Suppc¢

Figure 2.4: Photograph of the LaBg electron beam. The beam is a single crystal of
LaBg permanently fixed in a mounting structure. The crystal is held in

place by Mo-Re posts. A common ballpoint pen is provided for scale.

The LaBg crystal is mounted on the end of a standard LAPD-U probe shaft
and placed in the plasma away from the main cathode/anode (drawn in Fig. 2.3).
The main LAPD-U anode also serves as the anode for beam circuit, as shown
in the diagram of Fig. 2.5. A heater current is continually run through the
crystal to maintain emission temperature at all times during an experiment. The
anode connection includes a pulse circuit that applies the beam voltage, Vieam,
at a prescribed time within each LAPD-U discharge. The applied voltage set
by Vieam determines the energy of the emitted electrons, which allows the input
heating power to be varied. Electron beam current is measured by monitoring
the voltage across a 1 {2 resistor connected within the current path. Unless
otherwise specified, the beam energy is 20 V for all experiments performed in
helium. The ionization energy of helium is approximately 24.6 eV, which allows
these experiments to be conducted with minimal concern for density production
from the injected electrons. Some experiments are conducted at energies above

24.6 V, but these are not presented as part of the heat transport study.
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Figure 2.5: Circuit diagram of the electron beam heat source. Beam current is driven

between the LaBg crystal and the LAPD-U anode through the afterglow

plasma.

Figure 2.6 shows the heated crystal embedded in a plasma discharge. The

distance between the yellow magnet coils is approximately 32 cm.
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Heated LaBg Crystal

Figure 2.6: The LaBg crystal is seen glowing white hot (center) during a discharge
pulse in the LAPD-U. The purple background seen inside the small win-

dows is the typical LAPD-U helium plasma.

2.2.4 Diagnostics

The length of the LAPD-U plasma along the applied background magnetic field is
approximately 16.6 m. Diagnostic ports are placed every 32 cm along this entire

length, allowing for excellent axial resolution in this transport experiment.

Langmuir probes are used because they provide excellent spatial resolution
(determined by the size of the probe) and time resolution (limited by the ac-
quisition electronics). Furthermore, probes made out of nearly any metal can
withstand the 5 eV plasma temperature throughout an entire experimental run
while accessing the entire plasma volume of the device. The probes utilized in

this study are made of either tantalum or nickel. Spatial access is provided by

20



probe drives that move the probes in a full two-dimensional plane at any one
axial position. Further details of Langmuir probe usage will be presented imme-
diately preceding the display of results so that the method used to obtain the

measurement may be explained in context.

In addition to the fundamental quantities of temperature, density, and flow
velocity, the Langmuir probes are used to measure ion saturation current, I5,. Ion
saturation current is related to electron temperature and density by Iea; o< 1ev/ T,
meaning that fluctuations in these quantities are mixed by an Iy, diagnostic. It
is shown later that the coherent modes are accurately represented by an [, mea-
surement in situations where pure density or temperature measurements are not

possible.

2.2.5 Measuring Electron Temperature
2.2.5.1 Swept Probe Technique

Electron temperature measurements using Langmuir probes most commonly em-
ploy the sweep method. Varying the applied voltage to a probe, V', while record-
ing the current collected, I, results in a current versus voltage characteristic, the
I-V curve, that can be fit to determine the electron temperature, electron density
and plasma potential. This method is widely known and has been explained in

the plasma physics literature (see Ch. 2 of Hutchinson [2002]).

One problem in applying the swept probe method in fluctuation studies is that
the parameters obtained represent averages over the time of the complete voltage
sweep. A useful measurement of any wave requires the sweep to be performed
at well over twice the frequency of the wave so that the Nyquist frequency of

the resulting data also remains above that of the wave. A reproducible and
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established system for producing such a sweep (with frequency > 50 kHz) is
difficult to build due to capacitive effects. An alternate method for measuring

electron temperature using the I-V curve is developed.

From [, measurements it is apparent that the plasma discharge and resulting
temperature filament are highly reproducible. This technique involves maintain-
ing a fixed probe voltage for a series of 20 discharges and then incrementing the
voltage for the next 20 discharge series. After repeating this procedure for 100
voltages, an ensemble of 2000 discharges is used to construct an /-V character-
istic corresponding to every time point of the acquisition. These characteristics
allow for the calculation of plasma parameters with time resolution equivalent to

that of the common I, data sets.

Sample I-V traces are shown in Fig. 2.7. Traces from four different time
periods are plotted because the voltage range over which the collected current is
exponential (i.e., the range over which a fit is inversely proportional to the electron
temperature) is found to vary with time. In order to automate the analysis of
thousands of data signals it is necessary to determine the voltage range over which
the temperature fits should be performed. This required manually examining
selected traces from each probe position. The relevant voltage range is different
for each region: main LAPD-U discharge (black), early afterglow without beam
heating (red), beam heating (green), and late afterglow after the beam is shut off
(blue). Electron temperature is calculated through linear fitting of the types of

curves shown here, generally within the range —15 < Vjope < 5 V.

Calculation of the temperature is not possible in the late afterglow because
the exponential range falls between two of the recorded voltages. There is no
possibility of an accurate linear fit since the voltage range is smaller than the

voltage resolution of the sweep.
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Figure 2.7: Traces of the I-V characteristic are presented from the four distinct re-
gions of plasma heating. The main discharge (black) represents the stan-
dard LAPD-U plasma as generated by the cathode-anode system. The
early afterglow (red) occurs after the main discharge has ended, but be-
fore the beam heating begins. The heating stage (green) represents the
primary experiment during which the temperature filament is maintained.
Finally, the late afterglow (blue) represents the stage occurring after the

beam heating has ended.

An electron temperature measurement acquired from the swept probe tech-
nique is shown in Fig. 2.8 for the radial center of the filament. There is no direct
filtering of this trace, though fluctuations are reduced by the ensemble nature of
the data collection. The steady-state temperature reached in the later half of the
time series is also observed with the companion technique for measuring electron

temperature, the triple probe technique.
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Figure 2.8: Electron temperature in the radial center of the filament and axial posi-

tion z = 224 c¢m as measured using the swept probe technique.

2.2.5.2 Triple Probe Technique

Electron temperature measurements are also made with triple probes in this the-
sis. The triple probe technique [Chen and Sekiguchi, 1965] uses three probe tips
to simultaneously observe different regions of the I-V' characteristic. This pro-
vides a continuous measure of temperature, floating potential and ion saturation
current. Figure 2.9 shows the three tips of one of the triple probes used. These
are 1 mm diameter discs embedded in a low-outgassing epoxy that is plasma

facing.
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Figure 2.9: Head of a two-sided triple probe placed against a ruler (cm scale). Three

disc tips are visible, with another set of three on the other side.

Figure 2.10 is a circuit diagram illustrating the connections between the tips.
Tips 1 and 2 are connected in fashion typical of I,; measurements. A fixed bias is
applied between them and the voltage across a resistor in series is acquired. The
unique aspect of the triple probe is that tip 3 is used to measure floating potential,
Vi. The potential between the tip measuring V; and the electron collecting tip

(2) is labeled as Vr, and is related to the temperature according to,

Vr,
T, = () (2.1)

which is also derived from Chen and Sekiguchi [1965].
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#3

Figure 2.10: Circuit diagram of the triple probe system. The probe tips are num-
bered and the measurement points are labeled according to whether
they record electron temperature (Vr,), floating potential (V;), or the

voltage across the resistor corresponding to ion saturation current (Vg).

An example temperature trace from a triple probe measurement is presented
in Fig. 2.11. This result is in qualitative agreement with the swept probe result
of Fig. 2.8, even though the measurements are performed in different parameter
regimes within different experimental run days. Both temperature traces identify
the low frequency, coherent oscillations of the thermal wave (seen at t = 5 ms
in Fig. 2.11) and a nearly steady-state temperature during the latter half of
the heating cycle. Differences between these two results stem from the different

background parameters (neutral fill pressure, axial position, heating power, etc.).
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The agreement between these very different methods suggests that both are valid

in studying the filamentary system.
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Figure 2.11: Electron temperature as measured using the triple probe technique at
the filament center and axial position z = 384 cm. While this is a
different parameter regime compared to the swept probe measurement of
Fig. 2.8, the result is qualitatively similar with respect to the detection of
thermal waves and a steady-state temperature at the end of the heating

cycle.

2.2.6 Measuring Parallel Flow

The plasma flow measurements employ the Mach probe method of comparing
I, collection on probe faces oriented in opposite directions. That is, the surface
normals of the two probe collection areas point in opposite directions. For two
such probe faces, the parallel flow Mach number, M), is (see page 85 of Hutchinson

[2002]),

I
My = 045l (—“) : (2.2)

sat,2

where 1 and 2 denote the probe faces and the Mach number is defined as M =

v/Cs where Cs is the ion sound speed,

7T, ~1/2
C, = 9.79 x 10° (L> cm/s | (2.3)
1
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in which v is the adiabatic index, Z is the charge factor, and p is the ion mass

factor.

It should be noted that parallel flow results presented here are likely to be
underestimates of the actual value. The factor of 0.45 given in Eq. 2.2 may be
further modified due to the small size of the Langmuir probe tips compared to the
ion gyroradius [Shikama et al., 2005]. Errors associated with probe measurements
due to calculation of the effective collection area and pitch-angle with respect to
the background magnetic field prevent a significant improvement in the accuracy
of the reported flow Mach numbers. Regardless, the qualitative behavior of these

results serves as a useful motivation for future efforts.

This analysis can be applied to probe faces with any orientation to the mag-
netic field, though the parallel orientation is the simplest theoretically. Perpendic-
ular flows are difficult to measure in the temperature filament experiment through
the Mach probe method because a probe with full radial and azimuthal diagnos-
tic capability is also large enough to cause a disruptive perturbation. Parallel
velocity measurements are made with Langmuir probes featuring the smallest
possible surface area. In most cases this is a one millimeter diameter disk or a

rectangular tip with the largest dimension on the order of one millimeter.

A limitation of this measurement is that it provides scaled information about
the flow velocity with respect to the ion sound speed instead of the absolute
velocity. In some instances a temperature measurement is available for the same
set of discharges and the calculation of an absolute velocity is possible. In most
cases presented in this thesis, however, the Mach probe measurement is performed
without an auxiliary temperature measurement and the study focuses on the

presence of supersonic flows and their relation to the other processes of the system.

Figure 2.12 demonstrates the calculation of plasma flows using [, measure-
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ments from a double sided, or Janus, probe. These measurements are made at
(r,z) = (0,64) cm, which places the probe within the heating region of beam.
Recall that the heating source of this experiment is modeled as a one meter long,
three millimeter wide cylindrical plasma made hot by the electrons emitted from
the LaBg crystal. The orientation of the probe tips in the figure is labeled accord-
ing to which end of the LAPD-U they face. One tip, the [,y Beam Facing tip,
faces the LaBg crystal. The other tip, the I,y Anode Facing tip, faces the main
anode of the LAPD-U. Flow analysis is performed with the anode facing signal
in the denominator of Eq. 2.2, meaning that positive flow values correspond to
plasma flowing toward the main LAPD-U anode. This convention is chosen be-
cause we expect the flow to dominate in this direction since the pressure gradient

source is located at the opposite end of the device.
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Figure 2.12: (r,z) = (0,64) cm, B, = 900 G. The I traces from both sides of a

Janus probe (red and blue) are plotted in comparison to the parallel

flow (black) calculated from them.

Coherent oscillations in the parallel flow are observed in Fig. 2.12. From the
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raw Iy, traces it can be seen that the flow oscillations do not simply mirror the
Is,; measurements. In particular, the pulse-like event at ¢ = 1.06 ms results
from the large dip in I,y measured on the anode facing tip and the lack of a
similar reduction at the beam facing tip. Later in time at ¢ = 1.18 ms a coherent
oscillation appears on the anode face and is delayed on the beam face. This

behavior results in the calculation of another oscillating flow.

2.2.7 Transport Modeling

The previous work using this experimental geometry to verify the existence of
classical heat transport compared measured results with those of a code that
modeled classical transport (see Section IV. of Burke et al. [2000b]). A similar

effort is incorporated into this thesis.

A thesis in plasma theory by Shi [2008] is a companion to this experimental
treatment. The transport code is implemented by Shi is based on the equations of
Braginskii [1965]. This set of equations includes the plasma continuity equation,
the momentum equation, and the power balance equations. After applying the
restraints of quasi-neutrality and cylindrical geometry along with the boundary

conditions of the present experiment, these equations reduce to,
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on+0(nVv, = 0, (2.4)

(mi + me)n (0V, + V,0,V,) = —=0,(Ten+Tin) — Ry, (2.5)
3 1
3" (0T, + V,0,T.) + nT.0,V, = =0, (re\0Te)+ 0, (k0,T.)  (2.6)
T
3 (T, T+ Qu
miTe
3 MeN T; 1/2
§n6tTi = Smin (T. - T) — 3(T;—T,) noy, <—> , (2.7)

where V, is the flow velocity parallel to the background magnetic field, Ry, is a
collision operator for ion-neutral collisions, (), is the heat input from the electron
beam, 7, is the electron collision period, and o, is the ion-neutral collision cross-
section. The model provides expected classical behavior for the density, electron
temperature, and parallel flow evolution. This thesis is concerned with the exper-
imental aspects of the temperature filament environment. The thesis written by
Shi is concerned with the theoretical issues of the temperature filament, including
heat transport and non-linear interactions between drift-Alfvén waves. Various

figures within this thesis will compare measurements with Shi’s model results.

