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ABSTRACT

Changes in turbulence at the plasma edge are thought to lead to the formation of the edge
transport barrier in tokamak plasmas, which defines the transition from low confinement (L-
mode) to high confinement operation such as H-mode or the “improved” confinement regime
I-mode. I-mode is of particular interest for future reactor operation because its unique
transport barrier in heat but not particles prevents impurity accumulation and keeps the I-
mode edge away from instability boundaries which lead to damaging Edge-Localized Modes.
The mechanism for the formation of the edge transport barrier is an open question across
high confinement regimes. The unique transport barrier formed in I-mode, with separated
heat and particle transport channels, must be understood. This thesis explores fluctuations
in the edge region of plasmas at ASDEX Upgrade (AUG) to better understand how changes
in fluctuations relate to changes in transport between L and I-mode, as well as L-modes
across different magnetic configurations (favorable and unfavorable ∇B drift). An extensive
turbulence diagnostic suite at AUG is used for experimental exploration of edge turbulence,
with special focus on measurements of radiated temperature (Trad) fluctuations from the
Correlation Electron Cyclotron Emission diagnostic.

Comparative studies of L-mode and I-mode edge turbulence reveal that the Weakly Co-
herent Mode (WCM), previously considered a marker of I-mode, is present in both regimes.
The WCM is present across a wide parameter space of collisionality in both L-mode and
I-mode. The presence of the WCM and its Te fluctuation amplitude are not correlated with
the quality of the global confinement. Properties of the WCM are compared in detail between
L and I-mode, with a focus on unfavorable ∇B drift plasmas. While some properties of the
WCM are consistent between L and I-mode, such as its wavenumbers and radial location,
other WCM properties change between the confinement regimes, such as its coupling to a
low frequency edge oscillation. Additionally, studies of matched L-modes in favorable and
unfavorable ∇B drift magnetic configurations show that the WCM can form in L-modes of
both magnetic configurations, and that its onset can occur even at power levels far below
the L to I-mode and L to H-mode transition. While the nature of fluctuations in the edge of
the matched plasmas is seen to be dominated by a WCM-like feature in both the favorable
and unfavorable configurations, differences in turbulence damping from E×B velocity shear
and the resulting differences in turbulence fluctuation amplitude seem to play into the differ-
ent H-mode power threshold between the configurations. In addition to these experimental
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studies, gyrokinetic studies of the L-mode and I-mode are performed at radial locations in-
side the transport barrier region, with a focus on the outer core. These gyrokinetic studies
reveal that the nature of L-mode and I-mode turbulence is very similar in the outer core
in terms of the identities of instabilities present, and the response of turbulent heat flux
to changes in gradient drives. The fluctuations associated with the I-mode WCM are not
inconsistent with the edge transport required for the unique I-mode transport barrier in heat
and not particles, however, the presence of the WCM in L-mode shows that this fluctuation
is not a unique marker of I-mode. These findings improve our understanding of I-mode
phenomenology overall, which is important for its extrapolation to future reactors.

Thesis supervisor: Anne E. White
Title: Vice Provost and Associate Vice President for Research Administration
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Chapter 1

Introduction

Fusion energy holds great potential as a carbon free energy source. The hydrogen isotopes
which fuel fusion reactions are derived from abundant materials on Earth. Other merits of
fusion include the lack of long-lived radioactive waste and the potential for reliable energy
generation that could meet baseload electricity needs. However, fusion faces technological
challenges which have so far prevented its realization as a viable energy source. Research at
fusion experiments around the world aims to develop the scientific understanding needed to
deploy fusion as an energy source and move fusion along the pathway to commercialization.

The tokamak fusion scheme has been the focus of a significant portion of fusion energy
research efforts over the past 60 years, and this scheme is currently closest to commercial-
ization. A tokamak uses strong magnetic fields to confine a plasma in a torus shape. Due to
the Lorentz force, charged particles comprising the plasma follow helical orbits around mag-
netic field lines, shown in Figure 1.1. A temperature of roughly one million Kelvin is needed
in order for the plasma ions to overcome Coulomb repulsion and undergo fusion reactions.
Therefore, external heating is applied to achieve very high temperatures in the plasma core.

One criterion for the success of fusion is the achievement of “breakeven”, where more
energy is produced from fusion reactions than is applied by external heating. Although the
Tokamak Fusion Test Reactor (TFTR) and the Joint European Torus (JET) both demon-
strated measurable fusion energy output during experiments with deuterium and tritium
fuel [1], [2], the scientific milestone of breakeven has not yet been attained. Tokamak per-
formance is challenged in part due to turbulent processes in the plasma which reduce the
timescale on which heat remains in the plasma core. The large temperature and density
gradients between the plasma core and edge are sources of free energy for the growth of
instabilities and turbulence. Understanding and controlling anomalous transport caused by
this gradient-driven turbulence is one of the big challenges of fusion. In order to predict
the performance of future fusion devices, a fundamental understanding of turbulence and
transport processes is necessary.

Previous experimental, modeling, and theory work has made significant contributions to
our knowledge of tokamak turbulence and transport. Core anomalous transport has been
found to be primarily caused by drift wave type turbulence, comprised of ion temperature
gradient, electron temperature gradient, and trapped electron turbulent modes [3], [4]. The
nature of the core turbulence has been studied experimentally with diagnostics that mea-
sure fluctuations in plasma density and temperature. The validation of turbulent transport
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Figure 1.1: Tokamak schematic, showing the toroidal (green horizontal arrows) and poloidal
magnetic fields (green vertical arrows), which combine to create a helical magnetic field
(black arrows). The toroidal magnetic field is generated by the toroidal magnetic field coils,
and the poloidal magnetic field is generated from the plasma current (red counterclockwise
arrows), which is driven by the electric field induced by the central transformer. Adapted
from Christian Brandt, Max Planck Institute for Plasma Physics.

simulations using experimental measurements of turbulence in the plasma core is currently
an active effort, and under certain circumstances core transport can be accurately predicted
with models [5]–[9].

The turbulence and transport processes in the edge region of the plasma are less well
understood. As will be explained in more detail in Chapter 2, changes in turbulence at
the tokamak edge can lead to changes in the energy confinement. When edge turbulence
is damped by sheared plasma flows, a so-called edge transport barrier forms. This barrier
forms only at the very edge of the plasma, and results in a higher core plasma pressure, as if
the radial profiles of density and temperature are lifted to sit on a pedestal. The formation
of this pedestal marks the transition from the so-called low confinement regime L-mode
to the so-called high confinement regime H-mode, and this transition occurs at a certain
threshold in external heating power. Next generation research reactors such as ITER and
SPARC will rely on the H-mode operation as their baseline scenario for demonstrating energy
breakeven. An understanding of the changes in turbulence across the L to H-mode transition
a prerequisite for predicting high confinement operation in these future tokamaks. One open
question related to the L to H-mode transition is the reason for the difference in H-mode
access between the so-called “favorable” and “unfavorable” ion B ×∇B drift configurations,
as will be described in further detail in Chapter 2.

Although operation in H-mode allows the high energy confinement needed for future
reactors, this “standard” H-mode is not a feasible operational scenario for long-term operation
of fusion power plants. The steep edge pressure gradients in H-mode lead to Edge Localized
Mode (ELM) instabilities that expel plasma and cause damage to the reactor materials.
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Ultimately, high confinement regimes that are free from ELMs will be needed. Candidate
regimes exist, but they are understudied in comparison to the ELMy H-mode, and more
work is thus needed to understand their operational access, underlying mechanisms, and
extrapolation to future reactors.

One candidate ELM-free high confinement regime is the “improved” confinement regime
I-mode [10]. As will be described in more detail in Chapter 2, I-mode is typically accessed
in the unfavorable B × ∇B configuration and exhibits a transport barrier in energy. This
leads to the energy confinement needed for high performance operation. However, I-mode
does not form an edge transport barrier in particles. This prevents the accumulation of
impurities, and keeps the edge pressure and pressure gradient below stability limits which
lead to ELMs. These characteristics could make I-mode an ideal regime for future reactor
operation. However, we currently lack fundamental understanding of the mechanism behind
the I-mode regime. The reason for the separation of the particle and energy transport
channels in I-mode is an open question. The role of turbulence in regulating the unique
transport properties of I-mode are not yet understood.

Early investigations indicated that the I-mode was accompanied by a characteristic
pedestal fluctuation, named the Weakly Coherent Mode (WCM) for its broadband frequency
structure [10], [11]. Despite years of study, a detailed understanding of the WCM’s identity
and physical properties is not yet clear. It is known that the WCM is localized to the pedestal
and causes fluctuations in electron temperature and density [11], [12]. It is not yet known
what radial transport, if any, the WCM causes. The study of the properties of the WCM
provides insight to its identity, drive, and impact on plasma transport, thereby increasing
our understanding of the I-mode regime as a whole.

Theoretical and modeling attempts at capturing the physics of the I-mode regime vary
widely in their approach. Some modeling and theory efforts connect the WCM to specific
instabilities [13]–[15], while others claim the WCM is broadband turbulence leftover when
large and small scale fluctuations are damped [16]. These models link the WCM fluctuations
with the unique transport properties of I-mode. Other models do not consider the WCM
as specifically important in I-mode, instead attributing changes in radial transport between
L-mode and I-mode to changes in the phase between fluctuating quantities [17] or claim that
particle transport can be explained through a neoclassical picture [18].

Experimental measurements provide invaluable contributions to our understanding of I-
mode. Measurements can be used to test theories and to validate or invalidate models for
I-mode. Measurements can also be used as inspiration to construct new hypotheses and build
new theories, when current understanding fails to explain the complete picture of I-mode.
This thesis reports on experimental work performed at the ASDEX Upgrade (AUG) toka-
mak housed at the Max Planck Institute for Plasma Physics in Garching, Germany. AUG is
equipped with diagnostics capable of measuring the micro-scale fluctuations associated with
turbulence in the plasma core and edge. In particular, the Correlation Electron Cyclotron
Emission (CECE) diagnostic is used in this thesis for detailed studies of electron temperature
fluctuations. For the experiments of this thesis, the diagnostic was configured to optimize
measurements in the edge region, where the character of turbulence changes across confine-
ment regime transitions. The combination of measurements, computational modeling, and
theory are the pathway for an improved understanding of I-mode.
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Summary of thesis

The following chapters of this thesis describe theoretical and modeling investigations of edge
turbulence across confinement regime transitions. Chapter 2 gives the necessary background
on tokamak turbulence and transport, and confinement regime transitions. The formation
of the edge transport barrier is discussed in the context of the L to H transition. The impact
of the magnetic field configuration on the L to H transition power threshold is discussed.
The I-mode confinement regime is also explained in greater detail in this chapter.

Chapter 3 describes the methodology for studying turbulence in tokamaks. The process
of the experimental discharge design at AUG is explained, and the diagnostic suite used for
measuring radial profiles and turbulent fluctuations is described. A brief introduction to the
gyrofluid and gyrokinetic modeling tools used is also given.

This thesis’ unique contributions to the field are given in Chapters 4 to 6. Chapter 4
describes a detailed experimental investigation of the WCM in L-mode and I-mode. A key
finding of this work is the presence of the WCM in L-mode across a wide parameter space.
An example of an experiment with a WCM in both L-mode and I-mode can be seen in
Figure 1.2, which shows a spectrogram of CECE fluctuations in the pedestal. Through the
use of AUG’s diagnostic suite, details of the WCM properties in L-mode and I-mode are
compared, including the electron temperature fluctuation spectra, fluctuation amplitude,
and radial correlation distance. The WCM dispersion relation, the “cross” phase between
electron temperature and density fluctuations, and the mode’s coupling with a strongly
coherent low frequency fluctuation are also presented. The presence of the WCM is found
to be independent of the global plasma confinement quality and plasma collisionality.

Chapter 5 extends the study of the L-mode WCM to both the favorable and unfavorable
B ×∇B magnetic configurations. The WCM is found to exist in L-mode in both configura-
tions at power levels far below the L to I-mode transition. This experimental study correlates
changes in the edge radial electric field, and the resulting E×B velocity shear, with changes
in edge fluctuations. The strength of the edge electron temperature fluctuations, in terms of
coherence and fluctuation amplitude, is found to be negatively correlated with the velocity
flow shear in the pedestal. The favorable B × ∇B configuration, which has easier access
to H-mode, is found to have higher shear and lower electron temperature fluctuations in
L-mode phases just prior to confinement regime transitions, compared to matched L-modes
in the unfavorable B ×∇B configuration.

Chapter 6 investigates the difference between outer core and pedestal top turbulence
in L-mode and I-mode through gyrokinetic simulations. These simulations are based on
experiments described in Chapter 4. Because the WCM is found to be present in both L-
mode and I-mode and is found to be independent of confinement quality, we seek additional
explanations for the change in transport and confinement between L-mode and I-mode. The
simulation results indicate that the nature of the turbulence is similar in these locations
between L-mode and I-mode in terms of instabilities present and their sensitivity to drive
terms. This points to the importance of processes in the plasma edge, including transport
barrier formation and the behavior of the WCM, in determining the difference between
L-mode and I-mode.

Finally, Chapter 7 provides a summary of findings and indicates directions for the next
steps in research on this topic. This thesis delivers a new set of observations of the nature of
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Figure 1.2: Spectrogram from single CECE channel near the WCM peak amplitude of ρpol =
0.98 during a discharge with L-mode and I-mode phases. The WCM appears as the 25 kHz
mode in L-mode which spins up to 80-160 kHz in I-mode. A Low Frequency Edge Oscillation
(LFEO) also appears in I-mode only as narrowband mode at 8 kHz.
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edge turbulence in L-mode and I-mode, which adds to our knowledge of these regimes and
the transitions between regimes.
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Chapter 2

Background

The anomalous transport driven by turbulence challenges the energy confinement of toka-
maks. Therefore, turbulence and its resulting transport must be understood at a fundamental
level in order to access high energy confinement and predict performance of future reactors.
In particular, fluctuations at the plasma edge must be understood because changes in edge
turbulence play a key role in the transition between low confinement and high confinement
operation. This chapter will briefly describe key concepts and areas of research addressed in
this thesis, including the drift wave picture of turbulence, turbulence-driven transport, and
the high confinement regimes H-mode and I-mode.

2.1 Turbulence and transport in tokamaks

2.1.1 The drift wave turbulence picture

Turbulence in a tokamak is the result of free energy that is converted to kinetic energy in the
form of fluctuating modes, which nonlinearly evolve to a saturated state. Pressure gradients
are a source of free energy that are always present in magnetic confinement fusion devices,
due to the necessity of a hot and dense plasma core for fusion reactions and a cooler and
less dense plasma edge for acceptable material interactions.

Drift wave modes have been shown to be responsible for the majority of the anomalous
transport in the core of tokamak plasmas [3], [4]. Drift waves are generated from a gradient
in pressure, which leads to diamagnetic currents in the plasma. A simple picture of the
drift wave model in a slab geometry is shown in Figure 2.1, where the background magnetic
field B⃗ is in the ẑ direction and there is a density gradient in the x̂ direction. Electrons
are assumed to have a Boltzmann response, satisfying δne

ne
= eϕ

Te
, and flow rapidly along field

lines. If an initial density perturbation is applied in the ŷ direction, then differences of charge
accumulation will lead to an electric field also in the ŷ direction. This electric field leads to
an E×B drift in the x̂ direction, which causes the density perturbations to propagate along
the ŷ direction. This drift wave phase velocity is the electron diamagnetic drift velocity,
vDe =

∇ne

ne

Te
eB

and the dispersion relation is ω = kyvDe.
With this dispersion relation, the drift wave is purely propagating because its frequency

does not have an imaginary component. In order for drift waves to grow and become unsta-
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Figure 2.1: The drift wave mechanism in a plane geometry. Figure based on Reference [19],
Figure 6-14.
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Figure 2.2: Poloidal cross section of a tokamak, showing the important geometrical defini-
tions. These include the major radius Ro, minor radius a, minor radial coordinate r, and
the toroidal (ϕ) and poloidal (θ) directions.

ble, the electron parallel motion along field lines must be limited by a mechanism such as
resistivity, such that a phase shift δ occurs between the density and potential perturbations.
This phase shift gives a modified Boltzmann relation: δne

ne
= eϕ

Te
(1− iδ), and a modified

dispersion relation ω = kyvDe (1− iδ). This wave has a growth rate γ = kyvDeδ.
This simple slab picture of the drift wave instability is not a full representation of the drift

wave picture in a tokamak, where toroidal geometry, additional gradients, and kinetic effects
can all occur, but it captures the fundamental nature of the instability. The tokamak geom-
etry under consideration is displayed in Figure 2.2, which shows the toroidal (ϕ), poloidal
(θ), and minor radial (r) directions. With the inclusion of these additional effects, the drift
wave picture can be extended to describe the instabilities that are most prevalent in the
plasma core, including the ion temperature gradient (ITG) mode, the electron temperature
gradient (ETG) mode, and the trapped electron mode (TEM). A more detailed picture of
drift waves can be found in several plasma physics textbooks, including References [19]–[21].

In a tokamak, the saturated state of turbulence is determined through the nonlinear
interaction of unstable modes across different scales. Turbulent energy cascades from large
scales to small scales, where it is dissipated via collisional processes. Energy also moves from
smaller scales to large scales to form zonal flows. Zonal flows are reviewed in Reference [22].
These turbulence-driven flows are radially localized and flow perpendicular to the background
gradients which drive the turbulence. Velocity shear in these self-generated flows can act to
radially shear apart turbulent eddies, thereby acting to suppress the turbulence. Figure 2.3
gives a simplifeid summary of the interactions between heating, turbulence, zonal flows, and
transport in a tokamak.

2.1.2 Fluctuation induced transport

The turbulence caused by unstable drift waves leads to anomalous transport of heat and
particles. This cross-field transport can be understood by relating fluctuating quantities
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Figure 2.3: Summary of the interactions between turbulence and transport in a tokamak.
Auxiliary heating introduces a source of energy and leads to gradients in the plasma profiles.
These gradients drive linear instabilities, which nonlinearly saturate to form broadband tur-
bulence. This turbulence self-generates zonal flows, which in turn regulates the turbulence.
The turbulence, which is regulated by flows, drives the cross-field transport of heat and
particles. This cross-field transport plays a role in determining the plasma profiles. Figure
based on Reference [23] Figure 2.1 and [24] Figure 1.

(ñ, T̃ , ϕ̃, B̃, etc.), to the particle and heat fluxes, Γ and Q respectively. Turbulence-induced
fluxes for species s are given by [25]:

Γs = ⟨ñsṽr⟩ (2.1)

Qs = ⟨3
2
p̃sṽr⟩ (2.2)

where the particle flux is the time averaged product of the density fluctuations and radial
velocity fluctuations and the energy flux is the time averaged product of the energy (equiv-
alent to 3

2
p where p is pressure) and radial velocity fluctuations. The angle brackets denote

and ensemble average, which includes the phase between the fluctuating quantities within
the average. In the electrostatic limit, for a fluctuating electric field Ẽ = ∇ϕ̃, the fluctuating
radial velocity ṽr comes from the fluctuating E ×B velocity:

ṽr =
[∇ϕ× B⃗] · r̂

B2
≃ Eθ

B
(2.3)

where the product of the toroidal electric field and poloidal magnetic field is small because
k∥ ≪ k⊥ for drift waves. Using ps = nsTs, equations 2.1 and 2.2 can be rewritten as:

Γs =
1

B
⟨ñsẼθ⟩ (2.4)
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Qs =
3

2

1

B
⟨p̃sẼθ⟩ =

3

2

1

B

(
Ts⟨ñsẼθ⟩+ ns⟨T̃sẼθ⟩

)
(2.5)

From equations 2.4 and 2.5, we can see that determination of electrostatic particle and
heat fluxes would require determining the density, temperature, and potential fluctuation
amplitudes as well as the cross phases between fluctuating density and potential (αnϕ) and
temperature and potential (αTϕ). In the case of electromagnetic transport, which can oc-
cur in high β plasmas or edge plasmas, measurements of magnetic field fluctuations and
the associated phase relationships must also be determined. In the confined plasma, cur-
rent diagnostics do not have the ability to simultaneously measure all these quantities to
provide precise experimental measurements of turbulence-driven transport. However, the
measurement of any single one of the quantities can provide valuable constraints on the
possible transport. Measured changes in fluctuation amplitudes or phase angles between
different plasmas can indicate changes in transport. This thesis will focus on comparisons of
T̃e between different operational regimes.

2.1.3 Core turbulence and transport

The drift wave turbulence that causes the majority of the core anomalous transport is pri-
marily dominated by the gradient-driven modes. The drive of these modes is often expressed
as a normalized gradient a/Lx or R/Lx where a and R are the minor and major radii and
Lx = x/∇x is the gradient scale length of quantity x.

• The Ion Temperature Gradient (ITG) mode [26], [27]:
The ITG mode is driven by a gradient in Ti. This mode is sometimes referred to as the
ηi mode where ηi = Ln/LTi , indicating that this mode occurs when the ion temperature
gradient is stronger than the density gradient. ITG modes occur when the normalized
ion temperature gradient a/LTi exceeds a critical gradient. ITG stability also depends
on the normalized density gradient a/Ln and the ion to electron temperature ratio
Ti/Te [26], [27]. ITG modes drive the majority of the core ion heat flux, but can also
play a role in the electron heat flux. ITG modes propagate in the direction of the ion
diamagnetic drift (vDi). The direction of vDi depends on the magnetic field direction
(see Figure 2.8). This mode exists at low wavenumbers, typically with kθρs ∼ 0.1−1.0
where kθ is the poloidal wavenumber and ρs is the ion gyroradius evaluated at the
sound speed, defined as ρs = cs/Ωci with cs =

√
Te/mi and Ωci = qB/mi.

• The Trapped Electron Mode (TEM) [28], [29]:
TEMs exist because of a trapped population of electrons, which undergo banana orbits
on the low-field side of the tokamak. TEMs can be driven by either a/LTe or a/Ln,
and exhibit a critical gradient affected by these quantities. TEMs are dependent on
the collisionality of the plasma. At high collisionality, TEMs are damped because
trapped electrons become de-trapped due to collisions. In low collisionality plasmas
where TEMs are unstable, this mode can drive the majority of the electron heat flux.
TEMs propagate in the electron diamagnetic drift direction and have a characteristic
scale of kθρs ∼ 1.0.
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ITG ETG ITG ETG

Figure 2.4: Dominant mode liner growth rate (a) and real frequency (b) over kθρs. This
example represents the linear turbulence of an I-mode plasma at ρpol = 0.90, and will be
discussed further in Chatper 6.

• The Electron Temperature Gradient (ETG) mode [30]–[32]:
The ETG mode can be thought of as the electron version of the ITG mode. ETG is
driven by a/LTe , and has a critical gradient in this quantity. The ETG mode drives
electron heat flux, propagates in the electron diamagnetic direction, and occupies the
small spatial scales kθρs > 1.0. Due to its small spatial scale, in some scenarios
ETG does not play a dominant role in heat transport. However, it has also been
shown through simulations of core core plasmas that ETG can form radially elongated
streamers that can enhance transport and cause cross-scale interaction between the ion
and electron-scales [32], [33]. Due to the small spatial scale of ETG, its experimental
measurement is not possible by current diagnostics.

ITG, TEM, and ETG modes can coexist and typically occupy different regions of wavenum-
ber space kθρs. Figure 2.4 shows a typical spectrum of the linear growth rate (γ) and
real frequency (ω) for the dominant turbulent mode over kθρs. In this example, ITG is
seen to dominate the low wavenumber portion of the spectra, while ETG dominates the
high wavenumber portion. Turbulent modes at different wavenumbers nonlinearly saturate
through the interaction across different scales, and through the generation of zonal flows.

Core transport in tokamaks is generally found to lead to “stiff” profiles. Stiffness can be
thought of as the resistance of a particular profile to change, when that profile has a gradient
above a particular threshold for turbulence drive. An example of stiff core profiles is shown
in Figure 2.5, where the electron pressure profiles of an L and H-mode are shown using a
logarithmic scale. In the plasma core, the profiles are self-similar, while the non-stiff edge
region the profile gradients change between L and H-mode.

The explanation for these clamped profiles is that an increase in heating power that would
further increase the gradient in turn increases the turbulence drive, and thereby increases
the transport which regulates the profile. Stiffness can by quantified either as the closeness
of a normalized gradient a/Lx to its critical value, or as the change in heat or particle flux
with a change in a/Lx. Fusion reactors require peaked profiles to achieve high core densities
and temperatures, but turbulence-induced stiffness in profiles challenges this peaking. The
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Figure 2.5: Log-scale electron pressure profiles from L-mode and H-mode, showing the
self-similarity of profiles in the core (stiffness), while the slope of the edge profiles change
between L and H-mode.

opportunity for achieving high core temperature therefore comes from the edge boundary
condition, where a “pedestal” can form in the profiles, leading to increased core density and
temperature by raising the whole profile.

2.1.4 Edge turbulence and transport

The edge of the confined plasma plays an important role in determining global confinement.
In this section we define the edge as the radial range from the pedestal top to the separatrix.
The pedestal region is characterized by the steep pressure gradients which separate the cool
SOL region from the hot and dense core plasma. The formation of the pedestal (see Figure
2.6) and its connection to confinement will be discussed in Section 2.2. The steep gradients
of this region can drive turbulence distinct from the core modes previously discussed. While
ITG, TEM, and ETG modes can all be driven at the edge, additional instabilities can also
be found. These include:

• The Micro-Tearing Mode (MTM) [34]–[36]:
MTMs are electromagnetic, small-scale tearing modes driven by the steep Te gradients
in the pedestal and are dependent on collisionality. MTMs cause electron heat trans-
port, and while they are damped in the core they can play a significant role in the
pedestal. As the name suggests, MTMs cause tearing and reconnection of the mag-
netic field lines. These modes are electromagnetic, so they can be identified through
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their magnetic field fluctuations. MTMs propagate in the electron diamagnetic drift
direction and typically exist in the ion-scale range of wavenumbers kθρs < 1.0.

• The Kinetic Ballooning Mode (KBM) [37], [38]:
KBMs are destabilized by the pedestal pressure gradient and magnetic curvature, and
are stabilized by magnetic shear. The ideal ballooning mode can be described by
the ideal MHD equations, and refers to a pressure gradient driven mode which has a
ballooning structure, meaning its amplitude grows on the "bad curvature" low field side
of the tokamak. The KBM is similar to the ideal ballooning mode, with modifications
from kinetic effects such as finite Larmor radius and Landau resonances. These kinetic
modifications make the KBM instability threshold lower than that for ideal ballooning
modes. KBMs and other MHD-type modes are thought not to contribute significantly
to heat transport, but can play a role in pedestal particle transport [39]. KBMs
propagate in the ion diamagnetic drift direction and occur at the ion scale with kθρs <
1.0.

MTMs and KBMs are not always present in the pedestal region. In fact, in high confinement
regimes with strong pedestals, ITG and TEM may also be damped. In such cases, ETG is
thought to regulate the pedestal heat transport. In edge scenarios, the ETG wavenumber
extent may extend below kθρs = 1.0.

Edge turbulence is of different nature than core turbulence. The steep gradients in the
pedestal lead to instabilities not present in the core, and also to large growth rates which
result in a large turbulent fluctuation amplitude. Turbulence at the edge can be more
bursty in nature than the core, with the large gradients and strong turbulence generating
“blobs” that can carry particles and energy across the last closed flux surface (LCFS) to the
scrape-off-layer (SOL). Understanding the nature of this edge turbulence is an active area
of research, and the experimental observations of edge and pedestal turbulence have been
limited due to diagnostic limitations. This thesis will focus on adding to our understanding
of the fluctuations present in this region.

2.2 High confinement operation and the pedestal

2.2.1 The L to H transition

The low confinement regime L-mode was the first operational regime explored on tokamaks
and has high levels or turbulence, leading to poor confinement of heat and particles. The
high confinement regime H-mode was discovered on ASDEX in 1982 [40] and has since been
studied on tokamaks around the world. H-mode is the reference scenario for demonstrating
net energy gain on next generation experiments such as ITER.

H-mode can be reached if sufficient heating power is applied, above a power threshold
PLH . Compared to L-mode, H-mode exhibits higher confinement of heat and particles.
During the L to H transition, a pedestal forms at the edge of the pressure profile, in both
the density and temperature. This pedestal forms in both the ion and electron channels.
The formation of a pedestal increases the energy confinement and particle confinement of
the plasma because the pedestal top sets a boundary condition for the core profiles. Core
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Figure 2.6: (a) The radial profile of electron pressure in L-mode and H-mode, with the H-
mode pedestal region shaded. (b) The radial profile of Er in the same L-mode and H-mode
phases. The colored portions of the Er profiles are fitted to data from the HES diagnostic,
while the dashed lines indicate the estimated Er inside of ρpol = 0.97, where experimental
data is not available. Figure is inspired from References [41] and [42].

profiles of both L-mode and H-mode are stiff, and display similar normalized gradients. High
pressure pedestals lead to the high core plasma pressure desired for fusion reactors.

At the L to H transition, the radial electric field (Er) profile forms a “well” in the edge
region. For any plasma species s, the Er can be related to the pressure ps and the plasma
particle flows through:

Er =
1

nsZse
∇rps + vϕ,sBθ − vθ,sBϕ (2.6)

where vθ,s and vϕ,s are the toroidal and poloidal flows respectively and Bϕ and Bθ are the
toroidal and poloidal magnetic field components respectively. Examples of L-mode and H-
mode pressure profiles and Er profiles are shown in Figure 2.6.

The increased pedestal Er leads to an increased E × B velocity. This flow is strongly
sheared in the radial direction due to the well structure of Er. This sheared flow is believed to
suppress turbulence and its associated transport by decorrelating (i.e. distorting and shearing
apart) turbulent eddies [43]. The commensurate reduction in transport in the edge leads to
the pedestal formation in the kinetic profiles, which is also called a “transport barrier”. In
H-mode, the balance of turbulence drive from these steepened profiles and damping from the
sheared E×B flow is different than the balance of turbulence drive and damping in L-mode.

When a transport barrier is formed in H-mode, the pedestal pressure and pressure gra-
dient increase dynamically until an MHD limit is reached, and an Edge Localized Mode
(ELM) is triggered. The classic type I ELMs are a coupling of pressure gradient-driven
peeling modes and pressure driven peeling modes [44], [45]. ELMs are explosive instabilities
that eject particles and energy and relax the pedestal. ELMs occur in a quasi-periodic cy-
cle: once the pedestal is relaxed by an ELM, the transport barrier is re-established and the
pressure profiles and gradients grow again until the next ELM is triggered. ELMs are useful
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Figure 2.7: Feedback loop representing some of the processes impacting the L to H transition.

for maintaining a steady-state H-mode plasma because they expel impurities, which would
otherwise lead to radiative collapse of the plasma if accumulated. However, ELMs can be
damaging to the wall and divertor, with each ELM crash releasing up to 20% of the plasma
stored energy in a time period less than 1ms. High confinement operation without ELMs
will be necessary for future fusion power plants, and naturally ELM-free, high confinement
regimes such as I-mode could meet this need.

The paradigm of edge transport barrier formation and the L to H transition is still an
active area of research, in particular the triggering of the transition. One widely accepted
model is that L to H transition occurs when turbulence damping by E×B shear exceeds the
turbulence growth rate [46]. The onset of this flow shear is not yet completely understood.
One possible feedback loop is represented in Figure 2.7. It is possible that growth of the
pressure pedestal may be sufficient to explain the flow shear via the ∇rpi contribution to the
Er well. The edge sheared E × B flow will stabilize edge turbulence. Reduced turbulence
will mean reduced edge heat and particle transport, which leads to the steepening of edge
profiles. A steepened edge pressure profile reinforces the edge Er well, which in turn leads to
a sheared E × B flow. This is a positive feedback loop, and the edge pressure profiles grow
until an ELM appears to relax the pedestal.

The turbulence itself, which is strongly driven due to steep pedestal gradients, can gen-
erate zonal flows via Reynolds stress [47]. These zonal flows contribute to the sheared E×B
flow, forming a predator-prey system with the turbulence. Some theories define the transi-
tion criterion as a point where the transfer of energy from turbulence to zonal flows exceeds
the turbulence drive from kinetic profiles [48]. Several types of zonal flows can receive en-
ergy from turbulence and play a role in shearing turbulent eddies, depending on the exact
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plasma conditions. These zonal flows can include zero frequency zonal flows, low frequency
zonal flow oscillations, and finite frequency geodesic acoustic modes (GAMs) [49]. These
different branches of zonal flows can coexist and may compete in gaining energy from tur-
bulence. A full description of the L to H transition must include a self-consistent picture
zonal flows, turbulent eddies, transport, and sheared flows, and their intertwined in feedback
loops. Pedestal turbulence measurements and Er measurements across the L to H transition
can provide valuable information to test hypotheses related to the pedestal and confinement
regime transitions.

2.2.2 H-mode scaling laws

Although a complete physical understanding of the L to H-mode transition is still under
investigation, empirical scalings have been constructed to capture the important parameter
dependencies of the L to H transition and H-mode operation. Of particular interest to
planning tokamak operation is the power threshold for the L to H transition, PLH . For
plasmas above a minimum density, the most frequently used power threshold derived from
a multi-machine database is [50]:

PLH = 0.0488 n̄0.72
e B0.80

ϕ S0.94 (2.7)

where PLH is expressed in MW, n̄e is the line averaged density in 1020m−3, Bϕ is the magnetic
field in T, and S is the plasma surface area in m2. This scaling has been constructed using
only deuterium plasmas in the favorable B×∇B drift configuration, meaning the ion B×∇B
drift points towards the active X-point.

The predicted energy confinement time, τE, is also of interest when predicting perfor-
mance for future reactors. Similar to the power threshold scaling, multi-machine databases
can be fit to relate τE to its important dependencies. The most commonly used τE scaling
for H-mode is the ITER-98(y,2) scaling, compiled from a set of ELMy H-modes across 8
tokamaks [51]. In terms of engineering parameters, this scaling is:

τ
98(y,2)
E = 0.0562 I0.93p B0.15

ϕ P−0.69n̄0.41M0.19R1.97ϵ0.58κ0.78 (2.8)

where Ip is the plasma current in MA, P is the absorbed power in MW, M is the isotope
mass, R is the major radius, ϵ is the inverse aspect ratio, and κ is the elongation.

The confinement time scaling can also be expressed in terms of dimensionless “physics”
parameters:

τ
98(y,2)
E ∝ τB ρ

−0.80
∗ β−0.90ν−0.01

∗ M0.96q−3.0ϵ0.73κ2.3a (2.9)

where τB = (minor radius)2

Bohm diffusion coefficient
is the Bohm confinement time, ρ∗ is the ion gyroradius

normalized by a, ν∗ is the effective collision frequency for particle detrapping normalized
to the trapped particle bounce frequency, β is the plasma pressure normalized to magnetic
pressure, and q is the safety factor. For more details on these normalizations, see Reference
[51].

Using these confinement time scalings, a “confinement improvement factor” H98 can be
defined as the ratio between the confinement time measured during an experiment τ expE , and
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the confinement time that would be predicted by τ 98(y,2)E :

H98 = τ expE /τ
98(y,2)
E (2.10)

τ expE can be measured via magnetics measurements of stored energy and knowledge of the
input power. The confinement improvement factor is often used to quantify the quality of
the confinement of a discharge, with H98 > 1 considered to be particularly good confinement.

Confinement time scalings for L-mode plasmas have also been determined using an L-
mode database. The most commonly used L-mode scaling is the ITER89 scaling, to give
L-mode confinement time τ 89E [52]. Similar to H98, a confinement improvement factor H89

is constructed with τ 89E to compare the confinement time of an experiment with the L-mode
confinement time predicted from this scaling law.

2.2.3 Magnetic configuration and the H-mode power threshold

The magnetic configuration has a strong impact on the input power required to access the L
to H transition. Figure 2.8 shows poloidal cross sections of magnetic flux surfaces, comparing
four different magnetic configurations possible with a single magnetic flux X-point. A lower
single null (LSN) configuration features a single X-point at the bottom of the plasma and
upper single null (USN) has a single X-point at the top. Depending on the direction of the
toroidal magnetic field, the ion B ×∇B drift will point either towards the bottom or top of
the plasma. The “favorable” B ×∇B drift direction refers to a configuration where the ion
B×∇B drift points towards the active X-point, and the “unfavorable” B×∇B drift direction
refers to a configuration where the ion B × ∇B drift points away from the active X-point.
Depending on plasma shaping, more than one X-point may be created in the magnetic flux,
but the “active” X-point refers to the one closest to the closed flux surfaces. In unfavorable
magnetic configuration, the power threshold for transition from L to H-mode is roughly twice
the favorable configuration threshold for a matched plasma [40], [53], [54]. This difference
in power requirement is the origin of the “favorable” and “unfavorable” terminology. The
reason for the difference in power threshold is an open question.

