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ABSTRACT

The interaction between the physics of plasma turbulence and that of atomic neutral
dynamics, intrinsic to the tokamak edge, makes prediction of edge pro�les di�cult. It is
unclear to what extent neutral ionization, as opposed to particle transport, is responsible
for the build up of edge density gradients. To this end, this thesis combines electron and
neutral measurements across the edge region with high-�delity simulations of neutrals to
study these processes in high density and high magnetic �eld plasmas on Alcator C-Mod. This
is enabled by measurements of Lyman-� (Ly � ) emission made by the LYMID camera, as well
as measurements of electron density,ne, and electron temperature,Te, by the edge Thomson
scattering (ETS) system. These result in a large database of inferred neutral density,n0 and
ionization source,Sion , as well as radial particle �ux, � D , and e�ective di�usivity, De� , for
stationary periods. For selected discharges, these are used to impose additional constraints to
simulations of neutral dynamics in the plasma edge using SOLPS-ITER. This methodology
is used to examine sti�ness in the edge gradients forming the so-called �pedestal" in the
high-con�nement mode (H-mode) in response to increased ionization. This phenomenon
is found to be associated with changes to local particle transport, and is observed to be
correlated with a local parameter governing the in�uence of turbulence from interchange
instabilities as opposed to that resulting from drift-waves. Reaching the threshold in this
parameter may be avoided through improved particle control and is found to also be highly
dependent on the 2D distribution of neutrals in the uncon�ned plasma region.

The competition between interchange modes and the drift-wave is probed on Alcator
C-Mod through validation of a semi-empirical model for tokamak operational boundaries.
The separatrix operational space (SepOS) model [Eich & Manz,Nuclear Fusion (2021)]
predicts boundaries for the L-H transition, the L-mode density limit, and the ideal MHD
ballooning limit in terms of plasma quantities evaluated using separatrix parameters for a wide
range of Alcator C-Mod plasmas. These boundaries are expressed in terms of dimensionless
quantities borrowed from electromagnetic �uid drift turbulence (EMFDT) theory. The
combined work�ow of ETS and LYMID also allows for evaluation of quantities associated
with plasma transport in connection with the plasma operational space. Experimental
evidence of changes to particle transport near the boundaries is provided for the �rst time.
Organization of � D at the separatrix is observed in both H-modes and low-con�nement modes
(L-mode) for key dimensionless parameters. The model is also used to elicit the physics of
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high con�nement regimes free of Type-I edge localized modes (ELMs). Databases of the
transition to the improved-con�nement (I-mode) and that between the Type-I ELMy H-mode
and the EnhancedD � (EDA) H-mode are studied using the SepOS framework. An empirical
model for particle transport in the EDA H-mode to explain pedestal saturation in this regime
is developed and tested. The �ndings are then leveraged for modeling of next-generation
devices, with priority on core-edge integration and improved power handling.

Thesis supervisor: Jerry W. Hughes
Title: Principal Research Scientist, Deputy Division Head, MFE
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5.18 Diagram of the core SepOS boundaries for Alcator C-Mod plasmas atI P =
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Chapter 1

Introduction

It is di�cult to gaze across a snowy mountain pass or over a dense jungle and not be �lled

with a feeling of the sublime. Everywhere one looks on Earth, one is met with evidence of

all this planet has to o�er. It gives us plenty of water, food, and the perfect combination of

oxygen and nitrogen to survive and thrive. Earth is truly the ideal planet for humans, and

one need not look far to be reminded of this. Humans also have the privilege of sharing this

planet with a multitude of other animals, each more awe-inspiring than the next, and each

well-adapted to living in its own corner of Earth. Humans, among the most intelligent of

these, are well-positioned to be its stewards and ensure longevity and harmony of its species.

In recent years, however, it has become clear that humans have come up short in this

task. They have proven that they are poor judges of the long-term consequences of their

actions such that many people live far beyond their means. Despite a well-developed pre-

frontal cortex that might enable design of a trajectory that prioritizes prolongation of the

species rather than short term gain, humans are quickly consuming the available resources

on Earth, especially its energy sources, rapidly accelerating detrimental change to its climate

in the process. This climate change now poses an existential threat not only to the human

species, but many other species on this planet. This type of challenge calls for quick and

deliberate action. An appropriate solution might be to decrease the rate of both production

and consumption, thereby lowering the energy needs of the human species and with some

hope, halting and perhaps even reversing the detrimental e�ects of climate change. Some

evidence of the resilience of Earth's nature and biodiversity has been seen during the sharp

decrease in economic production during the recent COVID-19 pandemic and corresponding

drop in greenhouse gas emissions [1, 2]. Herein lies the �rst correlation in this thesis � that

of economic �productive� activity and the non-reversible modi�cation of Earth and extinction

of its species as a result of climate change.

Ever a stubborn and short-sighted species, humans have looked at this evidence of the
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impact of their rate of energy consumption as a recommendation, rather than a prescription,

for climate change mitigation and an extension of the longevity of its species and its home

planet. Since 2000, net consumption of electricity has almost doubled, from just under 14,000

TWh to just over 27,000 TWh in 2023 [3]. The advent of improvements in techniques for

arti�cial intelligence (AI) and the mass adoption of AI-enabled technologies have made it

clear that humans will consume as much energy as they can if given the opportunity. As such,

it appears that the next-best way to address anthropogenic climate change is to develop clean

sources of energy and transition from sources of energy that strongly pollute the atmosphere

to sources that do so slightly less. A number of sources of energy, renewable and not, appear

good candidates to serve the need of providing clean and abundant energy for humans. These

include solar, wind, hydroelectric, geothermal, bioenergy, and nuclear, including �ssion and

fusion [4]. These all have varying levels of technological maturity, but of these, fusion energy

has the least � as of 2025, electricity generated through fusion energy has yet to grace the grid.

This thesis is a small drop in the large body of water that is fusion research, and speci�cally

that of the edge density of tokamaks, as will be introduced in the remainder of this chapter.

1.1 Nuclear fusion

Fusion energy is the energy of the stars, including our Sun. Harnessing it as an energy source

on Earth is undoubtedly di�cult, as it is truly one of the most multi-disciplinary problems

humans have had to solve. As will be shown in the next section, it requires working with

(and unfortunately for those thinking fusion would be easy, also understanding) plasmas,

some of the most unintuitive objects in the universe. In the case of magnetic con�nement

fusion, this knowledge must be coupled to similarly complicated and niche knowledge of

magnet technology, neutronics, nuclear materials, heating systems, and many others. Fusion

systems are also constrained by the fuel cycle, which as with �ssion, involves handling fuel

that is radioactive (although considerably less so than with �ssion). And as with any power

system, a fusion plant will also be subject to the thermodynamics constraints that dictate

the conversion of heat from fusion into usable electricity. At the end of the day, this intricate

orchestration of systems relies on one crucial number: the levelized cost of electricity (LCOE).

The fanciest fusion-producing systems will be unattractive unless their LCOE is competitive

with that of other energy sources, despite its promises of clean and virtually limitless energy

with limited radioactive waste and threat to proliferation.

Fusion has always been 30 (20? 40?) years away, but for the �rst (nth?) time, it may

be. Humans, though often myopic, have also proven that they can be incredibly e�cient

when desired, i.e. when they can direct resources to a problem. The social challenge of
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directing resources to addressing fusion has plagued the �eld ever since it was theorized that

sustainable fusion reactions could meet a large portion of humanity's energy needs (wants?),

�sustainable� being the operative word. Nuclear energy, since its discovery, has received

and continues to receive immense amounts of funding. Indeed in 2023, the United States

government spent just over $54 billion on nuclear systems. Of those,� 95 % or $51.5 billion

were directed to development and maintenance of nuclear weapons [5]. $1.8 billion were spent

on development of civilian, sustainable nuclear �ssion system [6]. Only about 1.4%, or $763

million, were appropriated by the Department of Energy for research supported by the Fusion

Energy Sciences [7]. Once again, the operative word, �research� in this case, is important

� fusion remains the only nuclear system still undeveloped and in its research phase. The

�rst nuclear �ssion weapon, the atom bomb, was developed in 1945 [8], with the �rst nuclear

fusion weapon, the hydrogen bomb, developed only seven years later, in 1952 [9]. Between

1940 and 1996, in present-day dollars, weapons development has received $11.3 trillion total

[10� 12], averaging just under $200 billion per year. It is projected that spending on nuclear

weapons will remain at levels of $50 billion per year [13]. While research in improvement

of nuclear �ssion systems remains active, the �rst �ssion reactor, the Chicago Pile-1 was

developed in 1942 [14]. Fusion is certainly not easy, but it is di�cult to say if normalization

to funding received relative to other nuclear systems skews this perception. It remains to be

seen whether the �rst fusion reactor will be operational within a century of Fermi's pile (or

even the bombs of Oppenheimer and Teller).