2.3 Filament Behavior

2.3.1 Temporal Behavior

The control circuit of the electron beam allows both the heating start time and
its duration to be adjusted. The temporal evolution of the temperature filament

exhibits three stages, as illustrated by Fig. 2.13. The solid black curve in Fig. 2.13
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corresponds to the electron temperature measured, using a small triple probe, at
an axial distance 384 c¢m from the beam injector at the radial center of the

filament. For this figure the strength of the confinement magnetic field is 900 G.
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Figure 2.13: Electron temperature and beam current at (7, z) = (0,384) cm. For the
heating case (solid black), the electron beam is activated 0.5 us after
the LAPD-U discharge ends. The heated filament reaches temperatures
comparable to that of the main plasma and is much hotter than the
background afterglow plasma (dashed red). In this representation the
beam current (dotted blue) is an ensemble trace while the heating is

from a single shot.

The injected beam current is represented in Fig. 2.13 by the dotted blue
curve, with £ = 0 corresponding to the time when beam injection starts. The

dashed red curve shows the decay of the electron temperature in the absence of

32



beam injection, i.e., during the afterglow. It is seen that the heat source supplied
by the beam causes a significant increase in temperature. For an interval of
about 2 ms after the beam injection begins, a quiescent temperature evolution
is observed. This behavior corresponds quantitatively to that predicted by the
classical theory of heat transport based on Coulomb collisions [Braginskii, 1965;
Spitzer and Harm, 1953b], as has been documented extensively in previous work
[Burke et al., 2000b, 1998]. A second stage can be identified approximately 2
ms after beam injection when high-frequency oscillations become apparent in
the electron temperature. These oscillations correspond to coherent drift-Alfvén
waves driven unstable by the electron temperature gradient [Penano et al., 2000]
and have been described in detail in a previous publication [Burke et al., 2000a]. A
third stage appears after 5 ms of beam injection. At this later time, low-frequency

oscillations mixed with incoherent high-frequency oscillations are observed.

Figure 2.14 provides a useful summary of the individual characteristics of the
low frequency thermal waves and the higher-frequency drift-Alfvén waves. The
time range sampled overlaps between the second and third stages identified in
Fig. 2.13, before the broadband develops. The center panel is a two-dimensional
(across the magnetic field) spatial domain that covers the full radial extent of the
filament. The color contour represents the cross-covariance between I, signals
from Langmuir probes separated by an axial distance of Az = 160 cm. One probe
is fixed at a position z = 384 cm away from the beam injector and at a radial
position within the region of measurable drift-Alfvén wave activity. The other
probe is placed at z = 544 cm and it scans a two-dimensional plane across the
confinement magnetic field. Measured signals are digitally band-pass filtered to
isolate oscillations due to the drift-Alfvén modes. The cross-covariance is calcu-
lated at zero time delay for each plasma discharge over a restricted time interval

that captures the largest drift-Alfvén wave. The resulting signal is averaged over
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20 independent discharge pulses at every spatial location sampled. The result is
an amplitude-dependent measurement of the phase difference between the signals
of the two probes, and therefore contains an imprint of the spatial structure of the
coherent drift-Alfvén wave at one time in the plasma discharge. The light circular
region at the center of the drift-Alfvén wave depicts the highly localized thermal
oscillation. The trace in the top panel of Fig. 2.14 shows the time evolution of the
ion saturation current at a location r = 5 mm, i.e., within the gradient region.
It shows the coherent oscillations associated with the two-dimensional snapshot
seen in the center panel. These oscillations have typical frequencies in the range
of 25 — 40 kHz. The bottom panel shows the temporal evolution of the ion satu-
ration current at the center of the filament. It is clear that the oscillations here
have much lower frequency (by a factor of 5—8) than those in the gradient region.
A cross-modulation that shows the faint presence of the drift-Alfvén mode can

be seen in portions of the trace.
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Figure 2.14: Oscillations in ion saturation current due to (a) coherent drift-Alfvén
mode and (c) thermal wave. (b) Two-dimensional contour of the cross-
covariance, Rjs, between two probes with axial separation Az = 160

cim.
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Finally, at the latest times of the beam heating, 8 < ¢t < 10 ms, the fluctua-
tions become turbulent and there are no observable coherent modes in the spectra.
Figure 2.13 illustrates that the amplitude of these fluctuations is large, exhibit-
ing 67, /T, =~ 50%. Transport is enhanced above classical levels, or “anomalous”,

during this turbulent phase of the filament’s evolution.

2.3.2 Spatial Behavior

Radial profiles at z = 384 cm are shown in Fig. 2.15. Panel (a) presents a profile
at t = 3.0 ms during the classical transport stage. Within only 0.5 cm the filament
has nearly reached a uniform temperature. Panel (b) is a two-dimensional contour
of I, that highlights the symmetric nature of the filament. This result is taken
from ¢t = 1.0 ms, also during the classical transport stage. Comparisons between
the radial profiles during classical and anomalous transport regimes elucidate the

difference between classical and anomalous thermal transport.

36



N W A~ O

Te (eV)

t=3.0ms
1 (@
0 1 1 1 1
5 2.0 2.

0.0 0.5 1.0 1.5

-0. 5
x (cm)
| sat (MA)
8 10 12 14 16 18
I |
0.2
0.1
E 00
= -0.1
0.2
03 %5 00 0.5 1.0 15 2.0
x (cm)

Figure 2.15: z = 384 cm (a) Radial temperature profile of the filament at ¢ = 3.0 ms.
(b) Two-dimensional contour of Ig, illustrating the symmetric nature

of the filament during early times.

The radial symmetry shown in Fig. 2.15 is observed at all axial positions. This
regularity during the early time evolution of the filament allows for the summary
drawing given in Fig. 2.16. In this figure, a mapping of fluctuation behavior is
given in terms of a typical radial temperature profile. The LaBg crystal is shown
for perspective. The thermal wave is strictly confined to the center of the filament,
though it does overlap with the global structure of the drift-Alfvén eigenmode.
In Fig. 2.16 the gradient region is labeled as the location of the drift-Alfvén wave

because that is where it exhibits its largest amplitude.
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Figure 2.16: Diagram highlighting the different spatial regimes in the radial profile of
temperature. The thermal wave is confined to the center of the filament
while the drift-Alfvén eigenmode is an extended structure. The drift-
Alfvén mode exists as a global feature, but its amplitude peaks in the

gradient region.

2.3.3 Spatiotemporal Evolution

Figure 2.17 illustrates the marked difference in the filament profile before and
after the transition to anomalous transport. In panel (a) a cylindrically symmetric
profile is observed at ¢t = 1 ms. Well after the transition away from this classical
regime, panel (b) presents the resulting profile at a time of ¢ = 8 ms. Both of

these contours are actually ensemble results over a few thousand discharges.
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Figure 2.17: I contours at z = 544 cm (a) The ¢ = 1.0 ms time is the standard
used to experimentally determine the filament center. (f) At ¢ = 8 ms
the filament has transitioned to a turbulent state in which both classical

transport and cylindrical symmetry are no longer present.



2.4 Relationships Between Physics Results and Filament

Behavior

2.4.1 Thermal Waves Appear in the Filament Center

The thermal waves discussed in Chapter 3 are only observed in the radial center of
the filament. This is a result required by the nature of thermal waves because their
drive source must be a heating source. While presently unknown, the heating
source for the thermal waves must reside within the filament because the only
energy source for all heating is the beam itself (the thermal wave may be excited
by a heat source located axially away from the beam and does not have to be
driven by the beam directly). Thermal waves are observed to initially appear at

different times in the filament’s evolution.

2.4.2 Exponential Spectra Occur in the Anomalous Transport Regime

The Lorentzian pulses and the resulting exponential spectra of Chapter 4 are
observed at all spatial locations, but only late in time after the transition from
classical to anomalous transport has occurred. This turbulent behavior is ob-
served in many plasma devices, in all cases it appears driven by the pressure
gradients existing in plasma boundaries (e.g., tokamak scrape-off layers and edge

regions of linear devices).
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CHAPTER 3

Identification of a Spontaneous Thermal Wave

In recent years the venerable topic of thermal (diffusion) waves [Angstrom, 1862]
has received increased attention [Mandelis, 2000], primarily in the context of mod-
ern methodologies for diagnosing the properties of condensed and gaseous matter.
Advances in experimental techniques and in the understanding of the mathemat-
ical properties of diffusion equations driven by sinusoidally, time-varying sources
have resulted in the concept of thermal-wave resonators [Shen and Mandelis,
1995]. The frequency dependence of driven resonators is currently used to mea-
sure the properties of liquids [Balderas-Lépez et al., 2000], gases [Bertolotti et al.,
1998] and liquid-gas mixtures [Azmi et al., 2005]. Although thermal waves have
not been as extensively studied in the plasma state [Gentle, 1988; Jacchia et al.,
1991], some of their features have been effectively used to deduce subtle issues
of the anomalous cross-field transport in tokamak devices [Mantica et al., 2006;
Casati et al., 2007]. A complexity of thermal waves in magnetized plasmas is
that the thermal conductivity along the magnetic field, &), is several orders of
magnitude larger than across, x;. In addition, the numerical value of x| can be
quite large. This makes the study of thermal waves in plasmas considerably more
difficult than in the undergraduate “Angstrom modulation” experiment [Bryant,
1963]. The plasma systems must accommodate a long, and spatially isolated,
heated region whose length along the magnetic field is much larger than the

cross-field dimension. The configuration of this thesis experiment provides an
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environment akin to the thermal-resonators developed for other states of matter,
but, in addition, the free energy available is found to spontaneously generate a
highly-coherent thermal resonant cavity mode. A coherent mode of frequency
lower than the drift-Alfvén mode frequency has been observed in previous work
within this geometry, see Section IV of Burke et al. [2000a]. The identification of

this mode as a thermal wave is presented in this Chapter.

3.1 Observations of a Thermal Wave

Figure 3.1 is a power spectrum averaged over the entire heating period of all of
the shots acquired in the center of the filament. One of these shots was previously
plotted in Fig. 2.13. From the power spectrum it is possible to identify multiple
distinct modes. The broad peak just below 50 kHz represents the drift-Alfvén
mode (an m = 1 eigenmode as shown in Fig. 2.14b). In this case, the peak is
broadened due to the time averaging of the spectral analysis across the frequency
evolution of the mode. Several harmonics of this wave are also identified in the

plot. The thermal wave peak is identified near f =5 kHz.
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Figure 3.1: Power spectrum of electron temperature measurements averaged over the
entire heating period and all shots acquired at the filament center. The
axial position is z = 384 cm. The thermal wave is the largest ampli-
tude oscillation, though some power from the drift-Alfvén mode and its

harmonics is present.

Figure 3.2 illustrates the nature of the temperature fluctuations that corre-
spond to the thermal wave. Coherent low frequency (< 10 kHz) oscillations are
seen from 1 < ¢ < 3 ms in the measured trace. It is important to note that during
this time there are no oscillations in the injected current of the electron beam as
shown in the bottom trace. The agreement between the mean measured electron
temperature and that of the theoretical model shows that heat transport remains
classical during observations of the thermal wave that occur early in the filament

evolution.
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Figure 3.2: The top traces are the measured (solid black) and theoretical (dashed
red) results for the electron temperature at an axial distance of z = 224
cm at the center of the filament. An error bar (solid dark green) is placed
at t = 6 ms and represents the typical error across all the measurements.
No oscillations are included in the theory trace, which represents classical
heat transport. The bottom trace is the injected current of the electron

beam.

Figure 3.3 shows thermal wave oscillations observed well beyond the ¢ = 3
ms point of Fig. 3.2. The current collected by the probe, I;one, is plotted for the
fixed probe bias value of Vope = —40 V. The amplitude of the low frequency
mode decreases in time, but is still visible beyond the 4 ms mark. The decay
of this trace is once again due to the background density decay of the afterglow
plasma. Panel (a) presents the entire time series while panel (b) is a zoomed in
view highlighting the oscillations within the 2 < ¢ < 6 ms range. The data has

also been digitally low-pass filtered at 20 kHz for the presentation in (b).
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Figure 3.3: Time series of current collected by the biased probe for a fixed value of
the bias. (a) Full time series without filtering. (b) Narrow time series
that has been low-pass filtered at 20 kHz and then minimally smoothed

for plotting.

3.2 Theory

Thermal waves were first detailed by Angstrém over one hundred years ago
[Angstrom, 1862]. Angstrom solved the equations for diffusive heat transport
in scalar media and obtained the dispersion relation of the thermal wave, the
propagation of heat fronts through materials. They are studied in undergraduate

physics labs [Bryant, 1963|. Students apply and remove a heat source (blow torch)
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to one end of a metallic rod and then record the temperature along the rod as a
function of time. The period and wavelength calculated from these measurements
allow for the determination of the thermal conductivity of the metal. Advanced
applications of this method allow for the measurement of material properties in
liquids [Balderas-Lépez et al., 2000], gases [Bertolotti et al., 1998], and liquid-gas
mixtures [Azmi et al., 2005]. A similar result is obtained for the plasma experi-
ment and motivates the design of diagnostics that utilize thermal wave properties

to measure plasma thermal conductivities.

The dispersion relation of a thermal wave in a magnetized plasma is more
involved than that of other media because the confining magnetic field breaks
spatial symmetry. Furthermore, the thermal conductivity of the plasma parallel
to the magnetic field, x|, is orders of magnitude larger than that across the
field, k., which constrains the experimental geometry capable of studying these
waves. The large difference in thermal conductivities requires that the plasma
device be capable of containing a plasma structure that is approximately 900
times longer along the magnetic field than it is across. The heated filament in
this experiment can serve as a resonant cavity for the thermal wave due to its
extended axial geometry and the sharp boundaries resulting from the difference
in thermal conductivity between the heated filamentary plasma and the cold

background plasma.