Differences in Er between favorable and unfavorable configuration plasmas have been
observed in both the confined region of the plasma [54]–[58] and the scrape-off layer (SOL)
[59], [60]. These differences in Er could lead to differences in turbulence suppression by
E × B flow shear between the two configurations. At Alcator C-Mod, the direction of the
SOL turbulence-driven flows changed when the configuration was switched from favorable
to unfavorable by switching from LSN to USN topology while keeping the field and current
directions unchanged [61]. These SOL flows were suggested to impose a boundary condition
on confined plasma toroidal rotation, which effects the Er. At AUG, the direction of SOL
flow is always in the vDe direction and does not change with the magnetic configuration,
and so cannot explain the difference in power threshold between favorable and unfavorable
configuration [54]. Differences in ion orbit losses and neutral penetration into the plasma are
also candidates for explaining differences in Er and the difference in the L-H power threshold
between the two configurations [62], [63]. In addition, in the confined region of the plasma,
the magnetic configuration is theorized to effect the turbulent eddy tilt and thus Reynolds
stress, which may also effect the Er [64], [65].
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Figure 2.8: Four different combinations of X-point and magnetic field direction, resulting
in either favorable or unfavorable ion B ×∇B drift direction. The directions of the ion and
electron diamagnetic drift, vDi and vDe respectively, are also indicated.
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2.3 The I-mode confinement regime

The I-mode confinement regime is a naturally ELM-free high confinement regime charac-
terized by a heat transport barrier but without a particle transport barrier [10]. The high
energy confinement without impurity accumulation or ELMs makes the I-mode a promising
regime for future reactor operation. First discovered at AUG [66], I-mode has been studied
at Alcator C-Mod [10], AUG [53], DIII-D [67], and EAST [68].

The experimental recipe for I-mode and the features of this confinement regime are
common across these tokamaks. I-mode is typically accessed in the unfavorable ion B×∇B
drift direction. In comparison with the favorable B × ∇B configuration, the unfavorable
configuration allows more external heating power to be applied before the plasma transitions
from L-mode to H-mode. I-mode exists in the operational space between L-mode and H-
mode. The L to I power threshold was studied at C-Mod, and appears to have a weaker
scaling with magnetic field as compared to the L to H transition [69]. Therefore, the power
window for I-mode access is wider at higher magnetic field. Robust I-modes have been
achieved with ICRH, ECRH, and NBI heating and have covered a wide range of operational
space in terms of magnetic field Bt, plasma current Ip, edge ne, edge Te [69], [70].

I-mode is characterized by its unique transport barrier in heat but not particles, as seen
by the formation of a pedestal in Te while the ne profile is very similar between L and I-
mode. Typical ne and Te profiles of L, I, and H-mode at AUG are shown in Figure 2.9.
The ne profile always forms a slight pedestal in AUG plasmas with X-points, but the L and
I-mode ne pedestals are very weak compared to those in H-mode. I and H-mode both form
a pedestal in Te. The weak density pedestal of I-mode means that the plasma edge does
not have pressure and pressure gradients that approach the MHD stability limits leading to
ELMs. The lack of particle transport barrier also means that impurities do not accumulate
in I-mode plasmas, and impurity and main ion particle transport are similar to L-mode levels
[69]. I-mode is accompanied by a deepening of the Er well in comparison to L-mode, and
an accompanying E × B sheared flow. The I-mode Er spans the parameter space between
L-mode and H-mode, and some I-mode Er minima can be as deep as those typical in weak
H-modes [12]. The confinement improvement factor, H98(y, 2) in I-mode also falls between
L-mode and a good H-mode [12].

I-mode is also characterized by distinctive pedestal fluctuations. The most prominent
feature is the Weakly Coherent Mode (WCM), which is a mid-frequency broadband fluctu-
ation. The WCM has also been observed in L-mode phases directly preceding the L to I
transition [72]. This thesis will study the L-mode WCM in greater detail, but prior to this
work, the detailed studies of the WCM were limited to I-mode plasmas. In AUG I-modes,
the WCM exists in the 50-150 kHz range. The WCM features fluctuations in ne and Te. The
C-Mod WCM also had magnetic field fluctuations, but this has not been observed at AUG.
The amplitude of the ne fluctuations is several times higher than that of the Te fluctuations
[72]. A coherent edge fluctuation known as the Low Frequency Edge Oscillation (LFEO)
can also be present in the I-mode pedestal. This mode has been proposed to be a modified
Geodesic Acoustic Mode (GAM) [73] or a low frequency zonal flow. The identification of the
LFEO, and its implications for transport, is still actively under investigation. A spectrogram
of WCM and LFEO fluctuations are shown in Figure 2.10. The LFEO and the WCM have

42



0.75 0.80 0.85 0.90 0.95 1.00
pol

0
1
2
3
4
5
6
7

#36561

(a)
ne [1019m 3]

L-mode
I-mode
H-mode

0.75 0.80 0.85 0.90 0.95 1.00
pol

0.0

0.5

1.0

1.5

2.0 (b)
Te [keV]

Figure 2.9: Electron density and temperature profile fits of the L, I, and H-mode phases of
a discharge. Profiles fits were obtained using the integrated data analysis method [71]. The
density profile is similar between L-mode and I-mode, but the temperature profile forms a
pedestal in I-mode. H-mode features a strong pedestal in both temperature and density.

been shown to couple during I-mode, with the LFEO receiving energy from the WCM and
the LFEO responsible for the frequency broadening of the WCM [74].

Despite these experimental observations in I-mode, a complete understanding of this
operating regime does not yet exist. The mechanism for separation of the particle and
heat transport channels is still an open question, and the role of turbulence in determin-
ing the unique transport of I-mode is not yet understood. The identity of the WCM and
the transport caused by the WCM have not been determined. A more complete physical
understanding of I-mode is necessary if this regime is to be extrapolated to future fusion
reactors.

There exists a limited amount of modeling and theory work related to explaining the
phenomena of I-mode regime. The only modeling work related to the I-mode core is a set
of validation studies which explain the reduction in core turbulence between L-mode and
I-mode as related to an increase in E ×B velocity shear and profile stiffness in I-mode [75],
[76]. Much of the rest of the body of modeling work in I-mode focuses on the pedestal region
and attempts to identify the WCM and the transport it causes. A study using the numerical
fluid simulation code BOUT++ found that the C-Mod I-mode pedestal is unstable to both
the drift Alfvén wave instability and the resistive ballooning mode [14]. One gyrokinetic
study of the I-mode edge at C-Mod found that the WCM could be explained by an ion
temperature gradient mode affected by the impurity density gradient [77], despite the low
expected imurity accumulation in I-mode. Another gyrokinetic study found that the WCM
is a type of instability not yet named by the literature which is sensitive to the Te gradient
and has long wavelength and low frequency [15]. Meanwhile, some theoretical work has
identified the WCM as as heavy particle impurity mode [13], [78]. Other more recent theory
work identifies the WCM as the leftover broadband turbulence when large and small scale
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Figure 2.10: Spectrogram of reflectometer (i.e. density) fluctuations showing the WCM and
LFEO during an I-mode. Figure adapted from Reference [73].
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fluctuations are suppressed by phase randomization and finite-Larmor-radius effects [16]. The
broad range of experimental, modeling, and theoretical observations about I-mode motivate
the need for further study to gain a more complete understanding of the physics underlying
this regime.

2.4 Conclusions

Gradient-driven turbulence in tokamaks limits confinement by driving the transport of heat
and particle, so a fundamental understanding of turbulence phenomenology is necessary for
planning future high performance fusion reactors. Changes in edge turbulence lead to high
confinement operation, and the L to H transition occurs when turbulence is damped by
sheared flows. This transition happens when external heating power surpasses a threshold.
The power threshold is about twice as high in the unfavorable configuration compared to
the favorable configuration for reasons not yet fully understood.

I-mode exists in the parameter space between L-mode and H-mode and is typically ac-
cessed in the unfavorable drift configuration. I-mode is a promising regime because it offers
ELM-free, high confinement operation. These favorable properties originate because of I-
mode’s unique transport barrier in energy but not particles. The I-mode pedestal features
the WCM fluctuation, but the identity of this mode and its associated transport are not
yet understood. This thesis will show that the WCM also exists in L-mode across a wide
parameter space of density and heating power.

Our picture of edge turbulence and its relation to different confinement regimes is incom-
plete. Experimental and modeling efforts are required to better understand the interplay of
Er, sheared flow, and turbulence across confinement regime transitions in different magnetic
configurations. Further study of I-mode is needed to understand how the fluctuations in the
I-mode pedestal compare with edge fluctuations in L-mode and H-mode. The next chapter
will discuss the experimental and modeling techniques used in this thesis to understand edge
fluctuations.
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Chapter 3

Turbulence investigation techniques at
ASDEX Upgrade

This thesis presents investigations of turbulence in L-mode and I-mode tokamak discharges,
with a focus on fluctuations in the edge and pedestal region. To perform this investigation,
the current state of the art turbulence measurement techniques and modeling routines are
applied. The experimental and modeling tools are described in this chapter.

3.1 The ASDEX Upgrade tokamak

The experimental work of this thesis was carried out on the ASDEX Upgrade (AUG) tokamak
at the Max Planck Institute for Plasma Physics in Garching, Germany [79]. A picture of
the inside of the tokamak vacuum vessel and a schematic poloidal cross section are shown
in Figure 3.1. AUG is a diverted, tungsten-walled, midsize tokamak with major radius
R0 = 1.65 m and minor radius a ∼ 0.5 m, maximum magnetic field BT = 3.2 T, and a
maximum current Ip = 1.4 MA. Auxiliary heating systems include up to 20 MW of Neutral
Beam Injection (NBI), 6 MW of Electron Cyclotron Resonance Heating (ECRH), and 6 MW
of Ion Cyclotron Resonance Heating (ICRH).

AUG’s operational goal is to prepare the physics basis for the ITER and DEMO toka-
maks, and it hosts an extensive suite of over 40 diagnostics. These diagnostics allow for
detailed studies of the plasma behavior, in particular the micro-scale turbulence (mm-cm
characteristic scale) of interest to this thesis. AUG is a leading tokamak in the study of
high confinement operation, including ELM-free high confinement regimes, and the transi-
tion from low to high confinement. Experimental studies of the H-mode power threshold
[66], H-mode density limit [80], and Er across the L to H transition [81] have increased our
understanding of the transition from L-mode to ELMy H-mode operation. ELM-free high
confinement regimes such as I-mode, EDA H-mode, and QH-mode have also been studied at
AUG [12], [82], [83].
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(a) Interior	of	AUG	vacuum	vessel.		
Source:	EUROfusion,	image	credit:	Volker	Rohde	

(b) AUG	poloidal	cross	section
Source: IPP MPG

Figure 3.1: Images of AUG interior including (a) vacuum vessel and (b) a poloidal cross
section.

3.2 Experimental design at AUG

The experimental work of this thesis uses discharges at AUG specifically designed for study-
ing different confinement regimes, with good conditions for turbulence diagnostic measure-
ments. Several discharge parameters may be prescribed by engineering design in order to
obtain plasmas of interest, including magnetic field, current, flux surface shaping, heating,
density control, and others. The time histories of some of these quantities, as well as the
resulting resulting core Te and ne obtained, are shown in Figure 3.2 for a discharge designed
to study L-mode turbulence [84].

This discharge was designed with a constant −2.5 T field, which is the typical toroidal
magnetic field for AUG discharges, and was designed with a Lower Single Null (LSN) with
the X-point at the bottom of the plasma (as shown in Figure 2.8). The divertor at the
bottom of the tokamak is equipped with cryogenic vacuum pumps for strong density control.
In contrast to this L-mode discharge, I-mode plasmas at AUG are often designed with an
Upper Single Null (USN) because the typical field and current directions determine this to
be the unfavorable B ×∇B direction.

The heating design (method and power waveform) of an experiment requires careful
consideration when performing turbulence measurements. Although AUG is equipped with
NBI, ECRH, and ICRH heating, the former two are the most often used. Both NBI and
ECRH can affect turbulence measurement. NBI perturbs the plasma through the addition of
hot neutrals and can affect the toroidal rotation, and ECRH can lead to nonthermal electron
distributions. Also important to note is that NBI heats preferentially ions, while ECH heats
electrons. NBI also injects torque and can effect toroidal rotation. Either heating source
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can be used in a feedback method to maintain steady-state plasmas. For example, in I-mode
experiments NBI heating has been applied in feedback to obtain a constant βpol target value
within a known I-mode parameter space [72]. Short NBI power blips are also required for
CXRS measurements, even when NBI is not chosen as a primary method for heating.

3.2.1 Profile diagnostics

Measurements of the radial profiles of the density, temperature, rotation, etc. are important
to quantify the character of the plasma and the strength of the turbulence drive and damping
during an experiment. The key diagnostics used for profile measurements in this thesis are:

• Thomson scattering [85], [86], which measures ne and Te through laser light scattered
by plasma electrons. The total scattered intensity is related to ne and the Doppler
frequency shift of the scattered spectrum is related to Te.

• Electron Cyclotron Emission (ECE) [87], [88], which measures Te by collecting ECE
from the plasma, the intensity of which is directly proportional to electron temperature
and its frequency to radial position. ECE diagnostics are discussed in detail in Section
3.3.1.

• Charge Exchange Recombination Spectroscopy (CXRS) [89], [90], which measures Ti
from the light emitted from charge exchange interactions between injected neutrals and
fully ionized impurity ions. The plasma velocity (vtor and vpol) can also be obtained
through spectra Doppler shifts. Through the radial force balance, the Er can be
obtained with these measurements.

• Doppler Reflectometry [91], [92], which measures the plasma Er × B velocity, vE×B,
directly from the Doppler shift of a fluctuation spectrum from a backscattered mi-
crowave beam that is launched and received at a known poloidal angle to the plasma
cutoff layer. The measured velocity, v⊥ is given by v⊥ = vE×B+vph, where vph ≪ vE×B
is the turbulence propagation velocity in the E ×B frame of reference.

• Helium II spectroscopy [41] uses active spectroscopy of singly ionized helium (He)
atoms to measure the Er from the pedestal region to the scrape off layer (SOL). The
methodology is the same as the determination of the Er from CXRS, with the He
pressure gradient and poloidal and toroidal velocities used in the radial force balance
equation.

An integrated data analysis tool, IDA [71], [93], is often used to generate fitted ne and Te
profiles at AUG. IDA combines diagnostic measurements for ne and Te using a Bayesian
probability framework to calculate best quality fitted profiles. The Thomson Scattering
and ECE measurements are used, as well as data from lithium beam emission spectroscopy
(LIB) and deuterium cyanide laser interferometry. IDA profiles face challenges in properly
capturing the pedestal, where large scatter can occur in diagnostic data.
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3.3 Turbulence measurement diagnostics for the confined
plasma

AUG is equipped with several diagnostics specially designed for the measurement of fluc-
tuations. We will describe here the main diagnostics used in this work: the Correlation
Electron Cyclotron Emission (CECE) diagnostic, a coupled CECE-reflectometer system,
and the Thermal He beam diagnostic. In particular, the CECE diagnostic at AUG was
extended as part of the work of this thesis, so its hardware and measurement technique will
be explained in detail.

3.3.1 The Correlation Electron Cyclotron Emission diagnostic

ECE principles

ECE radiometer diagnostics measure the electron temperature by collecting the ECE radia-
tion, emitted by electrons as they undergo gyro-motion around the tokamak magnetic field
lines. The blackbody intensity of this emission is directly related to the plasma electron
temperature, I(f) ∝ Te(f). The reader is referred to Reference [94] Chapter 5 for a detailed
derivation of the principles of ECE emission. The electron cyclotron frequency, ωce, is given
by:

ωce =
eB

me

(3.1)

where e is the electron charge, B is the magnetic field, and me is the mass of the electron.
Because ωce ∝ B and the toroidal field in a tokamak varies as B ∝ 1/R, ECE from a
particular location in the tokamak can be observed by using an ECE diagnostic to collect
radiation at a particular frequency.

The frequency of ECE radiation, ω, occurs in harmonics and when considering a partic-
ular diagnostic viewing angle and an electron traveling with velocity v, the emission layer is
described more generally as:

ω = mωce

√
1− β2

1− β∥cosθ
(3.2)

where m is the harmonic number, β = v/c is the relativistic factor, and θ is the angle between
the diagnostic line of sight and magnetic field line about which the electron undergoes gyro-
motion. The numerator,

√
1− β2, is the relativistic mass correction and the denominator,

1 − β∥cosθ, is the Doppler broadening. Therefore, a population of electrons with a given
distribution function will have an ECE linewidth determined by the velocity distribution
and the diagnostic viewing angle.

The ECE resonance layer sets the minimum possible radial resolution of ECE diagnos-
tics, and it is therefore beneficial to minimize the ECE linewidth. Doppler broadening can
be minimized by collecting ECE perpendicular to the magnetic field. Broadening from the
relativistic mass correction then sets the minimum linewidth. Hot plasmas with high ther-
mal velocities will have wide emission layers. Non-Maxwellian distribution functions with
nonthermal electron populations can also broaden the emission layer. This nonthermal emis-
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Figure 3.3: Simple radiometer hardware schematic. The ECE power received by the antenna
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sion is of particular consideration during experiments with ECRH current drive, runaway
electrons, or ELMs.

The electron temperature can be directly related to the intensity of ECE, under the
assumption that the plasma acts as a blackbody and perfectly emits and absorbs all radiation
at the ECE frequency. The blackbody intensity, IBB(ωce), of the ECE is related to the
frequency and electron temperature through the Rayleigh-Jeans approximation for blackbody
radiation at low frequencies:

IBB(ωce) =
ωceTe
8π3c2

(3.3)

The ECE is collected and processed through radiometer hardware in order to extract
information about electron temperature. A radiometer is a diagnostic used to measure radi-
ation power within a defined frequency range. A simple schematic of a radiometer is shown
in figure 3.3. The ECE radiation is collected by an antenna, then frequency downshifted
from the radio-frequency (RF) range to the intermediate frequency (IF) range. A bandpass
filter of bandwidth BIF then determines the frequency range over which radiation is de-
tected. The power, P , measured by the radiometer is P = TBIF , where T is the radiation
temperature of the incoming signal, which will be Te if the plasma is optically thick and acts
as a blackbody. Note that the temperature here is defined in energy units. The radiation
power is then detected by a square law detector and low-pass filtered by a video amplifier
with bandwidth Bvid.

Standard ECE systems are limited in their ability to measure temperature fluctuations.
The fluctuating portion of ECE signals are in part comprised by thermal noise fluctuations,
which set a floor below which RMS temperature fluctuations cannot be measured. The
sensitivity limit of a single radiometer channel is given by:

δT

T

∣∣∣∣
lim

=

√
2Bvid

BIF

(3.4)

In standard ECE radiometers, given typical choices for BIF and Bvid, this statistical limit
may be well above 5%.

Correlation techniques

The Correlation ECE (CECE) diagnostic extracts information about electron temperature
fluctuations from thermal noise by applying correlation techniques to an ECE diagnostic
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specially designed for these turbulence measurements. The principle of CECE is that two
separate measurements of the same turbulence will have uncorrelated noise. Suppose that
the fluctuating parts of two ECE signals are given by T̃e,1 = T̃e + N1 and T̃e,2 = T̃e + N2,
where T̃e is the turbulent temperature fluctuation common to both signals, and N1 and N2

are the incoherent noise specific to signals 1 and 2. The correlation between signals 1 and 2
is given by R1,2 = ⟨T̃e,1T̃e,2⟩ = ⟨T̃ 2

e ⟩ + ⟨N1T̃e,2⟩ + ⟨N2T̃e,1⟩ + ⟨N1N2⟩. Since the noise is not
correlated with the temperature fluctuations, and the noise one channel is not correlated
with the noise of the other, ⟨N1T̃e,2⟩ = ⟨N2T̃e,1⟩ = ⟨N1N2⟩ = 0 and therefore R1,2 = ⟨T̃ 2

e ⟩.
The background noise is removed by this correlation analysis and only information about
the temperature fluctuations remains.

Correlation techniques may be used to extract fluctuation spectra and RMS fluctuation
amplitude. The correlation and fluctuation amplitude calculations used in this thesis are
explained in detail in Reference [95], but a summary will be given here. The complex
coherence spectrum as a function of frequency, γc(f), is given by:

γc(f) =
G1,2(f)√

G1,1(f)G1,1(f)
(3.5)

for ECE signals 1 and 2, where G1,1(f) and G2,2(f) are the one-sided auto-spectral density
functions and G1,2(f) is the one-sided cross-spectral density function between signals x and
y, given by:

Gx,y = 2F ∗
x (f)Fy(f) (3.6)

.
Here, Fx(f) is the Fourier transform of signal x, made using ensemble averaging with a 50%
overlapping Hanning window [96]. F ∗

x (f) is the complex conjugate of Fx(f).
The complex coherency can be used directly in obtaining an electron temperature fluc-

tuation amplitude, δT/T :

δT

T
=

√
2

BIF

∫ f2

f1

Re{γc(f)− γbg}
1−Re{γc(f)− γbg}

df (3.7)

were BIF is the bandwidth of the bandpass filter, f1 and f2 bound the frequency range
of the turbulent feature, γc(f) is the complex coherence, and γbg is the mean background
coherence. γbg is calculated by averaging γc(f) over a frequency range above the turbulent
features of interest. This background coherence is similar to the coherency bias error, and
the subtraction of the background level is implemented to ensure that noise unrelated to
temperature fluctuations, such as that from overlapping IF filters, does not enter into the
calculation of fluctuation amplitude. An example coherence spectrum is shown in Figure
3.4, which displays a turbulent feature from f1 = 15 kHz to f2 = 175 kHz. The value of γbg,
and the frequency range over which γbg is averaged, are also shown.

The standard deviation of the complex coherence is given by [97]:

σγc(f) =

√
1

2nd

(
1− |γc(f)|2

)
(3.8)
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Figure 3.4: Example coherence spectrum (modulus γc(f)) over frequency for an I-mode
discharge at the outer core radial location ρpol = 0.93. The frequency bounds for integration
to produce δT/T are shown by the dotted lines at f1 and f2. The region over which γc may
be averaged to produce the background coherence level γbg is indicated. The horizontal black
dashed line represents this averaged γbg.

where nd is the number of windows used in the FFT ensemble averaging. The uncertainty
(i.e. confidence interval or error bar) on the fluctuation amplitude is then given by:

σδT/T =
1

δT/T

1

BIF

∫ f2

f1

σγc(f)

(1− |γc(f)− γbg|)2
df (3.9)

This uncertainty is derived by propagating the error on γc(f) though Eq. 3.7. The error
on BIF is ignored in this analysis. This uncertainty differs from that in Ref. [95] because
it does not take the limit of small γc(f), but rather allows γc(f) to be large, as is often the
case for edge fluctuations.

Using this correlation analysis, the ideal sensitivity limit of CECE is given by [98], [99]:

δT

T

∣∣∣∣
lim

=

√
2√
N

Bvid

BIF

(3.10)

where N is the number of independent data points. If the statistical limit is instead deter-
mined by integrating σγc(f) over the signal bandwidth, Bsig = f2 − f1, the statistical limit
becomes:

δT/T |lim =

√√√√ 2√
N

Bsig

BIF

√
Bvid

2Bsig

(3.11)

This adjusted statistical limit is typically lower than the the classic CECE limit, Eq. 3.10.
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Figure 3.5: Representation of a CECE radial comb of IF filters of frequency f1-f5, and the
possible correlations between radially neighboring or sequential channels.

Using the calculations outlined in this section, a CECE diagnostic can be used for detailed
study of temperature fluctuations over radius. Examples of the correlations that can be
performed with a radial comb CECE system are shown in Figure 3.5. By calculating γc(f)
and δT/T between neighboring channels, the Te turbulence fluctuation amplitude over radius
may be determined. By calculating γc(f) over sequential channels, the radial extent over
which fluctuations are correlated may be determined. Figure 3.6 shows examples of δT/T
over radius (panel a) and the radial correlation length (panel b). Both these examples are
taken from Reference [7], which performed a detailed study of core Te turbulence at AUG
using CECE.

Limitations of CECE

CECE is limited in its measurement capabilities by a number of factors inherent to ECE
physics. The plasma edge is particularly susceptible to effects which make interpretation of
CECE signals challenging, and special care must be taken when reporting edge Te fluctua-
tions.

Cutoffs
ECE measurements require that emitted radiation travels to the diagnostic receiver and

be detected. For the radiation to propagate through the plasma, cutoffs must be avoided.
ECE occurs in both O-mode polarization, with the emitted radiation electric field parallel to
background magnetic field, and X-mode polarization, with the emitted radiation electric field
perpendicular to background magnetic field. The relative strength of the polarizations are
different at different ECE harmonics. At the 1st harmonic, the intensity X-mode emission is
very weak, but at the 2nd harmonic X-mode emission intensity is somewhat stronger than
O-mode [94]. The O and X-mode waves face different cutoffs in the plasma, past which
the refractive index for the wave is below zero and the wave cannot propagate. The cutoff
frequencies are visualized over the radius of a typical AUG discharge in Figure 3.7.
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Figure 3.6: Examples of CECE measurements which give information about the radial
structure of Te turbulence, adapted from Reference [7]. (a) δTe/Te over normalized radius
(ρtor here) can be determined through correlations of radially neighboring CECE channels.
The optically thin τ < 2 region is indicated. (b) the radial correlation length of Te turbulence
is calculated through correlations of radially sequential channels. The correlation function
has a Gaussian shape with an elongated tail, and the 1/e with of the Gaussian portion is
8.4mm.

CECE
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Figure 3.7: The first three harmonics of the electron cyclotron resonance frequency and
the cutoffs relevant to ECE diagnostics for a typical AUG magnetic field (BT0 = −2.5 T)
and L-mode density profile (with core n0 = 7.1× 1019 m−3). The regions cutoff for X-mode
ECE are shaded. The right-hand cutoff determines the location of X-mode reflectometer
measurements and the 2nd harmonic ECE resonance determines the location of CECE mea-
surements.
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The O-mode cut-off occurs when the wave frequency ω is less than the plasma frequency
ωp, or:

ω < ωp =

√
nee2

meϵo
(3.12)

where e is the electron charge, me is the electron mass, and ϵo is the vacuum permittivity. In
cases where ne is too high, significant regions of the plasma may be cutoff, therefore O-mode
polarization is not a common choice for ECE diagnostics.

X-mode waves of frequency ω are cut-off when ωUH < ω < ωR and ω < ωL where ωUH is
the Upper Hybrid resonance frequency:

ωUH =
√
ω2
ce + ω2

p (3.13)

and ωR and ωL are the right and left-hand cut-off frequencies:

ωR,L =
1

2

√1 + 4

(
ωp
ωce

)2

± ωce

 (3.14)

In addition to very weak X-mode emission at the 1st ECE harmonic, X-mode emission at
this harmonic is also always cut off on the low field side of the plasma. Therefore, the 2nd
harmonic X-mode is a popular choice for tokamak ECE diagnostics. ne enters into the X-
mode cutoffs through ωp, and at high enough density, 2nd harmonic X-mode ECE can also
face cutoff. At densities close to the cutoff density, the EC wave index of refraction can differ
from 1. In these cases, the plasma curvature can cause and bending of the ECE rays due to
refraction, resulting in a deflection of the diagnostic line of sight.

Optical depth
The plasma’s ability to act as a blackbody for ECE at a particular location depends on

the local electron density and temperature. The transport of ECE through plasma may be
described by:

dI(ωce)

ds
= j(ωce)− I(ωce)α(ωce) (3.15)

where I(ωce) is the intensity, or the radiative power per unit frequency per unit solid angle.
s is the radiation path length. j(ωce) is the emissivity, or the rate of emission of energy per
unit frequency per unit solid angle. α(ωce) is the fractional rate of absorption of radiation
per unit path length. The optical depth, τ is determined by the absorption coefficient by:

τ =

∫
α(ωce)ds (3.16)

When the plasma is optically thick, Kirchoff’s law determines that:

IBB(ωce) =
j(ωce)

α(ωce)
(3.17)

where IBB is the blackbody intensity.
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Low optical 
depth region

Figure 3.8: Example profile of τ2X over normalized radius ρpol for typical AUG L-mode
kinetic profiles. The region of low optical depth (τ < 2) is shaded, starting at ρpol ∼ 0.98
and continuing outwards.

The measured intensity can be solved for, and is given by:

I =
ω2
ceT

8π3c2
(1− e−τ ) (3.18)

When τ ≫ 1, I = ω2
ceT

8π3c2
and the temperature can be directly determined by collecting ECE

emissions. Plasmas with τ > 2 are considered “optically thick”.
By integrating the absorption coefficient, the optical depth may be determined, as per-

formed in References [100] and [101]. For the case of perpendicular 2nd harmonic X-mode
radiation far from cutoff, a simplification is:

τ2X =
2π2Ro

λo

ω2
p

ω2
ce

(vt
c

)2
(3.19)

Where Ro is the plasma major radius, λo = 2πc/ωce, and the thermal velocity vt =
√
Te/me.

The important dependencies are that τ2X is proportional to the plasma density through ωp
and temperature through v2t .

Optical depth has implications for edge turbulence measurements performed with CECE.
One consideration is the localization of the birthplace distribution of ECE in the optically
thin edge. For example, a "shine-through" peak can occur in the pedestal and SOL region
of H-mode plasmas [88], [102], [103]. Shine-through occurs when EC absorption is low at the
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cold resonance position, and downshifted radiation from the tail of the Maxwellian distribu-
tion originating at the pedestal top can pass through cold resonance layers and contribute
to an nonphysical peak in Te in the pedestal or SOL. When mapping ECE measurements
to radial locations in the edge, a local approximation for ECE may not hold, to properly
capture CECE measurement locations, ECE forward modeling may be needed to capture
ECE resonance position [103].

An additional consideration for low optical depth measurements is that density fluctu-
ations, δne/ne, may have an impact on the measured radiated temperature fluctuations,
δTrad/Trad, from CECE. In optically thin plasmas, one may not assume δTrad/Trad = δTe/Te.
The effect of these density fluctuations is derived in Ref. [104]. The electron density and
temperature fluctuation contributions to δTrad/Trad can be represented by:

δTrad
Trad

=

(
(1 + A)2

(
δTe
Te

)2

+ A2

(
δne
ne

)2

+ 2A (1 + A)
Re[⟨δTeδne⟩]

Tene

)1/2

(3.20)

where
A =

τe−τ

1− e−τ

(
1− χ

1− e−τ

1− χe−τ

)
(3.21)

and χ is the reflectivity of the tokamak wall. Information about the phase between the
density and temperature fluctuations, αnT , is contained within the ⟨δTeδne⟩ term. One
cannot exactly quantify the effect of ne fluctuations on CECE signals without measurements
of δne/ne, χ, and αnT , none of which are standard measurements.

In order to understand the possible effects of ne fluctuations under different conditions, a
calculation of Trad fluctuation amplitude from Eq. 3.20 is shown in Figure 4.10. For δTe/Te =
1.0%, the value of δTrad/Trad which would be measured by CECE is plotted over a range of τ
for a number of plausible δne/ne values. Low and high wall reflectivity are investigated, using
χ = 0.31 to approximate a low reflectivity silicon carbide wall and χ = 0.85 to approximate
a high reflectivity metal wall [105]. In panels (a) and (b), αnT = 170◦ (close to out-of-phase
ne and Te fluctuations) is investigated, and in panels (c) and (d) αnT = 10◦ (close to in-
phase ne and Te fluctuations) is investigated. Previous αnT measurements have indicated
that ne and Te fluctuations for typical drift wave turbulence are usually out-of-phase [7],
[106]–[108], and the tungsten metal walls of AUG are expected to be highly reflective. Panel
(b) is therefore most closely represents the expected impact of density fluctuations on the
measurements presented in this thesis, but without measurements of all quantities in Eq.
3.20, there is uncertainty on the relationship between δTrad/Trad and δTe/Te. This thesis
will present measurements of edge and pedestal plasmas, which are in some cases regions of
marginal optical depth. For this reason, many of the reported pedestal measurements will be
reported as Trad rather than Te. Information about Trad is still rich in physics and provides
valuable information about edge turbulence behavior.

CECE design at AUG

The CECE system at AUG has been expanded in the work of this thesis from its original
24-channel radial comb, described in Reference [95] to a modular 60 channel system, with
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Figure 3.9: The value of δTrad/Trad which would be measured by CECE as a function of
optical depth, over a range of δne/ne if the actual δTe/Te = 1%, for a variety of αnT and
χ values. Panel (b) with out-of-phase density and temperature fluctuations, and high wall
reflectivity is likely closest representation of the measurement scenario at AUG.
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Figure 3.10: Top down schematic view of the AUG vessel, with the toroidal locations of
the standard CECE and nT-phase CECE systems indicated. The toroidal locations of other
important diagnostic and heating systems are also shown.

interchangeable front end RF sections and plasma access at a number of different toroidal
locations on AUG. A top-down view of the tokamak and the CECE system locations is shown
in Figure 3.10. The current system is comprised of the “standard” CECE system, which has
32 channels and shares optics with the ECE system at AUG, in the toroidal “sector 9” of
the tokamak. The “nT-phase” CECE system was comprised of 24 channels and was placed
in “sector 11” a toroidally separate location than the standard CECE system. The hardware
schematic of the CECE design at AUG is shown in Figure 3.11. A third CECE location
in toroidal “sector 5” was also explored during the work of this thesis, but results from this
setup will not be presented.

The front-end optics determines the turbulence wavenumbers to which the CECE system
is sensitive. CECE can only detect turbulence with characteristic wavelengths larger than
the 1/e beam power width determined by the optical setup. The optical setup for the
standard CECE system, shared with the 1D ECE system in sector 9, is comprised of a
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Figure 3.11: Hardware schematic of the AUG CECE designs. From the plasma out, the
components include quasi-optics, an RF section, an IF sections, and a digitizer.

quartz window to the vacuum vessel, three high-density polyethylene focusing lenses, and
an X-mode polarizing grid. ECE is collected with a 25dB gain D-band rectangular horn
antenna, and a waveguide transition couples the D-band to F-band waveguide. The F-band
waveguide connects the optics to the radiofrequency (RF) section, which sits on a sliding rail.
The rail can move the antenna along a radial distance of 60mm to optimize the location of
the beam waist for core versus edge measurements. Gaussian optics calculations determine
that the beam diameter within the plasma reaches a minimum of 1.4 cm [84].

The front-end optics of the nT-phase CECE system in sector 11 were shared with the
steerable Doppler reflectometers during the measurements presented in this thesis. This
optical system consisted of a steerable elliptical mirror, a smooth-bore broadband Gaussian-
beam antenna, an oversized circular waveguide, two waveguide tapers and transitions, and a
short section of fundamental F-band waveguide. The beam diameter from this optical setup
reaches a minimum of approximately 3.0 cm in the plasma outer core [7]. With a beam
waist approximately twice as large as the standard CECE system, the nT-phase system is
somewhat less sensitive to small-scale fluctuations.

The CECE systems at AUG have interchangeable RF front ends (downconvertor, mixer,
and tunable Gunn diode source) which can be swapped to optimize for either core or edge
measurements. The RF section is designed to downconvert the frequency of the incoming
ECE signal to the IF range of frequencies (2-12 GHz here) for ease of signal collection. First,
an F-band waveguide bandpass filter selects a range of incoming ECE signal with which to
mix the local oscillator (LO) frequency. The RF bandpass filter frequency range may be
the upper sideband (USB) or lower sideband (LSB) with respect to the LO frequency. The
LO frequency is generated by a V-band varactor-tuned Gunn Oscillator and isolator. This
tuning (±1GHz) allows for flexibility in the measurement range. The Gunn oscillator pumps
a subharmonic mixer and the IF output is followed by a first stage of IF amplification with a
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LO frequency (GHz) Sideband filter (GHz) CECE locations (ρpol)
12em107 USB: 109-125 0.81-1.04
12em112 USB: 114-128 0.65-0.85
22em115 USB: 117-125 0.48-0.80

LSB: 105-113 0.97-1.16

Table 3.1: RF section LO frequency, sideband filter frequency range, and resulting CECE
measurement location range for a discharge with typical 2.5 T magnetic field and typical
shaping.

43dB gain low-noise amplifier. The specifications of the interchangeable RF sections at AUG
are shown in Table 3.1, including the LO frequencies, bandpass filter range, and estimated
CECE measurement range for the 32 channel standard CECE system during a typical AUG
discharge with Bo = 2.5T. The interchangeable RF sections give the possibility of core or
edge measurements during a given experiment. Expansions are currently underway to make
simultaneous core and edge measurements possible.

The IF sections (2-12 GHz) of both systems begin with a amplifier/divider chassis. The
standard CECE system uses two 30dB low noise amplifiers and the nT-phase system uses
a 30dB and 40dB amplifier prior to splitting the signal by 4 or 6 ways with power dividers
before continuing to the IF “filter chassis”. Additional low-noise amplifiers follow the power
dividers. These are 30dB amplifiers in the standard CECE system and 20dB amplifiers in
the nT phase system. In between are various IF attenuators to optimize the signal levels at
each stage.

The IF filter chassis are modular, 8-channel chassis with identical hardware in each chassis
except for the frequencies of the bandpass filters. Each chassis contains an eight-way power
splitter, IF bandpass filters, DC blocks, Schottky diode detectors, and video amplifiers with
custom-fitted 1 MHz low-pass anti-aliasing filters. The IF filters have a 200 MHz bandwidth
and are arranged in a comb of frequencies spaced 250 MHz apart, with center frequencies
covering the IF range (2-12 GHz). The last stage of the CECE hardware is digitization. Each
CECE system uses two pairs of synchronized 16-channel, 14 bit digitizers, which sample at
4 MHz.