A good remedy to existential dread is focusing on science � one of the implicit goals of

this thesis is to provide the reader a distraction from the woes of climate change and its

impact on the planet. The �rst of many equations presented here (and hopefully the most

inspiring) is that for the reaction of deuterium-tritium (D-T) fusion [ 15]:

2
1D + 3

1T ! 4
2He + n (1.1)

which states that if a deuterium (D) nucleus containing two nucleons interacts with a tritium

(T) nucleus containing three nucleons and manages to engage the strong nuclear force, the

reaction will produce a helium (He) atom, sometimes called an alpha particle, which contains

four nucleons and a neutron. D and T are both heavy isotopes of hydrogen (H), meaning

they carry extra neutrons relative to H. Since H is on the left side of the binding energy

curve, i.e, the side where binding energy increases with mass number, the D-T reaction is

exothermic, meaning it releases lost atomic mass in the form of energy, in this case 17.6 MeV.

Of that, 14.1 MeV is carried by the neutron, a notoriously hard particle to manage. The

complications of doing so are the subject of the rich and critical �eld of fusion neutronics.

The fusion of D and T nuclei, both of which are positively charged, requires overcoming the
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Coulomb force which tries to separate these. The rate at which this occurs depends strongly

on the temperature of the D and T nuclei. Other useful fusion reaction pathways aside from

that of D-T exist, some of which have advantages over this one, but they are less likely to

occur. Research to better understand these and harness them is underway, but the majority

of fusion research today relies on D-T fusion. A reader looking for a thesis in nuclear physics

might do well to stop reading here, as Equation1.1 is the extent to which nuclear physics is

considered in this thesis. Contrary to any implications carried by the term �nuclear fusion,� a

large part of fusion science research, and the remainder of this thesis, is really research into

the physics of plasmas, which sometimes involves atomic physics.

At the temperatures needed to maximize the reactivity of fusion reactions, electrons

are stripped from their respective atoms, forming a collection of electrons and the resulting

positively-charged ions. This collection of particles is called a plasma. Harnessing sustainable

fusion requires controlling plasmas. In particular, it was determined that in order to achieve

self-sustaining fusion reactions, a plasma must be dense enough, hot enough, and must remain

in those conditions for long enough. This can be quanti�ed in what has been called the

Lawson criterion [16], which is expressed as follows:

n� E � 1014 s cm� 3 at T � 3 � 107 K (1.2)

wheren is the plasma density,T is the plasma temperature, and� E is the energy con�nement

time, essentially a metric for how long a plasma is maintained at fusion-relevant densities

and temperatures. This criterion is a particularly useful �gure of merit for understanding the

conditions required to maximize the probability of fusion reactions. The focus of this thesis is

in trying to understand how one might best control the �rst of these parameters, the density.

1.2 Magnetic con�nement fusion

A number of approaches for maximizing the density and the Lawson criterion generally have

been devised [15]. The Sun manages to reach these conditions through sheer size � the strong

gravitational pull exerted by its mass is su�cient to reach large values of the Lawson criterion

in a process sometimes called gravitational con�nement fusion (GCF). On Earth, the amount

of mass required for GCF is not available and as such, other methods are necessary. The two

most promising approaches to reach the criterion presented in Equation1.2 involve the use

of lasers and magnets. The former attempts to do so by focusing intense laser energy into a

pellet of fuel, promoting fusion through inertia, in what is often called inertial con�nement

fusion (ICF). The latter involves generating a plasma in a vacuum chamber through auxiliary
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means and leveraging strong magnetic �elds to maintain its con�nement. This approach is

called magnetic con�nement fusion (MCF) and is the approach studied in this thesis.

A number of magnetic con�gurations have been devised to enable fusion via the MCF

approach, each with its own level of complexity and feasibility (and sci-�-esque name). These

include the stellarator, the magnetic mirror, the levitated dipole, and the tokamak, among

others. It is this last device concept, the tokamak, that has received the most attention within

MCF and that is also the subject of this thesis, although it should be noted that some of the

more fundamental observations reached in this thesis may be not be limited to the tokamak, or

even to MCF. All magnetic con�gurations are predicated on a fundamental physical equation,

that of the electromagnetic or Lorentz force, expressed through the following:

~F = q( ~E + ~v � ~B) (1.3)

where ~F is the force vector,q is the charge of the particle acted upon,~v is its velocity, and
~E and ~B are electric and magnetic �elds respectively. Resolution of this equation gives the

motion of a charged particle subject to a magnetic �eld. A particle will move in the direction

of the applied ~B, but will gyrate around it, tracing a helical pattern around the magnetic

�eld line, as it does.

A tokamak [17] con�nes charged particles subject to the Lorenz force by bending the

primary con�ning magnetic �eld lines such that the �eld lines close in on themselves, thereby

theoretically keeping the particles con�ned inde�nitely. This is done by placing loop-shaped

magnets next to each other and arranging them in a circular fashion, as shown by the blue

magnets in Figure1.1. These establish a~B �eld which closes in on itself as desired. The

ensemble of particles, or plasma, con�ned by this type of magnetic �eld forms a torus, shown

in the same �gure in purple. Particles in this type of �eld thus travel in what is called the

toroidal direction, and thus, the magnetic �eld receives the name of toroidal magnetic �eld.

Charged particles in a plasma are not only subject to the Lorenz force, but also experience a

number of other forces. One such force is that from magnetic drifts that any plasma in this

magnetic con�guration will exhibit. These alter their toroidal trajectory, which combined

with collective Coulomb collisions, spoil con�nement. The tokamak solves this by establishing

a ~B �eld in one of the directions perpendicular to the toroidal direction. It does this by

driving a current in the toroidal direction by exploiting Faraday's Law with a transformer in

the center of the torus, as depicted by green circular coils in Figure1.1. The toroidal plasma

current driven by this transformer generates its own magnetic �eld, which wraps around the

current in the so-called poloidal direction, establishing the poloidal magnetic �eld. A �nal

set of magnets is also used, shown in gray in the same �gures. These are often called poloidal

�eld coils (even though the primary poloidal �eld is generated by the plasma current). Their

29



Figure 1.1: Schematic of primary magnetic components in a tokamak and the resulting
magnetic �elds. Figure reproduced from [18].

main purpose is to establish a vertical �eld to ensure force balance as well as permit some

shaping of the con�ned plasma.

Setting up the various magnetic �elds in a tokamak is but the �rst step to achieving

MCF. Satisfying Equation 1.2 requires building up su�cient temperature and density and

for long enough. Plasma temperatures at the core of tokamaks can reach and exceed� 15

keV, corresponding to almost 200 million� C. This is done using a combination of heating

systems. The transformer generating the plasma current itself provides some heat to the

plasma via ohmic heating. Two of the most popular types of auxiliary heating systems are

neutral beam injection (NBI) and cyclotron heating, either ion (ICH) or electron (ECH).

In the former, neutral atoms are launched into the plasma where they impart their energy

to plasma particles. In the latter, electromagnetic waves are injected into the plasma at

discrete frequencies corresponding to the frequency at which electrons or ions gyrate around

the magnetic �eld lines, thereby creating resonance with the desired particle and providing

energy to the plasma. Density must also be maintained in a plasma. In current tokamaks,

this is typically done through a gas pu� at the edge of the con�ned plasma, where some of

the gas ionizes into a plasma. In addition, tokamaks can use pellet injection systems, where

cryogenically-frozen pellets are launched to penetrate deeper into the plasma. The ability for

a tokamak to maintain its density purely through a gas pu� instead of also through pellet

fueling is a large focus of this thesis. The �nal piece of the Lawson criterion, the energy
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Figure 1.2: Inside view of Alcator C-Mod vacuum chamber taken during maintenance. Figure
reproduced from [19].

con�nement time is typically addressed in one of two ways � making the tokamak larger or

making its magnetic �elds stronger.