The heat diffusion equation in this case is,
3 0 - (o = .
—n—T,— V- <I<L -VT6> = Qe ™, (3.1)

where & is the thermal conductivity tensor and @ (7) is the heat source. Lineariz-

ing this expression allows for the determination of the complex wave numbers,

3wn 3wn
ki =(1+1 —_— kil = (141 —_— 3.2
1= (1+1) P 1= +Z>\/4m , (3.2)
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where the thermal conductivities are given by,

3.2nT. 7. 147k
kjp=——"— ) kL=

2 2
me WeeTe

(3.3)

In Eq. (3.3), m, is the mass of an electron, we, is the electron cyclotron frequency,
and 7, is the electron collision period. The electron collision period is given by
7. = 3.44 x 10°T/* /(nA), where A is the Coulomb logarithm. These relations
allow for the calculation of the electron collision frequency of the plasma to be

calculated from the measured wave numbers of the thermal wave.

The finite length of the temperature filament, coupled with the high paral-
lel thermal conductivity of the plasma, results in an environment akin to the
thermal wave resonators mentioned in the beginning of this Chapter. As such,
it is possible to leverage the properties of the thermal wave resonator to further
study the filament. One particular advantage of this situation is that the quarter-
wavelength cavity condition provides a new avenue through which to study the

axial length of the filament.

Theoretical work regarding the axial properties of this system indicates that
the quarter-wavelength condition is met [Shi, 2008]. Figure 3.4 compares the
axial temperature profile from the model with the theoretical phase results. The
condition of phase § = 7/2 corresponds to the quarter-wavelength cavity length.
Axial temperature profiles are taken from the model because time constraints in
experimental runs prevent a detailed measurement. The model is known to be
accurate during the regime of classical transport, so its usage is warranted in this

situation.

Figure 3.4 shows that the cavity condition is met for a filament length of less
than nine meters. Such a length is in agreement with exploratory measurements
taken during the setup of experiments. More importantly, this length fits within
the LAPD-U.
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Figure 3.4: Axial dependence of T (solid black) compared to predictions of the cavity
length necessary to sustain the thermal wave as a resonant mode. The
code phase (solid blue) is taken from the model of a thermal wave with
f = 5.1 kHz. The WKB phase (dashed green) is the Wentzel-Kramers-
Brillouin phase determined from (3.2). The horizontal (solid red) line
represents a phase value of 7/2 and its intersection with the other curves

is the length at which the quarter-wavelength resonance condition is met.

While measurements of the axial temperature profiles and the axial depen-
dence of thermal wave fluctuation power are not possible in this instance, further
theoretical development allows for a prediction of the cavity length based on
the frequency of oscillations. Combining the quarter-wave resonator requirement
with (3.2) leads to a relationship between the length of the cavity, L, and the

resonant frequency of the thermal wave, fg,

7T/<J||

fr 6L (3.4)

Equation (3.4) is solved using the measured plasma parameters to calculate
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k). The result is L = 940 cm, in agreement with the result of Fig. 3.4. Some
discrepancy between the values is expected since the background plasma density
decays during the experiment and causes the temperature filament to evolve in
size. The thermal wave frequency evolves in time, a result that is shown in

Fig. 3.5.

The changing thermal wave frequency is illustrated by Fig. 3.5. The figure
presents a close-up view of the coherent oscillations visible in Fig. 3.2. The mea-
sured trace (solid black) exhibits a slippage in phase difference compared to a
fixed frequency model (dashed red). In this instance, the model is a simple, si-
nusoidal temperature oscillation source (@, o sin(wt) in Eq. 2.6), i.e., it is not
self-consistent and cannot predict a spontaneous wave. As mentioned previously,
there is a constant decay in the background plasma density that is part of the
normal evolution of the LAPD-U afterglow. Manual determination of the fre-
quency (measuring the period of individual oscillations) shows that the highest
value of 5.2 kHz occurs early in the signal and then the frequency decreases until
it reaches 3.9 kHz. From the inversely proportional relationship between thermal
wave frequency and the filament length given in (3.4), the behavior in Fig. 3.5

suggests that the filament length increases as time progresses.
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Figure 3.5: Zoomed in view of oscillations due to the thermal wave as shown in
Fig. 3.2. The measured (solid black) result shows a frequency change
over time as the phase is observed to deviate from the fixed frequency

wave utilized in the model (dashed red).

3.3 Calculating Electron Collision Frequency based on Ther-

mal Wave Properties

The electron collision frequency is related to the wave numbers of the thermal

wave according the following expression derived from (3.2),

Im (k‘J_) I~€|| QeTe
= — = 3.5
Re (]{}H) K1 121 ’ ( )

where Im and Re represent the imaginary and real parts of their arguments,
respectively. The imaginary part of the perpendicular wave number is calcu-
lated using the measured radial decay length. The real part of the parallel wave

number is calculated from the measured parallel phase velocity. The electron
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gyrofrequency is set by the applied magnetic field, leaving the electron collision

time as the only undetermined variable.

The radial decay length is related to the imaginary part of the perpendicular

wave number, Im(k, ), by the expression,

1
o = I (i) (3.6)

Figure 3.6 plots the radial profiles of the filament temperature and the amplitude
of the thermal wave fluctuations. The amplitude is calculated by integrating the
power in the T, time signal over the frequency range f = 3.7—6 kHz. The thermal
wave is contained within a narrow region of the filament and its measured radial
decay length is 6, = 1 mm. Since the diameter of the probe is also 1 mm, this
can be considered to be the smallest possible decay length that can be measured.
Useful information is obtained because the theoretical model (dashed red curve in
Fig. 3.6) predicts a decay length of i, = 0.9 mm and the measurement confirms
the actual decay length cannot be much larger that prediction. The upper bound
provided by the measurement of the decay rate translates into a lower bound for

the imaginary part of the perpendicular wave number.
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Figure 3.6: Top curve (dash-dot black) is a radial profile of the electron temperature
at axial position z = 544 cm. The other curves represent the radial
extent of the thermal wave fluctuations. The normalized amplitude of T¢
fluctuations (solid black) at z = 544 cm is the integrated value over the
frequency range f = 3.7 — 6 kHz. The theoretical result (dashed red) is

the amplitude as generated by the theoretical model.

The real part of the parallel wave number is related to the parallel phase
velocity, v, through the expression w/kj = vj. The angular frequency is known
from the time series. The power spectrum of the 7T signal peaks at f = 5.1 kHz

in this case. Parallel phase velocity is measured using a cross-spectral technique.

Two probes are placed axially apart a distance of Az = 384 cm. One probe is
fixed at r =~ 0.15 c¢m to ensure that it observes low frequency oscillations due to
the thermal wave. This probe cannot be placed at the direct center of the filament
because it will perturb the system and reduce the accuracy of the measurement.

When placed at the center of the filament, even a small probe tip may serve as a
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physical barrier that sets the axial length of the filament. Since the filament acts
as a resonant cavity for the thermal wave, forcibly altering its dimensions will
either change or eliminate the wave. The second probe acquires data at every
point throughout a two-dimensional plane. The cross-phase, ©, between these
signals is calculated for the thermal wave frequency [Bendat and Piersol, 2000]
when the second probe is positioned at the center. From the cross-phase the time
delay between the signals, At, is given by At = ©/2x f. This time delay, coupled
with the distance between the probes allows for the calculation of the parallel

phase velocity, v = Az/At.

The measured phase velocity is v = 1.9 x 107" ¢cm/s. Comparison with the
result from the theoretical model, vy = 2.2 x 107 cm/s shows excellent agree-

ment.

Equation (3.5) can now be solved for the electron collision time. The result
is 7. = 5.93 x 1077 s. Using standard parameters of the filamentary plasma
(T, =5eV,n =102 cm™3, X\ = 10) leads to a value of 7, = 3.87 x 1077 s. The
values are comparable and suggest that a diagnostic based on driven thermal

wave oscillations can provide a measurement of electron collision frequency.

3.4 Summary

Thermal waves are commonly studied in non-plasma states of matter. Driven
thermal waves allow for the precise calculation of the thermal conductivity of a
material. Magnetized plasmas are a more difficult medium in which to observe
these waves due to the large difference in thermal conductivity along the mag-
netic field compared to that across it. The extended geometry of the temperature

filament provides an excellent environment for studying these waves because it
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develops into a resonance cavity in which a thermal wave is spontaneously gen-

erated.

Throughout the experiments performed with the filamentary geometry, low-
frequency oscillations that do not correspond to drift-Alfvén behavior have been
observed. These are oscillations in electron temperature and are not directly
driven by similar oscillations in the beam heating. The drive mechanism remains
to be determined. Consideration of the resulting wave as part of a thermal
wave resonance cavity allows for the calculation of the filament length based on
measurements of the wave’s frequency. This result is in agreement with direct

measurements near the axial end of the filament.

Furthermore, the properties of the thermal wave are set by the thermal con-
ductivity of the plasma. Measurements of the parallel and perpendicular wave
vectors provide for an additional calculation of the thermal conductivity, which

is presented here as the calculated electron collision period.

These large amplitude fluctuations of the thermal wave modulate the drift-
Alfvén eigenmodes that are generated by the pressure gradient of the filament.
It is useful to study the behavior of the thermal wave in order to determine its
complete role in the turbulence resulting from drift-Alfvén interactions, which is

the subject of the following Chapter.
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CHAPTER 4

Exponential Frequency Spectrum and

Lorentzian Pulses

During the early evolution of the temperature filament a pressure gradient forms
in response to input heating from an electron beam. At these early times, the
transport of thermal energy is observed to be in agreement with classical the-
ory. This Chapter is concerned with the behavior of the system once this clas-
sical regime is ended. The transition into an enhanced, or anomalous, transport
regime, and away from the classical regime, was shown in Fig. 1.3. That spec-
trogram clearly indicates a stark difference in the power spectra of each regime.
Investigation into the character of the enhanced transport spectra finds that these
spectra feature an exponential dependence in frequency. Review of the measured
signals finds that the exponential spectra are only observed during times when
solitary pulses are present. The pulses are of Lorentzian shape, which allows for
an analytic relationship between them and the exponential spectra. Reports of
exponential power spectra from other laboratory plasma devices suggests that
the existence of exponential power spectra due to Lorentzian pulses in time series
measurements is a universal feature of plasma turbulence, with direct relation to

anomalous transport.
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4.1 Observations of Exponential Spectra and Pulse Struc-

tures

A single trace of electron temperature is presented in Fig. 4.1. Panel (a) is the
complete time series acquired at (r,z) = (0.8,384) cm while panel (b) focuses
on the time region in which fluctuation activity is observed. This is the same
data set as the measurement shown in Fig. 2.13. The radial position is in the
outer region (as defined in Fig. 2.16). The semi-transparent, colored rectangles
are used to indicate the windows used for the calculation of FFT power spectra
to be shown in the following figure. Time labels within the rectangles indicate

the central time of the FFT window.

Figure 4.1a illustrates that little thermal energy reaches this outer radial
position. The temperature is nearly the same as for the unheated afterglow
plasma. A brief temperature increase is noted at ¢ = 0.55 ms, though the only
noticeable effects occur after 6 ms. Panel (b) provides a perspective for these
later time fluctuations. The first set of fluctuations corresponds to the coherent
drift-Alfvén mode. These oscillations are dominant until approximately ¢t = 8.8
ms, at which time the fluctuations become turbulent and no coherent mode is
observed. Even with a lack of coherent modes, there are solitary structures, or
pulses, evident in the time series. One large amplitude event occurs at t = 9.82

ms in Fig. 4.1b.

o6



t=8.22 ms
t=9.53 ms

o

t=8.22 ms t=9.53 ms
1.5 B 8

T (eV)

1.0 F .

N T B N . | . . . . |, N
0'07.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5

Figure 4.1: Electron temperature time series at (r,z) = (0.8,384) cm. Semi-
transparent rectangles indicate the time windows used to calculate FFT
power spectra shown in Fig. 4.2. The time labels represent the center
time of the FFT window. (a) Little heating reaches this outer radial po-
sition, though activity is noticeable after ¢ = 6 ms. (b) Zoomed in view

of the activity from (a).

Figure 4.2 plots the FFT power spectra corresponding to each of the three
regions highlighted in Fig. 4.1. The spectra from the earliest time window (solid
red), centered on ¢ = 1.01 ms, displays no coherent modes. Above f = 10 kHz
this spectra is below the noise level of the system. This is an expected result since
the measurement shown in the previous figure suggests there are no fluctuations

during this time. The spectra centered on ¢ = 8.22 ms (dotted green) shows
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many peaks corresponding to coherent modes. These are the drift-Alfvén mode
and its harmonics. The spectra centered on ¢ = 9.53 ms is completely different
from the other two. In the semi-log presentation of the plot, the behavior of the
9.53 ms spectra appears linear across 20 - 100 kHz. An exponential dependence
on frequency produces straight-line plots in the semi-log format. The difference
between the latest time spectra, ¢t = 9.53 ms, and those from the two earlier times

is that it is the only one to feature an exponential character.
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Figure 4.2: Electron temperature power spectra corresponding to the indicated re-
gions of Fig. 4.1. While the regions are labeled on the measured trace,
the FFT analysis is only performed on the fluctuating component of the

time series.

Observations of exponential spectra and pulse structures are made throughout
the experimental range of this system. In all cases the exponential spectra appear
only during the anomalous transport phase of the experiment. This Chapter
details the observations of such spectra and their related pulses. A model relating

the characteristics of the pulses to the spectra is presented.
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4.2 Exponential Spectra in the Temperature Filament En-

vironment

4.2.1 Spatial Details

Exponential spectra are measured for positions within the temperature filament
experiment where individual time traces display Lorentzian pulses. Figure 4.3
presents a diagram outlining where Lorentzian pulses of positive polarity are
observed within the radial profile of the filament. A typical electron temperature
profile (solid black) is shown to provide perspective for the three regions of unique
behavior: center, gradient, and outer. The center region corresponds to the
radius of the LaBg heating source (drawn as the purple circle in the lower-left
of the figure). This region is where the thermal wave of Chapter 3 is observed.
Lorentzian pulses of negative polarity, similar to the one shown in Fig. 4.11 are

found exclusively within this region.
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Figure 4.3: A diagram of the regions of interest within the radial temperature profile
of the filament. The LaBg crystal is shown to provide perspective. The
fluctuations in the filament can be classified according to three regions:
Center, Gradient, and Outer. The thermal wave is confined to the center
while the drift-Alfvén eigenmode peaks in amplitude within the gradient
region. There is some overlap between these waves. Lorentzian pulses of
positive polarity are primarily observed in the outer region, though some
are identified within the gradient region. Negative polarity Lorentzian

pulses are observed in the center region.