3.3.2 Coupled CECE-reflectometer system

The phase between electron density and temperature fluctuations, αnT , can be measured
through coupled CECE and reflectometer diagnostics. A description of the first αnT mea-
surements at AUG is given in Ref. [7], and the αnT measurements in this thesis use an
identical diagnostic setup. An nT-phase diagnostic is created with the 24-channel nT-phase
CECE system coupled with an X-mode W-band (75-110 GHz) and two O-mode V-band
(50-75 GHz) reflectometers. These reflectometers are usually operated in “Doppler” mode by
tilting a poloidally steerable mirror. However, during αnT measurements, the reflectometers
are operated in standard normal incidence mode. As shown in Figure 3.12, the CECE and
reflectometer systems share the same oversized waveguide and both systems are focused with
the ellipsoidal mirror share a line of sight. The systems are coupled with a 3dB wire-grid
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Figure 3.12: Hardware schematic of the AUG nT-phase quasi-optical components, shared by
the reflectometer and CECE systems during αnT measurements. The reflectometer launch
antenna is not pictured.

splitter in the oversized circular waveguide section. The reflectometers and the CECE system
also shares the same digitization system.

Reflectometers measure density by launching an electromagnetic wave towards the plasma,
which reflects off the plasma cutoff and returns to the receiver. The time delay between the
launched and received waves gives information about the location of the cutoff layer. Fluc-
tuations in the cutoff layer correspond with fluctuations in density. The cutoffs of X-mode
and O-mode systems are represented in Figure 3.7. In order to measure αnT , the locations of
the reflectometer cutoff and the CECE 2nd harmonic resonance must align closely, within a
turbulence correlation length (typically sub-centimeter). These measurements often require
repeat discharges so that the plasma density profile can be determined and the appropriate
reflectometer probe frequency chosen. The reflectometers may also be swept over several
frequencies to probe several different cutoff locations.

The reflectometer heterodyne receiver has in-phase (I) and quadrature (Q) detection.
For the αnT measurements presented in this thesis, the reflectometer amplitude,

√
I2 +Q2,

is used in the correlations with the CECE signals. At low density fluctuation levels, modeling
has shown that fluctuations in the reflectometer phase signal are proportional to the density
fluctuation amplitude, while at higher density fluctuation levels (as expected towards the
plasma edge), fluctuations in the reflectometer amplitude signal are proportional to the
density fluctuation amplitude [109]–[112]. The reflectometer amplitude has been seen to have
higher correlation with CECE as compared to its phase [106]. When there is a frequency
range in which the CECE and reflectometer signals (STe and Sne respectively) display a
detectable level of coherency, γc, then αnT may be calculated as:

αnT = arg
(
S∗
TeSne

)
(3.22)

with a statistical uncertainty in radians given by [97]:

σαnT
=

√
1

2nd

(
1

|γc|2 − 1

)
(3.23)

where nd is the number of independent samples used to calculate γc.
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Figure 3.13: Geometry of the Helium beam spectroscopy system is shown, including its
poloidal location in the vacuum vessel (left) and the 2D 32-channel array (right). The
dashed red line is the separatrix (ρpol = 1.0) and the colored contours represent ρpol surfaces.

3.3.3 Thermal Helium beam diagnostic

The thermal He beam spectroscopy diagnostic at AUG is used to study the 2D structure
of edge fluctuations in the experiments presented in this thesis. Details of the diagnostic
operation are presented in [113] and [114]. The He beam emission spectroscopy system
measures local He I emission in 32 radially and poloidally spaced channels. The geometry
of the 32 channels is shown in Figure 3.13. The 2D grid of channels has 3mm spatial
resolution. The diagnostic line-of-sight covers a radial range of 8.5 cm, spanning both the
confined plasma inside the separatrix and the SOL plasma. The poloidal location is below the
midplane. Correlations between radially and poloidally spaced channels may be performed
similarly to the CECE correlation analysis previously presented.

To measure emission from excited He, neutral He is injected to the plasma by a piezo
valve. Emitted light at the intersection of injected He beam and the diagnostic LOS is
collected by an optical head and focused onto optical fibers. A polychromater separates the
light from each channel into different spectral lines (587.6 nm, 667.8 nm, 706.5 nm, and
728.1 nm), and then detected by fast photo-multiplier tubes which allow a 900 kHz temporal
resolution.

The intensity of the collected light is proportional to both the plasma electron density
and temperature. The intensity, Ix, for a particular He I line, x, can be represented as:

Ix = nHenePECx(ne, Te) (3.24)
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where PECx(ne, Te) is the photon emissivity coefficient for the particular He I line. The
He I singlet and triplet states respond differently to changes in ne and Te. The ratio of
singlet to triplet states can be used for determining Te, and a collisional radiative model
combined with the ratio of singlet or the ratio of triplet states can determine ne. For the He
beam spectroscopy measurements presented in this thesis, no attempt is made to distinguish
between the density and temperature fluctuation components, and the fluctuations of signal
intensity are expected to be a mixture of both quantities.

3.4 Modeling techniques

Diagnostics provide valuable information about the plasma turbulence in experiment, but
are constrained by diagnostic limits and data processing techniques. Computational (e.g.
gyrokinetic turbulence) models are a useful way to gain deeper insights into turbulence
behavior, as modeling outputs generally contain more complete information about the plasma
state. However, well validated models are only as reliable as their inputs. In the case of
plasma turbulence and transport codes, validation is still an ongoing exercise and models are
not well validated for all regions of the plasma. Models are used in this thesis, with careful
consideration of their caveats, because they add valuable information about the nature of
plasma turbulence in L-mode and I-mode states. The two models used in this work are
gyrokinetic (GK) and gyrofluid (GF) models.

The basis of these models is a kinetic formulation of the plasma, coupled with Maxwell’s
equations. A kinetic treatment of the plasma involves the distribution function fs(x⃗, v⃗, t) for
species s which depends on three-dimensional position x⃗ and velocity v⃗. The evolution of
the distribution can be described by the Boltzmann Equation:

Dfs
Dt

=
∂fs
∂t

+ v⃗ · ∇fs + a⃗ · ∇vfs = C (fs) (3.25)

where a⃗ is the acceleration experienced by particles due the Lorentz force: a⃗ = qs
ms

(
E⃗ + v⃗ × B⃗

)
where qs and ms are the charge and mass respectively of species s, and E⃗ = E (x⃗, t) and
B⃗ = B (x⃗, t) are the electric and magnetic fields respectively. C (fs) is a collision operator,
which accounts for the effect of collisions on the phase-space distribution of particles.

The Boltzmann equation is coupled to Maxwell’s equations:

∇ · E⃗ =
ρc
ϵo

(3.26)

∇ · B⃗ = 0 (3.27)

∇× E⃗ = −∂B⃗
∂t

(3.28)

∇× B⃗ = µo

(
J⃗ + ϵo

∂E⃗

∂t

)
(3.29)
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where ϵo and µo are the vacuum permittivity and permeability respectively, charge density
ρc =

∑
s qsns, and current density J⃗ =

∑
s J⃗s. The number density ns and current density

Js of species s are defined as:

ns =

∫
fsdv⃗ (3.30)

and

J⃗s = qs

∫
v⃗fsdv⃗ (3.31)

This kinetic formulation contains extensive detail of the plasma behavior, but it is a six-
dimensional problem with three spacial dimensions and three velocity dimensions. To ease
analytical and computational requirements, this model is reduced.

3.4.1 Gyrokinetic models

The gyrokinetic model makes the six-dimensional kinetic problem into a five-dimensional
problem. Rather than tracking the complete gyro-motion of particles, the gyrokinetics for-
mulation instead tracks the guiding center, and only considers the velocities parallel and
perpendicular to the magnetic field, thereby reducing the velocity space dimensions from
three to two.

A key assumption of the gyrokinetic formulation is that the important transport processes
occur at frequencies much lower than the cyclotron frequency of the species considered, ωs.
The ordering assumptions included in the gyrokinetic model are given by [115]:

ω

ωs
∼
k∥
k⊥

∼ δvE
vts

∼ δns
no

∼ B1

Bo

∼ ρs
Ln

∼ O(ϵg) (3.32)

where ϵg is the smallness parameter (e.g. ω ≪ ωs) and ω is the characteristic turbulence
frequency. k∥ and k⊥ are the parallel and perpendicular components respectively of the
turbulence wavenumbers. δvE is the perturbed E × B drift velocity and vt,s is the thermal
velocity of the species. δns and no are the perturbed and background density of the species.
B1 and Bo are the perturbed and background magnetic field. ρs is the Larmor radius of
species s and Ln is the density gradient scale length.

A derivation of the theoretical formulation of gyrokinetics is beyond the scope of this
thesis, but its details can be found in several references [115]–[119]. In this work, we use
gyrokinetic codes as tools to better understand the nature of the turbulence in the plasmas
also studied experimentally. The gyrokinetic ordering assumptions help us understand the
regions in which it is valid to apply gyrokinetics codes. For example, the orderings state
that the gyroradius of the species investigated is small compared to background gradient
scale length. Although this assumption holds in the plasma core, it can break down in the
steep gradient region of the pedestal. The assumption that the perturbed density is small
compared to its background value is true for drift wave turbulence, but may not hold for the
large fluctuations present in the plasma edge. Overall, gyrokinetics is a useful formulation
for exploring turbulence physics, but great care must be taken when applying this model to
the plasma edge.
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Computational approach to gyrokinetics

Several gyrokinetic codes have been created for application to tokamak plasmas. The
CGYRO code is the computational gyrokinetic tool used in this thesis. A description of
the CGYRO approach to evolving the gyrokinetic system is given in [120]. The form of the
collision operator differentiates CGYRO from predecessor codes. The CGYRO treatment of
collisions is optimized for the more collisional edge region. Although several options of colli-
sion operators are included in the CGYRO code, the most complete is the Sugama operator
[121], which is a model for the complete linearized, gyroaveraged Fokker-Planck operator
[122], and includes unlike particle collisions.

CGYRO uses a unique spectral formulation and a Eulerian solver to evolve the distri-
bution function and fields. The space coordinates are field-aligned and the discretization is
fully spectral in the radial and binormal directions. In order to optimize the implementation
of the collision operator, velocity space is represented by energy and pitch angle with pseudo-
spectral meshes. CGYRO is a δf code, meaning it solves for the perturbed, non-adiabatic
part of the distribution function, approximating the background distribution function as a
Maxwellian. Once the distribution function is determined, the fluxes may be determined by
integrating over the appropriate quantities.

CGYRO is a local or “flux-tube” code, which simulates the plasma only in the vicinity
of a single magnetic field line. A local solver uses fixed background gradients and periodic
boundary conditions. In contrast, global codes simulate an extended domain and allow
equilibrium parameters to vary across the domain. Local simulations cannot self-consistently
evolve profiles or study time-dependent phenomena as global simulations can, but local
simulations are computationally cheaper.

Linear stability analysis can be performed by running CGYRO in the linear initial value
mode. In this mode, the real frequency (ωr) and growth rate (γ) of the most unstable mode
in the plasma can be obtained. A linearly unstable mode will have the form:

ϕ̃(t) = ϕ̃e−iωrt+γt (3.33)

where we have taken the example of potential fluctuations, ϕ̃. The spectra of ωr and γ
give information about the dominant unstable mode identity. However, the characteristics
of the dominant mode do not always clearly correlate with the nonlinear, fully saturated
state of turbulence. During a nonlinear simulation, the interactions between the different
modes are considered and the plasma reaches a saturated state of turbulence. This nonlinear
interaction transfers energy between modes at different wavenumbers, providing a dissipation
mechanism for the the exponentially linearly unstable modes.

The CGYRO code is formulated such that different physics can be included or excluded
depending on which flags are selected in the input file. The following considerations have
been taken when running the simulations presented in this thesis:

• Electromagnetic effects: CGYRO has a choice of whether to include only fluctuations of
potential (δϕ) for an electrostatic simulation, or to include fluctuations of the magnetic
field (both δA∥ and δB∥) for a fully electromagnetic simulation. While core transport is
largely dominated by electrostatic turbulence, electromagnetic effects can be important
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in the edge. In the simulations performed here, we take a reduced electromagnetic
approach and include δA∥ only because δB∥ is expected to be small.

• Gyrokinetic electrons: CGYRO has several choices for the treatment of the electrons.
By assuming adiabatic (δn ∼ e

Te
δϕ) or drift kinetic (kθρe → 0) electrons, the com-

putational expense of running the simulation can be reduced. For this work, fully
gyrokinetic electrons were used because this is a more exact treatment and details of
electron dynamics have been shown to be important to the turbulence and resulting
transport.

• Simulation resolution: The CGYRO input file allows the user to set the the number of
poloidal gridpoints, pitch angle gridpoints, and energy gridpoints. These resolutions
should be set to be large enough that the simulation outputs converge, and otherwise
kept as small as possible to reduce computing time. The number of radial and binormal
wavenumbers is also set by the user, and the radial and binormal domain size must be
defined.

The choice of domain size and wavenumber extent defines whether a simulation is ion-
scale, electron-scale, or multi-scale. Ion-scale simulations typically simulate kyρs < 1.0
where ky is the binormal wavenumber and ρs is the ion sound speed. These simulations
must have a domain that captures ion-scale dynamics, with radial an binormal extents
typically ∼ 100ρs. Electron-scale simulations will extend to higher wavenumber in the
ETG range (kθρs > 1.0), but can have a smaller domain size sufficient only for capturing
electron-scale dynamics. Multi-scale simulations must extend to wavenumber high
enough to capture electron-scale dynamics, but must have a domain size large enough
to capture ion-scale structures. Thus, multi-scale simulations are very computationally
expensive and are only run in rare cases.

3.4.2 The gyrofluid model

Nonlinear gyrokinetic simulations require significant computational resources, even in the
single-scale, electrostatic limit. Gyrofluid simulations are much cheaper to run and in well-
validated regimes can recover much of the same physics as gyrokinetics. The Trapped Gyro
Landau Fluid code TGLF is used in this work to study turbulence behavior in situations
where extensive gyrokinetic runs are not possible. A description of the TGLF model and
efforts towards validation with gyrokinetic models are given in References [123]–[126].

The gyrofluid model is obtained by taking moments of the gyrokinetic equations to obtain
a fluid description of the plasma. When taking a moments approach, a closure is needed to
form a complete set of equations. The closure in the TGLF model is formulated to accurately
represent the trapped particle response and finite Larmor radius effects. The TFGL system
of equations uses six velocity moments of the linearized gyrokinetic equation, and then forms
a closure by defining higher velocity moments as linear combinations of the lower moments.

TGLF is a quasilinear code, meaning it calculates linear growth rates of turbulent modes
and uses a saturation rule to determine the nonlinear saturated state. The linear instabilities
are calculated by finding the eigenmodes of this gyrofluid system. ITG, TEM, ETG, and
KBM modes can all be investigated. In general, a quasilinear solver assumes that the total
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flux can be expressed as a sum over unstable linear modes at each wavenumber. This
summation includes the non-interacting linear response at each wavenumber, which can be
found by solving the gyrofluid eigenvalue problem, as well as the saturated electrostatic
potential at each wavenumber.

Since TGLF cannot describe the nonlinear interactions between modes, a saturation rule
is used for determining the saturated potential. A heuristic mixing-length argument is used
for determining the saturated potential, in which the growth of linear modes is balanced
by turbulent diffusion. TGLF saturation rules are fitted to sets of nonlinear gyrokinetic
simulations. The TGLF saturation rule SAT2 [127] is used in the simulations presented in
this thesis, which has been fitted 64 gyrokinetic simulations. SAT2 is the third iteration of
TGLF saturation rules, after predecessors SAT0 and SAT1. SAT2 is designed to represent the
full 3D dependence of wavenumber coupling (radial and poloidal wavenumber, and poloidal
angle), mediated by zonal flow mixing. SAT2 also includes multiscale effects.

The quasilinear approach of TGLF makes it significantly computationally cheaper to run
than CGYRO. TGLF was used in this thesis for cases where fine parameter scans are desired,
such as the stiffness tests performed in Chapter 6. A downside of the TGLF code is that it
is not well validated in all plasma regimes, and one must be wary of its application to areas
of the plasma not yet extensively studied with gyrokinetics. The saturation rule was built
based on mid-radius L-mode plasmas, however I-modes were not covered in the database.
TGLF is also not well-suited to the edge region of the plasma, where the code has not been
validated and where more unusual instabilities such as MTMs may be present, which cannot
be resolved by the code.

3.5 Conclusions

In this chapter a set of experimental and modeling techniques for studying tokamak turbu-
lence has been presented. The experiments in this thesis are performed on AUG, which has
an extensive diagnostic suite for measuring turbulent fluctuations. These experiments are
specifically designed to optimize for edge turbulence measurements so that open questions in
the area of I-mode and pedestal physics can be probed. Kinetic profiles are determined using
the Thomson Scattering, ECE, and CXRS diagnostics, as well as the AUG’s integrated data
analysis tool IDA. The Er profiles are determined with Doppler reflectometers and the HES
system in this thesis. These measurements form the basis for understanding the plasma
confinement and the transitions between L-mode and higher confinement regimes, during
which an edge velocity shear layer forms and the kinetic profiles develop a pedestal. The
CECE diagnostic is the main turbulence diagnostic featured in this work, but a coupled
CECE-reflectometer system and a Helium beam spectroscopy system add additional details
about edge turbulence, in particular the I-mode WCM.

Gyrokinetic and gyrofluid simulations are performed for plasmas similar to those ob-
tained experimentally. The purpose of these computational studies is not validation, but
rather to gain further physical insight to the nature of turbulence in L-mode and I-mode
plasmas. The application of these experimental and modeling tools to L-mode, I-mode, and
H-mode plasmas will be presented the next three chapters. By combining findings from these
difference techniques, a more complete picture of I-mode physics is uncovered.
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Chapter 4

Detailed investigation of the Weakly
Coherent Mode in L-mode and I-mode

4.1 Introduction

The I-mode confinement regime was introduced in Section 2.3 as a promising operational
regime for future reactors. I-mode is also a regime for which we lack full understanding of its
formation and unique transport properties. The mechanism for separation of particle and
heat transport channels in I-mode is an open question, and the role of turbulence in regulating
the I-mode pedestal has not yet been determined. The I-mode WCM has been hypothesized
to play a role in particle and impurity transport, similar to how ELMs regulate the ELMy
H-mode pedestal. However, the instability causing the WCM has not yet been determined
and the connection between the WCM and transport has not yet been established.

Theoretical work elucidates the importance of collisionality in determining the turbulence
and the transport properties of the I-mode pedestal. One theorized regime of turbulence for
I-mode is the reduction of electron heat transport with the decreased collisionality of the
I-mode pedestal and therefore increased electron conductivity[16]. In this model, as temper-
ature increases, electrons become more adiabatic and fast parallel equilibration levels out
electron temperature fluctuations. The WCM is hypothesized to be the residual broadband
turbulence when large and small scales are stabilized. However, sizeable electron tempera-
ture fluctuations associated with the WCM have been measured at both C-Mod and AUG,
albeit smaller in amplitude than density fluctuations [12], [128]. Separate neoclassical theory
work has postulated that the WCM is not necessary to I-mode transport at Alcator C-Mod
and that neoclassical transport alone can account for I-mode impurity transport [18]. This
work requires the pedestal to be in the banana regime of collisionality, which is often the
case for I-mode pedestals while H-mode pedestals are often in the plateau regime[129]. As
shown in Appendix A, extension of this neoclassical work shows that when the pedestal is
in the plateau regime, neoclassical radial transport is negligible [130].

The importance of collisionality in determining the nature of the turbulence and resulting
transport in the pedestal region motivates the need for the study of the I-mode turbulence
across a range of collisionality values. The first major results of this thesis are the results of
a study of L and I-mode pedestal fluctuations in low and high collisionality plasmas. These
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Figure 4.1: Time histories of the low ne (a-c) discharge #36561 and the high ne discharge (d-
f) #38092 with the phases of L-mode and I-mode used in the following turbulence analysis.
(a) and (d) show the confinement improvement factor H98. (b) and (e) show the heating
schemes with ECRH steps and NBI beam blips in (b) and NBI in feedback with steady
ECRH in (e). (c) shows the core line integrated electron density from DCN interferometry
and (f) shows the on-axis temperature from core ECE. Both discharges display constant
density in L-mode and I-mode with a higher temperature in I-mode than L-mode. The low
ne discharge has higher quality confinement than the high ne discharge.

results increase our understanding of edge transport in L and I-mode and the behavior of
the WCM. Much of the material in this chapter is reproduced from a previously published
article [131], with the permission of AIP Publishing.

4.2 Experimental description

In order to study the parameter space of collisionality and compare L and I-mode pedestal
fluctuations, discharges with L and I-mode phases across a range of densities were designed
for dedicated experiment. Plasma parameters for the two such discharges are shown in
Figure 4.1. These two discharges represent two types of experiments used to study pedestal
turbulence across a wide parameter space. Both discharges have steady-state L and I-
mode phases but they were designed with different densities and heating schemes. Several
discharges are used in this chapter to investigate the fluctuations in the L-mode and I-mode
edge, but we will explore in the most detail two discharges that represent the opposite ends
of the experimental parameter space: the “low ne ECRH heated L-mode/I-mode discharge"
and the “high ne NBI heated L-mode/I-mode discharge".
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The low ne L-mode/I-mode discharge was heated by electron cyclotron resonance heating
(ECRH) in small power steps from the L to I-mode threshold and neutral beam injection
(NBI) beam blips were present only for ion temperature measurements obtained with the
charge exchange recombination spectroscopy (CXRS) system [132]. This discharge has a
core line integrated density of ∼ 4.4 × 1019 m−2. The core density stays the same between
the L and I-mode phases, but the core electron temperature rises from ∼ 3.0 keV in L-mode
to ∼ 4.0 keV in I-mode, and the edge temperature (ρpol = 0.95) rises from ∼ 0.3 keV to
∼ 0.7 keV. The confinement enhancement factor H98 relative to the IPB98(y,2) scaling law
[51] for the thermal confinement time rises from 0.70 in L-mode to 0.91 in I-mode.

The high ne L-mode/I-mode discharge was designed with the I-mode phase first, followed
by the L-mode. In contrast to the low ne discharge, this plasma was heated by NBI feedback
controlled on the βpol value of the plasma with ECRH at a constant level of 1.4 MW. This
discharge has a core line integrated density of ne = 6.4 × 1019 m−2. The core electron tem-
perature drops from ∼ 2.5 keV in I-mode to ∼ 1.8 keV in L-mode, and the edge temperature
(ρpol = 0.95) drops from ∼ 0.4 keV to ∼ 0.2 keV. The confinement of this discharge is
comparatively worse than the low ne case, with H98 reaching only 0.75 in I-mode and falling
to 0.64 in L-mode.

The profile comparison of the two discharges is shown in Figure 4.2. Integrated Data
Analysis (IDA) [133] is used to determine ne and Te profile fits from standard profile diag-
nostics including Thomson scattering and 1D ECE. Ti profiles are made using CXRS data
and Gaussian Process Regression (GPR) fits. The electron to ion temperature ratio Te/Ti
is determined from these fits, and the effective collisionality νeff is determined through the
fitted profiles and Equation 2 in [132]:

νeff = 0.00279×
(
15.94− 0.5 log

ne
T 2
e

)
× ne
T 2
e

R
√
mAZeff (4.1)

where ne here is in units of 1019 m−3, Te is in keV, R is the major radius in meters, mA is
the main ion mass in amu, Zeff is the effective charge.

Both discharges display the characteristic ne profiles that change minimally between L-
mode and I-mode while the Te and Ti profiles form a pedestal in I-mode. The low ne discharge
has a more marked development of a Te pedestal in I-mode than the high ne discharge, which
displays a relatively weak Te pedestal. The ion temperature in the L-mode phase of the high
ne discharge is taken from a previous discharge, which had matched parameters but more
frequent CXRS ion measurements. The lower density and higher temperatures in the low
ne I-mode/L-mode case lead to lower collisionality than in the high ne case. Collisionality is
tied to the degree of electron and ion temperature coupling, or equilibration of temperature
between the two species. The L-mode edges often have coupled Te and Ti, while higher
confinement regimes have decoupled edges due to higher overall temperatures and therefore
lower collisionality. In the low ne discharge, there is a change in coupling between the L-mode
and I-mode edges as shown by the Te/Ti ratios between L-mode and I-mode. The high ne
discharge has a higher degree of temperature coupling and little change in coupling between
L and I-mode.

The Er profiles during the L-mode and I-mode phases of the low and high ne discharges
are shown in Figure 4.3. The Er profiles are measured using Doppler reflectometry [92],
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Figure 4.2: Radial profiles of the low ne (a-e) discharge #36561 and the high ne discharge
(f-g) #38092 from steady state phases of L-mode and I-mode shown in Figure 4.1. (a)
and (f) electron density and (b) and (g) electron temperature from IDA. (c) and (h) ion
temperature fitted with GPR. (d) and (i) electron to ion temperature ratios. (e) and (j)
effective collisionality as defined in [132]. The high ne discharge displays lower Te and Ti,
stronger temperature coupling, and higher collisionality than the low ne discharge.
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𝐸! = 0
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Figure 4.3: Radial profiles of Er for the low ne discharge (#36561) and the high ne discharge
(#38092) as measured by Doppler reflectometers during I-mode and L-mode phases of these
two discharges. Both discharges display a deepened Er well in I-mode as compared to
L-mode. The low ne I-mode forms a much deeper well than the high ne I-mode. The
shaded region represents the maximum error on the separatrix position during these discharge
phases.

[134]. In both the low and high ne discharges, the Er well deepens between L-mode and
I-mode. The change in Er slope leads to a change in sheared E ×B flow in both cases. The
Er well is significantly deeper and wider in the low ne I-mode than in the high ne I-mode.
The large positive value of Er in the low ne SOL indicate that the SOL is warm in these
plasmas.

4.3 Observation of the L-mode WCM

Previous to the work of this thesis, the observations of the WCM in L-mode were limited
to observations of a WCM precursor prior to L to I transitions [72]. The work of this thesis
identifies for the first time a steady-state L-mode WCM which can exist in L-modes even far
from the power threshold for the L to I transition. The spectrograms of WCM fluctuations
from the low and high ne L-mode/I-mode discharges are shown in Figure 4.4 using a single
CECE channel at the location corresponding to the WCM peak amplitude (ρpol ∼ 0.98). In
both cases, the WCM can be seen spinning up in frequency at the transition from L-mode to
I-mode. The low ne case undergoes a single L to I transition over the course of the discharge.
In the high ne case, an L to I transition occurs early in the discharge. A brief H-mode occurs
at around 2.6s, during which the WCM is not visible. The discharge returns to I-mode at ∼
2.75s, and the WCM reappears. The WCM is seen to transition back to lower frequency at
the I to L back-transition at 5.0s.

At the onset of I-mode in both the low and high ne cases, a coherent low frequency mode
also appears (arrows on Figure 4.4). This mode is identified as the Low Frequency Edge
Oscillation (LFEO) [73]. The LFEO is not present in L-mode phases in these discharges. A
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Figure 4.4: Spectrogram from single CECE channel near the WCM peak amplitude of
ρpol = 0.98 during the (a) low ne and (b) high ne discharges. In the low ne discharge, the
WCM appears as the 25 kHz mode in L-mode which spins up to 80-160 kHz in I-mode,
and the LFEO is the narrowband mode at 8 kHz which appears in the I-mode phase only.
The high ne discharge has L and I-mode phases early in the discharge, followed by a brief
H-mode, followed by steady-state I and L-mode phases. In this discharge, the WCM appears
as the 40-80 kHz mode in I-mode and the 25-50 kHz mode in L-mode. The LFEO is again
the narrowband mode at 8 kHz which appears in the I-mode phases only.

modulation of the LFEO frequency during the onset of I-mode (spin-up in the low ne case
and spin-down in the high ne case) is observed. A feature at low frequency (< 2kHz) is also
observed in these spectra, in both L and I-mode in the low ne discharge and in I-mode alone
in the high ne discharge. The investigation and identification of these very low frequency
fluctuations are left for future work.

4.4 WCM decoupled from collisionality, confinement, and
Er

A small database of 18 plasma phases in which edge turbulence was investigated with CECE
is shown in the parameter space of collisionality and H98, as well as collisionality and τE
in Figure 4.5. The confinement improvement factor H98 is commonly used for quantifying
the quality of confinement in I-mode plasmas [11], [12], despite the fact that this factor is
meant to describe H-modes. The plasmas contributing to the database in Figure 4.5 all
displayed L-mode and I-mode phases with a WCM. The confinement factor H98 is nega-
tively correlated with collisionality in these plasmas, which is also observed in other devices
and confinement regimes [135], [136]. This trend is the same when instead using the H89

confinement enhancement factor calculated with L-mode scaling [52], as well as an I-mode

75



36561
5.1-5.3s

33043
2.4-2.6s

39561
3.0-4.0s 384933.0-4.0s 34240

2.8-2.9s 40906
4.0-4.5s

38065
3.5-4.0s

36399
3.0-3.5s

38091
3.6-3.9s

38092
4.0-4.5s

40971
3.7-3.9s

34240
2.6-2.7s

39561
5.0-5.9s

36561
4.3-4.6s

38092
5.1-5.7s

38091
4.5-5.5s

38493
5.0-5.9s

40906
2.5-3.0s

40906

3809238091

40906

38065

40971

40971

33043 34240

36561 39561

36561

3809239561
384933639938091

34240

Figure 4.5: Confinement quality trends with νeff , including (a) confinement improvement
factor H98,y2 and (b) stored energy τE plotted against effective νeff evaluated at ρpol = 0.95.

confinement time scaling [137]. A clear trend in τE with collisionality is not observed, with
τE staying relatively constant over the collisionality range. This could indicate that current
scaling laws do not effectively capture the effect of collisionality on confinement quality in
L and I-mode. The presence of the WCM is not correlated with either collisionality or con-
finement. The WCM δTe/Te fluctuation level is generally higher in the I-mode phase than in
that plasma’s corresponding L-mode phase, but within the L-mode and I-mode phases alone
there is no correlation between collisionality and WCM δTe/Te amplitude or confinement
and WCM δTe/Te amplitude.

A simple experimental thermal transport analysis of the pedestal region was used for
the low and high ne L-mode/I-mode plasmas, following the method of Ref [138]. Although
L-mode does not have an edge pedestal, this terminology will be used when referring to
the region ρpol = 0.95 − 1.0 for ease of comparison between L-mode and I-mode. This
analysis is shown in Table 4.1. The thermal diffusivity, χeff , is estimated from χeff =
−Pnet/ (2Ane∇Te) with Pnet the power crossing the last closed flux surface (LCFS) and A
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Table 4.1: Comparisons of thermal diffusivity, H98, and the minimum value of Er from
Figure 4.3. Experimental transport analysis of low and high density discharges to determine
χeff uses Te gradients and ne values from the profiles in Figure 4.2

Shot Phase χeff (m
2/s) H98 Er,min (kV/m)

Low ne (36561) L 0.28 0.70 -0.04
I 0.22 0.91 -19.18

High ne (38092) L 0.36 0.66 -2.86
I 0.27 0.75 -4.68

the surface area of the LCFS. Pnet is calculated as the heating input power minus the radiated
power inside the LCFS as measured by bolometry. The pedestal Te gradient is determined
as the linear slope between the Te values at ρpol = 0.96 to 0.99, the and mid-pedestal ne
value is taken at ρpol = 0.975. In both the low and high ne discharges, the thermal diffusivity
decreases with the increasing profile steepness from L to I-mode. The fractional change in
diffusivity between the L and I-mode phases is similar in both discharges. Lower thermal
diffusivity values correspond with higher H98 and deeper Er minimum values both when
comparing L to I-mode and when comparing low ne with high ne cases. This makes intuitive
sense, as lower transport is expected to lead to higher confinement, and reduced transport
is linked to the E ×B flow shear occurring due to the radial variation in Er.

The WCM was present for all pedestals analyzed in Table 4.1, therefore the WCM pres-
ence or fluctuation level also cannot be correlated with thermal diffusivity or Er well depth.
This suggests that the existence of WCM alone does not play a significant role in the differ-
ence in heat transport and energy confinement between L and I-mode plasmas. The existence
and consistent properties of the WCM over this entire parameter space of Er, νeff , χeff ,
and H98 motivates further study to determine the parameters to which this fluctuation is
sensitive.

4.5 Comparison of L-mode and I-mode edge fluctuations

The existence of the WCM in both L and I-mode across a wide parameter space of plasma
collisionality and performance is a new finding. This motivates the need for detailed exper-
imental study to understand the nature of pedestal fluctuations in both L and I-mode, and
whether the character of the WCM changes between these regimes. The diagnostic capa-
bilities of AUG allow for a detailed study of pedestal fluctuations. Here we compare the
properties of the L and I-mode edge fluctuations with particular focus on the WCM using
CECE radiometers, the thermal He beam diagnostic, and the neTe phase system.

4.5.1 Electron temperature fluctuations

The Te fluctuations in these L-mode/I-mode discharges are primarily studied with the Cor-
relation Electron Cyclotron Emission (CECE) diagnostic, described in Chapter 2. The Te
turbulence frequency spectra from the low and high ne discharges described in Section 4.2
taken with the CECE diagnostic are shown in Figure 4.6. The spectra show the modulus
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of the complex coherence between neighboring CECE channels, with the location stated as
the average location of the two correlated channels. The fluctuation measurements span
the outer core (ρpol = 0.90) through the LCFS, and the selection of these measurements
shown in Figure 4.6 display the typical features of L and I-mode turbulence in the outer core
(ρpol = 0.93), inner pedestal top (ρpol = 0.95), and WCM location (ρpol = 0.98).

The most prominent element in the spectra is the WCM, shown as the feature with the
highest value of coherence in the pink spectra. In all cases studied, this mode is localized
near ρpol = 0.98. In the low ne discharge, the WCM is centered at 20 kHz in L-mode with a
full-width half maximum (FWHM) of 40 kHz. In the low ne I-mode, the WCM is centered
at 90 kHz and has a FWHM of 120 kHz. In the high ne L-mode, the WCM is centered at 40
kHz with a FWHM of 50 kHz and in the high ne I-mode, the WCM is centered at 60 kHz
and has a FWHM of 90 kHz. In addition to the WCM, broadband turbulence is seen on
the CECE coherence spectra throughout the outer core and pedestal measurement locations
(ρpol = 0.90−0.97). These broadband features in some cases shift frequency between L-mode
and I-mode phases, such as the spectra at ρpol = 0.93 in the high ne discharge, but generally
have a similar structure between L-mode and I-mode.

The change in Er between the I-mode and L-mode phases of the discharges is sufficient
to increase the E × B flow and Doppler shift the spectra to higher frequencies, with a
larger frequency shift occurring in the low ne discharge, with a larger change in Er between
L-mode and I-mode. The frequency of turbulence captured by CECE is given by f =
fturbulence + fDoppler where fturbulence is the frequency of the turbulence in the vE×B frame
and fDoppler = kθvθ + kϕvϕ is the Doppler shift due to the plasma velocity in the poloidal
and toroidal directions (vθ and vϕ) for a turbulent mode with a given poloidal and toroidal
wavenumber (kθ and kϕ). The radial velocity is assumed to be negligible. The kϕvϕ term can
also often be neglected due to the very small toroidal wavenumber expected for turbulent
modes. The kθvθ term can be calculated assuming that vθ = Er × Bϕ and assuming a
turbulent feature with a given wavenumber kθ. The frequency shifts observed between L-
mode and I-mode for low and high ne WCM are consistent with the frequency shift expected
for a low wavenumber turbulent mode, with kθ > 0.3 cm−1.

The normalized electron temperature fluctuation amplitude, δTe/Te, is derived from inte-
gration of the coherence spectra, subtraction of the background coherence, and incorporation
of IF filter bandwidth, as explained in Section 2.3. The radial profile of δTe/Te in the high
and low ne L-mode/I-mode phases is shown in Figure 4.7. The WCM in L-mode and I-mode
leads to a marked increase in fluctuation amplitude in the pedestal region. The fluctuation
amplitude rises from close to 1% in the outer core to several times higher at the WCM
location in all cases. In the low ne case, the WCM fluctuation amplitude is 2.3% and 3.8%
in L-mode and I-mode respectively, and in the high ne case is 2.8% and 4.2% in L-mode
and I-mode respectively. From these Te fluctuation radial profiles, the WCM in both the
low and high ne cases, in both L-modes and I-modes, is localized at ρpol ∼ 0.97− 0.99. This
corresponds in real space to a WCM width of around 1.8cm. The regions of marginal optical
depth (τ < 2) are marked with a grey box. In all cases the region of low optical depth occurs
outside the region of peak WCM amplitude. The error bars typically associated with δTe/Te
measurements are of a statistical nature and for these analyses of turbulence in the edge
with high δTe/Te are in many cases smaller than the plotted points themselves.