1.3 Alcator C-Mod

In the late 1960s, researchers at MIT picked the latter [20]. Spurred by recent advances

in magnet technology at the Francis Bitter Laboratory at MIT, the Alcator project began,

named as an acronym in Italian for �high �eld torus.� The last upgrade to the Alcator project

came in the form of the device, Alcator C-Mod. Operating from 1991�2016, C-Mod was

truly the epitome of small-scale science with large impact. Operated by a relatively small

team of scientists as far as fusion devices go, Alcator C-Mod pioneered many reactor-relevant

technologies and set a number of records, including achieving the highest magnetic �elds,

plasma densities, and volume-averaged pressures of current diverted tokamaks. C-Mod

occupied the corner of parameter space at high magnetic �eld and high density, both likely

characteristics of tokamak reactors. Studying C-Mod is thus key to understanding tokamak

physics in these conditions, as will be motivated in Section1.4. It reached toroidal magnetic

�elds of up to 8 T, and it did this without superconducting magnet technology. As such,

it drew scientists from across the world to run experiments in these conditions and learn

how tokamak plasmas behave when subject to among the strongest magnetic �elds on Earth.

Figure 1.2 shows a panoramic view of the inside of this small, but mighty device. That this

thesis, built almost entirely from experiments and data on Alcator C-Mod, is written almost

a decade after the end of C-Mod operation is a testament to not only the quality of its data
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but also the vision its scientists in their experimental design and execution. As any good

science experiment, C-Mod has stood the test of time.

1.4 The tokamak edge: a physics no man's land

As early as the mid-1960s, it was noted that a toroidal magnetic �eld did not con�ne

plasmas as well as might be expected from simple calculations [21]. In other words, heat

and particles in a plasma were observed to be lost radially outward (from the center of the

pink torus in Figure 1.1 to the edge of the same) more quickly than expected from classical

theory of di�usion of heat and particles. This anomalous loss of particles and heat and the

subsequent enhanced mixing of hot and cold plasma strongly hampered performance of early

fusion devices. This e�ect is now called �anomalous transport� more generally and is largely

attributed to the presence of microinstabilities in the plasma that interact with each other

non-linearly and generate turbulence [22]. Almost 40 years later, researchers at the ASDEX

tokamak discovered perhaps the single most important development to address the problem of

turbulence [23]. By injecting enough auxiliary heating into the tokamak, it was observed that

the con�ned plasma self-organized into a new state. This self-organized state saw considerably

improved con�nement (and � E ) and was thus called the high-con�nement mode (H-mode).

Plasmas not in this state were thus considered to be in the low-con�nement mode (L-mode).

The self-organization and increase in con�nement is linked to increased plasma gradients,

which contribute to the development of an electric �eld, thought to play a large role in

breaking up turbulence, and signi�cantly reduced turbulent transport close to levels predicted

by early theories. This increase in gradients and reduction in transport occurs in the plasma

edge, within a few percent of the radial distance to the surface delineating the edge of the

con�ned plasma, called the last closed (magnetic) �ux surface (LCFS) or �separatrix.� In the

H-mode, this reduction of turbulence and plasma gradients are the de�ning characteristics of

what is called the edge transport barrier (ETB) or �pedestal.�

For a long time, the H-mode was thought the premier mode for operation of tokamak

reactors. Today, it is no longer clear that the H-mode is a viable reactor scenario. Although

much progress has been made in projecting access to this regime, at least empirically, and it

is considered achievable in next-step devices, it is now thought that the H-mode, in its vanilla

form, poses challenges for �core-edge integration.� This term refers to the perhaps obvious

notion that a high-performing fusion core must not also cause damage to the con�nement

vessel, or else it is not an attractive scenario for a reactor. In the last couple of decades,

research in tokamak power exhaust has found an almost persistent relationship between

improved con�nement and increased power handling challenges. The H-mode, while it
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Figure 1.3: Schematic of the regions in a tokamak, including the core, the edge, and the
scrape-o� layer (SOL)/divertor. Example pro�les of ionization (black) and di�usivity (blue)
are shown, as well as the resulting density pro�le (green), and the separatrix (gray).

has prospects for achieving signi�cant fusion gain, may also make survivability of tokamak

plasma facing components more di�cult. In fusion, turbulence is a balancing act � too much

turbulence spoils con�nement, but too little imparts gigawatts of heat on each square meter

of plasma facing component. In the last couple of decades, new operational regimes, some

H-mode-like, others not, have been discovered, and the potential to operate a reactor in

regimes with high con�nement times and also low risk to plasma facing components has

resurfaced. Another major aim of this thesis is assessing whether knowledge gained from

operating in these types of regimes on Alcator C-Mod has the potential for extrapolability to

reactors. The question of core-edge integration is centrally one of control of turbulence and is

one that must almost unavoidably be answered at the plasma edge.

If controlling the degree of turbulence in the plasma edge is one strategic di�culty in

achieving fusion, uncertainty in which equations are most important in this region truly

makes the edge contested territory. As mentioned earlier, the science of fusion is really

the science of plasmas, and understanding them requires an understanding of turbulence.

One common approach to treating turbulence is to calculate dimensionless parameters, like

the Reynolds number in hydrodynamic turbulence, in order to determine the properties of

the turbulence. With plasmas, one similarly works with dimensionless parameters, like the

normalized collision frequency,� � , the normalized pressure,� , the normalized gyroradius,� � ,

etc. These are frequently used to characterize the strength of the turbulence in the plasma

core, as well as its associated gradients, and thus, to project performance of next-step devices.

In the edge, things get considerably more complicated, since gradients get steeper,and

33



since an entire new set of processes play crucial roles. In particular, the proximity of the

edge to the vessel walls means that interactions between the plasma and the wall become

important. A key process for understanding the edge is recycling � the process by which

plasma particles hit the wall and return to the plasma as fueling neutrals. Note that neutral

atoms, as they are not charged, are also not subject to the Lorenz force of Equation1.3. As

they travel through the plasma, however, theyare subject to a number of atomic processes,

di�erent than the processes of plasma turbulence that ions and electrons are subject to.

Importantly, the atomic processes of neutral atoms in the edge are no longer determined

by the dimensionless parameters of plasma turbulence. Instead, these processes depend on

absolute values of plasma density and temperature as well as the actual size of the tokamak.

Figure 1.3 shows a schematic of the competing e�ects of the reduction in plasma turbulence

in blue against the source of neutral particles in black, each competing to determine the

density pro�le in green. This interaction of physical process that scale with di�erent types of

parameters makes it di�cult to make predictions for the edge of next-generation tokamaks

and especially reactors. And given strong sensitivity in both core con�nement and divertor

survivability to the edge plasma, it is crucial to understand the processes that determine

the plasma edge. Indeed, it is the competition of atomic physics, scaling dimensionally,

and plasma turbulence physics, scaling non-dimensionally, that underlies the physics of the

tokamak edge and is another key question addressed in this thesis.

1.5 Summary of primary results

This thesis is based primarily on new analysis of experimental data taken on Alcator C-Mod,

from experiments conducted between 2002 and 2016. The analysis is enabled by novel

techniques for analyzing the edge, many built on work�ows established for data analysis on

C-Mod. Others parallel work�ows used on devices such as DIII-D and ASDEX Upgrade

(AUG). They have been adapted for integration with the data collection systems and in

complement with decades of analysis performed on Alcator C-Mod. The thesis also leverages

these experimental techniques to both constrain numerically-intensive simulations of the

plasma edge and to validate and expand on theories for plasma edge turbulence. In this

way, it lays the groundwork for prediction of edge plasma conditions on next-step devices,

particularly those expected to operate at high magnetic �eld and high plasma density, like

SPARC [24] and eventually ARC [25]. The primary results in this thesis can be summarized

as follows:

1. Development of experimental and simulation techniques for neutral fueling

and plasma transport in the edge � Chapter 2 details techniques developed for
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quantifying the impact of neutrals and transport in the edge of Alcator C-Mod plasmas.

These include the combination of measurements from a camera measuring Ly� emission

from neutrals with those from a Thomson scattering system measuring plasma density

and temperature. They also include techniques for constraining high-�delity simulations

of the plasma edge using the SOLPS-ITER code package.