The gradient region is where the amplitude of the temperature gradient is
largest. This results in the largest amplitude for the drift-Alfvén eigenmode. As
an eigenmode, the drift-Alfvén wave extends throughout the entire radial dimen-
sion, however, the diagram of Fig. 4.3 emphasizes the location of this maximum

amplitude because that is where the wave is most readily observed.

The outer region of the filament is where the more dramatic examples of

Lorentzian pulses (positive polarity) are observed. As illustrated by Fig. 4.10,
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the low amplitude of the filament and background plasma fluctuations allows
for the easy detection of pulses with large relative amplitudes. Such pulses are

measured at radial positions of » > 0.75 cm.

4.2.2 Temporal Details

Exponential spectra are observed at times after the filament has transitioned from
a classical transport phase into an anomalous transport phase. This behavior is
clearly illustrated by Fig. 4.4 in which the time evolution of the power spectra
(color contour) displays a sharp transition to broadband spectra at the same
time, ¢t &~ 5.5 ms, as the Iy signal (solid white, upper half of the contour)
begins to display large amplitude pulses. The spectra are computed using the
Continuous Wavelet Transform (CWT) method in order to achieve a balance
between temporal and frequency resolution. A comparison between CWT and

FFT methods is presented in Appendix A.

The I, trace is the fluctuating component of the raw measured signal, L.
For the “early” times prior to ¢ = 5.5 ms there is a coherent drift-Alfvén wave
seen as the solid band in the 25 < f < 45 kHz range. During the time period of
drift-Alfvén eigenmode activity the plasma transport is classical and agrees with

the theoretical model.
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Figure 4.4: Time evolution of the power spectrum (color contour) with an overplot of
the fluctuating component of an I, signal (solid white) from the same
spatial position (r = 9 mm, z = 544 cm). Coherent fluctuations of the
drift-Alfvén eigenmode are visible for ¢ < 5.5 ms. After 5.5 ms there is a
sharp transition to broadband (exponential) spectra that correlates with
the appearance of Lorentzian pulses. The Lorentzian pulses are visible as

the large upward-going spikes in the overplotted Lot white trace.

Figure 4.5 plots two spectra that have been extracted from Fig. 4.4. The
trace from the classical regime (solid black, ¢ = 2.21 ms) features peaks due to
the drift-Alfvén eigenmode at f = 37 and 74 kHz. At a time after the transition
to anomalous transport has occurred (dashed red at ¢t = 10.73 ms) there are no
coherent mode peaks. This does not conclusively demonstrate that the drift-
Alfvén mode has decayed, rather, it means that the amplitude of the exponential

spectrum is at least as large as that of the coherent mode.
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Figure 4.5: Extracted spectra from Fig. 4.4 demonstrating the character of the spec-
tra before (solid black) and after (dotted red) the transition to anomalous
transport. The amplitude of the exponential spectrum is well above the

minimal levels observed for the early time trace.

4.2.3 Interaction Between Thermal Wave and Drift-Alfvén Mode

The discussion of the late-time turbulent environment of the temperature filament
must include some features of the wave interactions and modulations preceding
the transition to anomalous transport. It is clear that the large amplitude temper-
ature oscillations associated with the thermal wave affect the radial temperature

gradient, thereby modulating the amplitude of the drift-Alfvén mode.

4.2.3.1 Drift-Alfvén Modulation by Thermal Wave

An example of drift-Alfvén modulation by thermal wave fluctuations is observed

by performing a simultaneous measurement with three probes. FEach probe
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measures I at a different axial and radial location for the same plasma dis-
charge. Two of these probes are fixed in their respective radial positions while
the third probe performs a two-dimensional position scan. The scanning probe
is placed at z = 64 cm and the fixed probes are at (r,z) = (0.2,224) cm and
(r,z) = (0.15,448) cm. Perturbations of the filament by the fixed probes are
minimized by placing them in nearly up-down symmetric positions opposite each
other. Figure 4.6 is a contour of the I, signal measured by the scanning probe
at t = 1 ms. The positions of the downstream probes are labeled with a dark

blue “x” and text noting their axial position.

Figure 4.6: Contour of It at z = 64 cm and ¢ = 1 ms. Two downstream probes

featuring a fixed radial position are indicated.

Figure 4.7 presents measurements from all three probes during a single shot.
The scanning probe signal (black, top) is acquired at r = 0.65 cm, in the outer
region of the filament. Both panels feature offsets in the traces that have been
added to clarify the presentation. The vertical orientation of the traces are the

same in each panel. Panel (a) presents the full time series for this discharge.
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Panel (b) focuses on a narrow time region early in the filament evolution during

which temporal correlation between the signals is apparent.
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Figure 4.7: I, measurements at three different axial positions. The 64 cm measure-
ment is acquired at a radial position of » = 0.65 cm, within the outer
region of the filament. (a) Full time series (b) Narrow time series high-

lighting correlation between signals.

The z = 448 cm trace (blue, bottom) of Fig. 4.7 shown in panel (b) exhibits
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low frequency oscillations due to the thermal wave. As expected, the trace at z =
224 cm (red, center), which is only an additional 0.05 cm radially outward, does
not feature these oscillations. Instead, the z = 224 cm trace exhibits behavior
similar to wave-packet phenomena in that brief sections of coherent and growing
amplitude fluctuations are observed. The first of these is found at 0.8 <t < 1.0
ms. The trace at the z = 64 cm position (black, top) is also at the furthest radial
position, » = 0.65 cm. The fluctuations in this signal appear rectified and are

reminiscent of the pulses featured in Fig. 4.1.

The I, fluctuations in the 224 ecm (r = 0.2 c¢cm) trace of Fig. 4.7b begin
to grow in amplitude as the low frequency component of the 448 cm (r = 0.15
cm) trace decreases. Activity is always observed on the 224 c¢m trace prior to
observation on the 64 ¢cm (r = 0.65 cm). Due to the axial separation between
these probes it is not possible to conclusively determine whether these delays
pertain to a radial propagation velocity. However, it is clear that thermal wave
oscillations near the center of the filament are correlated to changes in amplitude

of the drift-Alfvén mode in the gradient and outer regions.

4.2.3.2 Correlation Between Outer Region Pulses and Profile Relax-

ation

The “threshold method” of pulse identification selectively identifies events of
considerably large amplitude. Details are presented in Sec. B.3. Setting the
threshold value to a larger value improves the accuracy of the detection. In this
section the large amplitude pulses detected on a fixed probe are used to define
a “pulse time” by which the measurements of another probe are averaged. The
detection of a pulse sets the condition for generating this average from the other,

downstream measurement. The data first shown in Fig. B.5 is used for this
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example.

Using the signal from the reference probe as a temporal trigger, a portion of
the signal acquired by the moving probes is extracted. Figure 4.8 shows that a
smaller number of pulses are detected in the I, signal (solid black) when the
threshold level (horizontal dashed blue line) is set to 5. The peaks of these pulses
are used to define a new time axis, the “pulse time” axis in which #,y = 0
us represents the time of a given peak’s center. An array of such times are
obtained. For each of these times, a portion of the signal from the other probe
is considered. This segmented data represents the behavior of the plasma at this

secondary position when a sufficiently large pulse is observed on the static probe.

One such time window is shown by the partially transparent green area in
Fig. 4.8. The pulse peak near ¢ = 9.0 ms serves as the center of the pulse time
axis. A width of 100 us is taken on each side of the center. The data falling within
this time window is then extracted from the V; trace acquired using the moving
probe. This process is repeated for each pulse detected above the threshold value.
For example, a second 200 us series is taken from the data shown in Fig. 4.8. This
series is centered on t = 8.77 ms. If these were the only pulses detected, then the

average of these two regions would be the ensemble result for the V; signal.
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Figure 4.8: Amplitude threshold pulse detection from Ig, fluctuations (solid black,
top trace) defines a 200 us region from which the signal on a fixed V;

measurement (solid blue, bottom trace) is extracted.

The process of extracting data from the measurements of the moving probe
results in a short time series for every position of the moving probe’s transit.
The number of records that comprise this ensemble result varies depending on
the number of large pulses sampled by the fixed trigger probe. Since this probe
is purposely fixed in a region known to exhibit pulses, however, the variation in

the number of detected pulses is generally minimal.

Figure 4.9 illustrates the usefulness of this technique for studying profile mod-
ification. Panel (a) is a plot of radial I, profiles according to three different pulse
times. The trace representing ¢,y = —100 ps (black) is the ensemble profile as it
appears 100 us before the center of a pulse detected on the fixed probe. This pro-
file matches the typical temperature filament profile observed during the classical
transport stage. It is also very similar to the trace that represents ¢,yse = 100 s

(blue), which is the ensemble profile that is observed 100 us after the time center
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of the pulse. A major difference between these profiles and the one corresponding
to tpuse = —10 us (red) is observed. This profile represents the ensemble result
observed only 10 us prior to the center of the pulse. It is considerably wider and
features a lower amplitude than the other profiles. This difference is highlighted

by the normalized representation of panel (b).
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Figure 4.9: (a) Radial profiles of I relative to the time evolution of pulses detected
in the outer region of the temperature filament. (b) Normalized versions

of the data presented in (a).

The profiles of Fig. 4.9 suggest that the observation of pulses in the outer re-

gion of the temperature filament is associated with considerable radial transport.

Profile modification as treated in this Section, along with coherent mode mod-
ulation as treated in Sec. 4.2.3.1, provides context for reviewing the temporal
shape of the pulse events identified in the temperature filament. As shown in the
following Section, the pulses in this experiment feature Lorentzian shapes. Given
the strong interaction between coherent modes, coupled with the sharp transi-
tion to an anomalous transport regime, the appearance of nonlinear structures
is not surprising. The relationship between these structures and the observed

exponential spectra is discussed throughout the rest of this Chapter.

69



4.3 Lorentzian Pulses

The normalized form of a temporal Lorentzian pulse, L(t), is,

7_2

L(t) = =t (4.1)

where the pulse is centered at time t, and has width 7. In (4.1), the time width is
equal to one-half of the full width at half maximum (FWHM), 7 = 1/2 (FWHM).
This relationship is highlighted because many experimental studies of pulse-like
behavior report the FWHM as the quantitative property of the events under

study.

The Fourier transform of a Lorentzian pulse, i(w), is given by,
Lw) = 7rexp(—wr +iwt,) . (4.2)

The power (frequency) spectrum is given by,

)~ ‘2 = ‘i(w)i*(w)’ = 7T27'2exp<_zf> : (4.3)

where it is now possible to define fy = 1/(277). This relates Lorentzian pulses to

exponential spectra, it remains to find such pulses in the measured time series.

Individual pulses must be examined on a single shot basis. Due to their possi-
bly random distribution of time centers any averaging of a data set could exhibit
a strong cancellation of pulses. A further difficulty is that the pulse events can
be confused with partial cycles of the drift-Alfvén waves. Any removal of the co-
herent drift-Alfvén mode signal from the time trace can significantly reduce the
amplitude of a Lorentzian pulse present in the time trace. While several meth-
ods were employed to identify the pulses within thousands of recorded plasma
discharges (see Appendix B), a relatively simple “brute force” method was found

to be sufficient. By brute force, it is meant that a curve corresponding to a
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Lorentzian pulse is slid through the data record. Any location that results in a
good match is kept as a Lorentzian pulse. One drawback of this method is the
long computing time necessary to process large data sets. A major benefit of this
method is that it detects pulses without setting an amplitude threshold, thereby

allowing even relatively low-amplitude events to be captured.

In this method, the functional form of a Lorentzian pulse is fit along the entire
time record obtained for a single discharge. The functional form has a time width
based on the input value of 7. The resulting time window is slid through the entire
data record. Sections of the signal that return a good fit are kept as pulses. A
good fit is defined manually after reviewing the results from a limited selection
of records. The quality control factors are the standard deviation of the width
and the convergence of the fit. After defining a fit pulse, several passes are made
through the data set with Lorentzians of different width. In practice, due to the
limited variability of the measured widths it is usually sufficient to perform the
fitting once. The initial width is set by calculating the exponential decay of the

power spectrum and then solving for 7.

Figure 4.10 illustrates a Lorentzian pulse featuring positive polarity. These
pulses are predominantly observed in the outer regions of the filament. The back-
ground fluctuations decrease in amplitude as radial distance from the filament
increases. Positive polarity pulses are often easily observed by virtue of their rel-
atively large amplitude. Even so, the same Lorentzian fitting technique, rather
than an amplitude threshold, is used to properly identify them as Lorentzian

pulses.

A slight deviation from a pure Lorentzian is seen in Fig. 4.10. A modified
Lorentzian pulse expression will be used in Section 4.5 to better fit this type of

pulse. The following section provides a detailed analysis of pulses and spectra for
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two different axial positions within the same set of plasma discharges.
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Figure 4.10: (a) Raw I, data (black) with an overlay of a low-pass filtered result
(red). A Lorentzian pulse of positive polarity is indicated by an ar-
row. (b) Detailed view of the positive polarity pulse (solid red), with a

negative polarity Lorentzian fit (dashed black).