The location of the Er well can be compared from Figure 4.3 with the WCM peak
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Figure 4.6: Te fluctuation coherence spectra as measured by CECE in the low ne discharge
(#36561) (a) L-mode and (b) I-mode phases and the high ne discharge (#38092) (c) L-mode
and (d) I-mode phases. Spectra range from ρpol = 0.93 − 0.98. The WCM can be seen in
all cases at ρpol = 0.98 and broadband turbulence is seen in the outer core (ρpol = 0.93) and
pedestal top (ρpol = 0.95) locations.
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Figure 4.7: Electron temperature fluctuation level over radius from low ne discharge
(#36561) (a) L-mode and (b) I-mode and the high ne discharge (#38092) (c) L-mode and
(d) I-mode. All phases use 10-250 kHz as the turbulence integration band and 250-270 kHz
for background subtraction in the calculation of fluctuation amplitude. Regions of marginal
optical depth τ < 2 are shaded in grey. Fluctuation levels rise from ∼ 1% in the outer core
to 2.3− 4.2% in the WCM range from ρpol = 0.97− 0.99.
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amplitude region from Figure 4.7. In the low ne I-mode, the Er well extends from ρpol = 0.978
to ρpol = 0.99, and the WCM amplitude peaks just inside ρpol = 0.98. In the high ne I-mode,
the Er well is farther towards the separatrix, with a minimum around ρpol = 0.99, while
the WCM once again peaks just inside ρpol = 0.98. These mappings indicate that the
peak amplitude of the WCM occurs towards the inside of the region of high E × B shear
in I-mode, but that the WCM persists throughout the Er well region. These findings are
consistent with previous WCM vs Er localizations from EAST [68], but they are inconsistent
with findings from C-Mod, which place the WCM in the outer shear layer of the Er well
[139]. These localizations are subject to uncertainties in Er locations due to density profile
fits and equilibrium reconstruction and mapping. CECE localizations are subject to the
same uncertainty in equilibrium reconstruction and mapping. The separatrix position has
an uncertainty as large as 4.5 mm in these plasma phases, which translates to ∆ρpol ∼
0.007, indicative of significant uncertainties in mapping of edge CECE measurements and
motivating a need for future studies.

4.5.2 WCM dispersion relation

The thermal helium (He) beam diagnostic is capable of measuring density and temperature
fluctuations in the edge of AUG plasmas[113], [114]. Helium is injected into the plasma and
line ratio spectroscopy is performed to determine density and temperature. The diagnostic’s
32 lines of sight enable correlation analysis.

The He beam diagnostic can capture information about the WCM poloidal structure
and propagation velocity, in addition to frequency spectra. Figure 4.8 shows the dispersion
relation of edge fluctuations during the L and I-mode phases of a medium density L-mode/I-
mode discharge (core line integrated density of ne = 5.1× 1019m−2) with steady-state L and
I-mode phases. This dispersion relation was calculated from poloidally separated channels
using the spectral analysis method from [140]. The channels used in the correlations were
not neighboring, but separated by ∼ 2.5 cm. The WCM is the feature with wavenumbers
in the range of −0.5 to −1.0 cm−1, and the wavenumber extent stays the same between L
and I-mode. These wavenumbers are similar to the WCM wavenumber extent reported from
similar analysis on C-Mod and AUG [74], [141]. The WCM is centered around a frequency
of ∼ 20 kHz in L-mode and broadening to the range of 30 to 90 kHz in I-mode with a peak
amplitude at ∼ 60 kHz. This frequency shift of the WCM between L-mode and I-mode is
again consistent with a Doppler shift due to increased E×B velocity, with a larger frequency
shift occurring at larger wavenumber absolute value. The structure that appears near 4 kHz
centered around k = 0 cm−1 is the LFEO and appears in the I-mode phase only.

The He beam diagnostic can also determine the WCM propagation velocity by using the
phase angle between coherent fluctuations in poloidally separated channels and the spacing
between the channels. During the L-mode phase of this mid ne discharge, the WCM fluc-
tuation peak at ∼ 20 kHz propagates with a velocity of ∼ −1.5 km/s. The negative sign
indicates the electron diamagnetic direction. During the I-mode phase, the WCM peak at
∼ 60 kHz propagates at ∼ −6 km/s. This change of −4.5 km/s in velocity is consistent
with a change in the E × B flow resulting from the change in Er from L to I-mode. These
WCM propagation velocity measurements include the contribution from the plasma E × B
flow (vpropagation = vphase + vE×B), and the phase velocity of the WCM in the plasma frame

81



L-mode(a) I-mode(b)

Figure 4.8: Dispersion relation of fluctuations at ρpol = 0.98 and 0.99 from poloidally
separated channels of the thermal Helium beam. The WCM is seen in the L-mode phase (a)
at 25 KHz and in the I-mode phase (b) at 45-75 kHz. The wavenumber extent of the WCM
does not change between L-mode and I-mode, and the frequency change is consistent with
a Doppler shift between the two regimes. The LFEO also appears in the I-mode phase at 4
kHz.

cannot determined from these measurements alone.

4.5.3 WCM neTe cross phase

The phase angle between electron density and temperature fluctuations (αneTe) can be ob-
tained with a reflectometer and CECE system that share a line of sight to the plasma. By
choosing the appropriate frequencies for 2nd harmonic EC emission and density cutoff, the
reflectometer and radiometer can be made to measure approximately the same plasma vol-
ume [7], [107]. The reflectometer does not share electronics other than the data acquisition
board with the CECE system and does not suffer from thermal noise, therefore a correlation
between the reflectometer and radiometer signals will yield information about coherent tur-
bulent quantities. Details of the neTe phase calculation and the associated uncertainty are
found in Reference [7].

Measurements of the neTe cross-phase in L and I-mode with a coupled CECE-reflectometer
system find that the WCM has a finite, out of phase αneTe in both L and I-mode. For these
measurements, an O-mode, V-band reflectometer was used (launch frequency 50/51 GHz
in L-mode/I-mode) and the reflectometer amplitude signal was used in correlating with the
CECE signal. These measurements find that αneTe changes slightly between L and I-mode.
The coherence between CECE and reflectometer channels and the neTe phase during the L
and I-mode phases are shown in Figure 4.9. The coherence spectra show that the fluctua-
tions associated with the WCM are coherent between the radiometer and reflectometer. The
neTe cross-phase at the spectral peak of the WCM is 171◦ in L-mode and shifts to 143◦ in
I-mode. The error associated with the neTe cross-phase is of a statistical nature and is small
in regions of coherence between the reflectometer and CECE, so this change in phase angle
is statistically significant. It is within the realm of possibilities that the measured values
of αneTe could correspond to small or negative heat flux associated with the WCM and a
positive particle flux, but the turbulent transport cannot be quantified without simultaneous
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Figure 4.9: Coherence between a CECE channel and V-band reflectometer at ρpol = 0.97
in the (a) L-mode and (b) I-mode phases of a middle density discharge (#39561) showing
the WCM in both cases. (c) L-mode and (d) I-mode neTe phase over frequency. The neTe
cross-phase at the spectral peak of the WCM is 171◦ in L-mode and shifts to 143◦ in I-mode.

measurements of the amplitude of fluctuations in Te, ne, plasma potential ϕ, magnetic field
B, and Te-ϕ and ne-ϕ cross-phases, as shown in Equations 2.4 and 2.5. While αneTe does not
enter directly into the turbulence-driven flux equations, comparisons of this measurement
with theory and simulation can provide valuable new information about the physics of the
WCM.

The αneTe measurement assists in quantifying the effects of density fluctuations in CECE
measurements. To follow the analysis in Reference [104], an ne fluctuation level of 20% is
assumed, corresponding with the upper limit of the WCM ne fluctuations reported in [72].
We then calculate the impact of ne fluctuations on signal intensity if the Te fluctuation level
is 3%, in line with the typical CECE values for the AUG WCM. Reflective tungsten walls
with a reflectivity value of χ = 0.85 are assumed. The neTe cross-phase angles measured
in L and I-mode were used in this calculation. The impact of ne fluctuations under these
assumptions is shown in Figure 4.10. The possibility of a greater than unity contribution of
Te fluctuations at low optical depth (τ2X < 2) is due to out of phase ne fluctuations reducing
the fluctuation signal intensity and leading to a smaller intensity fluctuation amplitude. In
all WCM measurements presented in this chapter, the peak WCM amplitude occurs in a
region of high optical depth (τ2X > 2), therefore CECE δTe/Te amplitude measurements
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Figure 4.10: Ratio of the CECE intensity fluctuation amplitude to the true δTe/Te fluctu-
ation amplitude as a function of optical depth for two values of the neTe cross-phase angle.
For this toy calculation, the measured neTe phases of the WCM in L-mode and I-mode were
used, but estimates were used for fluctuation amplitudes (δTe/Te = 3% and δne/ne = 20%)
and wall reflectivity (χ = 0.85). At an optical depth of τ > 2, the CECE intensity fluctua-
tion amplitude corresponds well to the δTe/Te fluctuation amplitude.
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are assumed to be due primarily to Te fluctuations, with a minor (< 30%) impact from ne
fluctuations. There is little change between L-mode and I-mode in terms of the impact of
density fluctuations in regions of high optical depth. However, because the L-mode neTe
cross-phase is farther out of phase than the I-mode neTe phase, the interpretation of the
WCM fluctuation amplitude in a marginal optical depth L-mode would be that the measured
fluctuation intensity is slightly lower than the true δTe/Te amplitude.

4.5.4 Long range toroidal correlations

Toroidally separated CECE systems in different tokamak toroidal sectors allow for long-range
toroidal correlation calculations and study of the three-dimensional nature of turbulence. For
these long-range measurements during an L-mode/I-mode discharge, two CECE systems were
placed in toroidal locations of the tokamak separated by 60◦. The lines of sight (LOS) at
these two toroidal locations have a poloidal difference of 11.3◦ between the two systems. The
WCM peak amplitude occurred near ρpol = 0.99 in this experiment and the safety factor at
this radial location was q99 ∼ 5. This geometry allowed the magnetic field lines near the
WCM location to pass through both CECE systems. The coherence between the toroidally
separated channels at ρpol = 0.99 is shown in Figure 4.11, with standard CECE analysis from
radially neighboring channels overplotted to compare the WCM spectral features. During
the L-mode phase, the long-range correlations do not display clear spectral features above
the level of the standard deviation. However, during the I-mode phase, the WCM centered
at 70 kHz is clearly seen in the long-range correlations. The LFEO is also seen in these long-
range correlations during the I-mode phase. The long physical range of these correlations
thus limits both the WCM and LFEO mode to low toroidal mode numbers. While the
lack of long-range L-mode WCM measurements could be due to a change in the three-
dimensional structure of the WCM between L-mode and I-mode, it is also possible that L-
mode correlations were not captured due to a slight change in safety factor (< 10%) changing
the field line orientation with respect to CECE lines of sight, or the weaker fluctuation
amplitude of the L-mode WCM. More measurements are needed to determine the three-
dimensional nature of the L-mode WCM.

4.6 Coupling between the WCM and Low Frequency Edge
Oscillation

The LFEO appears only in the I-mode phase of the L-mode/I-mode discharges in this chap-
ter. The LFEO onset occurs as the WCM ramps up to its I-mode frequency range. The
LFEO presence may not be ubiquitous in I-mode, as I-mode phases have been observed to
occur without an observed LFEO[73]. In cases where the LFEO does appear in I-mode, it
is coupled to the Te fluctuations associated with the WCM. Figure 4.12 shows the cross-
bicoherence between neighboring CECE channels at the WCM location during an L-mode
and I-mode phase of a discharge. The squared cross-bicoherence b̂2 of two fluctuation electron
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Figure 4.11: Coherence spectra from CECE channels at ρpol = 0.99 at toroidally separate
locations, with normalized standard CECE spectra from a single CECE toroidal location
overlaid for comparison. The standard deviation of the long-range coherence is given by
the dashed line. The WCM feature is seen in both the L-mode and I-mode phases of the
standard CECE analysis and is also present in the I-mode phase of the long-range CECE
correlation.
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Figure 4.12: Cross-bicoherence of neighboring CECE channels near the WCM peak location
of ρpol = 0.98 during a medium density discharge (39561). The L-mode phase (a) shows no
coupling while the I-mode phase (b) shows coupling between the WCM (40-60 kHz) and the
LFEO (5 kHz).

temperature signals X(t) and Y (t) is given by:

b̂2 =
|⟨X(f1)Y (f2)X

∗(f1 + f2)⟩|2

⟨|X(f1)Y (f2)|2⟩⟨|X∗(f1 + f2)|2⟩
(4.2)

where X(f) and Y (f) are the Fourier transforms of x(t) and y(t) and frequency coupling is
investigated between f1, f2, and f1+ f2. This bicoherence analysis was applied to a medium
ne discharge (core line integrated density of ne = 5.3×1019m−2) which was designed similar to
the high ne discharge for steady state L-mode and I-mode phases and the WCM appeared in
both phases. For the cross-bicoherence calculation, FFT bins of 4096 are used with a Hanning
window, with 1171 overlapping ensembles used for the L-mode period and 1855 used for the
I-mode period. This analysis finds that in the L-mode phase of the discharge, despite the
presence of the WCM, there is no three-wave coupling between different frequencies within
the Te fluctuation signals. In contrast, the I-mode phase displays coupling between the WCM
frequency band (40-80 kHz) with the LFEO at ∼ 5 kHz. The coupling between the WCM
and the LFEO is also seen in the auto-bicoherence of the thermal He beam channels during
I-mode phases where these two fluctuations are present.

The localization of the LFEO, WCM, and the coupling between these two modes can be
determined through CECE coherence spectra and bicoherence analysis. Figure 4.13 shows
the maximum value of the CECE coherence in the LFEO and WCM range of frequencies over
the radial ranges where these features exist. The LFEO and WCM have a peak amplitude
at the same radial location near ρpol = 0.99. The WCM amplitude is nearly as high slightly
farther inside near ρpol = 0.98 but the WCM amplitude is significantly lower inside ρpol =
0.98. The LFEO is visible over a slightly larger radial region than the WCM, extending
to ρpol = 0.97. The degree of coupling is shown in 4.13 and is determined by calculating
the maximum of the cross-bicoherence between neighboring CECE channels in the region of
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Figure 4.13: LFEO and WCM localization and coupling during an I-mode phase. (a) shows
the maximum value of coherence of the LFEO over radius and (b) shows the maximum value
of the coherence of the WCM feature over radius. (c) shows the the maximum value of the
coupling calculated from the cross-bicoherence between neighboring CECE channels in the
LFEO-WCM coupling range of frequencies.
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frequency coupling between the WCM and LFEO. The coupling is maximum at the location
where the WCM and the LFEO have the maximum amplitude, but falls off with radius more
sharply than the WCM or LFEO coherence values fall off. This analysis suggests that the
LFEO-WCM coupling is a highly localized process and that the WCM drive, LFEO drive,
and the coupling between these modes is sensitive to properties near the LCFS.

Auto and cross-bicoherence analysis of CECE signals alone does not give information
about energy transfer between the coupled modes, however frequency coupling is a prerequi-
site for the transfer of energy. The coupling shown here through CECE bicoherence analysis
indicates that energy transfer between the WCM and LFEO may be possible. Through
such transfer of energy, the LFEO could play a role in the overall state of the turbulence
drive and damping, which in turn determines the turbulence-driven transport in the I-mode
pedestal. In order to confirm this energy transfer and to determine its direction (whether
the WCM transfers energy to or receives energy from the LFEO), additional measurements
and analysis would be needed. These could include measurements of density and velocity
fluctuations and the calculation of their spectral transfer, as performed in Reference [74].

4.7 Summary and discussion

In this chapter we investigated the pedestal fluctuations across a parameter space of density
and collisionality in L-mode and I-mode, in particular the WCM which dominates the edge
fluctuations. The presence of the WCM is not found to be correlated with the quality
of confinement of the discharge, the depth of Er, or the pedestal collisionality. However,
the quality of confinement (as determined by the H98 factor) is negatively correlated with
collisionality, with low confinement and high collisionality plasmas being L-modes and high
confinement and low collisionality plasmas being I-modes.

This work is the first detailed study of the L-mode WCM. A summary of WCM properties
observed with AUG’s diagnostic suite is shown in Table 4.2. The consistency of wavenumber
and radial location of the WCM between L-mode and I-mode indicate that this mode is the
same in nature in the two regimes. The consistency of the frequency shift with a Doppler
shift from increased E × B velocity in I-mode is further indication that this mode is the
same between the two regimes. The increase in δTe/Te and the change in αneTe between
L-mode and I-mode could be explained as consequences of an increased pedestal ∇Te in
I-mode. This change in gradient could both drive the WCM more strongly leading to higher
fluctuations, and cause a change in phase angle. Despite this higher ∇Te drive and higher
fluctuation amplitude in I-mode, the thermal diffusivity of I-mode is lower, indicating lower
heat transport. These trends still remain to be explained. The coupling of the WCM and
LFEO is a signature of the I-mode regime alone. This coupling has been shown to only
occur in some I-modes [73], however it is present in all experiments presented in this thesis.
One explanation for this coupling in I-mode alone could be that the increased WCM drive
from increased ∇Te crosses a coupling threshold where the WCM energy is strong enough to
drive the zonal flow oscillation of the LFEO. The GAM review presented in Reference [49]
discusses such drive thresholds in relation to the GAM. The coupling between the LFEO and
WCM in I-mode is found to be highly localized, with the maximum value of the coupling
occurring at the location of peak amplitude for the LFEO and WCM. This localized behavior
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Table 4.2: Summary table of WCM observations in L-mode and I-mode

L-mode I-mode Comparison
Radial location (ρpol) 0.97-0.99 0.97-0.99 Same
Wavenumber (cm−1) -0.5 to -1.0 -0.5 to -1.0 Same

Frequency (kHz) 20-50 40-150 Consistent with Doppler shift
δTe/Te (%) 1.5-3% 2.5-4.5% Higher in I-mode

neTe cross-phase 171◦ 143◦ Less out-of-phase in I-mode
WCM-LFEO coupling None Present Marked difference
Long-range correlations Not observed Present More measurements needed

suggests that the WCM drive, such as a critical ∇Te, is highly localized.
This work has not definitively connected the WCM in L-mode or I-mode to transport

of either energy or particles. The presence of the WCM across confinement regimes and
across discharges of both low and high energy confinement indicates that it may not be
the dominant contributor to the differences in transport between the two regimes. The
question of the WCM’s particle transport is still open. The fact that the WCM exists in
both L-mode and I-mode could be consistent with the WCM driving particle transport, as
particle transport and the density profile are constant between L-mode and I-mode. The
αneTe measurements cannot alone determine the direction of heat and particle transport
caused by the WCM. The pedestal fluctuations of L-modes and I-modes will be further
investigated in the next chapter, with an expansion of the parameter space to both favorable
and unfavorable magnetic configurations.
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Chapter 5

Edge turbulence measurements across
magnetic configurations in L-mode,
I-mode, and H-mode plasmas

5.1 Introduction

In Chapter 4, edge fluctuations in L-mode and I-mode were studied and found to be of
a similar nature in the two regimes and in particular, the WCM was found to dominate
pedestal fluctuations in both L-mode and I-mode. In this chapter we will expand the study
of pedestal turbulence to a wider parameter space of magnetic configuration and confinement
regimes. As discussed in Section 2.2, the unfavorable magnetic configuration, with the ion
B ×∇B drift pointing away from the active X-point, has a wider power window for I-mode
access due to the higher power threshold for the L to H transition. I-mode experiments at
AUG, such as the studies in Chapter 4, are therefore designed in the unfavorable magnetic
configuration. The L-mode phases with the WCM studied in Chapter 4 are also in the
unfavorable configuration. A comparison of edge L-mode Te turbulence in favorable and
unfavorable magnetic configurations has until now not been performed.

The reason for the difference in power threshold in the favorable and unfavorable con-
figurations is still unknown. Previous investigations and theories to explain the difference
between favorable and unfavorable configuration are discussed in Section 2.2.3. To review,
some candidates to explain the difference between the configurations include differences in
the direction of SOL flows [61], differences in turbulence poloidal group velocity [55], [142],
and differences in Er in the confined region of the plasma [54]–[58] and the scrape-off layer
(SOL) [59], [60]. Differences in the amplitude of turbulent fluctuations have not yet been
reported. Several open questions remain to be answered about the favorable versus unfavor-
able configurations: whether there are real differences in the turbulence, what is the nature
and cause of these possible differences, and what is the link between such differences and the
L to H transition.

In this chapter an experimental study is described, which explores edge turbulence in
favorable and unfavorable configurations in L-mode, I-mode, and H-mode. Much of the
material in this chapter is reproduce from a previously published article [143] (© IOP
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Publishing. Reproduced with permission. All rights reserved.) Differences between power-
matched L-mode phases of favorable and unfavorable configuration discharges are found
in edge Trad fluctuations. The I-mode phase only exists in the unfavorable configuration
discharge. Edge Trad fluctuations in the favorable H-mode discharge show that the presence
of edge fluctuations does not necessarily correlate with heat transport.

5.2 Experimental design

Dedicated experiments were performed on AUG to investigate the nature of edge turbu-
lence across confinement regime transitions in the favorable and unfavorable magnetic field
configurations. Two plasma scenarios will be described in detail in this section, in which
the experimental design aimed to match all plasma characteristics, aside from the B ×∇B
direction. The time evolution of these discharges is shown in Figure 5.1. To access con-
finement regime transitions, Electron Cyclotron Resonance Heating (ECRH) was applied in
power steps. The comparison between the favorable and unfavorable plasmas was performed
by holding all programmed quantities of the plasma fixed between discharges, but chang-
ing the direction of the magnetic field between discharges from −2.5 T to +2.5 T. At AUG,
counter-clockwise is taken the positive direction, and is the standard direction for the plasma
current. Both discharges were performed in USN with the x-point at the top of the plasma,
making the +2.5 T plasma the case with favorable B×∇B drift and the −2.5 T plasma the
case with unfavorable B ×∇B drift.

Both the favorable and unfavorable configuration discharges are in L-mode during the first
two power steps and have matched ECRH power, stored energy, core electron temperature
as determined by ECE, and edge density as determined by interferometry. In the following
sections of this chapter, the first power phase at 0.2 MW ECRH is called the “low power
L-mode” and the second power phase as 0.6 MW ECRH is called the “high power L-mode”.
At the end of the second ECRH power step, the favorable discharge undergoes a confinement
regime to an ELMy H-mode with Type I ELMs. This L to H transition coincides with the
timing of a diagnostic Neutral Beam Injection (NBI) blip. During the transition to H-mode,
the density and stored energy increase. This H-mode is interrupted by a brief back-transition
to L-mode accompanied by a spike in radiation, but then the plasma returns to H-mode.
The unfavorable configuration discharge remains in L-mode during the 1.2 MW power step
but enters I-mode with the fourth power step at 1.8 MW, during which the density does not
increase but the electron temperature and stored energy increase moderately. With the fifth
power step at 2.2 MW, the unfavorable configuration discharge transitions from I-mode to
ELMy H-mode.

The low and high power L-mode phases were intended to match between the favorable
and unfavorable configuration experiments so that direct comparisons of turbulence could
be made. Figure 5.2 shows the electron density ne, electron temperature Te, and ion temper-
ature Ti profiles from Thomson scattering and charge exchange recombination spectroscopy
(CXRS). The profiles match within the scatter of the data except for core Ti. The equilib-
ria are very closely matched, with the exception of the direction of the toroidal magnetic
field. Because this study focuses on the edge (ρpol = 0.95− 1.0) turbulence, the edge kinetic
profiles are shown in more detail in Figure 5.3 with profile fits made to the data. The fits
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Figure 5.1: Time histories of favorable discharge #41286 (red) and unfavorable discharge
#41285 (blue). (a) shows the ECRH power, (b) shows stored energy (WMHD), (c) shows the
radiated power, (d) shows the edge Te at ρpol = 0.95 from Integrated Data Analysis (IDA),
and (d) shows the edge ne from interferometry. The H-mode transition is observed for the
favorable discharge at 2.6s at the end of the 2nd ECRH power step, while the unfavorable
discharge undergoes an H-mode transition in the 4th ECRH power step.
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Figure 5.2: Kinetic profiles of the favorable (red) and unfavorable (blue) configuration dis-
charges during the low power (a-c) and high power (d-f) L-mode phases from the outer core
to separatrix. ne (a, d) and Te (b, e) measurements are from Thomson scattering and Ti
measurements are from CXRS. Equilibria of the favorable and unfavorable discharges are
shown to overlap closely in (g)

are modified hyperbolic tangents, made with a Monte Carlo approach varying measurement
data within their error bars. In this edge region, the difference in the fits to the profiles is as
high as 25% in the steepest gradient region of the edge (∼ ρpol = 0.98), with the favorable
discharge having slightly higher values of ne, Te, and Ti than the unfavorable discharge. The
difference in the mean of the data in favorable and unfavorable configurations is similar to
the standard deviation of the data around a particular radial location for ne, Te, and Ti.

5.3 Edge turbulence in the unfavorable magnetic config-
uration

Pedestal (ρpol = 0.95−1.0) radiated temperature (Trad) fluctuations were measured with the
CECE diagnostic. As described in Section 3.3.1, several properties of edge Trad fluctuations
may be determined from CECE measurements, including the frequency coherence spectra
|γ(f)|, the normalized fluctuation amplitude δTrad/Trad, and the radial correlation length of
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Figure 5.3: Edge kinetic profiles of the favorable (red) and unfavorable (blue) configuration
discharges during the low power (a-c) and high power (d-f) L-mode phases with fits generated
with modified hyperbolic tangent functions. The separatrix is shown by the vertical dashed
grey lines at ρpol = 1.0.
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Te turbulence. We report here only on radiated temperature Trad fluctuations rather than
electron temperature Te fluctuations because of the optically thin nature of edge plasmas.
The radial electric field Er was measured in these experiments using the He II spectroscopy
(HES) system which uses active spectroscopy to measure Er from the pedestal region to the
scrape off layer (SOL) [41].

The development of the WCM can be seen during the L-mode phase of the unfavorable
configuration discharge and is studied here for the first time during L-mode phases at low
heating power, far below the L to I transition. Figure 5.4 shows the evolution of the un-
favorable configuration CECE coherence spectra near the last closed flux surface (LCFS)
and Er during a low power L-mode phase (1.65-2.15s, 0.2 MW ECRH), high power L-mode
phase (2.23-2.63s, 0.6 MW ECRH), and an I-mode phase (3.30-3.55s, 1.8 MW ECRH). The
development of the WCM is seen in the coherence spectra over the course of the discharge,
starting as a feature centered at 35 kHz in the L-mode phases and growing in power until
the I-mode phase at which point the WCM center frequency increases to 85 kHz. During the
I-mode phase, the LFEO can also be seen in the coherence spectra as a narrow-band mode
at 7.8 kHz. The LFEO appears only in the I-mode phase of this discharge.

The Er profiles are flat in both L-mode phases and a moderate well forms during the
I-mode phase, reaching a depth of -14 kV/m. From the Er profile and the magnetic field,
the E × B velocity shearing rate (γE×B) is calculated at ρpol = 0.99. The shearing rate
increases from 0.4 to 1.2× 105 s−1 in the L-mode phases, to 5.2× 105 s−1 in I-mode. We also
estimate the expected Doppler shifts of turbulent features at ρpol = 0.99. As discussed in
Chapter 4, the Doppler frequency shift, fDoppler, may be determined by fDoppler ∼ kθvθ with
vθ = Er/Bϕ and kθ the poloidal wavenumber of the turbulent mode. The average WCM
poloidal wavenumber, shown in Chapter 4 to be kθ ∼ 0.75 cm−1, is used for these Doppler
shift estimations. The Doppler shift increases from 15 kHz in L-mode just prior to the L to
I-mode transition, to 63 kHz in I-mode. The shift in the WCM center frequency between
L and I-mode WCM could be consistent with this estimated Doppler shift due to increased
vE×B, although other candidates exist to explain the difference in frequency of the WCM
between L and I-mode, such as a change in the drive or nature of the mode, or the coupling
between the WCM and the LFEO.

5.4 Edge turbulence in the favorable magnetic configu-
ration

Figure 5.5 shows the development of the favorable configuration CECE coherence spectra at
the pedestal bottom (ρpol ∼ 0.99) and Er during a low power L-mode phase (1.65-2.15s, 0.2
MW ECRH), high power L-mode phase (2.23-2.63s, 0.6 MW ECRH), and the inter-ELM
period of an H-mode phase (3.96-4.0s, 2.2 MW ECRH). The L-mode phases in this favor-
able configuration discharge are power-matched with the L-mode phases of the unfavorable
configuration discharge described in the previous section. The edge kinetic profiles of this
favorable configuration discharge match within the scatter of the data, as described in Sec-
tion 5.2. The H-mode of this favorable configuration discharge is not comparable to the
I-mode phase of the unfavorable configuration discharge because during H-mode the particle
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Figure 5.4: Development of Trad CECE coherence |γ(f)| spectra (a-c) in the edge (channel
16, ρpol ∼ 0.99) and pedestal Er (d-f) over the unfavorable configuration discharge, #41285.
The WCM centered at 35 kHz is present in the |γ(f)| spectra of both the low and high power
L-mode phases, and at 85 kHz during the I-mode phase. Er develops from a weak Er well
in the L-mode phases to a moderate well in I-mode. Also shown are the calculated E × B
shearing rate at ρpol = 0.99, as well as the expected Doppler shift due to the E ×B velocity
at ρpol = 0.99 for a large-scale mode with wavenumber k = 0.75 cm−1. The black dashed
line in (a-c) is the CECE statistical limit.
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WCM-like feature

WCM-like feature

WCM-like feature

Figure 5.5: Development of Trad CECE coherence |γ(f)| spectra (a-c) in the edge (channel
16, ρpol ∼ 0.99) and pedestal Er (d-f) over the favorable configuration discharge, 41286. A
structure centered at 35 kHz is present in the |γ(f)| spectra of both the low and high power
L-mode phases as well as the H-mode phase. Er develops from a shallow well structure in the
L-mode phases to a deep well in H-mode. Also shown are the calculated E×B shearing rate
at ρpol = 0.99, as well as the expected Doppler shift due to the E×B velocity at ρpol = 0.99
for a large-scale mode with wavenumber k = 0.75 cm−1. The black dashed line in (a-c) is
the CECE statistical limit.
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Favorable Unfavorable
∆RWCM Peak Location ∆RWCM Peak Location

Regime Time [s] [cm] [ρpol] [cm] [ρpol]
L-mode 1.65-2.15s 0.4 0.984 0.4 0.984
L-mode 2.23-2.63s 1.0 0.991 1.8 0.993
I-mode 3.30-3.55s – – 2.1 0.991

Table 5.1: Properties of the WCM and WCM-like features in the pedestal of the different
phases of the favorable and unfavorable configuration plasmas. The feature grows in radial
extent over the course of the discharges with larger radial growth occurring in the unfavorable
configuration discharge. The location of the peak of the WCM and WCM-like features is the
same in both discharges and the L and I confinement regimes. The radial extent and peak
location in H-mode cannot be determined due to ECE cutoff near the pedestal top.

transport barrier is formed and the density increases as compared to L-mode and I-mode.
A WCM-like spectral feature is seen in the coherence spectra centered at 35 kHz in

both L-mode phases and the H-mode phase. The strength of this WCM-like feature grows
during the H-mode phase. The Er profiles display shallow wells of -5 to -8 kV/m during
the L-mode phases and a deep well during the H-mode phase of the discharge, reaching -47
kV/m. The shearing rate γE×B calculated at ρpol = 0.99 increases by more than five times
between L-mode and H-mode at this radial location, from 3.2 to 3.6× 105 s−1 in L-mode, to
19.1 × 105 s−1 in I-mode. The estimated Doppler shift of a turbulent feature at ρpol = 0.99
due to the calculated E×B velocity for a feature with wavenumber k = 0.75 cm−1 increases
between L-mode and H-mode from 38 kHz to 230 kHz as the Er well develops. However,
despite this increased Doppler shift, the feature does not change in frequency between L-
mode and H-mode.

5.5 Comparison of matched favorable and unfavorable
configuration fluctuations

To understand the differences in edge turbulence between favorable and unfavorable configu-
rations, a side-by-side comparison of the power-matched discharges is useful. Comparison of
power-matched phases shows differences between favorable and unfavorable configurations
in the radial extent of the WCM, differences in edge Er, and differences in Trad fluctuation
amplitude.

The development of the radial extent of the WCM in the unfavorable configuration dis-
charge and WCM-like feature in the favorable configuration discharge is shown in Table 5.1.
The radial extent of the WCM or WCM-like feature, ∆RWCM , is calculated by correlating
sequential CECE channels spanning increasing radial distance. The radial extent ∆RWCM

is defined as the maximum radial distance between CECE channels for which the WCM or
WCM-like feature is apparent in the coherence spectrum between channels. An example of
the determination of ∆RWCM for the I-mode phase of the unfavorable discharge is shown in
Figure 5.6. Correlations are performed between CECE channel 17 and sequentially farther
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channels in each direction (from channel 14 to channel 20). The WCM appears in the coher-
ence spectrum between 15 and 17, which are spaced apart by 1.2 cm. The WCM does not
appear in the coherence between channels 14 and 17. In the other direction, the WCM is
apparent in the coherence spectrum between channels 19 and 17, which are spaced apart by
0.9 cm, but not apparent in the coherence spectrum of channels 20 and 17. The WCM radial
extent therefore spans channels 15 to 19, which are radially separated by a total distance of
2.1cm.

The WCM peak location is the location at which the WCM or WCM-like feature has the
maximum value of |γ(f)| between neighboring CECE channels. The WCM and WCM-like
feature in the unfavorable and favorable configurations respectively share the same radial
extent (0.4 cm) and same peak location (ρpol = 0.984) during the low power L-mode phase
early in the discharge. During the second L-mode phase at higher power, the WCM and
WCM-like feature share a similar peak location in favorable (ρpol = 0.991) and unfavorable
(ρpol = 0.993) configurations, but the mode grows to a wider radial extent in the unfavorable
configuration (1.8 cm) compared to the favorable configuration (1.0 cm). During the I-mode
phase of the unfavorable configuration discharge, the peak amplitude of the WCM remains
at a similar peak location (ρpol = 0.991) as during the L-mode phases and grows to a yet
larger radial extent (2.1 cm). The favorable configuration discharge does not have an I-mode
phase. During the H-mode phase of the favorable configuration discharge the WCM-like
feature’s peak location and radial extent could not be clearly determined due to ECE cutoff
occurring near the pedestal top. This investigation shows that the WCM and WCM-like
feature grows in radial extent during the L-mode phases of both favorable and unfavorable
configuration plasmas. The location of the peak of this feature is similar in the favorable and
unfavorable configuration L-modes, and remains similar during the unfavorable configuration
I-mode phase. This analysis suggests that the WCM-like feature in favorable configuration
L-mode may be the same WCM as appears in unfavorable configuration L-modes.

A comparison of the matched high power (0.6 MW ECRH) L-mode phases of the favor-
able and unfavorable configuration discharges reveals important differences in edge plasma
properties close to confinement regime transitions. The difference in Er during this phase
is shown in Figure 5.7. The favorable configuration discharge forms a more significant Er
well and region of shear during this L-mode than the unfavorable configuration discharge.
This is consistent with previous observations of deeper wells in favorable compared to unfa-
vorable configuration plasmas at AUG and other tokamaks [55]–[58]. A comparison of the
Trad fluctuation properties across the pedestal in favorable and unfavorable configurations
is shown in Figure 5.8. By integrating the coherence spectra, as in Ref. [95], the nor-
malized fluctuation amplitude δTrad/Trad may be determined. The frequency range 10-150
kHz was used for this integration, with the background coherence averaged over the range
150-200 kHz. At ρpol = 0.95, neither the favorable or unfavorable configuration discharges
display significant turbulent features above the CECE statistical limit, |γ(f)| = 0.07. At
this location, δTrad/Trad is 0.3% in the favorable configuration and 0.4% in the unfavorable
configuration, but both measurements are within error bars of the CECE δTrad/Trad statisti-
cal limit of 0.2%. In the steeper gradient region of ρpol = 0.97, broadband turbulence can be
seen in the CECE coherence spectra, with a higher coherence in the unfavorable case than
the favorable case. At this location, the favorable configuration discharge δTrad/Trad = 0.5%
while the unfavorable configuration discharge δTrad/Trad = 1.1%. Near the last closed flux
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#41285

Ch. 15+17 
(Δ𝑅 = 1.2	cm)

Ch. 16+17 
(Δ𝑅 = 0.5	cm)

Ch. 18+17 
(Δ𝑅 = 0.5	cm)

Ch. 19+17 
(Δ𝑅 = 0.9	cm)

WCM spans Channels 15 to 19
Total Δ𝑅 = 2.1 cm

Ch. 14+17 
(Δ𝑅 = 1.3	cm)

Ch. 20+17 
(Δ𝑅 = 1.4	cm)

WCM

WCM

WCM

WCM

|𝛾! 𝑓 |

Figure 5.6: Coherence spectra performed between sequential CECE channels (14 to 20) and
channel 17 during the I-mode phase (3.30-3.55s) of the unfavorable discharge (#48215). The
WCM is apparent in the coherence between channel 17 and the channels ranging from 14 to
19. ∆RWCM = 2.1 cm, equivalent to the radial distance between channel 14 and 19.
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Figure 5.7: Er profiles during the matched high power (0.6MW ECRH) phases of the favor-
able and unfavorable configuration discharges. The favorable configuration plasma (red) is
deeper and has a more well-like structure than the unfavorable configuration plasma (blue).

surface at ρpol = 0.99, the favorable and unfavorable configuration spectra are dominated
by the L-mode WCM. Here the favorable configuration discharge δTrad/Trad = 0.7% while
the unfavorable configuration discharge δTrad/Trad = 1.2%. In both the favorable and unfa-
vorable configuration plasmas, δTrad/Trad increases from the outer core towards the pedestal
bottom, but the increase is larger in the unfavorable configuration than the favorable con-
figuration. The difference in fluctuation amplitude correlates with the difference in Er in
these L-mode phases, with the Er well formation in the favorable configuration coinciding
with lower pedestal turbulence.