2. Identi�cation of link between pedestal saturation and enhanced transport

and the dependence of fueling distribution on particle control � In Chapter 3,

these techniques are applied to studying experiments on Alcator C-Mod that observed

saturation of density pedestal pro�les, whereby the electron density at the pedestal

top was found insensitive to an increased particle source. This phenomenon has

been observed previously and is linked in this thesis to enhanced transport associated

with separatrix collisionality, presumed to be driven by the resistive ballooning mode

(RBM). The �ndings are con�rmed with SOLPS-ITER simulations, which also show

that the poloidal distribution of neutrals varies as the source of neutrals is reduced

experimentally.

3. Validation of a model for the separatrix operational space (SepOS) based

on drift-Alfvén turbulence � The SepOS model, recently proposed to describe the

tokamak edge and developed on AUG, is found to well-describe the separatrix conditions

of Alcator C-Mod in Chapter 4. The same dimensionless quantities that control the

impact of turbulence on con�nement regimes and on proximity to operational limits on

AUG also apply to a device at much higher magnetic �eld and plasma density, across a

wide range of experimental parameters.

4. Evaluation of separatrix particle transport near density limits proposed

by SepOS � Using the same techniques from Chapter2, in Chapter 5, inferences of

particle transport are made for discharges analyzed using the SepOS parameters. It

is observed that for discharges near high density limits in both H-mode and L-mode,

particle transport rises dramatically. A common scaling for the edge particle �ux and

plasma gradients of both H-modes and L-modes is found.

5. Insights into access to ELM-free reactor-relevant regimes from separatrix

quantities and a model for transport in the enhanced D � (EDA) H-mode �

Chapter 4 lays the groundwork for studying access to both the EDA H-mode and I-mode

regimes from the perspective of the separatrix. Chapter6 builds on these �ndings to

discuss prediction of transport-limited edge pro�les. An H-mode edge density pedestal
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predictor is then assessed and supplemented with experimental �ndings of neutral

penetration and a model for transport in the EDA H-mode regime.
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Chapter 2

Techniques for Studying Fueling and

Transport Based on Lyman- � Emission

One of the greatest challenges to understanding the interplay between plasma and neutrals

is that of diagnosing the neutral population in the plasma edge. Con�dence in theory and

simulation of processes in fusion can only exist to the extent that it can be measured in

an experiment. Given the intrinsic interaction between plasma and neutrals in the edge

of tokamaks, a model for the plasma edge depends on knowledge of the neutral source.

Speci�cally, particle transport and the types of instabilities that may in�uence it in the edge

of plasmas are highly unknown. In contrast, in the core, the larger spatial scales enable

(as close to as possible) �rst-principles simulations using gyrokinetic codes under the valid

assumption that the neutral source in this region is negligible, or at least easily calculable in

the case of NBI deposition for example. Given the violation of the gyrokinetic ordering in the

steep-gradient edge region, these types of simulations are di�cult to perform and properly

validate in the edge. In the absence of an equation set applicable to this region, progress in

understanding these processes depends on reduced-order models for plasma transport, and

importantly, measurements of the neutral ionization source.

The capability to diagnose this source is rare in fusion devices, but it existed for a

limited portion of the operation of Alcator C-Mod. This chapter introduces the measurement

that enables the experimental and simulation techniques for studying plasma transport and

neutral fueling in the edge, which underlie much of the analysis in this thesis. The chapter is

organized as follows. Section2.1 begins by describing the diagnostic for neutral emission.

Section2.2 discusses how this measurement is analyzed in conjunction with measurements

of electron density and temperature to infer a number of quantities associated with neutral

fueling and plasma transport. Finally, Section2.3 introduces a novel work�ow developed for

using these measurements as constraints in high-�delity kinetic neutral simulations, using
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the SOLPS-ITER code.

2.1 Measurements of Lyman- � emission from LYMID

The most common types of diagnostics of neutrals in fusion devices are those making passive

hydrogenic emission measurements. These do not perturb the plasma and instead use

collection optics to view the plasma and collect photons. These photons are emitted as a

result of electronic transitions occurring in neutral H atoms. The transitions are organized

into di�erent series, each of which is labeled according to the �nal state of the respective

electronic transition. In these transitions, photons are emitted as line radiation at discrete and

well-known wavelengths. As such, a particular transition can be elucidated using a bandpass

�lter permitting collection of light at a particular wavelength. The two most commonly

measured electronic transition series are the Balmer series and the Lyman series. The former

involves transitions to the second energy level (ni > 2 ! n2) at wavelengths primarily in the

visible portion of the electromagnetic (EM) spectrum and the latter to the ground state

energy (ni > 1 ! n1) corresponding to wavelengths in the ultraviolet (UV) EM spectrum. The

most commonly measured (and most intense) line within each series is the� line, B� for the

Balmer series and Ly� for the Lyman series. While B� poses fewer engineering challenges

and as such, is more commonly measured, Ly� o�ers important advantages. It isolates line

radiation solely from atoms instead of also molecules, and it does not re�ect o� surfaces

as easily, permitting the highest �delity measurements of electronic transitions and thus,

neutral emission in the tokamak edge. Furthermore, it facilitates interpretation of atomic

physics since the rate coe�cients for the Lyman series are less sensitive to variations in edge

parameters than those of other series.

This work uses measurements from a camera measuring the Ly� transition and which

diagnosed neutrals in the edge plasma at the outer midplane (OMP) in the main chamber

of the Alcator C-Mod tokamak. This array, called LYMID, was installed in 2007 as the

successor to an earlier Ly� system [26, 27] on C-Mod. It was located just below the midplane

(Z = � 0:04 m) and viewed toroidally. Its 20 chords were tangent to �ux surfaces covering a

region in the radial direction of just over 5 cm at the plasma edge and viewing also inside

the last closed �ux surface (LCFS) in the typical C-Mod diverted plasma shape. Figure2.1

shows poloidal and toroidal cross-sections of the C-Mod vessel demonstrating the location

and views of the LYMID array.

As mentioned earlier, LYMID viewed the Ly� electronic transition of D neutral atoms

emitting UV light corresponding to wavelength of 121.53 nm, slightly below that for H atoms

at 121.57 nm. It viewed the plasma tangentially through an interference �lter centered at this
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Figure 2.1: Schematic of LYMID views viewed (a) poloidally and (b) toroidally. Views are
located just below the midplane poloidally (blue) and their tangency radii (green) span
radially from behind the RF-limiter (black-dotted) to inside the separatrix (red-dotted).
Figure (b) reproduced from [28].

wavelength with a bandpass �lter of� 5 nm width. LYMID was built into the K-port limiter

box, on the lower instrument plate and viewed K towards the adjacent A port1. LYMID was

part of a larger set of absolute extreme ultra-violet (AXUV) photodiode arrays, including

also WB1LY and WB4LY, located 0.25 m above and below the midplane, respectively. In

this thesis, only the LYMID system will be used, although attempts to perform analysis on

WB1LY and WB4LY are underway. Figure2.2 shows an image of the hardware comprising

these systems in greater detail.

This LYMID diagnostic recorded measurements of brightness, the line integral of the

local Ly� emission along each of its viewing chords, as a function of their tangency radius.

Using a tomographic inversion algorithm, the local measurement of Ly� emissivity, � Ly �
, can

be reconstructed from the measured brightness. This procedure returns� Ly �
as a function

simply of radius, and no longer of toroidal angle. Local quantities are often reconstructed

from line-integrated measurements using the simpler Abel inversion, for which an analytic

1C-Mod was divided into 10 ports, A-K, omitting I.
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Figure 2.2: In-vessel views of K, A, and B-ports and their respective limiters. Views (red)
originate from the K-limiter box (blue) and extend through the A-B split limiter (green).
Figure modi�ed from [28] and originally obtained from [29].

closed-form expression exists. A discretized version of this routine can be found in [30], which

shows inversions from and provides more details of the LYMID diagnostic. The inversion

routine used in this thesis o�ers somewhat more sophistication and enables a more stable

solution to what is essentially an ill-posed problem. It solves the plasma tomography problem

by assembling any number of line-integrated measurements from views at di�erent pinholes

into a matrix equation relating the measured brightness and the local emissivity through a

geometry matrix and then employs regularization techniques to help stability of the solution.

Further details of the inversion routine are omitted from this thesis, but they can be found in

[31]. The routine was developed for inversions performed on the ASDEX Upgrade (AUG)

tokamak and then adapted for use on LLAMA, a similar diagnostic recently installed on

DIII-D [ 32]. For the analysis performed in this thesis, the routine has been further adapted

for use on the LYMID diagnostic on C-Mod, and has now also been ported to MAST-U for

study of B� emission. The left panel of Figure2.3 shows an example of a measured brightness

pro�le and the corresponding inverted� Ly �
.