An example of an I, pulse with negative polarity is given in Fig. 4.11. Panel
(a) shows both raw I signal (black) and a low-pass filtered trace (red). The
filtering, while unable to isolate the Lorentzian features, improves the accuracy
of the fitting routine by removing higher frequency (> 100 kHz) noise that can
reduce the fit quality. The pulse indicated by the arrow in (a) is not particularly
large amplitude. Pulses with negative polarity are observed in the center of the
filament where the large amplitude thermal wave is also present. Amplitude is

therefore an unreliable quantity to use as a method to search for pulses.

Figure 4.11(b) provides a closer view of the pulse event (solid red) and shows
that it is well represented by a Lorentzian function (dashed black). Deviation
from a pure Lorentzian is expected because the pulses are embedded in a stream of
other fluctuations from both coherent modes and turbulent effects. Distortions to

pulses and slight deviations from pure Lorentzians do not destroy the exponential
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nature of the resulting power spectrum, as is shown in Sec. 4.5.
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Figure 4.11: (a) Raw I, data (black) with an overlay of a low-pass filtered result
(red). A Lorentzian pulse of negative polarity is indicated by an ar-
row. (b) Detailed view of the negative polarity pulse (solid red), with a

negative polarity Lorentzian fit (dashed black).

4.4 Comparison Between Spectra and Pulses at Different

Axial Positions

In this section a detailed comparison is made between pulse widths calculated
from fitting power spectra and those calculated from fitting pulses directly. Figure
4.12 is a plot of the full Iy, time traces from the same shot within the data set
examined. In this set, two Langmuir probes are placed within the outer region
of the radial profile. One probe is positioned at (r, z) = (0.7,544) cm, while the
other is located at (r, z) = (0.5,192) cm. At these radial positions, the transition
to broadband fluctuations occurs very late in time, near t = 11 ms. Power spectra
and pulse searches are performed over the time range 10.0 < ¢ < 12.7 ms. The

background magnetic field is B, = 1000 G.
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Figure 4.12: Time series of I, at two different axial positions. The radial position
of the trace at z = 544 cm is r = 0.7 cm. The z = 192 cm is at radial

position r = 0.5 cm.

In Fig. 4.13, pulses detected from the traces of Fig. 4.12 are identified with
diamond symbols (all 20 discharges are analyzed for this study). The colors of the
diamond markers are the opposite of the trace to clarify the display. The pulse
detection technique (see Sec. 4.3) simultaneously identifies positive and negative-
polarity pulses by allowing the free variable amplitude to be negative. Along
with the positive-polarity and negative-polarity pulses, some false positives are
visible within this series. A false positive is indicated by a diamond marker that
appears away from an extrema of the measured signal. Ensemble pulse widths
are reported with error ranges in order to accommodate the limited number
of false events that may be included. Over the complete set of 20 discharges
acquired there are 742 events identified at the z = 544 cm position, and 771

events identified at the z = 192 cm position.
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Figure 4.13: Diamond symbols mark the centers of pulses identified within the
Isat traces of Fig. 4.12. Black diamonds are placed on the pulses of
the z = 192 cm (red) trace. Red diamonds identify the pulse centers of
the z = 544 cm (black) trace. An offset has been added to clarify the

display.

The characteristic time widths of the identified pulses are given in Table 4.1.
The pulse width at the z = 544 cm position is 7 = 8.9 4+ 2.4 us, slightly larger
than that of the position z = 192 ¢m, which is 7 = 7.8 & 2.7 us. The Table also
includes the pulse widths as calculated from the power spectra directly, which is
presented below. For both positions, the values calculated from these different

methods agree to within the measurement uncertainty.

Power spectra from both axial positions are shown in Fig. 4.14 and plotted
according to their natural logarithm. Panel (a) presents both spectra, showing
their similarity. Panel (b) singles out the spectrum from the z = 544 cm position
(solid black) and adds a line (dashed blue) representing the exponential fit over
the frequency range 30 < f < 60 kHz. This frequency range represents four

e-foldings of the power. Spectral behavior at higher frequencies includes noise
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contributions and is not included in the analysis.

0/,

0 0.13 0.26 0.39 0.53
(a) -12————F——F 77—

(b)

— z=192cm

P (a.u.)
P (a.u.)

Figure 4.14: Power spectra plotted in terms of their natural logarithm. (a) Power
spectra from the data set represented in Fig. 4.12. (b) Power spectra
from z = 544 cm (solid black) with a fit to the exponential (dashed blue)
calculated over the frequency range 30 < f < 60 kHz (the peak near 5
kHz is not part of the fit).

The expected pulse time widths calculated from the power spectra are shown
in Table 4.1. For the axial position of z = 192 cm the time width is 7 = 5.9
us. At z = 544 cm the calculated time width is 7 = 6.5 us. At both positions,
the time widths calculated from power spectra and the measured pulses agree
to within the uncertainty of the pulse detection method. Furthermore, during
the same plasma discharges there is an agreement between the pulses and power
spectra at different axial positions.

The pulse detection and the fitting technique yield a time width that is greater
than that calculated from fitting power spectra. This is seen in the results pre-
sented in Table 4.1 in which the spectral time width calculations are lower than

those from the raw measured pulses. Figure 4.15 displays two extracted pulses
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Parameter Value

7, Pulses at z = 192 cm 7.8+ 2.7 us
T, Spectrum at z = 192 cm 5.9 us
7, Pulses at z =544 cm 8.9+ 2.4 us

T, Spectrum at z = 544 cm 6.5 s

Table 4.1: Calculated Pulse Widths

and their corresponding Lorentzian fits. In Fig. 4.15a it is clear that the mea-
sured pulse (solid black) is fit well by a Lorentzian function (dashed red). The
time width of this fit pulse is 7 = 6.2 us, compared to the spectral fit value of 6.5
us. Panel (b) displays a poor fit from the identification analysis. The time width
of this fit is 7 = 11.7 us, larger than that of the good fit shown in panel (a). The
offset between the pulse centers in Fig. 4.15b is a result of the poor fit. This is the
result of numerical issues within the routine. The automated detection of pulses
is necessary in order to process the voluminous set of data, though manual review
remains the most accurate method of calculating pulse widths. Issues with the
detection technique may be reduced through further refinement of the numerical

procedure.

7



(a) C T T T T T T T [ T T T T T T T T ] (b) 60 —_——
6.4 - - r ]

- —— Measured Bl [ — Measured ]

L ——-Fit ] 58 -

6.2 - n L ]

=] — — L 4
3 60f 1371 ]
~ 58| 1= 54r 7
56 | 1 s2fF ]
I H R S B L P IS S S E S S S T S S ]

410 5 0 5 TRRET 5 0 5 10

tpulse (MS) tpulse (MS)

Figure 4.15: Measured pulses (solid black) and corresponding Lorentzian fits (dashed
red) for the position z = 544 cm. (a) A good fit for which the pulse
time width is 7 = 6.2 us. (b) A poor fit for which the pulse time width
is 7 = 11.7 us. The pulse time width from fitting the power spectrum

is 7 =6.5 us.

The treatment of Lorentzian pulses presented thus far assumes that a series
of discrete pulses results in an exponential power spectrum. This is shown in
Eq. (4.3) for a single Lorentzian pulse. A similar analytic expression is not
possible for a series of pulses. The following section treats this issue by way of a

model consisting of such a series of Lorentzian pulses.

4.5 Modeling Exponential Power Spectra

The expression in Eq. (4.3) illustrates that the power spectrum of a single Lorentzian
pulse is exponential, but it does not immediately follow that the spectrum of a
series of Lorentzians is also exponential. All of the measured spectra are the
result of performing Fourier transforms on time records of such length that they

contain many Lorentzian pulses. The random distribution of time centers and
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widths may easily result in a non-exponential spectrum.

The resulting time series, p(t), from a collection of Lorentzian pulses is given

by,

N A,
= ;Li(t) T L ((t— to) [te) 4

where the pulses have different amplitudes, A;, and different widths, t¢.;, while

being centered at different times, t;.

The Fourier transform of (4.4) is,

N

plw) = > mAite exp (iwte) exp (—wtei) | (4.5)

i=0
which is a sum of exponential terms. At this point it is no longer evident that
a semi-log representation of the power of (4.5) results in a linear region. A

numerical model [Shi, 2008] is used to further this investigation.

Figure 4.16 compares the measured spectrum (solid black trace) previously
seen in Fig. 1.4 to a model result (dashed red) computed from an ensemble of
generated signals. The model accurately reproduces the exponential character of

the measured result.
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Figure 4.16: The power spectrum of Fig. 1.4 (solid black) is compared to an ex-
ponential spectrum generated by the model (dashed red). The model
accurately reproduces the exponential component of the experimental
spectrum, even in the presence of line spectra associated with the drift-

Alfvén mode and its harmonics.

The model signals are based on Eq. (4.4). Ten Lorentzian pulses (N = 10)
are placed into each of 100 time series. Each time series is 1 ms in total length.
The center times, t,;, are randomly distributed throughout the 1 ms duration.
These model traces are normalized in amplitude so the values of A; are assigned
a random distribution between 0.75 and 1.25 to give an average amplitude of
unity. Time widths, t.;, are distributed between 2.5 and 4.5 us, consistent with
the measured values. The average time width of the model is (t.;) = 3.5 us and
this value results in the excellent agreement shown in Fig. 4.16. Additionally,
this value agrees with the average time width computed from fitting measured

pulses, (teiexp) = 4.0 ps.
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4.6 Generation of Lorentzian Pulses

Since the analytic shape of the pulses is observed to be Lorentzian, it is natural
to direct the study toward determining the generation mechanism that results in
such a particular structure. This research is presently led by the theoretical effort
presented in Ch. 7 of Shi [2008]. In that thesis, a model of the E x B drift (plasma
flow perpendicular to the background magnetic field) behavior is made for the case
of two simultaneous drift-Alfvén modes. The model incorporates the combined
effects of m = 1 and m = 6 drift-Alfvén modes. At large amplitude, these
waves interact non-linearly and generate non-sinusoidal oscillations in density and
temperature. The resulting structures are successfully fit to Lorentzian shapes
and reproduce to positive-polarity /negative-polarity behavior that is observed
at different radial regions of the experiment. Future work will include efforts to
determine the dynamic equation that accurately describes a system that generates
Lorentzian pulses, along with corresponding experimental measurements that

contribute to this understanding.

4.7 Summary

The temperature filament experiment provides a unique environment in which
the level of energy transport transitions from a classical phase into an anomalous
phase. The fluctuation power spectra calculated during the anomalous phase ex-
hibit exponential dependency on frequency. These exponential spectra are only
observed during times for which the measured time series data features solitary
pulses. The pulses are found to fit well to the Lorentzian shape of Eq. 4.1 (devi-
ations from a pure Lorentzian are treated in the following Chapter). Lorentzian

pulses are shown to produce exponential spectra, a relationship that allows for
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the prediction of pulse widths based on the exponential constant measured from
a spectrum. In the experiments it is possible to compare a Lorentzian width
calculated from a spectrum to that calculated from an ensemble of events. The
resultant time widths are found to be in agreement, further supporting the va-

lidity of the Lorentzian claim.

Finally, it is suggested that this situation is a universal feature of plasma tur-
bulence. A listing of exponential spectra already in the research literature is given
in Section 1.3.3. An experiment performed at the LAPD-U involving a controlled
density gradient, called the Limiter-Edge Experiment in this thesis, presents an
opportunity to test the universality of this process. Similar exponential spectra
and accompanying Lorentzian pulses are observed. A comparison between the

two experiments is presented in the following Chapter.
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CHAPTER 5

Comparisons Between Turbulent Features of the
Temperature Filament and Limiter-Edge

Experiments

5.1 About the Limiter-Edge Experiment

The limiter-edge experiment focuses on properties and generation of intermittent,
or bursty, turbulence structures. As with the temperature filament experiment
of this thesis, the turbulence study is motivated by the relevance to transport.
Intermittent turbulence is one cause of particle transport in tokamaks [D’Ippolito
et al., 2002]. The LAPD-U study conducted by Carter allows for an in-depth
statistical study of these bursty events, showing that intermittent structures, or
“blobs”, are detached and radially propagating objects with a dipole potential
profile [Carter, 2006].

Figure 5.1 illustrates the geometry of the limiter-edge experiment. An electri-
cally floating aluminum plate is installed on a hinge inside the LAPD-U. Partially
closing this plate causes a blockage of primary electrons that are emitted from the
cathode during the main plasma phase of a discharge. A strong density gradient

results from the blocking, which is shown in Fig. 5.2.
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Figure 5.1: Schematic of the setup for the limiter-edge experiment in the LAPD-
U. An electrically floating aluminum plate is used to partially block the
emission electrons during the main plasma phase. A large density gradient

is set up and intermittent structures are observed behind the plate.

5.2 Similarities Between the Limiter-Edge and Tempera-

ture Filament Experiments

The density profile shown in Fig. 5.2 is labeled to highlight the similarity between
it and the temperature profile of the temperature filament experiment. Three re-
gions are defined in Fig. 5.2: Center, Gradient, and Outer. The Center region is
the main plasma column, which features a fairly flat density profile in which the
only aberrations are due to asymmetries in the emitting cathode itself. Negative
polarity pulses (see Fig. 5.5) are observed in this region. The Gradient region
occurs across the radial boundary of the blocking plate. A unique feature within
this region is the observation of both negative and positive polarity pulses. The
small radial dimension of the temperature filament experiment prevents a defini-
tive measurement of negative and positive pulses in the same region. Finally,
the Outer region is behind the plate. Positive polarity pulses, often of very large

relative amplitude (_fsat [Isae > 100%), are observed in this region, as shown in
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Fig. 5.6.
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Figure 5.2: Plasma density profile from the limiter-edge experiment. Three distinct
regions of behavior analogous to those found in the temperature filament

experiment are labeled.