5.6 Three wave mode coupling across L, I, and H-modes

The WCM feature in the lower pedestal appears to develop in both favorable and unfa-
vorable configuration L-modes, and may remain during the inter-ELM period of favorable
configuration H-modes. The LFEO only occurs during the unfavorable configuration I-mode.
To study the coupling properties of edge Trad fluctuations, the cross-bicoherence was calcu-
lated between neighboring CECE channels near the LCFS (ρpol = 0.99) where the WCM
and WCM-like feature is present. The CECE cross-bicoherence from L-mode, I-mode, and
H-mode phases is shown in Figure 5.9. The L-mode phase of the favorable and unfavorable
discharges do not show any significant coupling. When the LFEO appears during I-mode,
it couples to the WCM, as seen by the coupling between the WCM band of frequencies
(70-100kHz in I-mode) and the LFEO frequency (7.8kHz). During the H-mode phase of the
favorable configuration discharge, the cross-bicoherence shows coupling between the WCM-
like feature range of frequencies (25-60kHz) and a range of frequencies below 10kHz. This
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Figure 5.8: Trad CECE coherence |γ(f)| spectra in power matched favorable (red) and
unfavorable (blue) configuration discharges at three radial positions (a) ρpol = 0.95, (b)
ρpol = 0.97, and (c) ρpol = 0.99 during the high power L-mode phase prior to confine-
ment regime transitions. The fluctuation amplitude δTrad/Trad near the sensitivity limit at
ρpol = 0.95. δTrad/Trad grows as radius increases and is higher in the unfavorable configura-
tion than the favorable configuration at ρpol = 0.97 and 0.99.
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WCM-LFEO 
coupling

Figure 5.9: Cross-bicoherence of neighboring CECE channels at ρpol = 0.99 during (a)
unfavorable configuration L-mode, (b) unfavorable configuration I-mode, and (c) favorable
configuration H-mode phases. The L-mode phase shows no coupling. The I-mode phase
shows coupling between the WCM range of frequencies (50-100 kHz) and the LFEO frequency
(7.8 kHz). The H-mode case shows diffuse coupling between the WCM-like feature range of
frequencies (25-60 kHz) and low frequencies (<10 kHz). In all cases FFT bins of 4096 were
used and 781, 488, and 238 overlapping (50%) ensemble averages used in L, I, and H mode
respectively.

frequency coupling is more diffuse than the clear WCM-LFEO coupling of I-mode. Bicoher-
ence analysis shows only frequency coupling and does not provide information about energy
transfer, but this coupling is a prerequisite for energy transfer.

The WCM and GAM or LFEO are known to couple and exchange energy, with the GAM
receiving energy from the WCM and possibly responsible for the frequency broadening of
the WCM [74], [144]. A review of GAMs is presented in Reference [49]. The transfer of
energy between turbulence and GAMs and zonal flows (ZF) are thought to be important to
confinement regime transitions. One physical explanation for the L (or I) to H transition is
that the transfer of energy from turbulence to ZFs reaches a threshold corresponding with
turbulence drive [145], [146]. A competition between the transfer of energy from turbulence
to ZFs and to GAMs may be possible during I-mode in the unfavorable configuration, but
contrasting views exist about the existence of a ZF/GAM competition in the direct L to
H transition in favorable magnetic configuration [145], [146]. The coupling investigation
presented here is in agreement with this previous work in that only the I-mode phase features
coupling between the GAM and LFEO/GAM, while the H-mode phase is not accompanied
by a GAM but does feature possible coupling between turbulence and low-frequency ZFs.

5.7 Summary and discussion

In this chapter we investigated edge turbulence in favorable and unfavorable magnetic config-
urations in power-matched L-modes and after confinement regime transitions to I-mode and
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H-mode. We find that the WCM develops in both the favorable and unfavorable configura-
tion L-modes, but has a higher coherence |γ(f)| and a larger radial extent in the unfavorable
configuration than the favorable configuration in the higher power L-mode phase close to
confinement regime transitions. The differences in fluctuation amplitude are correlated with
differences in Er, with the shallower well of the unfavorable configuration accompanying the
higher |γ(f)| and δTrad/Trad. The unfavorable configuration discharge undergoes a confine-
ment regime transition to I-mode, during which the WCM shifts to higher frequency, grows
in coherence and radial extent, and couples with the LFEO. The favorable configuration
discharge undergoes a confinement regime transition to H-mode. During an inter-ELM pe-
riod of the H-mode phase, a WCM-like feature appears at the same location as the L-mode
WCM.

The nature of the L-mode edge Trad turbulence appears similar between favorable and
unfavorable configurations, as evidenced by the WCM formation in both configurations.
However, the fluctuation amplitude of edge turbulence is higher in the unfavorable config-
uration than the favorable configuration, in correlation with a deeper Er well and stronger
E × B shear. One candidate to explain this correlation could be that plasmas in the favor-
able configuration more effectively transfer energy from turbulence to sheared flows. Another
candidate could be that the three dimensional nature of turbulence is different between fa-
vorable and unfavorable configurations due to different SOL conditions, leading to differences
in E×B flow and shear. These SOL flows place a boundary condition on the confined region
E × B flow, and therefore could lead to differences in fluctuations in the confined region.
More measurements are needed to test these hypotheses.

The observations presented in this chapter suggest that one interpretation of the I-mode
confinement regime is an extension of the unfavorable configuration L-mode parameter space.
In the I-mode regime of operation, sufficient auxiliary heating power enables the plasma to
become hot and form a temperature pedestal. However, due to the higher power threshold
for the L to H transition in the unfavorable configuration, the plasma does not transition to
H-mode. Chapter 4 indicated that the nature of pedestal turbulence is also similar between
I-mode and L-mode, in that the WCM dominates edge fluctuations. The difference between
the I-mode and L-mode fluctuations may be that in I-mode, the WCM drive is strengthened
due to increased heating power and ∇Te, and this drive is stronger than damping via sheared
E × B flow. When the WCM is driven strongly enough, it is able to impart energy to the
LFEO. The WCM-LFEO coupling threshold is therefore one way to define the transition to
I-mode regime. The nature of the edge turbulence does not change across this transition,
but its drive and fluctuation amplitude increases. The role of the I-mode LFEO in aiding
the overall turbulence shearing rate or turbulence energy flow, and thereby the LFEO’s role
in reducing or enhancing the turbulence-driven transport, is an important point for future
study.

The I-mode confinement regime is the only phase during the presented favorable and
unfavorable discharges in which the WCM center frequency experiences an upshift to 85
kHz. Although the change in frequency between the unfavorable configuration L-mode and
I-mode would be consistent with a Doppler shift of a WCM-scale mode due to the mea-
sured increased vE×B, no such frequency shift appears in other discharge phases with similar
changes in Er. For example, the L-mode WCM is centered at 35 kHz in both favorable
and unfavorable configuration discharges despite different vE×B profiles in the favorable and
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unfavorable L-modes. There is also no change in the WCM or WCM-like feature’s center
frequency between favorable L-mode and H-mode, despite a significant difference in vE×B.
One speculative explanation for the difference in frequency shift of the WCM in the fa-
vorable compared to the unfavorable configuration could be related to a difference in the
three-dimensional nature of the edge turbulence in the difference magnetic configurations.
In calculating expected Doppler shift of the WCM, an assumption of long toroidal wave-
length was made. If the toroidal wavelength is instead small enough for the kϕvϕ term in the
Doppler shift to be significant, then differences in toroidal flows between favorable and unfa-
vorable configurations could contribute to differences in WCM frequency shift. Determining
the toroidal structure of the WCM requires further measurement.

The observation of significant Trad fluctuations in the H-mode pedestal contrast with the
conventional picture of reduced ion scale turbulence in the H-mode pedestal due to increased
E×B flow shear. However, if this pedestal mode is identified as the WCM, these observations
could still be consistent with the reduction of transport-causing turbulence in H-mode. The
WCM is known to exist in I-modes, which can have significant E×B flow shear, with Er wells
reaching almost as deep as those in H-mode. The WCM may therefore sit at the bottom of
the Er well where the shear is zero, with its frequency set by this radially localized injection
point. I-modes also can have energy confinement quality approaching H-mode levels, so the
existence of the WCM would appear not to drive enough energy transport to negatively
impact confinement quality. The existence of Trad fluctuations alone is not enough to draw
conclusions about turbulence-driven transport. The direction and amplitude of electrostatic
heat and particle transport are determined by density, temperature, and potential fluctuation
amplitudes in addition to the phase relationships between these fluctuating quantities, and it
is possible for a turbulent feature to have significant fluctuations without driving transport.
Further investigation is needed to fully understand WCM-like fluctuations in the H-mode
pedestal in order to determine what conditions lead to the H-mode WCM, and if comparable
favorable and unfavorable configuration discharges have comparable pedestal fluctuations.
Time-resolved studies that couple pedestal fluctuation measurements (e.g. from CECE)
with SOL measurements (e.g. from probes) would better uncover the temporal and spatial
relationship between changes in SOL fluctuations and confined region fluctuations across
confinement regime transitions.
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Chapter 6

Gyrokinetic investigation of outer core
and pedestal top L-mode and I-mode
plasmas

6.1 Introduction

As introduced in Section 2.3, the formation of the unique I-mode transport barrier is key
to the transition from L-mode to I-mode and is defined by processes in the plasma edge
near the last closed flux surface (LCFS). However, it has also been shown that transport
properties in the plasma core change across confinement regime transitions, with fluctuations
in the plasma core reducing in I-mode as compared to L-mode [147]. In contrast to these
core measurements, the pedestal measurements presented in Chapter 4 show that edge and
pedestal turbulence is dominated by the WCM and that its fluctuation amplitude increases
between L and I-mode.

The region of the plasma that spans the outer core (OC) to the pedestal top (PT) is
understudied, particularly in I-mode plasmas. The OC to PT region covers the radial range
ρpol = 0.85 − 0.95, is understudied. This region is important to understand in particular
because its properties such as stiffness may differ from the deep core [148]. The outer core
region of L-modes has been studied computationally with a number of different gyrofluid
and gyrokinetic codes, but these studies are largely focused on validation and limited to the
region r/a < 0.85, or roughly ρpol < 0.90 [6], [149]–[151]. The region of I-mode plasmas from
the outer core to the pedestal top has not been widely studied through either experiment
or modeling. Studies from Alcator C-Mod, AUG, and EAST investigate I-mode pedestal
turbulence experimentally, but the reported measurements do not extend inside the pedestal
top [11], [12], [152]. As discussed in Chapter 1, a number of I-mode modeling studies have
focused on the pedestal [15], [77], [153]. Some of these studies focus on the nature and
identity of the WCM, although there is not yet consensus on the WCM identity. The core
of I-modes have been studied experimentally and through gyrokinetic modeling in a very
limited number of studies [76], [147]. These core studies find a reduction in and amplitude
of core turbulence and between L and I-mode, and use these experimental measurements to
validate gyrokinetic models (GYRO). An understanding of turbulence properties from the
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OC to the PT is important to obtaining a complete picture of I-mode turbulence properties,
as well as the difference between L and I-mode turbulence.

OC and PT Te turbulence in L and I-modes has been measured with the CECE diagnos-
tic in the recent experimental work from AUG presented in Chapter 4. In these locations,
slight differences in temperature fluctuation amplitude are found between L and I-mode
plasmas, but differences in the nature of the turbulence between the modes cannot be de-
termined through these measurements alone. Gyrokinetic studies can provide information
about turbulence physics which are not accessible via diagnostics. In this chapter, a gyroki-
netic investigation of an L and I-mode OC and PT location is performed with the CGYRO
code. Linear and nonlinear simulations are performed to assess turbulence growth rates
and saturated heat fluxes. Scans over several drive and damping parameters are performed
in the outer core. The simulated turbulence state of pedestal top is found to be sensitive
to the method of kinetic profile fitting. In addition to this gyrokinetic analysis, gyrofluid
simulations using the TGLF code [123] are performed for fine parameter scans to study the
sensitivity of the L and I-mode plasmas to drive terms and to investigate the “stiffness” of
the transport, or the response of the heat flux to a change in the profile gradients.

6.2 Experimental basis

A discharge at AUG with both L-mode and I-mode phases is used for comparative L and
I-mode gyrokinetic studies. This well-diagnosed discharge is the “low ne” plasma presented
in Chapter 4. This discharge displays typical L and I-mode features, including the formation
of an Er well and edge energy transport barrier at the L to I transition. This discharge also
features a WCM which undergoes upshift, broadening, and amplitude increase at the L to I
transition.

6.2.1 Profiles

The kinetic profiles of the L and I-mode phases of this have been re-fitted for the following
gyrokinetic analysis, as shown in Figure 6.1. The profiles were made by fitting modified
hyberbolic tangent functions to Thomson scattering data for ne and Te and CXRS data for
Ti. A Monte Carlo approach was applied to the fitting by varying data within their error bars
and taking an average of 100 different fits. The density profile is nearly the same between L
and I-modes and does not display an ne pedestal. Both the electron and ion temperatures
increase between L and I-modes and a Te and Ti pedestal is formed. The gradient scale
lengths calculated from the fitted profiles are also shown in Figure 5.2. The OC and PT
locations chosen for gyrokinetic analysis are marked by the vertical dashed lines. Compared
with the steeper gradient region of the pedestal (ρpol > 0.95), the gradient scale lengths are
smaller at the OC and PT. The radial profiles of safety factor q and magnetic shear ŝ are
also shown in Figure 6.2, and are very similar between L and I-mode at both the OC and
PT locations.
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OC PT Ped.Core

Figure 6.1: Kinetic profile fits to discharge #36561 at AUG during L-mode (4.3-4.6s) and
I-mode (5.15-5.4s) phases for (a) ne, (b) Te, and (c) Te. Profile data from Thomson (ne
and Te) and CXRS (Ti) are also shown. Profiles are made with a Monte Carlo approach by
varying data within their error bars 100 times, fitting modified hyperbolic tangent functions,
and taking the average of all fits. Normalized gradient scale lengths a/Ln, a/LTe , and a/LTe
(d-f) are calculated from the profile fits. The core, OC, PT, and pedestal areas are indicated.
The locations selected for modeling are shown with vertical dashed lines.
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Figure 6.2: Profiles of safety factor q and magnetic shear ŝ during the L and I-mode phases.
The locations selected for modeling are shown with vertical dashed lines.

LFEO

Figure 6.3: CECE cross-power spectra during L and I-mode phases at the pedestal top,
ρpol = 0.95. Broadband fluctuations are higher in I-mode than L-mode. The coherent mode
at 8 kHz in I-mode is the LFEO.
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Figure 6.4: Experimental electron thermal diffusivity χe estimated from profile fits and
input power, as in Reference [138]. χe decreases from the outer core to the pedestal top and
decreases between L-mode and I-mode.

6.2.2 Te fluctuation measurements at the pedestal top

Experimental turbulence observations during L and I-modes were reported in Chapter 4.
The CECE diagnostic was used to measure the Te fluctuations associated with the WCM
in the pedestal region (ρpol = 0.97 − 1.0) of both the L-mode and I-mode phases, and
broadband fluctuations near the pedestal top (ρpol = 0.95) were also captured. Fluctuation
measurements farther inside the plasma were not captured in these experiments due to the
finite radial extent of the diagnostic. Figure 6.3 shows the CECE cross power spectra for L-
mode and I-mode at the radial location ρpol = 0.95. The I-mode spectrum has a higher value
of cross-power than the L-mode spectrum. The I-mode phase features a coherent mode at
6.2 kHz, identified as the Low Frequency Edge Oscillation (LFEO) which is a characteristic
of I-mode pedestals and may extend in breadth past the pedestal top [73].

A simple experimental transport analysis estimation to determine electron thermal con-
ductivity χe from the fitted profiles is shown in Figure 6.4. This rough estimation follows
the analysis of Reference [138], assuming that half the power flows through the electron
channel and that all applied heating power is deposited in the core. χe is determined from
Q/2A = −χene∇Te, where Q is the total heat flux determined by heating power minus radi-
ated power, A is the surface area at the location of interest, and ne and ∇Te are determined
by the fitted profiles at the location of interest. From this simple analysis, it can be seen
that the thermal diffusivity decreases from the outer core to the pedestal top, and at each
location decreases between L and I-mode. This decrease in thermal conductivity follows with
the expected increase in confinement quality between L and I-mode.
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OC PT
L I L I

N_TOROIDAL 24 24 24 24
Ion-scale N_RADIAL 512 512 528 528

Box size (ρs) 100× 100 100× 100 100× 100 100× 100
N_TOROIDAL 114 114 114 114

Electron-scale N_RADIAL 280 264 270 252
Box size (ρs) 9× 12 9× 12 9× 12 9× 12

Table 6.1: Resolution details for nonlinear simulations run at the OC and PT locations in L
and I-mode. Box size is given in units of the ion gyroradius evaluated at the sound speed,
ρs.

6.3 Simulation setup

The gyrokinetic simulations presented in this paper were performed with the CGYRO code
[120]. To compare L and I-mode turbulence, two locations were investigated: the outer core
at ρpol = 0.90 and the “pedestal top” at ρpol = 0.95. All four simulations feature three
gyrokinetic species (electrons, ions, and the dominant impurity Boron), Miller geometry, the
Sugama collision operator, electromagnetic effects, and rotation effects. Resolutions included
24 pitch angle points, 24 poloidal grid points, and 8 energy points. For linear simulations,
24 radial modes were considered. For the nonlinear simulations, the number of radial and
toroidal modes, and the resulting simulation box size is given in Table ??.

6.4 Linear gyrokinetic simulations

Linear simulations were performed to study dominant mode properties during the L and I-
mode phases at the ion and electron scales. The linear growth rates (γ) and real frequencies
(ω) of these dominant modes are shown in Figure 6.5. In the outer core, the normalized
dominant mode growth rate is higher in L than in I-mode at both the ion-scale (kθρs1.0)
and the electron-scale (kθρs1.0) portions of the spectra. At this location, both L and I-
mode display ion-directed ITG at the ion-scale and electron-directed ETG at the electron-
scale. Sensitivity analysis confirms that the ion-scale instability is most sensitive to changes
in a/LTi and the electron-scale instability is most sensitive to changes in a/LTe . At the
pedestal top, the normalized dominant mode growth rates and real frequencies are very
similar between L and I-mode at both the ion and electron-scales. At this location, the
low wavenumber modes are electron-directed, indicating TEM rather than ITG dominates
ion-scale turbulence. These linear simulations show that the dominant modes are of similar
nature between L and I-mode both at the OC and the PT and that no significant changes
in turbulence are apparent other than minor changes in linear growth rate amplitude.
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Figure 6.5: CGYRO linear stability analysis showing dominant mode linear growth rate (a,
b) and real frequency (c, d) over kyρs at the outer core and pedestal top for L-mode (blue)
and I-mode (red). kyρs values span both the ion (kyρs < 1.0) and electron-scales (kyρs > 1.0).
For real frequency, positive(negative) indicates ion(electron) diamagnetic direction.
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Figure 6.6: Ion (purple) and electron (green) heat flux over time for ion-scale simulations
in L-mode (a,b) and I-mode (c,d) at the outer core and pedestal top. The shaded regions
indicate the time period over which heat fluxes are averaged in Figure 6.8.

6.5 Nonlinear gyrokinetic simulations

6.5.1 Heat flux comparisons between L-mode and I-mode

Nonlinear simulations were performed at the outer core and pedestal top locations to investi-
gate whether there are differences between L and I-mode in the saturated state of turbulence.
The resolutions of these simulations were described in Section 6.3. The evolution of the heat
fluxes over time are shown for ion-scale simulations in Figure 6.6 and electron-scale simu-
lations in Figure 6.7. The time periods over which heat flux is averaged is shown by the
dashed lines on these figures. Due to the computational expense of the PT simulations, these
were not run for as long a time (in a/cs) as the cheaper OC simulations. For the ion-scale
cases, heat fluxes are averaged during the steady-state period after the initial linear insta-
bility growth until the end of the simulation. The appropriate periods for time-averaging
the electron-scale simulations are more difficult to determine. For these electron-scale simu-
lations, the averaging must occur after the period of electron-scale linear growth but before
the ion modes undergo significant linear growth. As a result the choice of averaging windows
in some cases must be short, such as the I-mode pedestal top simulation.

The time averaged ion and electron heat fluxes (in MW/m2) at the ion and electron-
scales from these simulations are shown in Figure 6.8. The ion and electron heat fluxes are
seen to increase between L and I-mode at both the outer core and pedestal top location.
The electron-scale heat flux also increases between L and I-mode, but this increase is much
larger at the pedestal top than at the outer core. The large predicted heat flux at the I-mode
pedestal top is accompanied by a large error bar, representing the 1σ uncertainty determined
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Figure 6.7: Ion (purple) and electron (green) heat flux over time for electron-scale simulations
in L-mode (a,b) and I-mode (c,d) at the outer core and pedestal top. The shaded regions
indicate the time period over which heat fluxes are averaged in Figure 6.8.

from the heat flux time averaging. The pedestal top heat flux time histories are more bursty
in nature than those in the outer core. The experimental ion and electron heat fluxes have
not been determined via the use of a transport solver (i.e. TRANSP) due to uncertainties
in core profile measurements. However, from a qualitative P/A estimation of the heat flux
(where P is the applied heating power minus radiated power and A is the plasma surface
area), the experimental and simulated heat fluxes are far from agreement at both the OC
and PT locations.

Trends in heat flux ratios are observed between L and I-mode and between the outer core
and pedestal top. Figure 6.9 shows the ratio of the ion to electron heat flux, which is seen
to decrease between the outer core and pedestal top and at both locations decrease between
L and I-mode. This suggests that the pedestal top turbulence is more electron-dominated
than the outer core, and I-mode turbulence is more electron-dominated than L-mode. Only
the L-mode outer core appears to be ion-dominated in nature.

The ratio of the electron heat flux at the electron-scale to the ion-scale,
Qe,elec.−scale/Qe,ion−scale, is shown in Figure 6.10. The ratio decreases from the outer core
to the pedestal top and at each location decreases between L-mode and I-mode. The L-
mode outer core has the most significant contribution from the electron-scale heat flux. The
electron-scale heat flux is significant at this location.

The electromagnetic nature of the ion-scale heat fluxes was studied by computing the
electromagnetic components of Qi and Qe. The electromagnetic portion of Qi was negligible
in all cases. In both the L-mode and I-mode outer core, the electromagnetic Qe component
was less than 5% and was negative, which is consistent with electromagnetic ITG [154].
At the pedestal top, the electromagnetic contribution to L-mode is Qe negligible, but I-
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Figure 6.8: Time averaged heat fluxes from nonlinear simulations, including the ion-scale ion
and electron heat fluxes and the electron-scale electron heat flux. Total heat flux increases
from the outer core to the pedestal top and from L-mode to I-mode at each location.
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Figure 6.9: The ratio of ion-scale ion heat flux to electron heat flux, Qi/Qe, during L-mode
and I-mode at the outer core and pedestal top locations. The Qi/Qe ratio decreases from
the outer core to the pedestal top and decreases between L-mode and I-mode.
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Figure 6.10: The ratio of electron heat flux at electron-scales to the ion-scale. The ratio
decreases from the outer core to the pedestal top and between L-mode and I-mode at each
location. The L-mode outer core has the largest electron-scale contribution.

mode exhibits a sizeable +24% electromagnetic contribution Qe. This is a marked difference
between L-mode and I-mode and could be indicative of the existence of electromagnetic
modes such as MTM or KBM at the pedestal top in I-modes. These modes can be identified
via their sensitivity to β and ŝ, wavenumber range, and linear parallel mode structure,
however this analysis is left for future work.

6.5.2 Profile sensitivity

Due to limitations in experimental measurements such as core ion temperature measure-
ments, experimental heat flux is difficult to determine for these plasmas and thus matching
heat flux between simulations and experiment is not possible. In order to explore the sen-
sitivity of the simulation results to the kinetic profile fitting method, alternative profile fits
for ne, Te, and Ti were used. These “version 2” profiles and their associated inverse gradient
scale lengths are shown in Figure 6.12. The profiles from Figure 6.1 used in the base cases
will be referred to as “version 1”. In the version 2 profiles, the integrated data analysis tool
(IDA) [133] is used to determine the ne and Te profile fits from standard profile diagnostics
including Thomson scattering and ECE [133]. This is a standard profile fitting routine at
AUG but is not typically used for pedestal modeling exercises. Ti profiles are made using
CXRS data and Gaussian process regression (GPR) fits. The two fitting methods result in
differences in gradient scale lengths. The differences (in %) between version 1 and 2 profiles
in a/LTi , a/LTe , and a/Ln are shown in Table ??.

Nonlinear CGYRO simulations were run holding all parameters constant compared to the
previously performed simulation, other than the gradient scale lengths from these version
2 profile fits. Ion and electron-scale simulations were performed at both the OC and PT
location. The resulting averaged time heat fluxes are shown in Figure 6.13, with the heat
fluxes from profiles version 1 and Figure 6.8 repeated for comparison. At the OC there are
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of the four cases. Qe displays a small negative electromagnetic component in both L-mode
and I-mode in the outer core, and a significant positive electromagnetic component at the
I-mode pedestal top.

OC PT
L I L I

a/LTi 2 36 3 47
a/LTe 16 17 26 119
a/Ln 22 10 30 57

Table 6.2: Difference (represented in %) in gradient scale lengths between version 1 and
version 2 profiles for the OC and PT locations in L and I-mode.
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Figure 6.12: Alternative profile fits to discharge #36561 at AUG during L-mode (4.3-4.6s)
and I-mode (5.15-5.4s) phases for (a) ne, (b) Te, and (c) Te. IDA profiles are used for ne and
Te and a GPR fit is used for Ti. Normalized gradient scale lengths a/Ln, a/LTe , and a/LTe
(d-f) are calculated from these profile fits.

119



L-mode
Outer core

I-mode L-mode
Ped. top

I-mode
0.00

0.25

0.50

0.75

1.00

1.25

1.50

M
W

/m
2

(a)
Ion scale heat flux

Qi version 1
Qe version 1
Qi version 2
Qe version 2

L-mode
Outer core

I-mode L-mode
Ped. top

I-mode
0.00

0.05

0.10

0.15

0.20

0.25

0.30
(b)

Electron scale heat flux

Qe version 1
Qe version 2

Figure 6.13: Comparison of time averaged heat fluxes from nonlinear simulations from pro-
files version 1 and profiles version 2, including the ion-scale ion and electron heat fluxes and
the electron-scale electron heat flux.

differences in heat flux between simulations performed with the different profiles, however,
the general trends in ion-scale heat fluxes between L and I-mode are consistent. Comparing
version 2 with version 1 profiles at the ion-scale, Qi is 22% lower and Qe is 4% higher in
L-mode. In I-mode, Qi is over twice as high and Qe is 67% higher. Both profile versions
exhibit an increase in both Qi and Qe between L and I-mode. The trends in electron-scale
heat flux are not consistent between the two versions of profiles. The electron-scale Qe

increases between L and I-mode with version 1 profiles, but decreases with version 2 profiles.
At the PT, the heat fluxes differ dramatically between the two profile fitting methods.

Comparing version 2 to version 1 profiles at the ion-scale, Qi is 17% lower and Qe is 41%
lower in L-mode. In I-mode, Qi is 50% lower and Qe is 21 times lower. The trends in heat
flux at the PT are not overall consistent between the two profile fitting methods. While Qi

increases between L-mode and I-mode in both versions of the profiles, Qe increases between
L and I-mode with the version 1 profiles and decreases with the version 2 profiles. The
electron-scale heat flux also increases between L and I-mode with the version 1 profiles,
while it is negligible in both L and I-mode with version 2.

The larger differences in heat flux between the profile fitting methods are a result of the
large differences in normalized gradients. In particular, the extreme differences in heat flux
between the profile fitting methods at the I-mode pedestal top are correlated with profiles
that change substantially between the two methods, as presented in Table ??. The differences
in heat flux are striking, and indicate that any standalone gyrokinetic analysis in this region
of the plasma could be affected by choices of profile fitting. This sensitivity to profile fitting
method means that no definitive physics conclusions can be drawn about the PT simulations
performed in this work.
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6.6 Outer core parameter scans

6.6.1 Turbulence drive and damping scans

The heat flux results from both versions 1 and 2 profiles presented in Section 6.5 indicate
an increase in heat flux between L-mode and I-mode in the outer core. The nature of the
underlying turbulence can be better revealed with single and multi parameter scans. This
parameter scan investigation is limited to the outer core radial location because uncertain-
ties in pedestal top location profiles are too large to limit scans to reasonable ranges. To
investigate several turbulent modes of interest, ion-scale scans over eight individual parame-
ters and two combinations of parameters were performed. Due to the uncertainty in profile
fitting, wide scans of ± 30% in each parameter were performed for both the L and I-mode
outer core location, totaling 40 runs. The target turbulent modes under investigation were
ITG (a/LTi scanned), TEM (a/Ln, a/LTe , and νee scanned), electromagnetic modes such as
KBM and MTM (βe and ŝ scanned). The ion to electron temperature ratio (Ti/Te) and the
E ×B velocity shear (γE×B) were also scanned.

The ITG investigation is shown in Figure 6.14. Both the L and I-mode ion and electron
heat flux respond strongly to changes in a/LTi , indicating that ITG is an important factor
for driving turbulence at this location. The response of heat flux to a change in gradient is
similar between L and I-mode. Compared with the other scans, changing a/LTi causes the
strongest response in Qi.

The TEM investigation is shown in Figure 6.15. The terms scanned were a/Ln and
a/LTe , which drive TEM, and νee, which damps TEM. These terms were scanned individually
(panels a-f) as well as combined (panels g-h). In the combined scan, the +0.3 factor scan
indicates an increase of all drives, so a/Ln and a/LTe were increased by 30% while νee was
decreased by 30%. The opposite was performed for the -0.3 case combined scan. In the
single parameter scans, neither L nor I-mode show a strong response to variations in a/Ln
or νee, but Qi and Qe both have a strong response to a/LTe . This indicates that electron
temperature gradient driven TEM is important in driving transport in the outer core of both
L and I-mode. Compared with the other scans, the Qe response to a/LTe is the strongest,
and the Qi response is nearly as strong as to a/LTi . The combined scan shows a different
trend than any of the three individual scans. In the combined scan, there is little change in
Qi in either L or I-mode and a more significant increase in Qe with drive terms in I than in
L-mode.

The impact of the ion to electron temperature ratio (Ti/Te) is investigated by changing
Ti alone. This ratio is important because it is thought to be a factor in determining whether
turbulence is ion or electron dominated. Both L and I-mode Qi and Qe increase with
increasing Ti/Te. The heat flux response to the changing temperature ratio is nearly the
same between L and I-mode. This indicates that while the I-mode outer core has lower
Ti/Te than L-mode due to its hotter and more decoupled nature, both L and I-mode fall in
the same regime of turbulence in the range of these scans. The temperature ratio remains
Ti/Te < 1 over the range of these scans in both L and I-mode.

A selection of drives specific to electromagnetic modes, such as KBM and MTM insta-
bilities, are shown in Figure 6.17. These instabilities can also be sensitive to kinetic profile
and collision frequency drives previously discussed. The terms scanned to investigate elec-
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Figure 6.14: Scan of ITG mode drive term, a/LTi , and resulting time averaged Qi (a) and
Qe (b) for L-mode (blue) and I-mode (red) outer core location.
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Figure 6.15: Scan of TEM mode drive/damping terms, a/Ln (a,b), a/LTe (c,d), and νee (e,f),
and resulting time averaged Qi (a,c,e) and Qe (b,d,f) for L-mode (blue) and I-mode (red)
outer core location. Combined parameter scans (g,h) increase(decrease) a/Ln and a/LTe
while decreasing(increasing) νee.
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Figure 6.16: Scan of the ion to electron temperature ratio, Ti/Te and resulting time averaged
Qi (a) and Qe (b) for L-mode (blue) and I-mode (red) outer core location.
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Figure 6.17: Scan of electromagnetic (e.g. KBM, MTM) mode drive/damping terms, βe
(a,b) and ŝ (c,d), and resulting time averaged Qi (a,c) and Qe (b,d) for L-mode (blue) and
I-mode (red) outer core location. Combined parameter scan (e,f) increases(decreases) βe
while decreasing(increasing) ŝ.

tromagnetic modes were βe, a source of drive, and magnetic shear ŝ, a source of damping.
Neither L nor I-mode display significant changes of Qi or Qe with βe. The I-mode plasma Qe

decreases with increasing ŝ but the L-mode plasma is not significantly affected. Figure 6.17
panels e and f show the result of these combined drives, with the −0.3 factor scan indicating
decreased drive (decreased βe and increased ŝ) and the +0.3 case indicating increased drive
(increased βe and decreased ŝ). The response of the heat fluxes to these combined drives is
very similar to the response to ŝ alone. Given the lack of heat flux response to βe and the
minimal electromagnetic heat flux in these simulations, it is unlikely that electromagnetic
modes are an important factor in these plasmas. ŝ is known to effect ITG and TEM modes
[155], so the change of heat flux with ŝ could also be due to electrostatic turbulence.

A scan of the E×B velocity shear, γE×B, is shown in Figure 6.18. Neither the L nor the
I-mode plasma show strong trends in heat flux with γE×B. This is in contrast to the strong
turbulence damping found with γE×B in previous L and I-mode core modeling at Alcator
C-Mod [75]. This may be due to the low values of shear in these simulated outer core AUG
plasmas, with γE×B = 0.019 and 0.024 (cs/a) in L-mode and I-mode respectively. The
magnitude of this shear is significantly below the ion-scale linear growth rates determined
from the linear simulations, with growth rate maxima γmax = 0.30 and 0.18 (cs/a) in L and
I-mode respectively. Therefore, the shear is likely too low to significantly damp turbulence
and modify transport within the bounds of these scans.

In summary, changing the ITG drive through scanning a/LTi had the largest effect on
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Figure 6.18: Scan of the E×B velocity shear, γE×B, and resulting time averaged Qi (a) and
Qe (b) for L-mode (blue) and I-mode (red) outer core location.
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Qi and had a similar magnitude effect on L and I-mode. Changing the TEM drive through
scanning a/LTe had the largest effect on Qe and had a larger effect on the I-mode than the
L-mode plasma, particularly when combined with other TEM drives. The magnetic shear
also had a larger impact on Qe in I-mode than in L-mode. The Ti/Te ratio impacted both Qi

and Qe with a similar magnitude in both L and I-mode. Several parameters, such as a/Ln,
νee, βe, and the E ×B velocity shear, did not have strong impacts on the heat flux in either
L nor I-mode within the range of these scans.

Many of the responses to these drives could be different at the pedestal top. Compared
with the outer core, at the pedestal top the gradients are steeper, the plasma is cooler and
more collisional, and both E × B velocity shear and magnetic shear are larger. The nature
of the turbulence appears to be different at the pedestal top and the responses of heat fluxes
to changes in parameters may be different. Simulation scans of the pedestal top are left for
future work and with profiles that are better constrained.

6.6.2 TGLF stiffness tests

The gyrofluid code TGLF [124] is significantly computationally cheaper to run than CGYRO
and TGLF is also well validated for core plasma scenarios. TGLF can therefore be used for
fine scans of a/Ln, a/LTe , and a/LTi , which enables investigation of critical gradients and
stiffness. As discussed in Chapter 2, stiffness can be thought of as the resistance of a
particular profile to change, when that profile has a gradient above a particular threshold
for turbulence drive. When a profiles is “stiff”, an increase in heating power that would
increase the profile gradient in turn increases the turbulence drive, and thereby increases the
transport which regulates the profile.

The TGLF simulations performed for these stiffness tests were designed to have a setup
as close as possible to the CGYRO simulations presented in the previous sections of this
chapter. The same base gradients and geometric parameters were used, and electromagnetic
effects were included. The saturation rule SAT2 [127] was used, and the default 4 parallel
basis functions were used in these simulations.

The stiffness tests of these L and I-mode outer core plasmas are shown in Figure 6.19.
The base case (version 1) gradient scale lengths in both L and I-mode are indicated by the
vertical dashed lines, and several scans were performed on either side of these base gradient
scale lengths. Both the L and I-mode base cases are found to be above the critical gradient,
a/LTi ∼ 1.5. The I-mode plasma has a larger response in both Qi and Qe than L-mode to
changes in a/LTi , and the I-mode base case gradient sits closer to the critical gradient value.
For these reasons, I-mode is more stiff than L-mode in terms of the Ti gradient. The a/LTe
and a/Ln scans show that both L and I-mode sit below the critical gradients in Te and n
in these simulations. Above the Te and n critical gradients, I-mode has a larger response in
heat flux with changes in gradient, indicating that I-mode has higher stiffness.