The procedure to invert the brightness pro�le requires some simplifying assumptions. The

�rst of these is that the emission is axisymmetric. It is di�cult to know how accurate of

an assumption this is as a result of a lack of neutral measurements, as well as 3D neutrals

simulations to compare to. In the case of strong gas pu�ng, it is likely that the axisymmetry

assumption would be violated. Most phases of plasma discharges considered in this thesis,
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Figure 2.3: (Left) Radial pro�les of brightness (top) and emissivity (bottom) from measure-
ments of the Ly� electronic transition at the OMP of C-Mod from the LYMID diagnostic,
along with the separatrix position (gray, dashed). (Right) Ly� brightness (top) and emissivity
(bottom) showing sensitivity to choice of radial position of zero in brightness pro�le.

however, do not have active gas pu�ng, and so axisymmetry may be assumed. Other toroidal

asymmetries resulting from discontinuities in the vessel walls are likely to be unimportant in

the pedestal given the distance of those tangency points to the source of asymmetry. Note

that given that the views are parallel to the Z-plane, the procedure also does not require

any assumptions on poloidal variation of the emission. The second assumption, or rather

requirement, for the inversion is that the outermost channel report no line radiation. In

practice, since the diagnostic is absolutely calibrated, if the radially outermost channel reports

non-negligible brightness, an additional arti�cial channel reporting no radiation (zero) must

be added further radially outward. As shown in Figure2.3, the outermost tangency radius

for the LYMID system was at R � 0.92 m, whereR0 is the device major radius. The position

of the closest surface limiting magnetic �eld lines at the OMP was that for the range of

frequencies (RF) heating system. For simplicity, the zero is placed 1 cm behind the RF

limiter, at R = 0.93 m. The right panel of Figure2.3 shows sensitivity of the inversion to the

position of this zero. Only if the zero is moved toR = 0.92 m, directly outside of the last

channel, is there some change in the reconstruction, and the change only occurs > 1 cm into

the SOL, a distance somewhat larger than typical plasma gradient scale lengths at the LCFS

on C-Mod. On closed �eld lines, there is next to no sensitivity.
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2.1.1 Electron density and temperature

While the LYMID camera provides valuable information about the intensity of emission

from neutrals in the edge, it alone is not able to discern the number (or number density)

of emitting bodies. To infer this quantity, information about the background plasma is

also needed, in particular about the electron density,ne, and the electron temperature,Te.

These measurements were made in the main chamber plasma of C-Mod using a Thomson

scattering (TS) system, which could simultaneously measurene and Te pro�les spanning from

the magnetic axis to outside the separatrix. The TS system was comprised of two individual

systems, the core system (CTS) [33] and the edge system (ETS) [34]. Both systems are

shown in Figure2.1a. CTS was sparser and viewed across the majority of the core plasma.

ETS, on the other hand, viewed primarily the steep-gradient region around the separatrix

and near the crown of the plasma when in lower single null (LSN). It was routinely used for

pedestal studies on C-Mod [35� 37], providing measurements with order millimeter resolution

when mapped to the midplane. This mapping to the midplane, close to the poloidal location

of the LYMID camera, is necessary to use the kinetic pro�le information provided by ETS.

Also useful for the calculation, although not necessary, is a �t to the ETS data. The choices

for the �ts, and how they are used to align the measurements relative to the location of the

separatrix are outlined on anad hocbasis in Chapters3 and 4. Figure 2.4 shows examplene

and Te measurements from ETS as open symbols.

To go from raw measurements to useful pedestal and edge quantities requires a �t to

the raw data as well as a procedure for aligning measurements taken at poloidally-separated

locations. Given the large gradients present at the plasma edge, the details of the �tting

and shifting strongly in�uence the computed quantities, as well as the resulting analysis.

Computing quantities that depend on measurements from two di�erent diagnostics requires

de�ning a common grid. Since the inversion of the LYMID brightness can be performed on

an arbitrary grid, one straightforward approach is to directly calculate the inverted pro�le on

a radial grid de�ned by the location of the ETS measurements. This involves assigning a

�ux surface label, like the normalized poloidal �ux,  n , for example, to each of the (R, Z)

coordinates of the ETS measurement, ETS
n . This �ux coordinate is given by  n =  �  0

 a �  0
,

where is the poloidal magnetic �ux, and 0 and  a are the poloidal magnetic �ux calculated

at the major axis and at the separatrix, respectively. A mapping from the spatial coordinates

of the inversion, (RLYMID , ZLYMID = � 0:04 m), and the �ux-coordinates of the ETS, ETS
n ,

is then possible. One can thus express all neutral inferred quantities (as well as plasma

quantities) on the coordinate, ETS
n . The data points shown in Figure2.5 are computed using

this procedure.

A second approach that o�ers more �exibility is to map all quantities to an arbitrary, but
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Figure 2.4: Example pro�les ofne and Te from ETS.

common, radial grid of high resolution. For simplicity, this is often located at the midplane,

in either real space, (ROMP , ZOMP = 0), or simply using the same n �ux label. The inverted

emissivity, � Ly �
, is then mapped from (RLYMID , ZLYMID = � 0:04 m) onto this grid. Similarly,

ne and Te measurements are mapped to the midplane and then �t using this common grid.

Having pro�les of ne, Te, and � Ly �
on a highly-resolved grid is power powerful in that it

allows one to pick any desired location in n to compute local analysis of both plasma and

neutral pro�les. For ne and Te, a �t allows for direct evaluation of these quantities at an

arbitrary position along the radial grid and for � Ly �
, the inversion is smooth enough to enable

practically direct evaluation at such an arbitrary position along the grid.

Access to local quantities anywhere along the edge pro�le for which overlap between

ETS and LYMID exists permits contact with pedestal stability analysis, for which the n

coordinate is typically used. Furthermore, studies of pedestal structure typically assign a

position to the pedestal top, the pedestal bottom, the midpoint, and the associated width,

all of which are made easier through a �t tone and Te. Finally, computing a �t allows for

straightforward evaluation of plasma gradients, either numerically or analytically depending

on the �t used. One common drawback to using a �t, however, is that not all edge pro�les

are the same, and depending on the details of both transport and sources, plasma pro�les will

look considerably di�erent in the edge. The L-mode for example, has signi�cantly shallower

Te gradients than the H-mode, althoughne gradients can be more similar in the two regimes.
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Using �ts to study the in�uence of transport and fueling on the density pro�le on which the

�t is made a bit circular, but doing so, with caution, some physics motivation, and most

importantly, �exibility, can be quite useful.

2.1.1.1 Fits

One common function used to describe a typical H-mode edge pro�le is the modi�ed hyperbolic

tangent (mtanh) as in [38]. This function has also been used in previous analysis of ETS data

on Alcator C-Mod. It is determined that the pro�les examined here are also well described by

the mtanh, but some modi�cations are made to allow more �exibility in the �t. In particular,

the mtanh is supplemented with polynomial terms to allow for �exibility in adjusting the

gradient inside the pedestal and in the SOL. Equation2.1 shows the functional form of this

modi�ed mtanh.2

y(z) =
1
2

[h + b+ ( h � b)
P1(z)ez + P2(z)e� z

ez + e� z
] (2.1)

P1(z) = 1 + C1z + C2z2 + C3z3 and P2(z) = 1 + S1z + S2z2 are the core and SOL

polynomials respectively,z = 2 x0 � x
� is the pedestal coordinate as a function ofx, an arbitrary

midplane coordinate, andh and b are the height and bottom of the pedestal, respectively.

x0 is the pedestal center,� is the pedestal width,C1, C2, and C3 are the linear, quadratic,

and cubic coe�cients of the core polynomial, andS1 and S2 are the linear and quadratic

coe�cients of the SOL polynomial. Setting C2 = C3 = S1 = S2 = 0 recovers the form of the

�t function used in [ 38]. Since the mtanh has a closed form, thene and Te gradients (r ne and

r Te) can be computed analytically using the �t coe�cients, rather than through a numerical

approach, thus reducing the scatter in the computed data. Example �ts to ETS pro�les

are shown in Figure2.4 for H-modes at two di�erent power levels. The same discharges are

shown in Figures2.5 and 2.6, which are calculated using these �ttedne and Te pro�les.