5.3 Exponential Spectra

The limiter-edge experiment exhibits exponential power spectra for Ig,; measure-
ments in all three regions indicated in Fig. 5.2. An aspect of this experiment is
that the turbulence is always fully formed, i.e., there is never a classical trans-
port regime and therefore no transition from classical behavior to broadband
turbulence. For this reason, the time series always demonstrate pulse behavior
as shown in Fig. 5.3. The gradient panel is a mixture of positive and negative

polarity pulses.
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Figure 5.3: Raw I, traces from each of the limiter-edge regions shows the bursty
nature of the pulses. This figure is an adapted form of that appearing in

Carter [2006].

The measurements from all three regions exhibit exponential power spectra,
as shown in Fig. 5.4. Fits to the exponential behavior of the spectra in this exper-
iment yield a value of 7 = 7.0 us, which compares well to the value of 7 = 7.2 us
obtained by measuring the characteristic widths of individual pulses. A model of
Lorentzian pulses featuring characteristics consistent with those measured in the

experiment also produces a power spectrum with equivalent exponential behavior.
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Figure 5.4: Power spectra from I, measurements in the limiter-edge experiment.
The spectra are observed to be exponential from each region of the density

profile.

5.4 Lorentzian Pulses

The example pulses of Figs. 5.5 and 5.6 are immediately comparable to Figs. 4.11
and 4.10 from the temperature filament experiment. The pulses themselves are
more similar between these experiments than any other parameters. The negative
polarity pulses from the limiter-edge are observed at amplitudes much larger than

the background fluctuations.
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Figure 5.5: I, measurements from the center region of the limiter-edge experiment.
(a) A wide view of a single, negative polarity pulse (solid black) with an
overlay of a low-pass filtered signal (solid red). (b) The filtered signal

(solid red) is fit with a pure Lorentzian function (dashed black).
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Figure 5.6: I, measurements from the outer region of the limiter-edge experiment.
(a) A wide view of a single, positive polarity pulse (solid black) with an
overlay of a low-pass filtered signal (solid red). (b) The filtered signal

(solid red) is fit with a pure Lorentzian function (dashed black).
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5.5 Distortion of Lorentzian Pulses

Additional work has been performed with regard to the presence of asymmetric
pulses. A particular example from the limiter-edge experiment is presented here.
The distorted pulse of Fig. 4.10 exhibits a steepened leading edge with a more
slowly decaying following edge. This feature is similar to observations that have
been made in “blob” studies [Antar et al., 2003; Boedo et al., 2001]. Blob phe-
nomena [Zweben, 1985] are an ongoing area of fusion research focusing on the
origination and control of intermittent bursts that are seen in the scrape-off layer

and far edge of tokamaks.

An example of an asymmetric pulse measured in the limiter-edge experiment
(solid black curve), together with a numerical fit (dashed red curve), is given in
Fig. 5.7. This pulse has been previously shown in Fig. 5.5b. A much better fit
to these asymmetric pulses can be obtained by multiplying the basic Lorentzian

shape, L(t), by a function of the form
f@)=14a[l+b(1+tanh((t —t1) /t2))] . (5.1)

Figure 5.7 illustrates that a very close fit to the measured asymmetric pulse can
be obtained using a product fitting function of the form f(¢)L(t). The asymmetry
of the pulse shape introduced by a function of the type given in Eq. (5.1) has
very little effect on the power spectrum, as illustrated in Fig. 5.8 which shows
a comparison between the power spectrum of the product fitting function, fL,
the power spectrum of the basic Lorentzian, L, and the power spectrum of the
individual pulse. The power spectrum of the Lorentzian (solid black line in
Fig. 5.8) and the skewed Lorentzian (dashed red line labeled “fit”) are almost
indistinguishable and both represent the power spectrum of the individual pulse

very well, but for a slight deviation at higher frequencies. The exponential nature
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is retained over a broad frequency range. This example shows in detail that the
asymmetry of pulses observed in the data does not destroy the exponential nature

of the power spectrum.
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Figure 5.7: Solid black curve is a measured pulse previously shown in bottom right
panel of Fig. 5.5b. Dashed red curve is functional fit consisting of a

Lorentzian multiplied by a distortion given by Eq. (5.1).

While the particular example given here shows no discernable difference be-
tween the power spectrum of the basic Lorentzian fit and the product fitting
function, the general case is that the power spectra of the two fits will differ.
The differences are found to be small and occur at low frequencies (below 20
kHz). In general, observed asymmetries in individual pulse shape do not alter

the exponential nature of the power spectrum.

90



w/Q2;
0O 0.04 007 011 0.14 0.18 0.21

—— Measured
—— Fit
Lorentzian

10 III|III|III|III|III|III|

O 20 40 60 80 100 120
f (kHz)

Figure 5.8: Power spectra of the measured pulse (solid black) compared to that of
the fit (dashed red) and of the fundamental Lorentzian pulse (dotted
blue). The normalized frequency scale corresponds to the limiter-edge

experiment in which the pulse is observed.

5.6 Summary

The similar time series and spectral results from the temperature filament and
limiter-edge experiments supports the concept of exponential spectra as a univer-
sal feature of plasma turbulence. The limiter-edge experiment further supports
the universal aspect of the pulses and exponential because of its relationship to
intermittent transport in tokamaks. The limiter-edge may be described as a series
of filamentary structures. This view applies to the scrape-off layer or outer region
of toroidal plasma as well. Similarities between the limiter-edge and temperature

filament experiments indicate that the single filament environment produces be-
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haviors that are observed in the even more turbulent environments observed in

other plasmas.
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CHAPTER 6

Plasma Flow Parallel to Background Magnetic
Field

Plasma flow is studied in relation to another aspect of this thesis, namely the
thermal wave. This section examines describes flows aligned with the applied

background magnetic field, i.e., parallel flows.

6.1 Spatiotemporal Behavior and Modeling

A comparison of the time evolution of parallel flow between measurements and a
theoretical model is presented in Fig. 6.1. The model is designed using Eqs. (2.4)
- (2.7). This analysis is restricted to the early times that correspond to the
classical transport regime of the filament. The position of this measurement is
(r,z) = (0,384) cm. The rise in the measured flow velocity immediately after
beam heating begins is not captured in the model result. It should be noted that
differences in the numerical values between the flow measurements and the code
are expected to be larger than those observed for temperature comparisons. The
model calculates flow values by solving for the absolute value of the flow and
then normalizing it to the sound speed as calculated using its own temperature
value. Therefore, any differences present in the absolute flow speed (which cannot

be measured by the Janus probe method) are compounded by the differences in
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Figure 6.1: Comparison of measured and theoretical parallel flows in the filament
center for early time evolution. The model result captures the qualitative
behavior of the flow, except for the initial (and possibly transient) increase
in magnitude. The measured trace has been smoothed to reduce higher

frequency fluctuations.

Figure 6.2 compares two-dimensional flow profiles from the experiment with
the results of the fluid code that is also used to compare classical temperature
profiles. The result is shown for the axial position z = 384 cm. The qualitative
agreement is excellent as both results identify a wide radial profile of plasma
flow. One difference is the sharp edge that appears just after ¢ = 1 ms in the
measurement. It is not yet understood why the model would result in a softer edge
profile. The direction of the flow also agrees within these two representations.
Early in the filament evolution and far into the outer region of the radial profile,
the flow is directed toward the LaBg beam source. Some time after the heating
process has begun, this direction is reversed. Pressure gradients naturally present

in the afterglow plasma compete with those generated by the beam heating. This
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interaction may explain the sharp boundary observed in the experiment but not

entirely reproduced by the model.

0.0 0.5 1.0 1.5 2.0
r (cm)

Figure 6.2: Parallel flow velocity as measured (color contour) and as predicted by

classical theory (black lines).

Quantitatively, the agreement between the model and the measurements is
nearly perfect at the far edges and early times, and better than 20% at the
filament center. The gradient region exhibits larger discrepancy between the
values (e.g., at t =~ 2 ms and r > 1.5 cm). The theoretical result places the
peak flow just off the center of the filament. It is noteworthy that the largest
absolute value of flow is centered on the filament in the model. The off-center
feature occurs because the model temperature profiles decrease faster than the
absolute velocity. The temperature decline in the radial direction reduces the ion
sound speed much faster than the corresponding reduction in absolute flow speed.

Similar off-center peaks in Mach number are not observed in the measurements.
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Figure 6.3 is a plot of the measured and theoretical electron temperatures and
flow profiles corresponding to time ¢t = 1.3 ms in Fig. 6.2. This display clarifies
the evaluation of that preceding contour. Both radial profiles are broader than
typical temperature profiles for the filament. The measured profile exhibits a
steady decay of the flow and appears to never reach a lowest level. This contrasts
the result from the model in which the profile is still broad but does flatten out

near r = 2 cm.
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Figure 6.3: Radial profiles taken from time ¢ = 1.3 ms for z = 384 cm. (a) Electron

Temperature (b) Flow

An interesting overview of flow behavior across multiple axial positions is
shown in Fig. 6.4, which presents contours of the parallel flow as functions of
radial position and early time. Notice that panel (b) was acquired with a radial
range that differs from the other two contours. Panel (a) displays the flow from
within the heat source region, ), at z = 64 cm. Oscillations arise near ¢t = 1
ms that are comparable to those shown in the time trace of Fig. 2.12. These
same oscillations are also observed at the other axial positions of z = 224 cm in
(b) and z = 448 cm in (c). The downstream regions demonstrate the coherent

fluctuations prior to their appearance in the @ region. Panels (b) and (c) exhibit
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striations (which are representative of oscillations in this contour display) before
t = 1 ms and they do not appear until after this time in (a). This observation
suggests that the cause of the oscillations is within the heated filament and not
driven by the beam heating directly, i.e., there are no such oscillations in the

applied heating power.
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Figure 6.4: Parallel flow contours at different axial positions for the same experimen-
tal parameters, B, = 900 G, Vpeam = 20 V. These are not from the same
discharge, however, because a number of discharges is necessary to ob-
tain the contour measurement across the radial dimension (note also that
(b) is acquired across a narrower radial span than the other panels). (a)

z=64cm (b) z =224 cm (c) z = 448.

Figure 6.4 also highlights the time evolution of the broad flow profile. This

is determined by the interface of the opposing flows in the » > 0.1 cm regions.
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The negative flow values of (a) indicate that the plasma is flowing toward the
LaBg electron beam. Plasma flowing away from the beam is restricted to a
region narrower than the beam diameter. At z = 224 cm the flow direction
changes suddenly near r = 0.1 cm and ¢t = 1 ms. The profile of flow away from
the LaBg crystal extends out to r > 0.2 cm. Finally, at z = 448 cm the flow
directed away from the heat source reaches out to » > 1.0 cm, far wider than
at the other axial positions. Similar profiles are predicted by the code because
the parallel gradients are largest away from the LaBg crystal. Closer to the LaBg
source, the parallel pressure is flat and the flow drive is reduced. Furthermore,
the background electron temperature is lower farther from the beam, leading to a
much lower ion sound speed and greater Mach number even in instances in which

the absolute flow speed is constant.

An example of the time evolution of the Mach number at different axial po-
sitions is given in Fig. 6.5. The time evolution of the flow at the filament center
confirms the larger Mach numbers corresponding to larger z values. Large am-
plitude fluctuations appear first at the z = 384 cm position (¢ ~ 4.5 ms). Similar
fluctuations next appear on the z = 576 cm trace just after 4.5 ms and then

finally appear on the middle axial position near 5.5 ms.
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Figure 6.5: Parallel flow at the filament center for three different axial positions. The
axial positions are z = 576 cm (black, top trace at t = 8 ms), z = 480 cm
(red, middle trace at t = 8 ms), and z = 384 cm (blue, bottom trace at

t =8 ms).

6.2 Relation to Thermal Wave

Measurements of parallel flow in the center of the filament indicate that the
thermal wave modulates the flow. Figure 6.6 is a plot of the parallel flow at the
filament center in the @) region at z = 64 cm. The time separation between the
largest peaks in the flow correspond to the period of the thermal wave measured

in the same parameter regime (but not in the same discharges).

The higher frequency oscillations in Fig. 6.6 are approximately 35 kHz, plac-
ing them within the frequency range of the coherent drift-Alfvén mode. The
earliest range of the plot shows growing amplitude for these oscillations with a
culmination in the large peak that sets the beginning time for comparison to the

thermal wave.
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Figure 6.6: Time trace of parallel flow at the filament center in the @ region. The time
period between large amplitude peaks is highlighted for comparison to the
similar period of the thermal wave. The faster oscillations correspond to

the drift-Alfvén wave.

Figure 6.6 represents typical fluctuation behavior of the parallel flow. These

oscillations exhibit an amplitude of,

oMy .
any S 50% . (6.1)

As seen in the figure, the flow exhibits periodic behavior on both a slower
timescale (due to thermal wave modification), and a faster timescale (the higher
frequency component unlabeled in the figure). The higher frequency component
corresponds to the drift-Alfvén frequency, f ~ 40 kHz. Both the thermal wave

and the drift-Alfvén wave modulate the parallel flows.

Though the magnitude of the flow fluctuates, it does not change direction.
As in Fig. 6.6, the value of the Mach number remains positive throughout the

fluctuations. This indicates that the direction of the flow is always toward the
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LAPD-U anode (i.e., away from the beam heat source). Flow oscillations there-
fore represent a decreasing/increasing response, and not a change in the absolute

direction of the mass transport. These fluctuations do not alter the mean flow.

6.3 Flow as a Function of Input Power

Figure 6.7 presents time traces of parallel flow for two axial positions and various
input heating powers. The nearly steady-state Mach number for 20 V in (a) is
approximately 0.3, while that value approaches 0.6 further downstream at z = 576

cm in panel (b).
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Figure 6.7: Parallel flow for multiple input heating powers (expressed as beam volt-

age) at (a) z =480 cm and (b) z = 576 cm.