The TGLF stiffness tests results are shown with heat fluxes normalized to gyro-Bohm
heat flux units in Figure 6.20. When the gyro-Bohm normalization is considered, L and
I-mode plasmas display very similar responses in heat flux to changes in a/LTi and a/LTe .
This indicates that the higher stiffness in I-mode is due to its higher temperature and a
corresponding change in terms of gyro-Bohm units, rather than a change in the nature of
the turbulence. The response of the heat flux to changes in a/Ln does not match between L
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Figure 6.19: TGLF scans of normalized gradient scale lengths at the outer core location for
L-mode (blue) and I-mode (red) plasmas. (a-c) show variation of Qi and (d-f) show variation
of Qe in MW/m2. Base case values are shown in the dashed lines for each normalized gradient
scale length.

and I-mode in gyro-Bohm normalized units, but the base case values of a/Ln are far below
the critical gradient in both L and I-mode.

6.7 Quantification of multi-scale effects

Multi-scale effects in gyrokinetic and gyrofluid simulations have been shown to be important
to reproduce experimental heat flux levels in both the L-mode [156] and I-mode [76] core. The
sizable contributions of the electron-scale heat flux contributions in some of the simulations
presented here (Figure 6.10) may indicate that cross-scale coupling could play a role in the
saturated turbulent state of these plasmas.

One metric for determining the relevance of multi-scale effects is the ratio of the maximum
linear growth rate at the electron-scale, γhigh−k, to the maximum growth rate at the ion-
scale, γlow−k. One flagship multi-scale study suggests that as a rough rule-of-thumb, multi-
scale effects become important when γhigh−k/γlow−k > 40 [156]. The ratio of high to low
wavenumber growth rates are shown in Table ??. Although the high to low-k ratio is below
40 for all simulations, it is close to 40 in the L-mode outer core. The ratio decreases from
the outer core to the pedestal top in each plasma and decreases at each location between
L-mode and I-mode. The location with the largest possibility of multi-scale effects is the
L-mode outer core.

A second rule-of-thumb metric for qualifying the importance of multi-scale effects is the
comparison of the ratio between the dominant mode linear growth rate to the wavenumber
(γ/kyρs) at low versus high wavenumbers. It has been suggested that when (γ/kyρs) at the
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Figure 6.20: TGLF scans of normalized gradient scale lengths at the outer core location
for L-mode and I-mode plasmas normalized to the gyroBohm heat flux units. (a-c) show
variation of Qi and (d-f) show variation of Qe. Base case values are shown in the dashed
lines for each normalized gradient scale length.

γhigh−k/γlow−k
Location Outer core Pedestal top
L-mode 38 26
I-mode 19 3

Table 6.3: Ratio of the peak of the dominant mode growth rate at the electron-scale (kyρs >
1.0) to the peak at the ion-scale (kyρs < 1.0) at the outer core and pedestal top radial
locations. The L-mode plasma in the outer core has the highest γhigh−k/γlow−k, indicating
the highest possibility of multi-scale effects.
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Figure 6.21: Dominant mode growth rate normalized to kyρs over kyρs for L-mode and I-
mode linear simulations at the outer core (a) and pedestal top (b) radial locations.

electron-scale is comparable to or higher than that at the ion-scale, then multi-scale effects
may be important [157]. The γ/kyρs ratios against kyρs are shown in Figure 6.21 for the
simulated OC and PT L-mode and I-mode. In all cases, γ/kyρs is larger at the ion scale
than at the electron scale. However, in the L-mode outer core, γ/kyρs at the electron scale
approaches the same magnitude as at the ion scale. This once again indicates that the
L-mode outer core has the greatest potential for multi-scale effects.

In addition to the γhigh−k/γlow−k and γ/kyρs rules-of-thumb for determining the impor-
tance of multi-scale effects, the visual appearance of the turbulent eddies at the electron
scale can indicate whether multi-scale effects may be important. A snapshot of the mid-
plane electron density fluctuations from the L-mode outer core simulation is shown in Figure
6.22. In this snapshot, streamers the length of the 12ρs box can be seen, showing that the
electron-scale turbulence can form ion-scale structures, which may be capable of interaction
with the ion-scale turbulence [33].

Based on the discussed metrics, the outer core L-mode has the strongest possibility of
multi-scale effects compared to the other simulations. Multi-scale phenomena can modify
heat flux, as ETG streamers can cause significant transport at electron scales and may also
enhance transport at ion scales by damping poloidal zonal flows [156], [158]. The reduction
of multi-scale coupling between the L and I-mode cases could act to change the magnitude by
which the turbulent heat flux changes between L and I-mode. Multi-scale effects have been
suggested to have the largest impact on simulations where ITG is marginally unstable and
electron modes dominate, because strongly-driven ITG can suppress electron-scale transport
[159]. The observations here are not consistent with this trend; of the four simulations,
the L-mode outer core appears to have the highest chance of multi-scale effects but also
has the highest Qi/Qe ratio and sits farther above the a/LTi critical gradient than the I-
mode outer core. Further simulations, including multi-scale simulations, are needed for a
full understanding of the multi-scale nature of the L-mode and I-mode outer core.
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Figure 6.23: Synthetic CECE diagnostic crosspower spectra for the L and I-mode simulations
at the outer core and pedestal top. In the outer core, the crosspower spectrum is similar
between L-mode and I-mode. At the pedestal top the crosspower spectrum is higher in
L-mode than I-mode, indicating higher Te fluctuations in L-mode.

6.8 Qualitative comparison of fluctuations between ex-
periment and simulations

6.8.1 Synthetic CECE diagnostic

A synthetic CECE diagnostic was applied to the L-mode and I-mode simulations to perform
a qualitative comparison with experimental measurements presented in Section 6.2. This is
not intended as a validation exercise but rather as a means to gain deeper understanding
of the turbulence in this region. This synthetic diagnostic was developed for gyrokinetic
validation work on DIII-D [160], and has been used here with modifications to represent the
AUG CECE system. As an approximation of the beam pattern of the CECE diagnostic at
AUG, the synthetic diagnostic applies a circular Gaussian beam with a 1/e power diameter
of 7.6 mm in the poloidal direction. Two CECE channels each with a radial extent of 3.4 mm
are spaced apart by 4.3 mm, consistent with the AUG CECE system’s radial comb geometry.

The cross-power spectra calculated using this synthetic diagnostic on the L and I-mode
CGYRO simulations are shown in Figure 6.23. At the outer core location, there is little
difference between the L-mode and I-mode spectra. Unfortunately, there are no experimen-
tal measurements in these plasmas at this outer core location for qualitative comparison.
Nevertheless, there is a difference in the cross-power spectra generated with the synthetic
diagnostic at the pedestal top location. The I-mode cross-power spectrum is significantly
higher than the L-mode spectrum, correlating with a higher fluctuation amplitude in I-mode
compared to L-mode. This trend agrees qualitatively with the experimental CECE mea-
surements shown in Figure 6.3, where the I-mode cross-power spectrum is higher than the
L-mode spectrum. However, the experimental and synthetic measurements do not agree
quantitatively, with the maximum experimental cross-power magnitude approximately 100
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times smaller than the synthetic cross-power magnitude.
The synthetic diagnostic was also applied to the simulations performed with version 2

profiles, and while the Te fluctuation crosspower spectra are still similar in the L and I-mode
outer core, the opposite trend is found at the pedestal top location. With version 2 profiles
at the pedestal top, the crosspower is lower in I-mode than in L-mode. This correlates
with the decrease in heat flux between L and I-mode at the pedestal top with version 2
profiles. This trend is also the opposite of experimental observations. This investigation
shows that simulated fluctuation levels are sensitive to the kinetic profiles, but without heat
flux matched simulations a qualitative comparison between experiment and simulation is not
possible.

6.9 Summary and discussion

In this chapter, a detailed gyrokinetic investigation of the L and I-mode outer core and
pedestal top was performed. Electron and ion heat fluxes were found to increase between
the outer core and the pedestal top, and heat fluxes increased at each location between L
and I-mode. The Qi/Qe ratio was found to decrease between the outer core and pedestal
top and at each location decrease between L and I-mode. The Qe,elec.−scale/Qe,ion−scale ratio
was also found to decrease between the outer core and pedestal top and at each location
decrease between L and I-mode. A synthetic CECE diagnostic found that trends in Te
fluctuations agreed with experimental measurements and increased between L and I-mode,
however, the simulations and experiment do not qualitatively agree. A caveat to note is that
results at the pedestal top were found to be highly dependent on the method used for fitting
kinetic profiles, with different fitting methods leading to large differences in the gradient
scale lengths which drive the turbulence. Without the ability to match the heat flux with
experiment, these simulations could not be further constrained.

The nature of the outer core turbulence was investigated through several parameter scans.
Despite the differences inQi/Qe andQe,elec.−scale/Qe,ion−scale between L and I-mode, the scans
revealed that the nature of the turbulence in the L and I-mode outer core is very similar.
The L and I-mode plasmas had similar responses to nearly all turbulence drive and damping
terms. One exception was the stronger response of the I-mode plasma Qe to changes in
a/LTe , correlating with the higher dominance of electron turbulence in I-mode than L-mode.
I-mode was found to have higher profile stiffness than L-mode, and this is linked to its higher
temperature and therefore larger gyro-Bohm heat flux unit. In gyro-Bohm normalized units,
the response of the L-mode and I-mode heat flux is nearly the same to changes in the a/LTi
and a/LTe , above their critical gradients.

The linear gyrokinetic analysis performed further indicated that the dominant mode
turbulent behavior is similar in the L and I-mode outer core. Linear analysis also allowed for
qualification of the possible importance of multi-scale effects. A comparison of γhigh−k/γlow−k
and γ/kyρs indicate that the L-mode outer core has a higher potential for multi-scale effects
than I-mode, and the outer core region has a higher potential for multi-scale effects than the
pedestal top.

The finding that turbulence is of a similar nature between L-mode and I-mode in the outer
core is consistent with the idea that the critical changes between L and I-mode occur near the
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edge of the plasma, where a transport barrier forms. This transport barrier region is farther
in the edge of the plasma than the OC and PT top locations studied through gyrokinetic
analysis in this chapter. The study of the turbulence in the OC and the PT, and the
calculated heat fluxes, are important for understanding global confinement, validating models
of turbulent transport, and making performance predictions for future reactors. However,
the driving reason for the change in confinement between L-mode and I-mode likely occurs
in the steep gradient region of the pedestal. Simulations in the pedestal region are difficult
due to the steep gradients and computation expense, and are beyond the scope of this work.
Different profile fitting methods give very different simulation results at the PT location, and
towards the separatrix the uncertainties in profile fits and sensitivity to fitting technique are
likely even higher, making standalone gyrokinetic simulations in this region of the plasma
extremely challenging.

This modeling work suggests several paths for future study. Heat flux matching between
experiment and simulation would help to converge simulation results to those of physical
relevance. Better constrained profile fits would greatly assist in the study of the turbulence
behavior at the pedestal top. In future experiments, obtaining CECE measurements at
the outer core location in addition to the pedestal top would allow for a direct comparison
between simulation and experiment at both locations. Extending this modeling to the steep
gradient region and capturing the change in edge and pedestal turbulence between L-mode
and I-mode would deepen our understanding of the I-mode confinement regime.
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Chapter 7

Conclusions and future work

This thesis has described a range of experimental and modeling work aimed at understanding
turbulence in the low confinement regime, L-mode, and the “improved” confinement regime
I-mode. This work contributes to our understanding of turbulence in the tokamak edge,
pedestal, and outer core in L-mode and I-mode, across a wide parameter space of experi-
mental inputs. This chapter discusses key findings and points to directions for next steps for
future research.

7.1 Key findings of this thesis

The investigation of edge fluctuations performed in this thesis were possible due to the ex-
tensive diagnostic suite at the ASDEX Upgrade (AUG) tokamak, including diagnostics for
profile measurements and for turbulence measurements. The Correlation Electron Cyclotron
Emission (CECE) diagnostic was the chief tool used in these studies, used for measuring ra-
diated temperature (Trad) fluctuation spectra, fluctuation amplitude, and correlation length
with fine radial resolution. Challenges to ECE measurements in the plasma edge were care-
fully considered. As part of this work, the CECE system was extended from a 24 channel
radial comb to 56 radial channels split across two toroidal locations. A Thermal Helium
Beam diagnostic was also used for studying edge fluctuations, and Doppler reflectometers
and a Helium II Spectroscopy system were used for studying the edge radial electric field. An
overview of these diagnostics, including details of the newly expanded CECE system, were
given in Chapter 3. These diagnostics were operated during dedicated experiments targeting
open physics questions in I-mode and the L to H transition.

One open question addressed though experiment in this thesis was the reason for the
higher power threshold in the unfavorable B ×∇B configuration compared to the favorable
configuration. In Chapter 5, we show that differences in edge fluctuations between the
two magnetic configurations correlate with differences in Er and its related E × B shear
during L-mode phases prior to confinement regime transitions. These measurements show
that there is a difference between the two configurations in the balance of turbulence drive
and damping just prior to confinement regime transitions. The higher shear and lower
fluctuation amplitude in the favorable configuration correlate with its easier access to the L
to H transition. These fluctuation measurements provide new evidence for the importance
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of turbulence in determining confinement regime transitions.
This thesis also aimed to better understand edge turbulence in I-mode and across the L

to I transition through detailed measurement of outer core and pedestal fluctuations. The I-
mode confinement regime is accessed in the unfavorable B ×∇B configuration because this
configuration allows for application of higher heating power before transition to H-mode.
Discharges with L and I-mode phases were performed across a range of densities, with an
aim of scanning collisionality. The quality of global confinement, represented by the factor
H98, was found to be negatively correlated with collisionality in both L-mode and I-mode.
However, the amplitude and character edge turbulence did not follow clear trends with either
collisionality or confinement. Specifically, the Weakly Coherent Mode (WCM) dominated
the edge fluctuations across all the plasmas studied.

Understanding the nature of WCM is an important aspect of understanding the I-mode
as a whole. This motivates the studies described in Chapter 4, which use the AUG turbulence
diagnostic suite to study the WCM in detail. Strikingly, the WCM was also found to be
present in the L-mode Te fluctuations preceding and following the I-mode transition in all
discharges studied. A summary of the WCM characteristics observed in L-mode and I-mode
was given in Table 4.2. The WCM was found to share several properties between L-mode
and I-mode, including its wavenumber extent (kθ = −0.5 To −1.0 cm−1) and location of
peak amplitude (ρpol = 0.98 − 0.99). The phase between WCM ne and Te fluctuations,
αnT , is more out-of-phase in L-mode as compared to I-mode. This out of phase nature and
the change in αnT between L-mode and I-mode may assist in comparing the experimental
WCM observations with theoretical candidates for its identity. A frequency upshift of the
WCM occurs between L-mode and I-mode, and the value of this shift is consistent with the
expected Doppler shift for a long-wavelength mode due to increased E×B rotation velocity.
The existence of the L-mode WCM breaks the previously-held assumption that the WCM is
the key defining feature of I-mode. It is still possible that the WCM plays an important role
in the edge transport and regulating the pedestal, since the particle transport is expected to
stay consistent between L-mode and I-mode.

Chapter 5 extended the study of the L-mode WCM from the unfavorable magnetic config-
uration to include the favorable magnetic configuration. In experiments designed to compare
edge turbulence between favorable and unfavorable magnetic configurations, the development
of the WCM was observed via pedestal Trad fluctuations. The L-mode WCM first appeared
during low power phases as a fluctuation with a low value of coherence |γc(f)| in the CECE
frequency spectra, low fluctuation amplitude, and a narrow radial extent. The mode was
centered at the same radial location in the favorable and unfavorable phases and covered
the same frequency extent. The WCM coherence, fluctuation amplitude, and radial extent
grew in both the favorable and unfavorable configurations as more power was applied to the
L-mode plasmas. However, the WCM grew to a higher coherence, fluctuation amplitude,
and radial extent in the unfavorable configuration, which also had smaller E × B shear as
compared to the favorable configuration. The presence of the WCM in both favorable and
unfavorable L-modes is further evidence that this mode is not a unique or special feature
of I-mode, but rather a type of edge fluctuation that can be present across a large parame-
ter space of magnetic configuration, confinement regime, applied heating power, and kinetic
profiles.

During the matched favorable and unfavorable experiments presented in Chapter 5, at
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high enough power, the unfavorable configuration plasma transitions to an I-mode and the
WCM evolves to its I-mode character, shifting to higher frequency and a broader frequency
range. At high enough power, the favorable configuration plasma transitions to the high con-
finement regime, H-mode. Notably, Trad measurements show that a significant broadband
fluctuation is present in the pedestal during the inter-ELM portion of the H-mode plasma.
Here this feature is called a “WCM-like feature” due to its spectral properties alone. The
measurements of broadband fluctuations in the H-mode pedestal show that the presence of
turbulent fluctuations alone is not enough to drive transport. Rather, a particular combi-
nation of ne, Te, and ϕ fluctuations and the phases between these fluctuations is needed to
drive transport.

During the I-mode phases of the discharges studied in this thesis, a Low Frequency Edge
Oscillation (LFEO) appears in the Trad fluctuation spectra. The LFEO does not appear
in L-mode. The coupling between the WCM and the LFEO is unique to I-mode. The
timing of the L to I-mode transition, the onset of the LFEO, and the frequency shift of the
WCM coincide in the experiments presented here. Bicoherence analysis applied to the Trad
fluctuation signals in Chapter 4 showed that WCM and LFEO frequencies are coupled, as
previously shown by References [74] and [144]. This previous work also suggests that the
WCM transfers energy to the LFEO through this three-wave coupling. A new contribution
of this thesis is the study of the radial structure of WCM-LFEO coupling. As shown in
Chapter 4, there is radial coincidence between the location of the WCM peak amplitude,
the LFEO peak amplitude, and the maximum bicoherence in the WCM-LFEO range of
frequency coupling. The strength of coupling falls off sharply with radius. This indicates
that important edge dynamics of I-mode are triggered at a single narrow location. One
interpretation of this radial coincidence is that the WCM is driven most strongly at one
particular location, most likely by ∇Te. At this location of peak WCM drive, the LFEO
then receives the most energy from the WCM. The role of these coupled fluctuations in
maintaining the I-mode regime requires further study. One possible interpretation for the
importance of the LFEO in I-mode is that its exchange of energy with the WCM influences
the overall balance of turbulence drive and damping in the pedestal. The LFEO, whether its
identity is a Geodesic Acoustic Mode (GAM) or a Zonal Flow Oscillation (ZFO), likely plays
a role in the regulation of turbulence. The LFEO’s role in the overall state of turbulence in
the I-mode pedestal in turn affects the turbulence-driven transport of I-mode.

None of the studies here presented, or previously reported in the literature, show that
the WCM is solely responsible for the unique transport barrier and beneficial transport
properties of I-mode. In fact, the presence of the WCM in both L-mode and I-mode bring
to question whether other changes in turbulence, not in the pedestal, are instead responsible
for the change in transport between L-mode and I-mode. To probe this question, gyrokinetic
simulations were performed with the CGYRO code to compare turbulence between L-mode
and I-mode. These simulations were reported in Chapter 6 and were based off the L-mode and
I-mode plasmas studied experimentally in Chapter 4. The simulations included one radial
location in the outer core (ρpol = 0.90) and one at the pedestal top (ρpol = 0.95). At both
locations, linear and nonlinear simulations run at the ion and electron scales. Uncertainties
in profile fitting left the pedestal top simulations poorly constrained, but the outer core
results showed greater robustness to kinetic profile fitting method.

In the outer core, the ratio of ion to electron heat flux (Qi/Qe) was found to decrease
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slightly between L-mode and I-mode. The electron-scale contribution to heat flux also de-
creased between L-mode and I-mode. However, the response of the L-mode and I-mode
simulations to scans in turbulence drive and damping terms were the same, indicating that
the nature of the L-mode and I-mode turbulence was similar at this location. Stiffness tests
performed with the TGLF gyrofluid code showed that the I-mode outer core plasma was
more stiff than the L-mode plasma, but this difference in stiffness disappeared when the
heat fluxes were normalized by the gyroBohm heat flux. This is a further indication that the
nature of turbulence in the L-mode and I-mode phases was similar: the turbulence-driven
transport responds the same way to a change in gradient drive, the higher temperature of
I-mode leads to a larger turbulent eddy correlation length, and thus a greater change in
heat flux when gradient drive is changed. Rather than uncovering any significant differences
between L-mode and I-mode, these simulations showed the core turbulence is of a similar
nature between the L-mode and I-mode regimes.

The gyrokinetic simulation results of the L-mode and I-mode outer core complement
the experimental findings presented in this thesis. The similarity of the outer core turbu-
lence found in simulations (Chapter 6) indicates that the important phenomena separating
L-mode and I-mode occur in the pedestal. While experimental investigation found that the
WCM occurs in the edge of both L-mode and I-mode, the behavior of the WCM was differ-
ent between L-mode and I-mode in terms of its fluctuation amplitude and, radial breadth,
and coupling to the LFEO (Chapter 4). The balance of turbulence gradient drive of and
shear flow damping is also found to be different between L-mode and I-mode, and different
between favorable and unfavorable configurations in matched L-modes (Chapter 5). This
experimental and modeling work deepens our understanding of L-mode and I-mode outer
core and pedestal phenomena, and points to directions for future study.

7.2 Directions for work

To better understand the pedestal, and thereby I-mode as a whole, continued experimental
and modeling work is needed. Key areas for future study include the separation of particle
and energy transport in the I-mode pedestal, the identification of the WCM drive, the
importance of WCM-LFEO coupling, and the triggering of the L to H and L to I transitions.
From the experimental side, significant insight may be gained from further multi-channel
turbulence measurements across the L, I, and H-mode confinement regimes. This thesis
has primarily reported on Trad fluctuations measured with CECE. Pedestal studies utilizing
additional diagnostics such as reflectometers for ne fluctuation measurements, the thermal He
beam for ne and Te fluctuation measurements, and the coupled reflectometer-CECE system
for αnT measurements may provide valuable insight to the possible transport mechanisms in
the pedestal, including transport from the Ion Temperature Gradient and Trapped Electron
Mode drift wave turbulence, and from MHD-type instabilities.

In particular, measurements of αnT can be used to test theories of turbulent transport
in I-mode, such as recent work attributing changes in transport to changes in cross-phases
[17] or theory that relates the WCM to a particular phase relation between fluctuating
quantities [161]. Comparison of αnT across L, I, and H-mode can provide insight to the
types of turbulent modes present in these regimes, and the possible transport these modes
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drive. Simulations can be used to provide further understanding of transport across these
regimes, with αnT and other turbulence measurements used to constrain the possible regimes
of turbulence. For example, simulations could be used to explore the turbulent modes
or mixtures of modes which result in the expected density and temperature fluctuation
amplitudes, αnT value, and transport of the L and I-mode WCM. It should be noted that
in order to unambiguously understand experimental αnT measurements, more work must
be done to understand the relationship between measured cross-phase and the reflectometer
wave path, the differences between ECE-ECE and ECE-reflectometer correlations, and how
density fluctuation information is carried by the reflectometer amplitude and reflectometer
phase.

Several aspects of pedestal fluctuations require further study, including both WCM fluc-
tuations and non-WCM turbulence. This thesis has largely focused on Te fluctuations, using
CECE measurements to provide information about WCM localization and fluctuation am-
plitude in L and I-mode. The ne fluctuation amplitude has been shown to be higher than
the Te fluctuation amplitude in I-mode [72], [128]. A comparison of the location of the peak
fluctuation amplitude in ne and Te would be useful, because if the localization differs between
these two channels, this could provide insight to the formation of the unique I-mode trans-
port barrier. The mechanism for the formation of the I-mode transport barrier still remains
an open question. In this thesis, we have not unambiguously determined how this transport
barrier forms and is maintained. However, the measurements of fluctuations across L and
I-mode regimes, in terms of fluctuation amplitude and cross-phase, could be consistent with
the transport required for the I-mode regime. The presence of the WCM itself and its Te
fluctuation amplitude do not appear to be linked to energy confinement, further indicating
that this mode may play a role in particle but not energy transport. Non-WCM turbulence
is likely playing an important role in the change in transport across the L to I transition,
as previous studies note the reduction of low frequency fluctuations in I-mode [11], [72].
One possible interpretation is that the background turbulence drives significant heat flux in
L-mode but is damped in I-mode, while the WCM is strengthened in I-mode but does not
drive significant heat flux. In order to test this hypothesis, the WCM and the background
turbulence must be decoupled through measurement and data analysis techniques.

The conditions which lead to the appearance of the WCM in L-mode is an area that
requires further study. CECE fluctuation measurements consistently captured the WCM
in L-mode phases in the experiments presented in this thesis. In these studies, the plasma
conditions varied in terms of power level, favorable and unfavorable ∇B drift, and density.
However, all experiments were performed in the USN configuration at AUG, because this
configuration allows operation in the unfavorable ∇B drift configuration, and thus I-mode,
for the standard current direction at AUG. Operation with unfavorable ∇B drift in LSN at
AUG requires a reverse Ip campaign. LSN is the typical configuration for standard experi-
ments at AUG, due to the lower divertor and its controlled pumping. Further experiments
targeting L-modes in the typical LSN configuration, or during a reverse Ip campaign, could
provide insight to relationship between the specifics of the configuration and the presence
of the WCM. The height of the X-point is an important factor in achieving I-mode, so this
parameter should be scanned when investigating the factors leading to the appearance or
disappearance of the WCM in L-mode.

The identity of the LFEO and its importance to I-mode is an area of current study. The
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LFEO’s identity as a GAM could be confirmed through measurement of its plasma potential
perturbations and resulting Er perturbations, and perturbation in the perpendicular vE×B,
all with the expected m = n = 0 mode structure. These quantities may be accessed by diag-
nostics such as the Heavy Ion Beam Probe, Beam Emission Spectroscopy, and reflectometry
diagnostics. The GAM pressure sideband with m = 1, n = 0 structure can be accessed
through diagnostics that measure density and temperature fluctuations, like ECE or reflec-
tometers. Whether or not the WCM is identified as a GAM, its importance in maintaining
the I-mode pedestal can be investigated through higher order spectral analysis techniques.
The bicoherence analysis of Te fluctuation signals presented in this thesis only shows that
the WCM and LFEO frequencies are coupled, which is necessary for energy transfer, but this
analysis does not determine the presence or direction of energy transfer. To study the spec-
tral transfer of energy, the transfer function must be formulated as in [74] with fluctuations
in density, density gradient, and poloidal velocity.

Broadband fluctuations in the H-mode pedestal measured with CECE are a new area
of study. These measurements have only been briefly touched upon in Chapter 5 of this
thesis. One clear direction for future work is further qualification and identification of the
inter-ELM H-mode pedestal turbulence at AUG. Previous work across different machines has
reported on inter-ELM fluctuations, as summarized in Reference [162], and the references
therein. However, there remain open questions related to the impact of these inter-ELM
modes, including their role in regulating the pedestal and triggering the ELM crash. The
distinction between the broadband drift-wave turbulence and MHD-type modes is not always
clear experimentally. By using CECE in parallel with other diagnostics to target inter-ELM
phases of H-modes, we can understand the situations in which broadband fluctuations are
present, and their possible correlations with transport.

In addition to further experimental measurements, new data analysis techniques applied
to already existing data can lead to physical insights. For example, the onset of the pedestal
in both I-mode and H-mode is of great interest. The temporal relationship between tur-
bulence damping and the onset of the E × B shear layer in the H-mode edge is an open
question, as is the relationship between onset of the LFEO in I-mode and the frequency
shift of the WCM. By utilizing high temporal resolution of the CECE diagnostic, the change
of turbulence over small time windows during transitions may be studied. Applying higher
order spectral analysis such as bicoherence and spectral transfer functions to these transition
periods may provide insight to the balance between turbulence and zonal flows, and coupling
between the WCM, LFEO, and zonal flows.

Upcoming CECE diagnostic upgrades will allow investigation of not only edge physics,
but also the coupling between the core and the edge in future experiments. It has previously
been shown that core fluctuations can be reduced in I and H-mode compared to L-mode
[147], [163], but the experimental and modeling work presented here show that outer core
turbulence can be of similar nature between L-mode and I-mode. The changes in outer core
turbulence across confinement regime transitions in comparison to deep core turbulence is
one area of future study. The relationship between turbulence damping by edge sheared flows
and core turbulence reduction must also be understood. Expansions to the current AUG
CECE diagnostic are underway that include an upgrade to 96 radial channels. With this
radial coverage, turbulence in the core and edge can simultaneously be measured, and changes
in turbulence can be tracked across confinement regime transitions at different locations.
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The diagnostic expansion is aimed to be modular, so that two groups of 32 channels
can overlap radially, but be separated vertically so poloidal correlation measurements can
also be attempted. Such measurements can be used to compare the poloidal structure of
fluctuations in the core plasma with that at the edge. This poloidally separated system of
CECE radial combs will allow for the study of both radial and perpendicular correlation
lengths of turbulence, both of which are important for understanding transport and how
transport can change between regimes. For example, in Chapter 6 the gyroBohm heat flux
unit was shown to increase between L and I-mode in the outer core region due to the higher
temperature in I-mode. Measurements of the change in correlation length between L and
I-mode could confirm whether typical turbulent eddy sizes change between L and I-mode.

The outer core and pedestal top gyrokinetic modeling work presented in this thesis point
to next steps for the modeling pathway of investigating I-mode. As a first step, obtaining
experimental heat flux measurements for comparison with simulation can help constrain
simulation inputs. In particular, uncertainties at the pedestal top may be targeted through
heat flux matching. Beyond this outer core and pedestal top simulations, the pedestal region
is the next frontier for modeling work. An accurate pedestal model needs to contain the
important physical effects in the pedestal. These include the large variation of parameters
over a small radial region, leading to large gradient scale lengths and drastic changes in
collisionality over the pedestal. The pedestal is also thought to be multiscale in nature,
with important transport drivers ranging from small-scale ETG to the large-scale ELMs. A
first step in comparing the L, I, and H-mode pedestals could be electron-scale gyrokinetic
simulations that capture the ETG transport. Ultimately, creative new approaches are needed
to model the complete dynamics of the pedestal, such as coupled core to edge codes.

The studies presented in this thesis increase our understanding of the turbulence and
transport processes at in the edge region of I-mode plasmas, which is important to the
extrapolation of this operational regime to future machines. As the heating power window
for I-mode access widens as magnetic field increases [69], future high field devices such as
SPARC will have the opportunity to operate in I-mode. A high performance operating regime
like I-mode would assist future devices in achieving their Q > 1 mission without the material
damage from ELMs that would accompany H-mode operation. Predicting the performance
of I-mode in future devices is an important area of current research. By constructing cross-
machine I-mode scaling laws using today’s tokamaks, the I-mode confinement time and power
threshold can be predicted for future tokamaks. If I-mode is achieved on future tokamaks
diagnostic techniques such as CECE can be used to study the fluctuations and fluctuation-
driven transport.

I-mode is not the only candidate regime for ELM-free high confinement operation in fu-
ture reactors. Regimes such as Enhanced D-alpha H-mode, Quiescent H-mode, and Negative
Triangularity L-mode might also fulfill the requirements of a future power plant. A survey
of edge turbulence behavior in these other high confinement regimes is given in Appendix
B. The experimental, data analysis, and modeling techniques outlined for next steps could
be just as readily applied to these other regimes. In conclusion, further study of fluctua-
tions in the tokamak edge informs our understanding of the operational regimes needed for
future fusion reactors. The newest advances in diagnostics, data analysis techniques, and
computational modeling are required in order to gain a more complete understanding of the
physically rich edge region. This active area of research plays a critical role in the success of
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tokamak fusion as a whole.
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Appendix A

Poloidal impurity asymmetries, flow, and
neoclassical transport in pedestals in the
plateau and banana regimes

This appendix describes a neoclassical model of impurity and main ion behavior in the
pedestal. The description is adapted from Reference [130], in which the authors made equal
contributions. This model extends previous impurity neoclassical pedestal models slightly
by retaining impurity diamagnetic effects, which are shown to have no substantial impact
on the model. The more significant extension of this model from previous work is the more
comprehensive treatment of main ions in the plateau and banana regimes. This model
provides valuable insight by which to understand pedestal impurity distribution and particle
fluxes, including the differences in these quantities between L, I, and H-mode.

A.1 Introduction

As described in Chapter 2, the reduction of edge turbulence by sheared flows during the L to
H-mode, and L to I-mode, transitions is expected to reduce the turbulent fluxes that drive the
transport of heat and particles. This process allows the development of the pedestal and is
important for attaining the high energy confinement needed for future reactor operation. In
the pedestal region of reduced turbulence, neoclassical collisional transport is often assumed
to explain lower order particle transport behavior, such as impurity flows [18], [164]–[169].
Pedestal measurements indicate that impurity transport can be at or near neoclassical levels
in improved confinement regimes [170], [171].

Accumulation of impurities in a tokamak plasma can lead to loss of energy, and ultimately
result in radiative collapse. ELMy H-mode relies on ELMs to expel impurities. I-mode,
which exhibits a heat transport barrier without a particle transport barrier, has impurity
confinement properties similar to L-mode [170]. The behavior of impurities in the pedestal
of both H-mode and I-mode is important to understand in order to have a complete picture
of pedestal transport processes and to predict future reactor operation.

Conventional neoclassical orderings [172] are limited in the pedestal because the scale
lengths of Er can be as small as the poloidal ion gyroradius. In Reference [164], a high
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charge number ordering for impurities was employed to cope with limitations of conven-
tional neoclassical orderings, but maintain a local treatment of transport. This treatment
allowed some behavior of impurities to be understood for banana regime main ions, demon-
strating that large main ion gradients poloidally redistribute impurity ions to reduce their
parallel friction with main ions, as well as their neoclassical particle flux. This resulted in
accumulation on the high field side of the tokamak. Further work considered the cases of
strong rotation [166] and plateau regime main ions [168]. The Charge Exchange Recom-
bination Spectroscopy (CXRS) diagnostic measures spectroscopic emission from impurities,
and its measurements can be used to infer the pedestal radial electric field Er as well as
in-out poloidal asymmetries in Er and impurity density [129], [173]–[177]. In more recent
neoclassical impurity models, the banana regime formulation of Reference [164] has been
recast into a form that utilizes CXRS measurement capabilities, using a poloidal impurity
flow term in place of a term that requires solving the kinetic equation for the main ions in
the presence of impurities [18], [178], [179]. In all these models, the poloidal variation of the
magnetic field is responsible for the poloidal variation of the impurity density, which is in
turn responsible for the poloidal variation of the electric field.

The pedestal region of I-mode and H-mode can be in either the plateau or banana regime
of collisionality, depending on the exact parameters of the plasma and the location in the
pedestal. The material that follows will show that these regimes share the same character-
istics in terms of poloidal impurity density variation. We will also show that the impurity
pressure gradient term can be retained by allowing moderate impurity charge numbers (e.g.
nitrogen, carbon, and boron) rather than very large (e.g. tungsten) charge numbers, and
using an aspect ratio expansion for the impurity pressure gradient terms. This impurity
diamagnetic term will be shown to be small. In this model, the plateau regime solution of
the main ion kinetic equation and treatment of ambipolarity are improved.

The rest of this appendix will develop a model of impurity transport in the pedestal,
beginning in Section A.2 with an introduction to the tokamak notation and coordinates
used. Next, in Section A.3, general expressions will be presented for the parallel impurity
momentum equation, quasineutrality, radial impurity flux, and the impurity flow, all with
the impurity pressure term retained. In Sections A.4 and A.5 the general expressions are
applied to banana regime main ions and plateau regime main ions separately. Approximate
solutions for the poloidal variation of impurity density in the plateau and banana regimes will
be presented in Section A.6, and diffusion and convection forms of the impurity continuity
equation are discussed in Section A.7. Finally in Section A.8, predictions of impurity density
accumulation and radial fluxes from the model are given for I-mode and H-mode scenarios.

A.2 Geometry

Before describing the behavior of impurities and main ions, the tokamak geometry used must
be introduced. The magnetic field of an axisymmetric tokamak can be written as:

B⃗ = I∇ζ +∇ζ ×∇ψ = ∇ (ζ − qϑ)×∇ψ = Bb⃗ (A.1)

where ψ is the poloidal flux function, ζ is the toroidal angle with |∇ζ| = R−1, ϑ is the
poloidal angle, q is the safety factor, b⃗ is the unit vector along B⃗, and I = I (ψ) = RBt with
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Figure A.1: Tokamak geometry.

R the major radius and Bt the toroidal magnetic field. This geometry is shown in Figure
A.1. By picking ϑ such that

B⃗ · ∇ϑ =
|I|
qR2

=
1

q
|B⃗ · ∇ζ|, (A.2)

q will be a flux function q = q (ψ).
Additional useful relations include:

B⃗ ×∇ψ = IB⃗ −B2R2∇ζ (A.3)

|∇ψ| = RBp (A.4)

∇ζ · ∇ψ = 0 = ∇ζ · ∇ϑ (A.5)

∇ψ ×∇ϑ · ∇ζ = B⃗ · ∇ϑ (A.6)

where Bp is the poloidal magnetic field. The toroidal current is taken to be in the ∇ζ
direction, making Bp > 0 and B⃗ ·∇ϑ > 0. The low field side (LFS) equatorial plane is taken
to be ϑ = 0 with ϑ increasing in the B⃗p = ∇ζ ×∇ψ direction. The toroidal magnetic field
can be in the co-current (Bt > 0) or counter-current (Bt < 0) direction.