2.1.1.2 Shifts and uncertainty

The mapping from (R, Z) to  n requires calculation of the spatial distribution of poloidal

magnetic �ux at a given time during a discharge. This is typically done using a free-boundary

Grad-Shafranov solver, like EFIT, which essentially reconstructs the magnetic equilibrium

given a set of coil currents [39]. EFIT is routinely run in real-time for most tokamak discharges,

including all of the ones discussed in this thesis. The mapping from the EFIT reconstruction

is generally good, but it can be subject to some amount of uncertainty especially when

magnetic pickup coils that help constrain the solver are far from the mapping location. The

2This expansion of the mtanh equation is usually attributed to T. Osborne of General Atomics.
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uncertainties can become signi�cant especially in locations of larger magnetic �ux surface

compression, as is the case close to the midplane. Instead, to bypass this EFIT uncertainty,

the location of the separatrix relative to the ETS measurements is identi�ed from the so-called

�two-point model� [40].

The two-point model uses power balance in the �ux tube connecting two points, one

upstream at the OMP and one at the outer divertor target.Te at the separatrix upstream,

Tsep
e , is then given by the value ofTe estimated at this �rst point. To estimate Tsep

e , two

expressions for the conducted parallel heat �ux,qk, are balanced against each other. The

�rst uses an estimate of the power conducted by electrons into the SOL and is given by:

qe;k;cond =
f e;condPnet

2�R� q
B p

B

(2.2)

wheref e;cond represents the fraction of the power conducted by electrons into the SOL and is set

to 0.5, R is the plasma major radius in m, and� q is the width of the heat �ux channel also in m.

Pnet is the net power crossing the separatrix in W, calculated according toPnet = Ploss � Prad ,

wherePrad is the power radiated in the core. The loss powerPloss = Poh + � ICRF PICRF � dW=dt,

wherePICRF is the total injected ion cyclotron range of frequencies (ICRF) power and� ICRF is

its e�ciency, set to 1 for simplicity across the datasets analyzed,Poh is the ohmic power, and

dW=dt is the time derivative of the stored energy,WMHD . In the absence of measurements

for this quantity, a C-Mod-based scaling due to Brunner is used [41].

The second expression is that of the conducted parallel heat �ux assuming Spitzer-

Härm parallel transport to the divertor, given in terms of the parallel temperature gradient.

AssumingTe at the divertor is negligible compared toTe upstream (T7=2
e;div � T7=2

e;up) and that

the power enters the SOL uniformly poloidally, this is expressed by:

qe;k;SH =
2
7

� 0;e
T7=2

e;up

L k
(2.3)

where � 0;e = 2000 Wm� 1eV
7
2 is the parallel electron conductivity coe�cient and L k is the

connection length to the outer target in m, approximated usingL k = q95�R , with q95, the

safety factor at the 95% �ux surface.

Equating Expressions2.2 and 2.3 and solving forTe;up gives:

Te;up =

 
7f e;condPnetL k

4�R� q
B p

B � 0;e

! 2=7

(2.4)

the upstream temperature at the separatrix in terms of experimental parameters. The

upstream separatrix position is thus identi�ed as the location at whichTe(Rsep) = Tsep
e . This

45



location is then used to �nd nsep
e = ne(Rsep), enabled by the simultaneous measurement of

Te and ne by ETS. No radial shift is applied to � Ly �
. Instead, an error associated with the

magnetic reconstruction is included, as delineated at the end of this subsection.

The model described above makes a number of simplifying assumptions, useful for database

studies, but which merit further consideration. The �rst of these is thatT7=2
e;div � T7=2

e;up , which

simpli�es the equation set, making the solution more numerically tractable as it can be solved

directly. Without routinely available target measurements ofTe and ne, it is di�cult to know

how strong of an approximation this is. But, for a subset of the data for which some target

analysis was carried out, it was observed thatTe;div typically does not exceed 25 eV, even

for large values ofPnet . A second potentially impactful approximation is the assumption

that these plasmas are in the Spitzer-Härm conductivity regime. While this is valid for

highly collisional plasmas typical of C-Mod, the inclusion of kinetic e�ects may be important

for discharges at high power and low density [42]. Finally, while not an assumption, some

uncertainty exists in the value off e;cond = f ef cond, which depends on energy partition between

various transport channels. Uncertainty is also present inPSOL as a result of uncertainty in

the injected heating and radiated power. Ultimately, these assumptions �gure weakly into

the estimate ofTe;up , only via an exponent of2
7, as shown in Equation2.4. More details on

the sources and accounting of these uncertainties can be found in [43].

To provide an estimate for how important these unknowns may be, uncertainties are

computed for the �tted ne and Te pro�les. Instead of using a technique like weighted least

squares, a statistical approach using the Monte Carlo method is performed. This process

involves perturbing the experimental data points, re�tting and recomputing plasma and

neutral quantities, and then computing statistics on the ensemble of �ts. The perturbations

to the experimental points are sampled from a Gaussian distribution with a half-width equal

to the experimental uncertainty of the ETS data point. This process is repeatedN times

and the uncertainty is set to the standard deviation of the ensemble ofN perturbed �ts.

Through sensitivity analysis, it was determined thatN = 100 represented a good compromise

between computational time and representation of the uncertainty. This technique enables

uncertainty estimation not only in the absolutene and Te pro�les, but also in their gradients,

as well as the neutral quantities computed from the plasma pro�les. Furthermore, like proper

weighted least squares including o�-diagonal terms, this uncertainty estimation technique

accounts for covariance between �t parameters. The technique is described in greater detail

in [44]. The uncertainty bands presented around the pro�les shown in Figures2.4 � 2.6 have

been computed using this approach.

As indicated earlier, no shift is applied to� Ly � , as the measurement is made near the

midplane and there is no model to constrain the measurement relative to the separatrix.
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To account for this uncertainty, an error associated with uncertainty in the position of the

separatrix as indicated by the magnetic reconstruction computed with EFIT,� REFIT = 2

mm is computed. The error in� Ly � from LYMID, � � Ly � , is thus estimated by multiplying

� REFIT by the radial derivative of the emissivity pro�le, @�Ly �
@r , computed numerically, i.e.

� � Ly � = � REFIT
@�Ly �

@r . This error is then added in quadrature to the quantities computed

below.

2.1.2 Neutral density and the ionization source

With ne, Te, and � Ly �
all mapped to the midplane, it is possible to infer the density of

neutral atoms,n0, emitting the Ly � radiation collected by LYMID. This is made possible with

the use of a collisional-radiative model, which provides estimates of excited state densities

in a plasma and their corresponding emission from line radiation. This is done using a

database of rate coe�cients, determined for a number of radiative and collisional processes.

These rates correspond to interaction cross sections and are organized in tables, expressed in

terms of localne and Te. In this thesis, the Atomic Data and Analysis Structure (ADAS)

[45] is used to calculate reaction rates for this experimental work�ow. The two processes

primarily contributing to emissivity from Ly � are excitation of a neutral H atom as well

as recombination of a H ion with an electron populating itsn = 2 energy level. The total

contribution to the emissivity is given by:

� Ly �
= Pexc

2! 1nen0 + P rec
2! 1n0ni (2.5)

wherePexc
2! 1 and P rec

2! 1 are the photon emissivity coe�cients for the excitation and recombina-

tion processes respectively, each of which depend onne and Te, and ni is the main ion density.

In the range of temperatures relevant to C-Mod pedestals, however,P rec
2! 1 is approximately

six orders of magnitude larger than that for recombination, justifying the exclusion of the

second term in Equation2.5. Ignoring this term and solving forn0 gives:

n0 =
� Ly �

Pexc
2! 1(ne; Te)ne

(2.6)

where the dependence ofPexc
2! 1 on ne and Te has been written explicitly.

From n0 and ne, the volumetric source rate of ions,Sion , can be inferred from reaction

rates for any reactions destroying or producing H (or D) ions. Given only one ionization

stage possible for D and that charge exchange reactions do not constitute a net source of

ions, the only reactions contributing toSion are as a source from ionization of a D atom and

as a sink from the recombination of a D ion. This can be expressed as:
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Figure 2.5: Example pro�les ofn0, Sion , and S=P from combined ETS and LYMID analysis
(right).