Larger Mach numbers for lower values of the heat input also support the
model’s finding. Lower values of heat input result in a shorter length of the
resulting filament. For any fixed axial position within the filament for a 20 V
experiment, a lower input heating brings the end of the filament closer to the
measurement position (until the point at which the filament no longer extends to

that position). Both panels show a maximum Mach number above 0.6, possibly
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indicating the end of the filament. In Fig. 6.7b it is possible that the 15 V
experiment barely reaches the z = 576 cm position within the heating time
interval. The 20 V case reaches this same maximum Mach number earlier in time
and then features a decrease to a steady-state behavior. In contrast, the 12.8
V situation never reaches this maximum and is still increasing when the input
heating is shut off. Perhaps longer heating times would allow this trace to match

the behavior of the others.

The theoretical model accompanying this experimental work indicates that
the filament length does not change appreciably with increased beam voltage.
Furthermore, it suggests, by way of Fig. 6.8, that the end of the filament is well
past the measurement locations presented in Fig. 6.7. Figure 6.8 is a plot of
the theoretical axial electron temperature profile as a function of beam voltage.
This plot represents the maximum length of the resulting filament. For the
measurement positions of z = 480 ¢cm and z = 576 cm, as shown in Fig. 6.7, the
temperature filament certainly reaches the probe. Peaks in the parallel Mach flow
are observed for beam voltages between 16 and 20 V in Fig. 6.7a. The model result
concerning filament length contradicts the interpretation of the measurements
that measured peaks in the flow correspond to the axial end of the filament
passing through the measurement location. The temperature filament is predicted
to extend beyond the axial measurement locations. Though not shown, the model
also predicts that the temperature filament reaches its final length in a very short
time, on the order of microseconds. The measured peaks in parallel flow occur

much later in time compared to the development of the temperature filament.
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Figure 6.8: Axial electron temperature profiles from a theoretical model for different

values of electron beam voltage.

The model also suggests that the parallel flow will reach supersonic levels
(i.e., My > 1) near the axial end of the filament. In Fig. 6.9 the parallel Mach
number is plotted for a range of electron beam voltages. Comparing this with the
theoretical axial electron temperature profiles of Fig. 6.8 shows that supersonic
flow occurs near the end of the filament at z ~ 800 cm. These results suggest
that the axial extent of the filament may be determined by appropriately designed

experimental measurements of the parallel flow.
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Figure 6.9: Theoretical parallel Mach number for different values of the electron beam

voltage.

6.4 Summary

Measurements of plasma flow is thus far limited to determination of the Mach
number in the direction parallel to the applied background magnetic field. Heat-
ing from the electron beam results in a flow toward the main LAPD-U cathode-
anode pair (i.e., away from the source that generates the temperature filament).
Profiles of the parallel flow are considerably wider than those of electron tem-
perature. A fluid model, the same one that provides descriptions of the classical
temperature profile behavior, reproduces the qualitative behavior of the measured
flow, though the quantitative agreement is not as strong as for the temperature

comparisons.

The thermal wave modulates the parallel flow. This is observed in the ap-
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pearance of flow pulses, or bursts, that occur with a time period corresponding

to that of the thermal wave. The amplitude of flow fluctuations reaches values

of (SMH/M” S 50%.

The fluid model of Shi produces axial temperature profiles that place the
filament length within expectations based on the flow measurements. Further-
more, the model calculates that supersonic flows are achieved at the axial end
of the temperature filament. The flows have been measured well short of the
z ~ 800 cm theoretical temperature filament length, possibly explaining the lack

of a supersonic observation.
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CHAPTER 7

Conclusions

Studies of filamentary pressure structures are an ongoing work within the LAPD-
U laboratory. The work of Burke et al. [1998, 2000a,b] (and [Burke, 1999]) estab-
lished the ability of this experimental geometry to observe classical transport in
magnetically confined plasmas. An increase in transport and the loss of classical
confinement for larger pressure gradients and/or longer heating periods naturally
provided an opportunity to study turbulence. A reproducible characteristic of
power spectra from measurements made during the anomalous transport phase
of the experiment led to the identification of Lorentzian pulses in time series data.
Large amplitude examples of these pulses emphasized the role of low frequency

oscillations and led to the identification of a spontaneous thermal wave.

7.1 Spontaneous Thermal Waves

The temperature filament acts as a resonance cavity for spontaneous thermal
waves [Pace et al., 2008b]. Thermal waves result from the diffusive propagation
of thermal energy across boundaries that separate regions of largely differing
thermal conductivity. In the filament, this wave manifests itself as coherent
fluctuations in electron temperature near the filament center. A drive source has
not been identified, though it is clear that the input heating does not oscillate in

such a manner as to be solely responsible.

108



The wave number vectors of thermal waves depend on the thermal conductiv-
ity of the medium. Wavelength measurements, in the form of phase velocity or
amplitude decay measurements, allow for calculation of these plasma parameters.
From Eq. 3.5 it is seen that the electron collision frequency can also be calculated
based on knowledge of the thermal wave’s properties. Given that the measure-
ment of temperature fluctuations due to the presence of a thermal wave can be
considerably simpler than measurement or modeling of fundamental plasma pa-
rameters, it is natural to suggest that a purposely driven thermal wave may be
useful as a diagnostic instrument. Such a wave can be driven by external heat-
ing (e.g., electron cyclotron resonance heating) or with an electron beam setup

similar to the one used here.

7.2 Exponential Power Spectra Related to Lorentzian Pulses

The power spectra calculated from time series measurements of plasma properties
are found to exhibit an exponential dependence in frequency that is the result of
Lorentzian shaped pulses in the raw signals [Pace et al., 2008a]. The exponential
constant of the spectral shape is found to agree with the time width of the gen-
erating pulses, thereby providing support for the relation between the pulses and
spectra. In the temperature filament experiment it is observed that the pulses
appear only after the system transitions from classical transport into a turbulent
regime of enhanced transport. Observations of exponential power spectra from
many different plasma experiments suggest that Lorentzian pulses are a universal
feature of plasma turbulence driven by cross-field pressure gradients. Compar-
ison with a density gradient experiment of different scale length shows similar
observations and demonstrates that this phenomenon is a general consequence of

systems featuring pressure gradients.

109



Coherent drift-Alfvén eigenmodes present in the temperature filament suggest
a generation mechanism for the Lorentzian pulses. The pulses appear to result
from convective bursts of a nonlinear interaction between two drift-Alfvén modes

of different m-number. Work on this topic is detailed in Shi [2008].

7.3 Future Work

Just as this thesis extends the earlier work performed by Burke [1999], it is
possible that future thesis projects remain to be completed within this versatile

experimental geometry.

7.3.1 Thermal Waves

The initial study of the thermal wave presented here should be expanded. Diag-
nostic difficulties prevented the complete elucidation of the wave’s properties by
limiting measurements of the wave vectors. In order to minimize perturbations,
an imaging diagnostic should be considered. There is a considerable amount of
visible light emanating from the temperature filament and it may be possible to
detect oscillations caused by the thermal wave. It is unclear how this may be

implemented in a manner that provides axial resolution.

During this study of the thermal wave, multiple attempts were made to
forcibly drive the wave by modulating the input beam heating. These attempts
were unsuccessful due to the difficulty in modulating the beam current during
the afterglow phase. This difficulty might be overcome by building an anode onto
the existing beam structure. The LAPD-U anode is 16 m away from the crystal,
creating a weak electrical connection even in the presence of the plasma. Finer

control of beam emission will likely be achieved by bringing the anode closer to
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the crystal. Since the LAPD-U anode cannot be adjusted to this end, a change
to the beam structure is warranted. Controlled experiments of driven thermal

waves will be useful for further developing the diagnostic capabilities of this wave.

7.3.2 Exponential Spectra

While there is a wide range of theoretical work to be performed with regard to the
exponential spectra, there is still a contribution to be made by experiments. The
next phase of experimental research will likely focus on spatial measurements
of the Lorentzian pulses. Some measurements indicate that these pulses are
azimuthally localized, but the lack of a radial or azimuthal array of probes makes
it difficult to reach any certain conclusions in this regard. The spatial behavior of
the pulses is vital in order to understand their generation. This will also help in
determining the similarities and differences between the time series pulses from
other types of plasmas. Filamentary structures in fusion devices are generally
known to be coherent structures that propagate radially outward. The pulses in
the temperature filament experiment do not appear to feature similar behavior

and it will be instructive to determine this with certainty.

7.3.3 Filamentary Structures

Nonlinear interactions between drift-Alfvén waves might be studied by the in-
clusion of a second filament. Experimentally, this is accomplished by adding a
second electron beam to the existing setup. The two beams, with an adjustable
radial separation, each generate a filamentary structure that supports coherent
drift-Alfvén eigenmodes. Adjustments to the amount of overlap of these modes
should allow for control over the types and amplitudes of their interactions. The

resulting system may begin to accurately model that of the limiter-edge exper-
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iment discussed in Ch. 5. The pressure gradient of that experiment creates a
full range of drift-Alfvén modes simultaneously. Plasma edges in other devices
may have the same quality. As the single temperature filament aids in describing
the behavior of these waves and plasma transport in general, so too might the
double-filament experiment begin to reproduce the behavior of plasmas in which

turbulence is always fully developed.

The temperature filament experiment provides a basic plasma environment
that can simulate the situation encountered in other devices. The physics un-
covered in this geometry is applicable to space and laboratory plasmas. Many
research topics remain to be explored within this experimental setup and a wealth

of “future work” will certainly add to the field of plasma physics.
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APPENDIX A

Wavelet Analysis to Calculate Power Spectra

A.1 Overview

Wavelet analysis techniques, while not as commonly understood as Fourier anal-
ysis, are nonetheless frequently applied to problems in which time and frequency
information are desired simultaneously. Analysis suites such as IDL (popular in
plasma physics circles) provide complete libraries for easily incorporating these
techniques into a research program. One of the best introductory pieces on
wavelet analysis [Torrence and Compo, 1998], serves as the foundation for the
IDL implementation (see notes in source file wv_cwt.pro, a routine used for the

analysis presented here).

It is not the aim of this thesis to reproduce basic introductory material that is
readily available, so the details of wavelet analysis are left to the many textbooks
and other materials that exist. In simplified terms, a wavelet analysis is the
application of a bandpass filter with logarithmic spacing in the frequency domain.
The discussion in this Appendix concentrates on comparison to and validation
against the more well established Fourier techniques that can be applied to the

same data.

A wavelet as a function of time, W(¢), is defined as (Eq. 6.1.4 of Debnath
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[2002]),

V() = %\p (t;b>, (A1)

where a is a scaling parameter that sets the frequency represented by the wavelet
and b determines the time center of the wavelet. The Continuous Wavelet Trans-

form (CWT), W, of a function of time, f(t), is (Eq. 6.2.4 of [Debnath, 2002]),

wy) = [ s, (A2

where the scale and time center is still determined by the a and b parameters of the

wavelet. The wavelet power spectrum, P, is therefore given by P, = [W(f)[*.

A full spectrogram is generated through wavelet analysis by setting the scale
(a) to a constant value and solving across all time values (b). Repeating this

process for all scales that translate to a relevant frequency completes the analysis.

A.2 Parameters of Wavelet Analysis

The description of wavelet analysis as a logarithmically spaced comb filter (i.e.,
picking out the power in a specific, non-continuous array of frequencies) easily
incorporates the concept of basis functions. The basis function is the specific
filter used in the analysis. Wavelet basis functions come in a wide variety and it
is left to the user to determine the best option for any given analysis. This is a
difficulty in wavelet analysis that has no analog in Fourier analysis because that

transformation is unique.

Wavelet basis functions can be real or complex valued, discrete or continuous,
and orthogonal or non-orthogonal. The turbulence study presented here depends
on the availability of phase analysis, which immediately requires that only com-

plex valued basis functions be used. The ability to review specific ranges of
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frequencies is also necessary, suggesting the use of continuous bases. These two
desired properties are the most important features to consider. The primary dif-
ference between the orthogonal property choices of a wavelet basis is that a non-
orthogonal basis will “double-count” the power contribution of some frequencies,
thereby returning inaccurate absolute amplitudes. The basis ultimately chosen
for this work, the Morlet wavelet, is non-orthogonal. The potentially inaccurate
amplitudes of the power spectra are overcome by only applying this technique to
study the temporal behavior of modes and not their spatial structure or other

features that rely on amplitude measures.
The Morlet wavelet, Wy, is written as (Eq. 6.2.12 of Debnath [2002]),

t2
Uy = exp (iwot— 5) , (A.3)

where w, is a variable describing the frequency at which the Fourier transform of

the Morlet wavelet demonstrates peak amplitude.

To review the behavior of wavelets used in various analyses it is helpful to
utilize test signals. Figure A.1 is a plot of pure sine waves of 5 kHz (top) and
50 kHz (bottom). Both signals are centered on zero for the spectral analysis and

only offset to provide for clear review in the figure.
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Figure A.1: Pure sine waves of 5 kHz (top) and 50 kHz (bottom) used to demonstrate

the resolution of wavelet power spectra.

The 5 kHz test signal is used to highlight the frequency resolution of the Morlet
wavelet. Figure A.2 compares the power spectra of the 5 kHz test signal for three
wavelet basis functions: Morlet, Gaussian, and Paul. The Gaussian and Paul
wavelet return similar results that exhibit poor frequency resolution compared to
the Morlet. This early benchmarking of wavelet performance is necessary because
of the numerous options in setting the parameters of the analysis. Deciding on
the Morlet basis is relatively simple, but it remains to compare the Morlet wavelet

results to those computed with standard Fourier methods.
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Figure A.2: Wavelet power spectra to identify the test signal’s 5 kHz mode using
different wavelet basis functions. The Morlet wavelet results in the best

frequency resolution.