In ψ, ϑ, ζ variables, the components of any vector A⃗ can be written as:

A⃗ =
1

∇ψ ×∇ϑ · ∇ζ

[(
A⃗ · ∇ψ

)
(∇ϑ×∇ζ) +

(
A⃗ · ∇ϑ

)
(∇ζ ×∇ψ) +

(
A⃗ · ∇ζ

)
(∇ψ ×∇ϑ)

]
(A.7)
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In this form, the divergence is formed as:

∇ · A⃗ =

[
∂

∂ψ

(
A⃗ · ∇ψ
B⃗ · ∇ϑ

)
+

∂

∂ϑ

(
A⃗ · ∇ϑ
B⃗ · ∇ϑ

)]
B⃗ · ∇ϑ (A.8)

In a tokamak, the flux surface average of a scalar quantity A is defined as:

⟨A⟩ = 1

V ′

∮
dϑ A

B⃗ · ∇ϑ
(A.9)

with V ′ =
∮

dϑ

B⃗·∇ϑ
and the ϑ integral over a full 2π when A = A (ψ, ϑ). The flux surface

average operating on the divergence of a vector A⃗ gives:〈
∇ · A⃗

〉
=

1

V ′
∂

∂ψ

(
V ′
〈
A⃗ · ∇ψ

〉)
(A.10)

For current density J⃗ ,
〈
∇ · J⃗

〉
= 0 will give the ambipolarity condition

〈
J⃗ · ∇ψ

〉
= 0 upon

integration from the magnetic axis.

A.3 Impurity treatment

The lowest order momentum conservation equation for impurities (subscript z) with charge
Zz and mass Mz is:

Zzenz

(
∇Φ− 1

c
V⃗z × B⃗

)
+∇pz = b⃗F

∥
zi = b⃗Mz

∫
d3vv∥Czi (A.11)

Here, e is the proton charge, c is the speed of light, F ∥
zi is the parallel collisional friction

between impurities and main ions (subscript i), Czi is the collision operator for impurities
colliding with main ions, nz and pz = nzTi(ψ) are the impurity density and pressure, V⃗z is
the impurity velocity, and Φ is the electrostatic potential. Equilibration with main ions is
assumed to give Tz = Ti. Only low flow speeds are considered here, making the inertial term
negligible. Sonic rotation was considered in Reference [166].

The ordering

ZzeΦ ∼ Ti ≫ ZieΦ (A.12)

is assumed, where Zi and ni are the main ion charge number and density. This allows
Zzenz∇Φ ∼ ∇pz, and allows the formulation of a theoretical description where all the terms
in Eq. A.11 are the same magnitude. While this ordering allows for insight into pedestal
neoclassical impurity transport, it is not as general as a true pedestal ordering that requires
ZieΦ ∼ Ti to permit Zieni ∂Φ∂ψ ∼ ∂pi

∂ψ
[180]. The theoretical model developed here assumes:

∂pi
∂ψ

≫ Zeeni
∂Φ

∂ψ
≫ Zzenz

∂Φ

∂ψ
∼ ∂pz
∂ψ

(A.13)

An expression for the radial electric field, Er, is found by dotting momentum balance by
∇ϑ×∇ζ and neglecting the friction contribution as small to give:

145



Er = −RBp
∂Φ

∂ψ
≈ RBp

Zzenz

∂pz
∂ψ

+
RBp

c
V⃗z · ∇ζ −

IBp

cR

V⃗z · ∇ϑ
B⃗ · ∇ϑ

≈ RBp

Zzenz

∂pz
∂ψ

+
1

c
(VtBp − VpBt)

(A.14)
Er can be determined experimentally by measuring the diamagnetic, toroidal, and poloidal
flow contributions in Eq. A.14 using injected or intrinsic impurities in the plasma [129],
[173], [174], [181]. The orderings given in A.12 and A.13 allow all terms in Eq. A.14 to be
the same order.

The flux surface averaged electrostatic potential, ⟨Φ⟩, is largely determined by the main
ions through conservation of toroidal angular momentum. The poloidal variation of the
electrostatic potential is given by Φ − ⟨Φ⟩. The poloidal variation of the impurity density
is found from conservation of impurity parallel momentum. Due to the need to maintain
quasineutrality, impurities can result in strong poloidal variation in Φ − ⟨Φ⟩. Er can also
vary poloidally due to contributions from ∂

∂ψ
(Φ− ⟨Φ⟩).

Momentum balance yields the perpendicular flow velocity V⃗⊥z, giving:

nzV⃗z = nzV⃗⊥z + nzV⃗∥z b⃗ = c
B⃗

B2
×
[
nz∇Φ +

∇pz
Zze

]
+ nzV∥z

B⃗

B
(A.15)

The impurity flow can also be written as:

nzV⃗z = LzB⃗ + nzωzR
2∇ζ −Υ∇ϑ×∇ζ (A.16)

Here, the Υ term allows a radial flow departure from a flux surface:

nzV⃗z · ∇ψ = −ΥB⃗ · ∇ϑ =
cI

ZzeB2

(
B⃗ · ∇pz + ZzenzB⃗ · ∇Φ

)
. (A.17)

The angular frequency ωz = ωz(ψ, ϑ) contributes to the toroidal flow:

V⃗z · ∇ζ = ωz +
1

nz
LzB⃗ · ∇ζ. (A.18)

The parallel flow coefficient Lz is related to the poloidal flow and leads to the expression:

nzV⃗z · ∇ϑ = LzB⃗ · ∇ϑ =

[
nzV∥z
B

+
cI

ZzeB2

(
∂pz
∂ψ

+ Zzenz
∂Φ

∂ψ

)]
B⃗ · ∇ϑ. (A.19)

Additionally, the impurity continuity equation gives:

0 = ∇ ·
(
nzV⃗z

)
− B⃗ · ∇ϑ

(
∂Lz
∂ϑ

− ∂Υ

∂ψ

)
. (A.20)

Lz is not a flux function, due to the retention of the radial impurity pressure gradient and
the poloidal variation of electrostatic potential and the impurity pressure. The poloidal
variation of the potential and impurity density are responsible for the radial impurity flow.
Standard banana and plateau regime treatments assume these quantities are flux functions,
so a radial impurity flow does not occur [172]. Treatments focused on measuring poloidal
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variation of impurity flow on a flux surface do not consider the small radial flow correction
Υ [182], [183]. In Reference [164], the ∂Υ

∂ψ
term is ignored because Zz is assumed to be very

large.
The parallel impurity momentum equation is given by:

B⃗ · ∇pz + ZzenzB⃗ · ∇Φ = BF
∥
zi = −BF ∥

iz = −MiB

∫
d3vv∥Ciz. (A.21)

To evaluate this, collisional momentum conservation

Mz

∫
d3vv∥Czi +Mi

∫
d3vv∥Ciz = 0 (A.22)

is employed since it is convenient to use the collision operator Ciz for the faster background
ions colliding with the slower impurities:

Ciz{fi1} =
3
√
2πT

3/2
i νiz

4M
3/2
i

∇v ·
[
∇v∇vv · ∇v

(
fi1 −

Mi

Ti
V∥zv∥fi0

)]
(A.23)

where fi = fi0 + fi1, with fi1 the non-adiabatic perturbed ion distribution function and fi0
the Maxwellian (which must be a flux function and depend on total energy in the banana
and plateau regimes):

fi0 = ni

(
Mi

2πTi

)3/2

e−Miv
2/2Ti ≈ ⟨ni⟩

[
1− Zie (Φ− ⟨Φ⟩) 1

Ti

]
e−Miv

2/2Ti (A.24)

with ne ≈ ⟨ni⟩
[
1− Zie (Φ− ⟨Φ⟩) 1

Ti

]
. It is convenient to keep the perturbed Maxwell-

Boltzmann response in fi0. The ion-impurity collision frequency νiz is defined as:

νiz = nz
4
√
2πZ2

i Z
2
z e

4

3M
1/2
i T

3/2
i

ln Λ (A.25)

where ln Λ is the Coulomb logarithm, Mi is the background ion mass, and νiz/νzi =
Mznz/2Mini ≪ 1, where νzi is the impurity-ion collision frequency. Evaluating the par-
allel friction gives:

F
∥
iz =Mi

∫
d3vv∥Ciz =Miniνiz

(
V∥z −

3
√
2πT

3/2
i

2M
3/2
i ni

∫
d3v

v∥fi1
v3

)
= −F ∥

zi. (A.26)

Only unlike particle collisions cause particle transport. The banana regime diffusivity for
electrons colliding with the main ions, De, is roughly De ∼ q2ρ2eνei/ϵ

3/2 ∝ neM
1/2
e , with ρe

the electron gyroradius, νei the electron-ion collision frequency, and Me the electron mass.
The banana regime diffusivity for the faster main ions colliding with the slower impurities,
Di, is roughly Di ∼ q2ρ2i νiz/ϵ

3/2 ∝ Z2
znzM

1/2
i , with ρi the ion gyroradius. Therefore, as long

as Z2
znz/ne ≫ (Me/Mi)

1/2, electron transport can be ignored. Then, ambipolarity between
ions and impurities requires:
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Zi

〈
niV⃗i · ∇ψ

〉
= −Zz

〈
nzV⃗z · ∇ψ

〉
= Zz

〈
ΥB⃗ · ∇ϑ

〉
= −cI

e

〈
F

∥
iz

B

〉
(A.27)

with the poloidal variation of Υ essential to obtain finite particle fluxes. The poloidal vari-
ation of the magnetic field in the parallel friction gives rise to poloidal variation of the po-
tential and densities. These poloidal density variations must satisfy quasineutrality, which
upon taking hte poloidal derivative yields:

B⃗ · ∇ne = ZiB⃗ · ∇ni + ZzB⃗ · ∇nz (A.28)

Assuming the temperatures are flux functions, and using a Maxwell-Boltzmann response for
the electrons, ne ≈ ⟨ne⟩ [1 + e (Φ− ⟨Φ⟩) /Te (ψ)], and background ions, leads to:

ZzB⃗ · ∇nz = ⟨ne⟩
(
e

Te
+
Zie

Ti

)
B⃗ · ∇Φ, (A.29)

where the impurity density is assumed small in order not to alter lowest order quasineu-
trality, ⟨ne⟩ = Zi ⟨ni⟩ ≫ Zz ⟨nz⟩. Consequently, the potential can be eliminated from the
parallel momentum constraint, and the solution for nz must satisfy the solubility constraint〈
BF

∥
iz

〉
= 0. Using quasineutrality to rewrite the parallel impurity equation yields:(

1 +
αnz
⟨nz⟩

)
B⃗ · ∇nz =

BF
∥
iz

Ti
(A.30)

where

α =
Z2
z ⟨nz⟩ τ

Zi ⟨ne⟩ (1 + τ)
(A.31)

is allowed to be order unity or less, and τ = ZiTe/Ti. Equations A.29 and A.14 and the
preceding orderings allow Zze (Φ− ⟨Φ⟩) /Ti ∼ (nz − ⟨nz⟩) / ⟨nz⟩ ∼ 1 as well as Zze ⟨Φ⟩ ∼ Ti,
but assume Zie (Φ− ⟨Φ⟩) /Ti ≪ 1.

The poloidal variation of the impurity density is due to the poloidal variation of the
magnetic field in BF

∥
iz. Using the normalizations n = nz/ ⟨nz⟩ and b2 = B2/ ⟨B2⟩, and

introducing dθ =
〈
B⃗ · ∇ϑ

〉
dϑ/B⃗ · ∇ϑ to remove the ϑ dependence of B⃗ · ∇ϑ, the parallel

impurity momentum equation becomes:

(1 + αn)
∂n

∂θ
= − Mini ⟨νiz⟩ ⟨B2⟩

⟨nz⟩ ⟨pz⟩
〈
B⃗ · ∇ϑ

〉b2(nzV∥z
B

− 3
√
2πT

3/2
i nz

2M
3/2
i ni

∫
d3v

v∥fi1
Bv3

)
(A.32)

where ni ≃ ⟨ni⟩ is used in the coefficients on the right side, since it gives a negligible
correction of order Zie (Φ− ⟨Φ⟩) /Ti ∼ Zz (nz ⟨nz⟩) / ⟨ne⟩ ≪ 1. Here, and in the remainder
of this appendix, ni ≈ ⟨ni⟩ and pi ≈ ⟨pi⟩ = ⟨ni⟩Ti but nz ̸= ⟨nz⟩.

Taking the poloidal derivative of quasineutrality also allows Υ to be written as:
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Υ =
cITi
ZzeB2

(
1 +

αnz
⟨nz⟩

)
∂nz
∂ϑ

=
cI ⟨pz⟩
ZzeB2

∂

∂ϑ

[
n− 1 +

α

2

(
n2 − 1

)]
. (A.33)

Notice that when Zz is very large, Υ → 0 giving ∂Lz/∂ϑ→ 0, which is the limit considered
in Reference [164]. The lowest order poloidal variation of Lz due to impurity diamagnetic
effects can be retained by assuming the poloidal variation of the magnetic field is weak by
ordering:

1

⟨nz⟩
∂nz
∂ϑ

∼ 1

⟨B2⟩
∂B2

∂ϑ
∼ ϵ≪ 1. (A.34)

This ordering is consistent with the inverse aspect ratio ϵ = a/R expansion necessary in
the plateau regime, where a is minor radius. In the banana regime, this expansion is only
necessary to treat impurity pressure terms, but illustrates how their behavior enters in a
limited extent. In the banana regime, all other terms can be retained for general B, and
therefore, for quite general nz as long as the poloidal ion gyroradius is small compared to
the radial scale lengths. The aspect ratio expansion means:

1

b2
∂

∂ϑ

[
n− 1 +

α

2

(
n2 − 1

)]
=

∂

∂ϑ

[
n− 1

b2
+

α

2b2
(
n2 − 1

)]
−
[
n− 1 +

α

2

(
n2 − 1

)] ∂

∂ϑ

(
1

b2

)
(A.35)

where the last term is order ϵ2. Consequently, impurity diamagentic modifications of order
Ziϵ/Zz are retained by writing Υ as:

Υ =
cI ⟨pz⟩
Zze ⟨B2⟩

∂

∂ϑ

[
n− 1

b2
+

α

2b2
(
n2 − 1

)]
+∆, (A.36)

with
〈
ΥB⃗ · ∇ϑ

〉
=
〈
∆B⃗ · ∇ϑ

〉
and Ziϵ2/Zz corrections from ∆:

∆ =
cI ⟨pz⟩
Zze ⟨B2⟩

[
n− 1 +

α

2

(
n2 − 1

)] ∂

∂ϑ

(
1− 1

b2

)
. (A.37)

Ignoring the ∆ term as small in ∇ ·
(
nzV⃗z

)
= 0 and integrating Eq. A.20 leads to:

nzV⃗z · ∇ϑ
B⃗ · ∇ϑ

= Lz ≈ Kz (ψ) +
∂

∂ψ

{
cI ⟨pz⟩
Zze ⟨B2⟩

[
n− 1

b2
+

α

2b2
(
n2 − 1

)]}
(A.38)

with Kz a flux function associated with the poloidal flow. The preceding and

nzV⃗z · ∇ϑ
B⃗ · ∇ϑ

=
nzV∥z
B

+
cI

B2

(
nz
∂Φ

∂ψ
+

1

Zze

∂pz
∂ψ

)
(A.39)

allow the parallel impurity flow to be written as:

nzV∥z
B

= Kz (ψ)−
cI

B2

(
nz
∂Φ

∂ψ
+

1

Zze

∂ ⟨pz⟩
∂ψ

)
+

cI

ZzeB2

∂

∂ψ
[α ⟨pz⟩ (n− 1)] , (A.40)

where in ⟨pz⟩ terms, the radial variation of B is weak compared to that of nz, ni, and Ti.
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To make further progress, more details for the solution fi1 are required. These details can
be obtained by considering the background ions to be in either the banana (ν∗ < 1) or plateau
(1 < ν∗ < 1/ϵ3/2) regimes, where collisionality ν∗ ≡ νiiqR/viϵ

3/2 with νii = ni
4
√
πZ4

i e
4

3M
1/2
i T

3/2
i

lnΛ

the ion-ion collision frequency and vi =
√

2Ti/Mi the ion thermal speed. We will consider
these two regimes separately, beginning with the banana regime. In both cases, the im-
purities may be collisional even for moderate Zz/Zi, as νzz/νii = Z4

znzM
1/2
i /Z4

i niM
1/2
z ∼

α (Zz/Zi)
2 (νiiqR/vi) with νzz the impurity-impurity collision frequency and vz =

√
2Ti/Mz

the impurity thermal speed. The preceding indicates the impurities become collisional when
α (Zz/Zi)

2 > 1. Collisional background ions are not considered here, but were were investi-
gated in References [167], [184], [185].

A.4 Background ions: banana regime

In the banana regime the background ion kinetic equation is formulated to be solved in total
energy, E = v2/2 + ZieΦ/Mi, and magnetic moment, µ = v2⊥/2B, variables. The kinetic
equation is:

v∥⃗b · ∇h1 = C1

{
h1 −

Iv∥
Ωi

∂fi0
∂ψ

∣∣∣∣
E

}
(A.41)

where C1 is the ion-ion plus ion-impurity collision operator, Ωi = ZieB/Mic is the ion
cyclotron frequency,

fi0 = η(ψ)

(
Mi

2πTi

)3/2

e−MiE/Ti ≈ ⟨ni⟩
[
1− 1

Ti
Zie (Φ− ⟨Φ⟩)

]
e−Miv

2/2Ti (A.42)

with ni = ηe−ZieΦ/Ti ≈ ⟨ni⟩
[
1− 1

Ti
Zie (Φ− ⟨Φ⟩)

]
as before, with η = ⟨ni⟩ eZie⟨Φ⟩/Ti a pseudo-

density, and h1 related to f1 by:

fi1 = h1 −
Iv∥
Ωi

∂fi0
∂ψ

∣∣∣∣
E

= h1 −
Iv∥fi0
Ωi

[
1

pi

∂pi
∂ψ

+
Zie

Ti

∂Φ

∂ψ
+

(
Miv

2

2Ti
− 5

2

)
1

Ti

δTi
δψ

]
. (A.43)

Evaluating the integrals for the explicit friction terms yields:

3
√
2πT

3/2
i nz

2M
3/2
i ni

∫
d3v

v∥(fi1 − h1)

Bv3
= −cInz

B2

∂Φ

∂ψ
− cInz
ZieniB2

(
∂pi
∂ψ

− 3ni
2

∂Ti
∂ψ

)
. (A.44)

In the banana regime, v∥⃗b · ∇h1 = 0 to lowest order, making:

u ≡ 3
√
2πT

3/2
i

2M
3/2
i

∫
d3v

v∥h1
Bv3

(A.45)

a flux function. The trapped ion portion of h1 vanishes, as can be seen by transit averaging
the next order kinetic equation and noting v∥ changes sign upon reflection. Then the terms
in Eq. A.26 on the right side of the parallel momentum equation combine to give:
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nzV∥z
B

− 3
√
2πT

3/2
i nz

2M
3/2
i ni

∫
d3v

v∥fi1
Bv3

= Kz −
nzu

ni
+

cI

ZzeB2

∂

∂ψ
[α ⟨pz⟩ (n− 1)− ⟨pz⟩]

+
cInz

ZieniB2

(
∂pi
∂ψ

− 3ni
2

∂Ti
∂ψ

) (A.46)

In addition, the radial particle flux is:

Zi

〈
niV⃗i · ∇ψ

〉
=
cI

e

〈
F

∥
iz

B

〉
= −cIMini ⟨νiz⟩

e ⟨nz⟩

{
Kz −

⟨nz⟩u
ni

+
cI

Zze

〈
1

B2

∂

∂ψ
[α ⟨pz⟩ (n− 1)

−⟨pz⟩+
cI

Zieni

〈 nz
B2

〉(∂pi
∂ψ

− 3ni
2

∂Ti
∂ψ

)}
(A.47)

Defining the gradient flux function G by:

G = G(ψ) = − cIMi ⟨νiz⟩

Zie ⟨pz⟩
〈
B⃗ · ∇ϑ

〉 (∂pi
∂ψ

− 3ni
2

∂Ti
∂ψ

)
, (A.48)

an impurity diamagnetic flux function D ∝ 1/Zz by:

D = D(ψ) = − cIMini ⟨νiz⟩

Zze ⟨pz⟩ ⟨nz⟩
〈
B⃗ · ∇ϑ

〉 ∂ ⟨pz⟩
∂ψ

, (A.49)

a poloidal flow function K:

K = K(ψ) =
Mini ⟨νiz⟩ ⟨B2⟩

⟨pz⟩ ⟨nz⟩
〈
B⃗ · ∇ϑ

〉Kz, (A.50)

and a flow quantity U (that is only a flux function in the banana regime):

U =
Mi ⟨νiz⟩ ⟨B2⟩u

⟨pz⟩
〈
B⃗ · ∇ϑ

〉 , (A.51)

then the parallel impurity momentum equation in the banana regime becomes:

(1 + αn)
∂n

∂θ
= Gn−Kb2 + Unb2 −D

[
1− ∂ [α ⟨pz⟩ (n− 1)] /∂ψ

∂ ⟨pz⟩ /∂ψ

]
. (A.52)

To obtain the last term it is necessary to make an aspect ratio expansion, A.34, but the other
terms are valid for general B and nz. Notice that the final term in the expression multiply-
ing D vanishes to lowest order upon flux surface averaging. Except for the generalization
to include poloidal variation due to impurity diamagnetic effects, the orderings here are es-
sentially the same as in References [164] and [168], where the impurity diamagnetic term is
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ignored by assuming very large Zz/Zi. The treatment here retains D to lowest order in the
parallel impurity momentum equation. Consequently, moderate Zz/Zi ≫ 1 (e.g. carbon or
boron) are allowed, but very large Zz/Zi (e.g. tungsten) need not be assumed.

This treatment, as well as that in References [164] and [168] allow:

G ∼ ρip
L⊥

Z2
z

Z2
i

qRνii
vi

∼ 1 (A.53)

where the poloidal ion gyroradius, ρip = viB/ΩiBp is assumed much smaller than the radial
scale length L⊥. At the banana-plateau transition, G ∼ (ρip/L⊥) (Zz/Zi)

2 ϵ3/2, indicating
that for G ∼ 1, (Zz/Zi)

2 ϵ3/2 ≫ 1 is required.
Recalling that in the banana regime, the quantity U is a flux function, the solubility

constraint
K = G+ U

〈
nb2
〉
−D (A.54)

can be employed to eliminate K:

(1 + αn)
∂n

∂θ
= G

(
n− b2

)
+Ub2

(
n−

〈
nb2
〉)

−D

[
1− b2 − ∂ [α ⟨pz⟩ (n− 1)] /∂ψ

∂ ⟨pz⟩ /∂ψ

]
, (A.55)

which agrees with Reference [164] when Zz → ∞. The orderings assume D/G ∼ Zi/Zz ≪ 1.
The D term assumes ϵ ≪ 1 and enters because then D(1 − b2)/G(n − b2) ∼ Zi/ϵZz ∼ 1
is allowed. Measurements on Alcator C-Mod for Bt > 0 indicate K > 0 and D > 0 over
most of the pedestal in both H-mode and I-mode [129]. In I-mode ηi ≡ dlnTi/dlnni > 2
is expected, giving G < 0 in C-Mod and the flow term U > 0 in the banana regime. In
H-mode, ηi < 2 is anticipated, givien G > 0 in C-Mod, so U can be of either sign.

With CXRS one can measure impurity flows as well as impurity density and temperature
variations. Therefore, it is useful to use solubility to eliminate U instead of K to rewrite the
parallel impurity momentum equation in the banana regime as:

(1 + αn)
∂n

∂θ
= G

(
n− nb2

⟨nb2⟩

)
−K

(
b2 − nb2

⟨nb2⟩

)
+D

[
(n− 1) +

(
b2 − 1

)
+
∂ [α ⟨pz⟩ (n− 1)] /∂ψ

∂ ⟨pz⟩ /∂ψ
,

(A.56)

which generalizes the Zz → ∞ form in Reference [178] to include poloidal variation driven
by the impurity pressure terms. To obtain this form, Zi/Zz ∼ ϵ is assumed to simplify the
D term by using nb2/ ⟨nb2⟩ − b2 ≈ n − 1. The orderings allow G ∼ 1 ∼ K ∼ ZzD/Zi.
For this ordering, impurity pressure effects are only allowed to alter the poloidal variation
of the impurity density by terms of order ϵ. For a realistic, strongly varying magnetic field,
this equation could be solved numerically to find strong poloidal variation in the impurity
density. However, due to the difficulty of determining the various coefficients with the
requisite certainty, only a simple limiting solution will be given once the plateau regime
equation is derived. In the weak gradient and flow, low confinement limit (L-mode), the
small up-down asymmetry satisfies (1 + α)∂n/∂θ ≈ G(1− b2) as in [164].
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In addition to the poloidal impurity density variation, the particle flux can be evaluated
for banana regime background ions from friction. Using the same orderings,

F
∥
iz

B
=

⟨pz⟩
〈
B⃗ · ∇ϑ

〉
⟨B2⟩

{
G

(
n

b2
− n

⟨nb2⟩

)
−K

(
1− 1

⟨nb2⟩

)
+

D

[
n

b2
+ 1− 2

b2
+
∂ [α ⟨pz⟩ (n− 1)] /∂ψ

b2∂ ⟨pz⟩ /∂ψ

]}
.

(A.57)

The D term is negligible once Eq. A.57 is averaged (recall it is derived assuming ϵ ≪ 1),
leading to the particle flux of the banana regime background ions being:

〈
niV⃗i · ∇ψ

〉
=

cI

Zie

〈
F

∥
iz

B

〉
= −

cI ⟨pz⟩
〈
B⃗ · ∇ϑ

〉
Zie ⟨B2⟩

[
G

(〈 n
b2

〉
− 1

⟨nb2⟩

)
−K

(
1− 1

⟨nb2⟩

)]
,

(A.58)
as in [18], [178], [179], which also assume Ti = Tz = ⟨Tz⟩. This flux vanishes as desired for
nz → 0. Also large gradient (G ≫ 1 and D ≫ 1) and flow (K ≫ 1) drives make the right
side of Eq. A.56 vanish and thereby reduce the friction (Eq. A.57) and radial transport (Eq.
A.58), as pointed out in [164]. When K is retained instead of U with G ∼ K ≫ 1 ∼ D, Eq.
A.56 reduces to:

G

(
n− nb2

⟨nb2⟩

)
≈ K

(
b2 − nb2

⟨nb2⟩

)
, (A.59)

indicating that for G > 0 and K > 0 (or G < 0 and K < 0), impurity accumulation will
be large on the high field side (HFS), while impurity accumulation will occur on the low
field side (LFS) when G and K are of opposite sign. The general form of Eq. A.57 and
the approximate form Eq. A.59 allow strong poloidal variation in the magnetic field and
the impurity density. For example, Eq. A.59 can be solved for a specified b2 by defining
g ≡ G/K to obtain the lowest order result:

n = b2/
[
g + (1− g)b2/

〈
nb2
〉]

(A.60)

for a fixed g. The constant ⟨nb2⟩ determined implicitly from the constraint:〈
b2/
[
g + (1− g)b2/

〈
nb2
〉]〉

= 1. (A.61)

The special case g = 1 gives n = b2 to lowest order. It allows Eq. A.56 to be solved to next
order to find:

n = b2 + 1K

[(
1 + αb2

) ∂b2
∂θ

−D
(
b2 − 1

) ∂ (α ⟨pz⟩) /∂ψ
2 + ∂ ⟨pz⟩ /∂ψ

]
, (A.62)

demonstrating impurity diamagnetic modifications occur for G = K ≫ D ∼ 1.
The plateau regime parallel momentum equation and particle flux for the impurities are

derived next, before approximate solutions are presented.
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A.5 Background ions: plateau regime

In the plateau regime, (1 > νiiqR/vi > ϵ3/2), the form of the collision operator Ciz makes it
necessary to let:

fiz = H1 +
Mi

Ti
V∥zv∥fi0, (A.63)

with H1 and h1 related by:

h1 −H1 =
Iv∥
Ωi

∂fi0
∂ψ

∣∣∣
E
+
Mi

Ti
V∥zv∥fi0, (A.64)

and, unlike the banana regime, v∥⃗b · ∇h1 ̸= 0. Then the plateau regime background ion
kinetic equation to be solved for ϵ≪ 1 is:

v∥⃗b · ∇ϑ
∂H1

∂ϑ
− C1{H1} = −v∥⃗b · ∇ϑ

∂

∂ϑ

(
IV∥
Ωi

∂fi0
∂ψ

∣∣∣+ Mi

Ti
V∥zv∥fi0

)
. (A.65)

In addition, the parallel impurity momentum equation to be solved for ϵ≪ 1 is:

(1 + αn)
∂n

∂θ
= − BF

∥
iz

⟨pz⟩
〈
B⃗ · ∇ϑ

〉 =
3
√
2πT

3/2
i νizB

2M
1/2
i ⟨pz⟩

〈
B⃗ · ∇ϑ

〉 ∫ d3v
v∥H1

v3
(A.66)

Solving in the plateau regime, there are subtleties that need to be explained in some detail
as the procedure used here differs from that of Reference [168], which assumes differences in
poloidal variation are unimportant by making the replacement:

V∥z → − cI

ZieBni

[
∂pi
∂ψ

+ Zini
∂Φ

∂ψ
+
yb2ni
2

∂Ti
∂ψ

]
≡ V plat

∥I . (A.67)

Reference [168] assumes very large Zz so no ⟨pz⟩ terms enter, and determine y from am-
bipolarity to recover V plat

∥I , the usual plateau expression [172] for the parallel ion flow when
y = 1.

For a plateau regime to exist, ϵ ≈ r/R0 ≪ 1 is required, where R0 is the major radius
of the magnetic axis. In addition to dθ =

〈
B⃗ · ∇ϑ

〉
/B⃗ · ∇ϑ and B = B0 (1− ϵcosθ + . . . ),

with B2
0 = ⟨B2⟩ and

〈
B⃗ · ϑ

〉
≈ B0/qR0, a large aspect ratio for for n,

n = 1 + ϵ (nccosθ + nssinθ) , (A.68)

must be employed in the drive terms Kz
∂
∂θ

(
B
nz

)
, ∂⟨pz⟩

∂ψ
∂
∂θ

(
1

Bnz

)
, and ∂

∂ψ
α ⟨pz⟩ ∂(n−1)

∂θ
of V∥z.

Here, nc and ns are the coefficients that will be determined by solving Eq. A.66. Then the
plateau regime kinetic equation is written as:

v∥
∂H1

∂ϑ
− qR0C1{H1} = Qssinθ +Qccosθ, (A.69)

where θ dependence enters only via sinθ and cosθ. The coefficients are:
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Qs =
ϵMi

2Ti

{cI (v2⊥ + 2v2∥

)
ZieB0ni
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∂pi
∂ψ

− Zini
Zz ⟨nz⟩

∂ ⟨pz⟩
∂ψ

+

(
Miv
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2Ti
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)
ni
∂Ti
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]
+
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∥
]
+
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ZzeB0 ⟨nz⟩

[
nc
∂ ⟨pz⟩
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+
∂
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(α ⟨pz⟩nc)

]}
fi0,

(A.70)

and

Qc = −ϵMi

Ti

{ cI

ZzeB0 ⟨nz⟩

[
ns
∂ ⟨pz⟩
∂ψ

+
∂

∂ψ
(α ⟨pz⟩ns)

]
− KzB0

⟨nz⟩
ns

}
v2∥fi0. (A.71)

Even in the Zz → ∞ limit, the poloidal variation of the impurity density matters and
enters through the Kznc and Kzns terms. In the plateau regime, most ions are collisionless,
requiring qRνii/vi ≪ 1. Nevertheless, collisions must be strong enough that no ions are
trapped. The ξ boundary layer width, ξw is found by balancing streaming with collisions,
ξwvi ∼ νiiqR/ξ

2
w, to give the plateau ordering 1 ≫ ξw ∼ (νiiqR/vi)

1/3 ≫ ϵ1/2, with ϵ1/2 the
trapped fraction.

Once the kinetic equation is in the proper form for the plateau regime, the details of the
collision operator do not matter in most situations. However to check, the unlike collision
operator Eq. A.23 is used for ion-impurity collisions and the following momentum conserving,
model ion-ion collisions operator is employed:

Cii{fi1} =
3
√
piT

3/2
i νii

2M
3/2
i

∇v ·
[
∇v∇vv · ∇v

(
fi1 −

Mi

Ti
W∥Iv∥fi0

)]
, (A.72)

with

W∥i =
3Ti
∫
d3v

v∥
v3
fi1

Mi

∫
d3v 1

v
fi0

(A.73)

and, for v∥ = ξv,

∇v · (∇v∇vv · ∇vf) =
1

v3
∂

∂ξ

[(
1− ξ2

) ∂f
∂ξ

]
. (A.74)

Only the diffusive terms matter in the plateau regime, giving:

C1{H1} = ν
∂

∂ξ

[(
1− ξ2

) ∂H1

∂ξ

]
≈ ν

∂2H1

∂ξ2
, (A.75)

with

ν =
2
√
2πT

3/2
i

4M
3/2
i v3

(√
2νii + νiz

)
. (A.76)

Then the plateau kinetic equation in v, ξ variables becomes
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ξv
∂H1

∂ϑ
− νqR0

∂2H1

∂ξ2
= Im

{
(Qs + iQc) e

iθ
}
, (A.77)

where the mirror force term, ϵµB0

v
sinθ ∂H1

∂ξ
∼ ϵvH1

ξw
, is negligible compared to ξv ∂H1

∂ϑ
∼ ξwvH1

in the ξ boundary layer of width ξw since ϵ (vi/νiiqR)
2/3 ≪ 1.

The flux function Kz must be chosen in a manner ensuring ion transport vanishes in the
absence of impurities. It is tempting to think of the ion-impurity transport problem as being
very much the same as the electron-ion transport problem. Nonetheless, there are important
and subtle differences. In particular, impurity collisions cannot modify the ion distribution
function when nz → 0, while the electron distribution is always modified by the ion collisions
(see the Appendix of Reference [186] for a summary of the e-i treatment).

Letting u = γξ, defining:

γ =

(
v

νqR0

)1/3

≫ 1, (A.78)

and noting that the localized solution to ∂2h
∂u2

− iuh = −1 is h =
∫∞
0
dxe−x

3/3−iux, the plateau
kinetic equation solution is found to be:
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∫ ∞

0

dxe−x
3/3−iγξx

}
=
γQs

v

[
sinθ

∫ ∞
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0
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0
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3/3sin(γξx)

]
,

(A.79)

where all ξ
√
ϵ ions are collisional and ξ ∼ 1 ions are collision less. For this solution

γ

∫ 1

−1

dξ

∫ 1

0

dxe−x
3/3cos(γξx) = 2

∫ 1

0

dx
1

x
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π (A.80)

implying

γ

∫ 1

0
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3/3cos(γξx) −−→

γ≫1
πδ(ξ) (A.81)

while
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∫ 1
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dx
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d
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and

γ

∫ 1

0

dxe−x
3/3sin(γξx) = −1
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∫ 1

0
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3/3 d
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(A.83)

To evaluate the integrals needed here, all that is required is:

H1 = Qs

[
π

v
δ(ξ)sinθ − cosθ

v∥

]
+Qc

[
π

v
δ(ξ)cosθ − sinθ

v∥

]
(A.84)
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implying the replacement C1{H1} → νeffH1 with νeff ∼ ν/ξ2w can be employed in Eq. A.69.
Only H1 terms odd in v∥ contribute to the friction, giving∫

d3v
v∥H1

v3
= sinθ

∫
d3v

Qc

v3
− cosθ

∫
d3v

Qs

v3
, (A.85)

where
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and
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(A.87)

where ∂ϵ/∂ψ ≈ 1/R2
0Bp = q/rR0B0 terms are ignored as unimportant compared to those

varying on the radial scale of the pedestal and
〈

1
B

∫
d3v

v∥
v3
H1

〉
= 0 for any plateau regime

solution. As a result, the parallel impurity momentum equation to order ϵ for plateau regime
background ions is:

(1 + αn)
∂n

∂θ
= 2ϵ(G−D)cosθ + (K +D)(n− 1) +D

∂ [α ⟨pz⟩ (n− 1)] /∂ψ

∂ ⟨pz⟩ /∂ψ
; (A.88)

exactly the same as for banana regime background ions when ϵ≪ 1 and Eq. A.68 is inserted,
implying that A.55 can be used for both regimes! All D terms are local, except ∂

∂ψ
(n − 1),

since it implicitly leads to second derivatives in radius. The solution n is also local since it
depends on radial first derivatives. The full expression for the D terms was not recovered in
Reference [187] due to a less accurate treatment of the parallel friction.