Sion = Snen0 + Aneni (2.7)

whereA and S are the e�ective recombination and ionization coe�cients corresponding to

the cross-sections of the reactions mentioned above, respectively. As withP2! 1, these also

depend on localne and Te. Also as before, the recombination coe�cient is negligible for

plasma conditions in the C-Mod pedestal, and so the expression forSion can be expressed

simply as:

Sion = S(ne; Te)n0ne = � Ly �
SH (ne; Te) (2.8)

by plugging in Equation 2.6, introducing SH = S=P, sometimes called the �SXB� coe�cient,
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and again explicitly stating the dependence on the ADAS coe�cients onne and Te. The

�SXB� coe�cient is fairly insensitive to ne and Te within the pedestal region on C-Mod,

and in general for other tokamaks. For example, for a wide range in pedestal parameters,

ne 2 [1019; 5 � 1020] m� 3 and Te 2 [50; 1000]eV, SH 2 [0:32; 0:96], i.e. an order of magnitude

variation in ne and Te only implies a factor of three variation inSH . Example radial pro�les

of n0, Sion , and this SXB coe�cient ( SH ) are shown in Figure2.5.

2.1.3 Opaqueness and the importance of measuring neutrals

As mentioned at the beginning of the chapter, the capability to diagnose the neutral source

in the edge, let alone in the main chamber plasma is rare, but critically important, especially

on a device like Alcator C-Mod. It is often assumed that penetration lengths of neutrals are

directly correlated to the density scale lengths in the edge, like the pedestal width. Indeed,

this was observed for a set of discharges on DIII-D [46], but the same has not been observed

on Alcator C-Mod [36, 47], and this is thought to be linked to the fueling e�ciency of edge

neutrals. This e�ciency is inversely related to a plasma's opaqueness,� . This quantity,

borrowed from optics, provides a heuristic to estimate how easily edge neutrals might fuel

a plasma and in�uence pedestal structure. It can be estimated using the ratio of a typical

plasma length scale and a typical neutral length scale, according to:

� =
� plasma

� neutrals
(2.9)

where if� plasma is set to the device minor radius,a in m, and � neutrals is set to the mean free path

of colliding neutrals in the edge,� mfp , in m, one can write� = a
� mfp

= ane� = aneh�v i ion
vth ;e

, where

h�v i ion is the same as the e�ective ionization rate coe�cient,S, in m3s� 1 and vth ;e =
q

Te
me

in

ms� 1. For all tokamaks, this ratio tends to be somewhere on the order of 10, implying that

opaqueness across the whole device is large and recycling neutrals are ine�cient in fueling the

entire plasma column. For �xedTe, one can then also read o� an estimate for the opaqueness

of a plasma,� � nea.

But, it is not expected that achieving fusion-relevant densities will require establishing a

gradient across the whole plasma, and typically, building up an edge density pedestal alone is

su�cient for reaching the requisite core density. Of course, the core can also take advantage

of density peaking to increase fusion power, but this is typically an e�ect tied to transport,

not core fueling. So, when considering fueling e�ciency of the outer part of the the plasma,

it is more interesting to consider an edge plasma density scale length, like the pedestal width,

� n , or the SOL width, � n . Taking � = � n
� mfp

instead, where� n is the density pedestal width

in m, yields values for� order unity. Fueling the edge pedestal is therefore a balance of two
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quantities of similar order. And, since� mfp is given by the neutral density decay length,

� n0 , inside the separatrix, it is clear that� is especially sensitive to the characteristics of the

n0 pro�le in the pedestal. As seen in Figure2.5, n0 decays exponentially into the pedestal,

meaning the edge is in a unique regime where the amount of direct fueling by ionization is

exponentially sensitive to a particular plasma's opaqueness. Withne and n0, one can directly

measure the edge opaqueness,� = � n
� n 0

, but since most devices do not have a measurement of

n0 to yield � n0 , the next best thing one can do is estimate a device's edge opaqueness using

the proposed scaling from above, namely that� � nea.

This can be done fairly trivially for any plasma by multiplying the line-averaged density,

ne, for example, a routinely measured quantity, bya. For C-Mod discharges at typical plasma

current, I P = 0:8 MA and toroidal magnetic �eld B t = 5:4 T, this gives a range in opaqueness

from 0:55� 0:68� 1020 m� 2. While these values are among the highest of current devices,

they are not the highest achieved on C-Mod. For example, plasmas in the �nal campaigns

of C-Mod achieved opaqueness values of up to1:1 � 1020 m� 2 [48]. For reference, recent

plasmas with Greenwald fraction,f G larger than unity on DIII-D achieved an opaqueness

just under 0:44� 1020 m� 2 [49]. In contrast, the C-Mod plasmas analyzed in this work only

range betweenf G = 0:41 � 0:58 and are already at larger opaqueness than these. ITER

and SPARC, on the other hand, are expected to operate at opaqueness values of2:2 � 1020

m� 2 and 1:7 � 1020 m� 2, respectively [50, 51]. If instead, a measure of the plasma density

more characteristic of the edge is taken, i.e.n = 1
2

�
nsep

e + nped
e

�
, as suggested in [52], the

opaqueness for these discharges ranges from from0:31� 0:43� 1020m� 2 and that predicted

for SPARC and ITER are 1:6 � 1020 m� 2 and 1:5 � 1020 m� 2, respectively [53, 54]. These

estimated opaqueness values are shown in Table2.1

Table 2.1: Estimated opaqueness for di�erent devices and using di�erent metrics.

Device nea (1020m� 2) 1
2

�
nsep

e + nped
e

�
a (1020m� 2)

Alcator C-Mod (Typical I P ; B t ) 0.55 � 0.68 0.31 � 0.43
DIII-D ( f GW > 1) 0.44 0.21
Alcator C-Mod (�nal campaign) 1.1 0.52
SPARC 2.2 1.6
ITER 1.7 1.5

That the typical C-Mod plasma edge is considerably more opaque than the highest

density DIII-D edge provides the context necessary to understand the observations of the

role of neutrals in determining the pedestal structure. On DIII-D, ionizing neutrals have

a much easier time establishing density gradients in the edge and determining the density

pedestal structure than ionizing neutrals on Alcator C-Mod. Density pedestals and large
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edge density gradients, however, are achievable on a device like C-Mod. If ionizing neutrals

do not determine the plasma density scale in Alcator C-Mod plasmas, then something else

like MHD stability or turbulent transport must. This thesis explores the latter.

It is important to understand these sorts of mechanisms, particularly in opaque plasmas,

as edge opaqueness is intrinsic to burning plasmas. One can express the Greenwald density,

nG = I P
�a 2 in terms of B and R and recover thatnG � B

R . For �xed con�nement, which is

strongly set by the normalized gyroradius,� � = � s
a � 1

BR , one gets the following relationship

for the �eld and size: R � 1
B . One can thus expressnG in terms of either of these parameters

as nG � B 2 � 1
R2 . A reactor operating at �xed nG will have an opaqueness that scales

mainly with either device size or magnetic �eld, i.e. � � na � nR � B . Since fusion

power, Pfus � R3B 4, any device seeking largePfus will have high � . Indeed, Table2.1 shows

this for SPARC and ITER. The opaqueness on SPARC and ITER is nearly identical, since

RSPARC � 1
4RITER , BSPARC � 2B ITER , and SPARC plans to operate atn � 1

2nG to limit

neutron production. As a side note, ARC's opaqueness atnG is approximately double that of

ITER, since RARC = 1
2RITER . Note also that fusion power density scales withn2 � n2

G � B 4,

allowing ARC to generate more fusion power than ITER at18 its volume, which itself may

represent other di�culties, namely with power handling. This heuristic argument motivates

why it is important to understand the physics of fueling on Alcator C-Mod, as its large

opaqueness (and high power density) puts this device in a reactor-relevant regime. At some

point, one must stop waving one's hands, and at that point, high-�delity measurements of

neutrals in the plasma edge like those described in this chapter become critical.