A.3 Fixed Frequency Test Signals

The most significant difference between a wavelet spectrum and that of an FFT
is that the wavelet technique results in a bandwidth that is frequency dependent.
The bandwidth, or frequency resolution, of an FFT is determined by the total
length of the input, [. The frequency resolution is constant and given by Af = 1/1
where [ is the time length of the data window over which the FF'T is performed.
For a time series of N data points, output power spectrum provides a value for
every frequency from f =0 to f = (N/2)(1/]).

Wavelet analysis returns spectra in which the value of Af/f is constant [Farge,
1992]. For an FFT, Af/f decreases with increasing frequency because Af is
constant. In a wavelet result, the resolution of higher frequency terms is worse

than that of lower frequencies. An illustration of this is shown by analyzing the
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test signals of Fig. A.1.

Figure A.3 plots the resulting power spectra from performing transforms using
either FFT or Continuous Wavelet Transform (CWT) techniques. Peaks in the
FFT spectra accurately identify the center frequencies of the test signals. The
peak in the 5 kHz result (green) is just as narrow as the peak corresponding to
the 50 kHz result (blue). Peaks from the CWT analysis demonstrate a reduction
in frequency resolution for the higher frequency wave. The ratio of the frequency
spacing to the center frequency is constant for the CWT result. Figure A.3, can

be used to calculate these values,

Af 2.026

5 kH = —— = 0405 A4
Z f 5 ? ( )

Af 18.91
50 kH — = —— = 0.378. A5

This demonstrates that wavelet techniques are comparable to Fourier tech-
niques for calculating power spectra. In the context of this thesis, wavelet analysis
is used to provide a broad picture of the time evolved spectra. Any determina-
tion of a particular mode frequency is done with Fourier analysis in order to more

precisely determine the value.
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Figure A.3: Power spectra of the test signals. The FFT analysis is clearly peaked at
the frequencies of the test signals. The CWT results provide a less clear

peak for the higher frequency signal.

A.4 Evolving Frequency Test Signals

Figure A.4 is a narrow time view of the test signal used to demonstrate the ability
of the wavelet analysis technique to discern the temporal behavior of coherent
modes. This signal is a regular 5 kHz sine wave onto which a 17 kHz sine is
added, beginning at ¢t ~ 5.25 ms. A spectrogram of this test signal is expected
to reveal the constant presence of the 5 kHz and the sudden onset of the 17 kHz

oscillation.
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Figure A.4: The amplitude, A, of the test signal featuring a secondary frequency.
This narrow time region of the complete signal highlights the activation
of a 17 kHz signal at t &~ 5.25 ms. The background, constant, oscillation

is a 5 kHz wave.

Figure A.5 is a wavelet spectrogram of this test signal. The constant 5 kHz
wave is identified throughout the entire time. The exact turn-on of the 17 kHz
mode is difficult to discern based on the broad time range returned. It is notewor-
thy that the time resolved nature of the sudden turn-on is given accurately by the
higher frequency behavior. The immediate injection of the 17 kHz signal carries
with some type of d-function influence that causes power to be calculated for all
frequencies. In this way, any sudden event in a time series can be determined
to reasonable accuracy through the wavelet method, regardless of any particular

frequency that may be associated with the phenomenon.
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Figure A.5: Spectrogram calculated using the CWT technique on the evolving fre-
quency test signal. The appearance of the 17 kHz oscillation is evident,
though the best time resolution for marking this abrupt change comes

at higher frequencies.

A.5 Experimental Data

Figure A.6 presents spectrograms (power spectra over time) from the temperature
filament experiment that demonstrate the differences between CWT and FFT
analyses. These spectra are calculated from measurements of electron tempera-
ture in the outer region of the filament in an experiment for which the background

magnetic field is B, = 900 G.
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Figure A.6: (a) Spectrogram calculated using a sliding FFT window to compute the
spectrum for individual times. The central time of the FFT window
is used to position the result. The transition to broadband turbulence
appears as a sharp event at ¢t =9 ms. (b) Spectrogram calculated using
the CWT method. The transition to turbulence appears as a process

beginning near ¢t = 7 ms.
In Fig. A.6a a coherent drift-Alfvén mode (f = 30 kHz) and its harmonics

is observed to Doppler shift during the first 9 ms of the temporal evolution.

This same mode is clearly visible in the CWT representation of Fig. A.6b. Any
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differences in frequency resolution between these methods is insignificant. In fact,
the CWT results in a seemingly better identification of mode frequency for the
drift-Alfvén wave. The delay between time zero (beginning of beam heating) and
the appearance of features within the spectrograms is due to the time it takes for
these features to appear at the measurement position 256 cm axially separated

from the beam.

The most striking difference between these two results concerns the temporal
features of the transition to broadband spectra. The FFT result of Fig. A.6a
shows a sharp transition from the coherent mode to a broadband spectra at ¢t = 9
ms. The CWT result of A.6b indicates that this transition may not be as dramatic
and that it begins earlier than t = 9 ms. The sharp transition shown in the FFT
spectrogram results from the windowing method employed. The windowed FFT
computes a handful of individual spectra over user-defined time regions of the
input time series. The larger the time window used, the better the frequency
resolution of the spectra according to the Af relation given earlier. Improved
frequency is achieved by reducing temporal resolution. The sharp transition in
the FFT spectrogram appears because one window covers none of the broadband
fluctuations while the next window is the first one to detect them. The window
that first detects them returns a significantly different result from the preceding
window. The CWT method does not window across the data and therefore
provides a better temporal resolution in this case (the poor frequency resolution
at high frequencies is the tradeoff for this method). It is generally the case that
a combination of FFT and CW'T techniques provides the most complete analysis

of spectral features in an experiment.
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APPENDIX B

Pulse Detection Techniques

B.1 Overview

The study of exponential spectra and accompanying Lorentzian pulses in time
series data requires that the pulses be isolated for determining their characteristic
widths. A variety of identification techniques have been applied to the large
data set of this experiment, and notes on two of these methods are provided
here so that they may be further developed in future studies. The brute force
method of sliding a Lorentzian shape through an entire time series is described
in Section 4.3. The two other methods described here are the wavelet phase
method in which constant phase over all frequencies identifies a pulse event,
and the amplitude threshold method in which events of statistically significant

amplitude are identified as pulses.

B.2 Wavelet Phase Method

Some aspects of wavelet transform techniques, including a comparison of their
power spectra results to those of the more familiar Fourier methods, are discussed
in Appendix A. The phase of a time series as calculated with wavelet techniques
can be used to identify pulses because any singularity exhibits a constant phase

[Farge, 1992] over all frequencies. Lorentzian pulses in this experiment are not
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necessarily singularities, and those with larger time widths are less so than nar-
rower pulses. In spite of this difficulty, the wavelet phase method still appears to

identify pulses fairly well.

Using the CWT as given in Eq. (A.2), which is a complex valued function for
the Morlet wavelet basis, the phase, ¢, is determined from,

¢ = tan' (%) : (B.1)

where I and R signify the imaginary and real parts of the CW'T respectively. The

value of the phase at any frequency ranges from —m to +7.

B.2.1 Test Lorentzian Pulses

Figure B.1 presents the phase contours of two test signal Lorentzian pulses. One
of these is narrower than the other, 7 = 0.5 us compared to 7 = 4 us. Both
contours clearly identify a pulse by the symmetry of the phase values. The
narrower pulse of the left panel more accurately reproduces the behavior of a
singularity and the phase contour is remarkably sharper than that of the wider

pulse in the right panel.
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Figure B.1: Phase contours of test signal Lorentzian pulses. The left panel shows
the well defined phase pattern of a narrow (7 = 0.5 us, overplotted)
Lorentzian pulse. The right panel shows that wider pulses (7 = 4 pus,
overplotted) still exhibit symmetry about the event, but that constant
phase as a function of frequency is not as evident as for the narrower

pulse.

Phase as a function of frequency for test signal Lorentzian pulses is shown in
Fig. B.2. It is observed that narrower pulses demonstrate a more constant phase

across the range of frequencies returned.
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Figure B.2: Phase versus frequency for test signal Lorentzian pulses of varying width.
The narrowest pulse, 7 = 0.5 pus, results in the most constant value of

phase.

Measurements of Lorentzian pulses show that they can be either positive
or negative polarity. Figure B.3 compares the phases of test signal Lorentzian
pulses for each polarity. Both phase contours exhibit symmetry about the center
of the pulse, but the negative polarity pulse features a much narrower region of
zero phase. This result suggests that negative polarity pulses can be accurately
identified by the wavelet phase technique, and even if this proves prohibitively
difficult it is a simple task to invert the raw signals and apply the standards

developed to isolate positive polarity events.
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Figure B.3: The wavelet phase is shown for positive (left panel) and negative (right
panel) Lorentzian pulses. In both panels the test signal Lorentzian fea-

tures 7 = 1 ps and is overplotted in solid black.

B.2.2 Application to Experimental Results

Figure B.4 presents a measured pulse and its corresponding wavelet phase rep-
resentation. The measurement is made in the outer region at » = 0.55 cm and
features a large amplitude positive polarity pulse. The phase contour demon-
strates excellent symmetry across the time of t = 7.17 ms where the pulse event
is centered. This particular pulse exhibits a phase relationship that indicates it

is similar to a singularity.
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Figure B.4: A pulse event from the experiment (left panel) and its wavelet phase
representation (right panel). The pulse is clearly identified in the phase

representation at ¢ = 7.17 ms.

B.2.3 Limitations of the Wavelet Phase Detection Technique

An immediately apparent limitation of this technique is that it identifies only
singularities, not Lorentzian pulses. In a best case scenario, the wavelet phase
could be examined to determine the most likely temporal locations of Lorentzian
pulses. These events could be extracted and then passed through a secondary
analysis to determine whether they have any particular shape. Such a procedure
essentially employs the same curve fitting technique as described in Section 4.3.
That method simultaneously identifies events and classifies them as Lorentzian
or non-Lorentzian, removing the need for the initial wavelet phase calculation.
It is possible that the wavelet phase is useful in selecting out events that are
embedded in background coherent fluctuations. In this case, the phase may be
better suited for identifying a non-coherent mode related pulse which can then
be further studied to determine whether it is a Lorentzian. This overcomes a
limitation to the curve fitting technique in that fitting errors may incorrectly

identify parts of a coherent oscillation as a unique Lorentzian pulse.
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B.3 Amplitude Threshold Method

The amplitude threshold method isolates pulse events (again, not necessarily
Lorentzian pulses) that exhibit statistically significant large amplitude. This
is sometimes called “conditional averaging” in cases where the large amplitude

events serve as triggers that set a reference time for another phenomenon.

Figure B.5 presents two raw measurements from the same discharge but dif-
ferent spatial positions. The Iy trace is measured at (r, z) = (0.5,192) cm and
the V; trace is measured at (r,z) = (0.35,544) cm. With an axial separation of
Az = 352 cm, the correlation between the turbulent pulse region on both traces
is interesting. The amplitude threshold method of pulse detection is used to
study such correlations by allowing for the generation of ensemble profiles from
a moving probe (in this case, the V; measuring probe) based on the occurrence

of similar pulses measured with a fixed I, probe.
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Figure B.5: Same shot time series highlighting the correlation between pulses sepa-
rated in position. The I, trace (solid black, top) is placed in the outer
region and detects little other than pulses. The V; trace (solid blue, bot-
tom) is placed in the gradient region and measures both coherent modes

and turbulent pulses.
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The identification of pulse events begins by calculating the standard deviation
(0), or root-mean-square (RMS), of the fluctuations in a signal. Figure B.6 is
a plot of both the fluctuating component of the I, signal (originally seen in
Fig. B.5) and the RMS level as computed by a sliding window. The sliding
window computes the RMS level for a limited time range of the entire signal
and then translates the center of the window to calculate subsequent values. In
this example, the RMS trace is useful for determining the likely beginning of the
turbulent regime of the system. The increase in fluctuation level just after t =7
ms suggests some type of transition has occurred, though it does not necessarily

indicate anything about the presence of Lorentzian pulses.
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Figure B.6: The fluctuating component of the I, signal from Fig. B.5 (black, bot-

tom) and the RMS value (red, top) calculated with a sliding window.

An RMS value calculated over the entire time series of a single discharge is
used to search for pulses. From a computational perspective, once the threshold
has been assigned, any points above that value are collected as possible pulse
peaks. For any sets of points that occur in sequence (i.e., any continuous collec-
tion of values that are all above the threshold), only points that represent local

maxima are returned. This allows for the detection of overlapping pulses so long
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as they are minimally distinct.

Figure B.7 shows spikes in the data of Figs. B.5 and B.6 as found by the
threshold technique. In this example the threshold level is set at 2.0, meaning that
only features extended greater than two standard deviations above the fluctuation

level for the entire signal are kept.
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Figure B.7: A narrow time series of the previously shown Ig,;y measurements with

pulse peaks identified according to the amplitude threshold method.

Figure B.8 highlights a weakness of the threshold method. If the level is set
too low, then common oscillatory features are likely to be branded as pulses. In
Fig. B.8 this is seen near the time ¢ = 8.085 ms. At that time position there is a
small oscillation (similar to those seen in the vicinity of ¢ = 8.12 ms) that results
in a peak. While the true fluctuation amplitude of this peak is small, by riding
on top of the larger oscillation it satisfies the detection criteria and is labeled a
pulse peak. Other similar looking features within this time range may appear as
peaks, but actually feature flat regions without a singular maxima. The vector
representation of the plot trace may result in the appearance of sharp peaks when
none are present. In order to minimize erroneous spike detection the threshold

should be set as high as possible.
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Figure B.8: Zoomed in view of I, trace highlighting a false positive from the am-
plitude threshold detection method. The middle pulse peak does not

correspond to an actual pulse event.

While the shape of the pulses is not determined by this method, it may
be safely assumed that a confirmation of their shape can be coupled with this
conditional analysis to begin a study of the transport caused by pulses. At the
very least, this type of analysis helps to determine the amount of transport that

leads to the generation of outer region pulses.
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