A.6 Approximate solutions for impurity density varia-
tion and radial particle transport

The parallel impurity momentum equation can be solved in detail if all radial profiles are
accurately known. Here, we give approximate solutions for Zi/Zzϵ ≪ 1. A G ∼ 1 ∼ K ∼
ZzD/Zi, in this limit the lowest order parallel impurity momentum equation is simply:

(1 + αn)
∂n

∂θ
= 2ϵGcosθ +K (n− 1) (A.89)

and the solution for both the banana and plateau regime background ions is:
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n = 1 + 2ϵG
(1 + α)sinθ −Kcosθ

(1 + α)2 +K2
. (A.90)

The clear features of the solution are that the sign of G determines the up-down asymmetry.
The in-out asymmetry depends on the sign and size of both K and G where the sign of the
flux surface averaged poloidal flow gives the sign of K:〈

nzV⃗z · ∇ϑ
〉

〈
B⃗ · ∇ϑ

〉 ≈ Kz(ψ) =
⟨pz⟩ ⟨nz⟩

〈
B⃗ · ∇ϑ

〉
Mini ⟨νiz⟩ ⟨B2⟩

K, (A.91)

as ∇ϑ and ∇ζ × ∇ψ are roughly in the same direction and B⃗ · ∇ϑ ≈
〈
B⃗ · ∇ϑ

〉
to lowest

order.

Banana regime transport

The large aspect ratio background ion particle flux for banana regime ions colliding with
impurities is:

〈
niV⃗i · ∇ψ

〉
= ϵ2

cI ⟨pz⟩
〈
B⃗ · ∇ϑ

〉
Zie ⟨B2⟩

(2G+ ncK) =
2ϵcI(1 + α)2 ⟨pz⟩

〈
B⃗ · ∇ϑ

〉
G

Zie ⟨B2⟩ [(1 + α)2 +K2]
(A.92)

.
Here we use:

〈 n
b2

〉
− 1 =

〈
(b2 − 1)

2

b2

〉
−
〈
(n− 1) (b2 − 1)

b2

〉
≈ (2 + nc) ϵ

2, (A.93)

〈
nb2
〉
− 1 =

〈
(n− 1)

(
b2 − 1

)〉
≈ ncϵ

2, (A.94)

〈 n
b2

〉
− 1

⟨nb2⟩
≈ 2ϵ2, (A.95)

and

K = G+
〈
nb2
〉
U +D ≈ G+ U. (A.96)

Consequently, the direction of the radial ion particle flux for banana regime background
ions depends on the sign of IG ∝ −I2

(
2Ti

∂ni

∂ψ
− ni

∂Ti
∂ψ

)
, while the direction of the poloidal

flow is unimportant as only K2 enters to reduce the transport. When IG > 0 or ηi =
dlnTi/dlnni < 2 (as in H-mode) the background particle flux is outward, while for IG < 0 or
ηi = dlnTi/dlnni > 2 (as in I-mode) the background ions are transported inward [177] and
provide natural fueling. This desirable ηi > 2 case is sometimes referred to as temperature
screening because the radial flux of impurities is outward [188].
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Plateau regime transport

The lowest order expression for the friction used to obtain the parallel impurity momentum
equation for the plateau regime background ions is not good enough to evaluate the particle

flux since
〈
nzV⃗z · ∇ψ

〉
= cI

Zze

〈
F

∥
iz

B

〉
= 0. As a result, the particle flux for plateau regime

ions is negligibly small and Kz must be found from:〈
niV⃗i · ∇ψ

〉
=
〈
d3vfi1v⃗d · ∇ψ

〉
=
〈
d3vH1v⃗d · ∇ψ

〉
(A.97)

where

v⃗d · ∇ψ = Iv∥⃗b · ∇
(
v∥
Ωi

) ∣∣∣∣
E,µ

≈ − ϵMic

2Zieq

(
v2⊥ + 2v2∥

)
sinθ, (A.98)

as the poloidal variation of the potential is very weak. Evaluating the integrals by noting
only the sin terms even in v∥ contribute, with

〈
sin2θ

〉
= 1/2 and d3v = 2πv2dv dξ, yields:

〈
niV⃗i · ∇ψ

〉
= −πϵMic

4Zieq

∫
d3v vδ(ξ)Qs

=

√
2πϵ2IB0T

3/2
i ni

2qΩ2
0M

3/2
i

(
1

pi

∂pi
∂ψ

− Zi
Zz ⟨pz⟩

∂ ⟨pz⟩
∂ψ

+
1

2Ti

∂Ti
∂ψ

+
ZieB

2
0

cI ⟨pz⟩
Kz

) (A.99)

where Ω0 = ZieB0/Mic. The main ion density and temperature gradient terms give a plateau
diffusivity of qv3i /Ω2

0R (which is M1/2
i /M

1/2
e ≫ 1 larger than the electron particle diffusivity).

Comparing the size of the ∂pi/∂ψ terms from both ways of evaluating the particle flux
and accounting for

〈
F

∥
iz/B

〉
= 0 leads to:

(cI/Zie)
〈
F

∥
iz/B

〉
〈∫

d3v H1v⃗d · ∇ψ
〉 ≪ νizqR0

ϵvi
∼ ανiiqR0

ϵvi
, (A.100)

where electron transport is assumed negligible, α1, and
√
ϵ < νiiqR/ϵvi < 1/ϵ in the plateau

regime. The preceding estimate indicates the need to use
〈∫

d3v H1v⃗d · ∇ψ
〉

to evaluate Kz.
Based on these estimates and the need to maintain ambipolarity between the ions and

impurities, the radial ion particle transport must vanish to lowest order:〈
niV⃗i · ∇ψ

〉
≈ 0, (A.101)

thereby determining Kz to be given by:

1

pi

∂pi
∂ψ

− Zi
Zz ⟨pz⟩

∂ ⟨pz⟩
∂ψ

+
1

2Ti

∂Ti
∂ψ

+
Zie ⟨B2⟩
cI ⟨pz⟩

Kz = 0. (A.102)

Again, friction seems to be acting to reduce the neoclassical particle flux.
Ignoring poloidally varying terms, the preceding equation inserted into A.40 leads to the

lowest order relation between the parallel impurity and background ion flows:
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V∥z ≈ −cI
B

∂Φ

∂ψ
− cIB

Zie ⟨B2⟩ni

(
∂pi
∂ψ

+
ni
2

∂Ti
∂ψ

)
≈ V plat

∥i , (A.103)

where V plat
∥i is the usual plateau expression for the parallel ion flow [172]. All the poloidally

varying terms can be evaluated using niV∥i =
∫
d3vv∥fi1 to obtain the full relation between

the parallel ion and impurity flows in the plateau regime:

V∥i − V∥z =
1

ni

∫
dvv∥H1 =

1

ni

(
sinθ

∫
d3vQc − cosθ

∫
d3vQs

)
∼ ϵviρip

L⊥
, (A.104)

but as there are many terms and they are small in ϵ, they are not given here. These terms
account for the difference between the results here and in Reference [168] for Zz → ∞.

Using the preceding expression for V∥z gives a consistency check on the lowest order
plateau regime poloidal impurity flow to be:

〈
nzV⃗z · ∇ϑ

〉
〈
B⃗ · ∇ϑ

〉 ≈ Kz(ψ) = − cI ⟨pz⟩
Zie ⟨B2⟩

(
1

pi

∂pi
∂ψ

− Zi
Zz ⟨pz⟩

∂ ⟨pz⟩
∂ψ

+
1

2Ti

δTi
δψ

)

≈ − cI ⟨pz⟩
Zie ⟨B2⟩

(
1

pi

∂pi
∂ψ

+
1

2Ti

δTi
δψ

)
.

(A.105)

On Alcator C-Mod, a positive poloidal flow (K > 0) is typically observed when I > 0 [129].
In AUG, when I < 0, a negative poloidal flow (K < 0) occurs [174], [181].

The plateau solution in Reference [168] is sensibly formulated to recover the standard
result without impurities, but to do so it assumes Kz/nz = y (cI/2Zie ⟨B2⟩) ∂Ti/∂ψ in V∥z,
with the parameter y determined from ambipolarity. This procedure replaces V∥z by V∥i in
fi1 so it does not properly account for various poloidally varying drive terms in Ciz{(V∥z −
V∥i)v∥fi0} ̸= 0, and thereby misses impurity drive terms which require writing n = 1 +
ϵ(nccosθ + nssinθ). Moreover, like all plateau regime treatment, Reference [168] should
only find H1 to lowest order in ϵ and be unable to evaluate the radial flux from friction as〈
F

∥
iz/B

〉
= 0.

A.7 Diffusion and convection form of impurity continuity

The diffusion and convection form of the continuity equation is useful for understanding
transport. For the banana regime, impurity continuity equation can be cast as:

∂ ⟨nz⟩
∂t

=
1

r

∂

∂r

[
r

(
Dz

∂ ⟨nz⟩
∂r

− Vz ⟨nz⟩
)]

(A.106)

.
The small term D must be retained in Eq. A.58 by making the replacement G→ G−D as
suggested by Equations A.52 and A.99. The orderings used here imply the particle diffusivity
term Dz is less important than the radial convection velocity Vz. Using ambipolarity and
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the large aspect ratio approximation RBp
∂
∂ψ

≈ ∂
∂r

for |∇ψ| = RBp gives the impurity flux
as: 〈

nzV⃗z · ∇ψ
〉
= −Zi

〈
niV⃗i · ∇ψ

〉
≈ −RBp

(
Dz

∂ ⟨nz⟩
∂r

− Vz ⟨nz⟩
)
. (A.107)

Then, Eq. A.92 Leads to:

Dz =
2ϵ2c2Mipi ⟨νiz⟩

Z2
z e

2B2
p ⟨nz⟩ (1 +K2)

(A.108)

and:

RVz
Dz

= −R

Ti

∂Ti
∂r

+
Zz
Zi

(
R

ni

∂ni
∂r

− R

2Ti

∂Ti
∂r

)
≈ Zz
Zi

(
R

ni

∂ni
∂r

− R

2Ti

∂Ti
∂r

)
(A.109)

where the diffusivity and the first term in RVz/Dz are small by Zi/Zz. In the diffusion
and convection form, the outward diffusion (∂ ⟨nz⟩ /∂r < 0) can be counteracted by a pinch
(Vz < 0). The convection velocity changes sign at ηi = 2, with a pinch (Vz < 0) for ηi < 2
and outward Vz > 0 for ηi > 2. The direction of the poloidal flow is unimportant as only K2

enters. In the plateau regime, the vanishing of the radial impurity diffusion determines the
unknown flux function Kz, making the poloidal flow positive (K > 0). In this case, it is not
possible to write a diffusion-convection form of impurity continuity.

The treatment here and in Reference [164] assumes that in the banana regime, the time
for the impurities to diffuse across the magnetic field, L2

⊥/Dz, is large compared to the the
time for the impurities to equilibrate along the magnetic field, q2R2νzz/v

2
z . The ratio yields

a restriction:

1 ≫ q2R2νzz/v
2
z

L2
⊥/Dz

∼
(
ρip
L⊥

Z2
z

Z2
i

qRνii
vi

)2
ϵ2α

(Zz/Zi)
3/2

∼ G2 ϵ2α

(Zz/Zi)
3/2
, (A.110)

consistent with allowing G ∼ 1. However, radial impurity convection is Zz/Zi faster than
diffusion, making the restriction more severe by requiringG2ϵ2α ≪ (Zz/Zi)

1/2. In the plateau
regime, the time for impurities to diffuse across the field is very long, as the radial transport
is negligible, so the impurities are more easily able to equilibrate along the magnetic field.

A.8 Summary

This appendix formulated and solved a pedestal treatment that evaluates the poloidal vari-
ation of the impurity density and electrostatic potential, as related by Eq. A.29. The radial
transport of main ions and impurities in both the banana and plateau regimes has been eval-
uated, with the impurity diamagnetic pressure term maintained. Weak poloidal variation
in the plasma density is retained, but poloidal variation of ion and impurity temperatures
(which are assumed equal) is neglected. This model takes the important assumption that the
poloidal ion gyro radius is small compared to the radial pedestal scale lengths. This may not
necessarily be true in the pedestal, in which case more advanced treatments are needed [180].
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However, the model herein still provides valuable insight by which to understand pedestal
impurity distribution and particle fluxes.

The banana and plateau regime treatments are found to have the same parallel impurity
momentum equation (A.88) at large aspect ratio when the subtleties of the plateau treatment
are taken into account. When the impurity diamagnetic terms are negligible, the banana
regime treatment reduces to the original treatment of Reference [164], with a gradient drive
term in addition to a second drive term that requires solving the perturbed ion kinetic
equation (A.41). This reduced model would also recover the formulation of References [18],
[178], [179], in which the drives are the gradient drive term (A.48) and a poloidal flow term
(A.50). This poloidal flow term can in principle be determined experimentally with the aid
of the CXRS diagnostic.

The new impurity pressure gradient drive terms in the model presented here have the
coefficient defined by Eq. A.49 and account for non-local behavior due to drift departure
from flux surfaces, which comes from the poloidal variation of the impurity density. All
impurity pressure gradient effects are obtained by assuming that the aspect ratio is large.
This assumption does not need to be made for the other terms in the banana regime, but
must always be made in the plateau regime. The impurity pressure gradient terms provide
an additional source of poloidal impurity density variation, as can be seen from Equations
A.56 and A.88. However, because Zi/Zz ≪ 1, these terms do not significantly alter the
radial transport and poloidal flow in the plateau regime or in the large aspect ratio limit of
the banana regime.

Even within the limitations and assumptions of this model, the neoclassical results de-
rived for particle transport and flows provide useful means for understanding and checking
experimental measurements. This is true even when the poloidal variation of the impurity
density is not strong. In the banana regime, when the gradient coefficient G and the poloidal
flow coefficient K are order unity or larger, large poloidal impurity variation occurs. Only
these large G and K solutions are presented here. No attempt is made to explain heat fluxes,
as they are expected to be a combination of neoclassical shear-regulated turbulent processes
[189], [190]. In addition, the Pfirsch-Schlüter regime for the main ions is not considered here
as it requires ρip/L⊥ ≪ vi/qRνii ≪ 1, leading to different results [167], [185].

The signs of I = RBt, G (the gradient drive term), and K (the poloidal flow drive
term) vary depending on geometry and operation mode. As a summary, notable results are
given in Table A.1 for the two directions of magnetic field relative to the Ohmic current:
termed aligned (co) and opposed (counter). The entries in this table are based on Equations
A.90, A.91, A.92, A.101, and A.105. Additional information follows from the general banana
regime solution of Reference [166] in the trace impurity limit, for which:

u ≈ −0.33JIni
Miω0B0

∂Ti
∂ψ

(A.111)

with J ≈ 1−1.46
√
ϵ. Based on this α ≪ 1 limit, U/I > 0 for a negative temperature gradient

as expected in the pedestal. Consequently, using the lower order solubility constraint, K =
G+U , in the H-mode limit the poloidal flow is expected to be in the direction of the poloidal
magnetic field for B = RBt > 0 and opposite to the poloidal magnetic field for I = RBt < 0.
I-mode measurements on Alcator C-Mod [129] and AUG [174] normally find VpBt > 0, giving
KI > 0, except perhaps near the last closed flux surface. This leads to co B⃗p flow for Bt > 0
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and counter B⃗p flow for Bt < 0. In making the table, the stronger density gradient limit
(ηi < 2) is presumed to be H-mode, while the weaker density gradient limit (ηi > 2) is
assumed to be I-mode. L-mode has the weakest temperature gradient and poloidal variation
in G and K are thought to be very small. Impurity accumulation is then also expected to be
very negligible in both the banana and plateau regimes, and banana regime radial transport
is expected to be weak. Therefore, L-mode is not considered in the table. The table is based
on the results presented here, except for the experimental observation that the poloidal flow
term in I-mode makes a negative radial electric field contribution. The results presented in
the table indicate that in-out impurity accumulation is a key difference between H-mode and
I-mode pedestals, while the sign of the toroidal magnetic field and the poloidal impurity flow
are the same (KI > 0).

The simplest, large aspect ratio results presented here can be qualitatively compared to
experimental results. General aspect ratio results can be obtained from Equations A.60 and
A.61 for |G| ≫ 1, where normally g = G/K > 0 in H-mode and G/K < 0 is expected
in I-mode. In C-Mod, with I = RBt > 0 a positive poloidal flow (K > 0) and negative
radial impurity pressure gradient (D > 0) are measured in H-mode and I-mode [129]. In
H-mode at C-Mod, the HFS impurity density is found to be larger than that on the LFS
[176], [177], in agreement with our model. The poloidal variations in AUG are weaker than
in C-Mod. In AUG, when I = RBt < 0 the poloidal flow is negative in H-mode and I-mode
[174]. In H-mode at AUG, the impurity accumulation is on the HFS [181] in agreement with
our model. Impurity density variation is weak in I-mode [177], [181]. Based on Eq. A.14,
neither the radial electric field nor the electrostatic potential is a flux function. Moreover,
the poloidal variation of the impurity density may be responsible for some of the poloidal
variation of the poloidal impurity flow, since nzV⃗z ·∇ϑ/B⃗·∇ϑ = Lz(ψ, ϑ) is not a flux function
because of impurity pressure gradient terms in Eq. A.38. Then, perhaps the assumption
that the impurity flow in the pedestal is confined to a flux surface [182] is inadequate and
the poloidally varying radial impurity flow, nzV⃗z · ∇ψ = ΥB⃗ · ∇ϑ, is playing a role.

Finally, the large aspect ratio results reported here predict up-down asymmetries in the
impurity accumulation. We are unable to treat X-points or strong poloidal variation in this
model. Normally, the direction of the up-down asymmetry in core L-mode plasmas reverses
when the toroidal magnetic field reverses to change the direction of B⃗ × ∇B [191]–[194],
with the impurity accumulation usually opposite to B⃗ × ∇B and independent of X-point
location. Based on the simple model considered here, pedestal impurity accumulation occurs
away from (toward) B⃗ × ∇B drift in H-mode (I-mode) operation. Based on experimental
observations, H-mode (I-mode) access is favorable when B⃗×∇B drift is towards (away from)
the X-point.
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H-mode: ηi < 2 I-mode: ηi > 2

Model predictions co B⃗t counter B⃗t co B⃗t counter B⃗t

(I > 0, G > 0) (I < 0, G < 0) (I > 0, G < 0) (I < 0, G > 0)
Banana regime Impurities inward Impurities inward Impurities outward Impurities outward
radial transport Ions outward Ions outward Ions inward Ions inward
(recall Eq. A.92)
Plateau regime negligible negligible negligible negligible
radial transport

Poloidal impurity co B⃗p counter B⃗p co B⃗p counter B⃗p
flow in banana K > 0 implies K > 0 implies VpBt > 0 in VpBt > 0 in

regime U > 0 in U > 0 in Eq. A.14 for Er < 0 Eq. A.14 for Er < 0
K = G+ U K = G+ U

Poloidal impurity
flow in plateau co B⃗p since counter B⃗p co B⃗p since counter B⃗p

regime K > 0 since K < 0 K > 0 since K < 0
(recall Eq. A.105)
In-out impurity HFS since HFS since LFS since LFS since
accumulation: K > 0 K < 0 K > 0 K < 0

banana & plateau
Up-down impurity accumulation accumulation accumulation accumulation

accumulation: opposite B⃗ ×∇B opposite B⃗ ×∇B in B⃗ ×∇B in B⃗ ×∇B
banana & plateau direction direction direction direction

Table A.1: Summary of notable for the two directions of magnetic field relative to Ohmic
current: aligned (co) and opposed (counter), for I-mode and H-mode profiles. Entries are
based on Equations A.90, A.91, A.92, A.101, and A.105.
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Appendix B

ELM free H-mode pedestal fluctuations

Future fusion reactors will require high energy confinement operation without ELMs, which
damage plasma facing components. Several candidate ELM-free high confinement regimes
are under exploration at tokamak research facilities around the world. Examples of these
regimes include the Enhanced D-α H-mode (EDA H-mode), the Quiescent H-mode (QH-
mode), Negative Triangularity (NT) L-mode, and the “Improved” confinement regime (I-
mode). This thesis has largely focused on I-mode operation in AUG, reporting on the edge
fluctuations unique to this regime using the CECE diagnostic as the primary turbulence
measurement tool. In recent years, EDA H-mode, QH-mode, and NT plasmas have also
undergone development at AUG. Here we will show examples of CECE edge fluctuation
measurements in the EDA H-mode and QH-mode regimes at AUG.

B.1 EDA H-mode

Enhanced D-alpha (EDA) H-mode is a steady-state ELM-free high confinement regime ac-
cessed with auxiliary heating above the L to H-mode threshold and high fueling compared
to standard ELMy H-modes. This regime was first discovered and extensively studied at
Alcator C-Mod [195], and has more recently been developed at AUG [82]. EDA H-mode is
characterized by high energy confinement, high pedestal pressure, and low impurity confine-
ment despite the lack of ELMs. Due to the highly beneficial properties of EDA H-mode for
future reactor operation, the ability to extrapolate its access and performance is desirable.
Cross-machine study of its properties is important for gaining fundamental understanding
of the regime.

One of the most prominent characteristics of EDA H-mode is an edge-localized quasi-
coherent mode (QCM), which dominates the pedestal fluctuations. The QCM has been
studied in detail at C-Mod [196]–[198], and is currently under investigation at AUG. This
edge fluctuation is thought to be responsible for a continuous relaxation of edge pressure
gradients in place of ELMs, driving a significant particle flux and preventing the accumulation
of impurities.

EDA H-mode experiments at AUG feature the QCM across several channels including
magnetic, density, and temperature fluctuations. Here, we briefly present an example of
the QCM δTe fluctuation properties captured by CECE. The time histories of the discharge
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studied are given in Figure B.1. A steady-state phase 3.5-6.0s is used for CECE analysis.
The CECE coherence |γc(f)| spectra at several radial locations are shown in Figure B.2. The
QCM is identified in the spectrum as the feature centered at ∼ 30 kHz, with a coherence
level approaching 1.0. The broadened portion of the spectrum > 60 kHz could be due to
background broadband fluctuations, or could be related to the interaction between the QCM
and background turbulence.

In CECE coherence spectra, the QCM is observed on channels in the pedestal, as well
as channels which map to locations in the core plasma. In Figure B.2, the QCM coherence
appears highest in the channels closest to the core. However, reflectometer measurements
find no evidence of QCM fluctuations in the core plasma, and magnetics measurements
indicate that the QCM is highly localized to the pedestal region [82]. The appearance of the
QCM in core channels of ECE diagnostics is therefore in contrast with the mode’s expected
location. Recent analysis work has shown that refractive effects can explain the appearance
of the WCM on core ECE and CECE channels [199].

B.2 QH-mode

The Quiescent H-mode (QH-mode) is typically achieved with counter-current NBI injection
and divertor cryopumping for density control. QH-mode was first discovered at DIII-D [200],
[201] and has since been reproduced at AUG [202] and the Joint European Torus (JET) [83],
and JT60-U [203]. Studies at DIII-D have shown that QH-mode can also be attained with
NBI co-injection [204]. QH-mode has highly favorable qualities, including high confinement
without ELMs and without impurity accumulation.

An edge electromagnetic fluctuation known as the Edge Harmonic Oscillation (EHO) is
thought to regulate the pedestal pressure and expel impurities in place of ELMs [83], [205].
This mode has a low frequency (fundamental f10kHz), with several harmonics typically
visible on ECE, magnetics, and reflectometry diagnostics. A high frequency MHD oscillation
from 300-450kHz has also been observed in the pedestal of QH-mode plasmas at AUG and
JET [83], [206].

The previous studies of QH-mode at AUG occurred prior to 2007 when the machine
still had carbon plasma-facing components. Since AUG became a fully tungsten-walled
machine, QH-mode has not been reproduced in steady-state. Experiments were performed
more recently to assess the possibility of accessing QH-mode on a tungsten-walled machine
[207]. The time histories of one such QH-mode development discharge are shown in Figure
B.3. A brief QH-mode period is highlighted between 3.5-3.7s. This period is transient and
not steady-state, but still displays the characteristic fluctuation features of QH-mode.

Figure B.4 shows CECE coherence spectra during the transient QH-mode period. The
EHO fundamental can be seen at around 10 kHz. A broadband mode centered around 90
kHz is also seen in the spectra. The EHO only appears in CECE channels in the edge
and pedestal region and has a maximum amplitude at ρpol = 0.96. The broadband mode
appears during the same time period as the EHO and is also localized near the pedestal
bottom. Figure B.5 shows the δTe/Te fluctuation amplitude during the QH-mode phase,
calculated from CECE. The frequency integration window used for determining δTe/Te is
chosen as 15-250 kHz. This range excludes the EHO fundamental but does include the higher
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Figure B.1: Time histories of QH-mode development discharge #36386, including (a) Heat-
ing and radiated power, (b) core and edge line averaged density, (c) H98, Greenwald fraction,
and normalized βN , and (d) inner and outer divertor shunt current as an ELM marker. A
steady-state EDA H-mode phase begins at 3.4s and remains for the remainder of the dis-
charge. The phase used for CECE analysis is shaded.

167



#36517

QCM

Broadband 
fluctuations

Figure B.2: CECE coherence spectra of outer core edge fluctuations for EDA H-mode
discharge #36386, calculated for the time window 3.5-6.0s. The QCM can be seen on all
channels, centered at 30 kHz. Broadband fluctuations can be seen in the outer core channels.
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Figure B.3: Time histories of QH-mode development discharge #36517, including (a) Heat-
ing and radiated power, (b) core and edge line averaged density, (c) H98, Greenwald fraction,
and normalized βN , and (d) inner and outer divertor shunt current as an ELM marker. A
transient QH-mode type period occurs 3.5-3.7s, and this time window is used for CECE
analysis.
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Figure B.4: CECE coherence spectra of outer core edge fluctuations for QH-mode discharge
#36399, determined using the time window 3.5-3.7s. The EHO is identified as a coherent
mode with a fundamental at 10 kHz. In addition, a broadband mode is seen, centered at
90kHz. The EHO and broadband mode both peak in amplitude at ρpol = 0.96.
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Figure B.5: CECE fluctuation amplitude, calculated from integration of |γc| spectra, as
described in Chapter 3. The integration range was 15-250kHz. The 4.1% fluctuation am-
plitude near ρpol = 0.96 correlates with the maximum amplitude of the broadband pedestal
fluctuation. The region of low optical depth (τ < 2) is shaded.

harmonics, which make negligible contributions to the calculated δTe/Te. The sharp increase
of fluctuation amplitude near ρpol = 0.96 is due to the broadband pedestal fluctuation,
reaching a maximum fluctuation amplitude of δTe/Te = 4.1%

The EHO fundamental and harmonics are present on several diagnostics during the tran-
sient QH-mode. Figure B.6 shows the autopower spectra from a CECE channel, a Q-band
reflectometer, and a Mirnov coil. All three diagnostics display the EHO harmonics at the
same frequency.

These preliminary measurements show that CECE can capture characteristic QH-mode
pedestal fluctuations and provide useful information about their nature including localiza-
tion, δTe/Te, and spectral features. It is unclear whether steady-state QH-modes can be
achieved on a tungsten-walled device, so study of QH-mode fluctuations may be limited to
transient phases at AUG.
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Figure B.6: EHO fundamental and harmonics appear at the same frequency in signals
from magnetics (Mirnov coil B31-08), density (Q-band reflectometer) and CECE (pedestal
channel) during transient QH-mode phase.
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B.3 Summary

CECE measurements from an EDA H-mode discharge and a QH-mode development discharge
have been presented. These measurements capture pedestal fluctuations of coherent modes
important to the transport of these regimes. In EDA H-mode, CECE coherence spectra
capture the QCM. In QH-mode, the EHO is identified, in addition to a higher-frequency
broadband pedestal fluctuation. The study of NT plasmas at AUG is a current active area
of research [208], [209], and ongoing analysis is likely to provide insight to the nature of edge
fluctuations in this regime. Although these regimes were not the focus of the body of this
thesis, these measurements point to the study of other ELM-free high confinement regimes
with CECE as fruitful pathways for future research.
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Appendix C

Data access and analysis tools

This Appendix describes the data analysis and simulation workflows performed in this thesis.
Access to several computer systems is needed, as described below.

C.1 Computer access

• Max Planck IPP computing, including access to TOK-I machines for AUG data anal-
ysis: https://www.aug.ipp.mpg.de/wwwaug/documentation/computerIT/

• MFEWS at the PSFC

• Engaging cluster at MIT: https://engaging-web.mit.edu/eofe-wiki/

• NERSC: https://www.nersc.gov/

• Cybele and Iris cluster at General Atomics

C.2 AUG experimental data analysis workflow

The python executable files used for AUG data analysis are stored on IPP workstations and
contained within the directory: /shares/users/work/rbiel/thesis. Important routines
for data analysis are stored within:
/shares/users/work/rbiel/cece_aug_repo.

C.2.1 CECE analysis

CECE localization

• For an estimation the measurement location of CECE channels, mapping cold reso-
nance positions to the magnetic field equilibrium, localizations_new.py within the
data analysis repository can be used. The script anaCECE.py calls this mapping rou-
tine.

174



• For a calculation of CECE channel warm resonance positions, the ECRad code [103]
can be used. Instructions for running ECRad can be found at
https://www.aug.ipp.mpg.de/foswiki/bin/view/CorrelationECE/ECRAd.

Coherence spectra

Coherence between all selected channels of the CECE comb is performed in:
/shares/users/work/rbiel/cece_aug_repo/analysis/cece_data.py. The general data
analysis plotting tool, which plots coherence spectra and autopower spectra is anaCECE.py.
Scripts with modified plotting parameters (e.g. channel numbers, frequency limits, shot
numbers) have been saved for the coherence plots generated in this thesis.

These include:

• Figure 4.6: anaCECE_spectra_highne.py and anaCECE_spectra_lowne.py

• Figures 5.4, 5.5, and 5.8: anaCECE_spectra_fav_unfav.py

• Figure 6.3: anaCECE_spectra_lowne.py

• Figure B.2: anaCECE_spectra_EDAH.py

• Figure B.4: anaCECE_spectra_QH.py

Fluctuation amplitude calculation

The general fluctuation amplitude plotting tool is anaCECE_dT.py. Scripts with modified
plotting parameters have been saved for the fluctuation amplitude plots generated in this
thesis.

• Figure 4.7: anaCECE_dT_lowne.py and anaCECE_dT_lowne.py

• Figure B.5: anaCECE_dT_QH.py

Long range toroidal correlations

Long range correlations are calculated using the same principles as correlations between
radially neighboring CECE channels, but the routines are adjusted to read data from the
toroidally separated CECE systems. The long-range correlations represented in Figure 4.11
are performed in long_range_correlations.py

Radial correlation length

The calculation of the WCM radial correlation length and peak amplitude represented in
text in Table 5.1 is performed in correlation_length_41285_and_41286.py.

Spectrograms

Spectrograms shown in Figure 4.4 can be reproduced using spectrograms_cece.py.
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Bicoherence analysis

The bicoherence calculation is performed in higherOrderSpectra.py. These calculations
are applied in the following scripts to generate plots for this thesis:

• Figure 4.12: bispectra_WCM.py

• Figure 5.9: bispectra_LIH.py

C.2.2 nT phase calculations

The αnT calculation used to produce Figure 4.9 can be found in nTphase.py.

C.2.3 Thermal Helium beam analysis

The dispersion relation in Figure 4.8 can be reproduced by executing HEB_plots.py.

C.2.4 Kinetic profile plotting routines

Several methods of fitting profiles to experimental data are used in this thesis. These methods
and the accompanyign routines are described here.

• AUGPED is an in-house profile fitter. It is run by executing “augped” in the terminal
of an IPP machine. Through choices in the GUI, one can select the data to fit for each
profile. The fit can be saved as a shotfile or textfile.

• A Gaussian Process Regression technique is applied to the ion profile fits in Figure 4.2.
These calculations are housed at: AUGPED_GPR_fits.py and require a saved text file
from AUGPED which includes the diagnostic data points.

• The Integrated Data Analysis (IDA) tool is used for preliminary profile analysis. These
profiles are stored under the ‘IDA’ shotfile. Figure 2.9 uses IDA profiles and is generated
using the script profiles_IDA.py.

• A Monte Carlo Thomson fitting routine is used for the profiles in Chapters 4 and
5. This routine randomly varies Thomson Scattering and CXRS data within their
experimental error bars, makes modified hyperbolic tangent fits with each iteration,
and makes an average fit based on all iterations.

The scripts used for the profiles in Chapters 4, 5, and 6 are:

• Figure 4.2: profilesPlot_36561.py and profilesPlot_40891and2.py

• Figure 5.2 and 5.3: fit_profiles_fav_unfav.py

• Figure 6.1: fit_profiles_LI.py

• Figure 6.12 is reproduced from Chapter 4.
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C.2.5 Time history plots

The time history plots which represent an experiment are based on the CECE_scope.py script.
This script is used for making Figure 3.2. Modified scripts have been saved to generate the
figures in Chapters 4, 5, and Appendix B as follows:

• Figure 4.1: CECE_scope_low_and_highne.py

• Figure 5.1: CECE_scope_favunfav.py

• Figure B.1: CECE_scope_EDAH.py

• Figure B.3: CECE_scope_QH.py

C.2.6 Er plots

Er profiles in this thesis are generated with Doppler reflectometry and the Helium Beam
Spectroscopy diagnostics in this thesis. The scipts to generate Er profile plots are as follows:

• Figure 4.3: read_Doppler_corrected.py

• Figures 5.4, 5.5, and 5.7: read_HES2.py

C.2.7 AUG vessel and flux surface plots

The AUG vessel and flux surfaces in Figures 2.8, 5.1, and 5.2 are generated with the script:
equ_compare.py.

C.2.8 L-mode and I-mode H98 and νeff database

The script for reading the shotfiles and performing calculations of H98 and νeff to generate
Figure 4.5 is database_parameters.py.

C.3 Modeling workflow

C.3.1 TRANSP transport solver

Preparing runs through TRVIEW

On IPP TOK-I worstations, the trview gui can be run to generate the TR.DAT and UFILE
input files needed for running TRANSP. UFILES can also be created outside of trview using
the scripts contained within
/shares/users/work/rbiel/thesis/transpTools/.

177



Running and interpreting TRANSP through PORTALS

Once the TRANSP input files are created, they are transferred to the MFEWS computers.
Here, TRANSP runs may be submitted through the PORTALS framework:
https://portals-tutorial.readthedocs.io/en/latest/ [210].

The following scripts can be executed to run and plot TRANSP runs, as well as use
TRANSP output to generate input files needed for TGLF and CGYRO. The scripts are
located on MFEWS computers, at /home/rachelbi/transp/.

• run_transp.py submits TRANSP runs to the PPPL grid and fetches them once com-
plete.

• plot_transp.py plots outputs of a TRANSP run in a notebook style.

• prep_cgyro.py uses the output of a TRANSP run to generate an input file for TGLF
at a selected location, as well as the input.gacode file needed for CGYRO simulations.

C.3.2 TGLF

Scripts to run TGLF and plots outputs through the PORTALS framework are stored on
MFEWS computers. To run TGLF over a parameter scan and output the heat flux to make
Figures 6.19 and 6.20, /home/rachelbi/TGLF/run_scans.py is run.

C.3.3 Linear CGYRO simulations

Linear CGYRO is run on the MIT Engaging cluster to determine the growth rate and real
frequency of the dominant turbulent mode at a given wavenumber. The GACODE suite
(https://gafusion.github.io/doc/) must first be built on Engaging. To scan over a
range of wavenumber, the program /pool001/rachelbi/cgyro_scan.pro is run in IDL. To
plot the growth rate and real frequency spectra to produce plots such as Figure 6.5 and 6.21,
/pool001/rachelbi/plot_spectra.py is then run.

C.3.4 Nonlinear CGYRO simulations

Nonlinear CGYRO is run on NERSC to investigate the saturated state of turbulence and de-
termine turbulent fluxes. The GACODE suite must first be built on NERSC. The input.cgyro
and input.gacode files can be copied over to NERSC from Engaging, resolutions must be
adjusted to set the simulation box size and the wavenumber resolution, and the nonlinear
flag in the input file must be turned on.

Once runs are complete, to plot the heat flux over simulation time as in Figures 6.6, and
6.7 cgyro_outputs.py is run. This script also prints the average heat flux and its standard
deviation over a determined period, so it is also used to output the values which are used in
Figures 6.8, 6.10, 6.11, 6.13, 6.14, 6.15, 6.16, 6.17, and 6.18.

The snapshot of density fluctuations in Figure 6.22 uses built-in CGYRO plotting routines
and is executed by running within the CGYRO output directory:
cgyro_plot -plot fluct -t 100 -moment n -s 2.
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Synthetic CECE diagnostic for CGYRO

A synthetic CECE diagnostic residing on the GA Iris cluster is used for producing Fig-
ure 6.23. This tool was designed for validation work on DIII-D [160] and here we use a
modified version to match the CECE beam pattern at AUG. In order to use the synthetic
diagnostic, the outputs of a nonlinear CGYRO run must be copied over to the Iris ma-
chines. The synthetic diagnostic is then run through OMFIT and saved in the project
/home/bielajewr/synCGYRO_tools_AUGedit.zip.
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