2.2 Particle balance and experimental inference of particle

transport

The most fundamental equation for how a collection of particles moves in a plasma is the

equation for the conservation of density, or the continuity equation. Put simply, this equation,

in its Eulerian form, states that time rate of change of plasma density in a particular volume

as a function of time is strictly determined by the transport of plasma density into or out of

that volume and the net production of plasma density in the same. It can be expressed as

follows:

@n
@t

+ r � ~� = S = Sion � Srec (2.10)

where ~� is the net �ux of particles into the volume in m� 2s� 1, S is the net source and

sink of plasma in that volume in m� 3s� 1, which is given by the sum ofSion , the ionization
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source of particles, andSrec, their recombination sink. As before, the recombination sink is

typically much smaller than the ionization source in the pedestal, i.e.Sion � Srec, so this

term will be ignored in the subsequent analysis. The particle �ux of plasma is a notoriously

di�cult quantity to estimate. In a tokamak, it has contributions from classical transport of

particles, neoclassical transport resulting from collisional processes in a toroidal geometry,

and turbulent transport resulting from a number of micro-instabilities throughout the plasma

domain. This collection of processes vary in both time and scale, making the problem of

evaluating ~� a big challenge. As stated earlier, the typical method of calculating this quantity

using gyrokinetics is di�cult to validate in the steep-gradient region of the plasma edge.

One way to make progress in solving this problem is to study the case of a stationary

plasma, where the temporal derivative in density,@n
@t, can be ignored. In the absence of

transients in density, @n
@t vanishes, and an equation in which the plasma �ux on the left-hand

side (LHS) is balanced by the ionization of neutrals on the right-hand side (RHS) remains.

The RHS of this equation,Sion , is exactly the volumetric plasma ionization rate calculated in

Section2.1.2. In this way, information about the steady-state particle �ux can be obtained

entirely through measurement ofne, Te, and � Ly �
and the procedure outlined in Section2.1.2.

The expression can be simpli�ed further by limiting analysis to closed �eld lines and

invoking an additional assumption. In tokamak coordinates, the divergence in �ux can be

expressed asr � ~� = 1
r

@(r � r )
@r + 1

r
@� �
@� + @� �

@� . A natural assumption to make is that if the even

if the toroidal �ux is non-zero, it is axisymmetric and so its derivative is zero, i.e.@� �

@� = 0.

The derivative of the poloidal particle �ux, on the other hand, is not zero, especially not in

the scrape-o� layer (SOL) where the large �ows to the divertor that make up a considerable

portion of the particle �ux vector can vary in magnitude along �eld lines. Inside the separatrix,

however, in the absence of strong asymmetries in the ionization source, it can be largely

assumed that this variation is minimal and that the primary direction of variation of~�

is radial. This greatly simpli�es Equation 2.10 to Equation 2.11, an equation in only one

dimension:

@r � r (r ) = Sion(r ) (2.11)

Integrating this equation yields the radially-directed particle �ux as a function of radius,

expressed by Equation2.12assuming a slab geometry. Since the assumption that@� �
@� � 0 is

only valid inside the separatrix, the integral on the right hand side of Equation2.12only

applies for radii with r < R sep.

� i; ? (r ) =
Z r

0
Sion(r 0)dr0 (2.12)
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Figure 2.6: Example pro�les of� i = � D and De� from combined ETS and LYMID analysis.

The discussion thus far has not di�erentiated between the �ux of ions and of electrons.

An analog to Equation 2.10 in reality exists for each plasma species. Plasmas analyzed

in this thesis are low-impurity plasmas, with a low e�ective charge,Ze� . Most electrons

are sourced from neutral D atoms, and so the source of main ions is very close to that

of electrons. This, in addition to the assumption of ambipolar transport, imposed by the

condition of quasineutrality, implies that the particle �ux of ions is approximately equal to

that of electrons. For the purposes of this thesis, the label� i is adopted to refer to the plasma

particle (main ion or electron) �ux. Note that a steady-state plasma will also have an equal

and opposite �ux of neutral D atoms,� 0. A �nal addition to the notation of this quantity to

facilitate comparison with the literature arises from the observation that the radial direction

at the OMP is perpendicular to ~B. Hence, the radial particle �ux is also referred to as the

cross-(magnetic)-�eld perpendicular particle �ux, � i; ? .

As stated earlier, the cross-�eld particle plasma �ux is a di�cult quantity to calculate,

even with simulation, as it depends on the gradients of a number of plasma parameters �

primarily the density gradient, but also thermal gradients, gradients in the magnetic shear

pro�le, gradients in the rotation pro�le, etc. [ 55]. These dependencies can be expressed more

generally in the form of a transport matrix, F = M r u, where the various transport �uxes,

F are the matrix-vector product of the transport (coe�cient) matrix, M and the gradients

of various plasma quantities,r u. An example of what this might look like for only particle
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and thermal transport is as follows:

0

B
@

�

qe

qi

1

C
A =

0

B
@

D11 D12 D13

� e;21 � e;22 � e;23

� i; 31 � i; 32 � i; 33

1

C
A

0

B
@

r n

r Te

r Ti

1

C
A (2.13)

whereqe and qi are the electron and ion heat �ux density, respectively, and subscripts denote

matrix elements using the following logic:1 $ n, 2 $ Te, 3 $ Ti .

A classically di�usive system would only have non-zero matrix elements on the diagonal,

i.e. D12 = D13 = � e;21 = � e;23 = � i; 31 = � i; 32 = 0. In this case, each transport �ux is only

driven by its �corresponding� gradient, e.g.r n for � , r Te for qe, etc. While in general, these

o�-diagonal elements are not zero and may even be large, one can still compute e�ective

transport coe�cients to provide a point of comparison for analyzing di�erences in transport

between discharges and as a function of di�erent edge conditions. For particles, the e�ective

transport coe�cient can be expressed as:

De� = �
� D; ?

r ne
(2.14)

requiring information about the plasma density gradient, which can be easily obtained from

the ne pro�le measured by ETS, especially given its high resolution in the plasma edge.

Figure 2.6 show example pro�les of� i and De� , considered valid only up to the separatrix.

The procedure described by Equations2.5 � 2.8, 2.10 � 2.12, and 2.14produces easily-

computable quantities that provide a large amount of information about plasma transport

using relatively little machinery. This technique is leveraged for analysis of plasma transport

across a large number of discharges, as shown in Chapters3 and 5, and to constrain high

�delity simulations, as discussed in the remainder of this chapter (Section2.3). Experimental

inferences ofDe� have been previously made on C-Mod in the pedestal with B� measurements

coupled to ETS [35] and in the near-SOL with Ly� from LYMID coupled to scanning Langmuir

probes [47, 56, 57]. This work represents the �rst analysis of this type within the pedestal

using LYMID and ETS simultaneously.

It is worth mentioning that on DIII-D, recent experiments have added a layer of complexity

to this analysis, using the LLAMA diagnostic [32], the successor to the LYMID system. There,

simultaneous calculation of a di�usive coe�cient, D, and a convective velocity coe�cient, v,

has been attempted using both intrinsic and induced plasma transients resulting from the

ELM cycle and gas pu� modulation, respectively [44, 58]. This convective component could

capture o�-diagonal terms in the transport matrix, e.g. the dependence of� i on r Te;i [55].

To do this requires perturbing the edge slightly so as to recover@n
@t without substantially
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changing the intrinsic transport properties. This particular experimental approach was not

attempted on C-Mod.

2.3 SOLPS-ITER modeling

The technique described in Sections2.1 and 2.2 is powerful in that it can be employed across

an entire database of shots with high quality Ly� and ETS data. These inferences, however,

are made with 1D measurements, and any conclusions about transport hinge on assumptions

about the poloidal distribution of neutrals in the pedestal. The radially-directed� i at the

OMP, � OMP
i , is in general di�erent from that at any other poloidal location in the pedestal.

If � OMP
i di�ers signi�cantly from the �ux-surface averaged � i , � FSA

i , then the experimentally

inferred De� may not be wholly indicative of transport across the entire poloidal extent of

the pedestal. The experimental estimates ofDe� , D exp
e� , are made at the OMP and as such,

are most reliable when variation in the poloidal fueling pro�les is small from shot to shot

and if the poloidal ionization pro�le is relatively �at. As will be shown later, on C-Mod

this is not usually the case, and instead, the ionization peaks near the poloidal location of

observation of the Ly� camera, the OMP. As a result, experimental inferences ofD exp
e� may

overpredict the �ux-surface averaged transport. This will be discussed in detail in Chapter3.

Furthermore, without some calculation of power balance, this technique limits one to analysis

only of particle transport, which contributes partially, but not entirely, to electron and ion

thermal transport. To assess the proximity ofD exp
e� to the �ux-surface averaged transport

coe�cient, D FSA
e� , and to estimate pro�les of heat transport, a select number of discharges

are further studied using SOLPS-ITER [59], a well-validated code suite used extensively for

the edge modeling of plasma and neutrals.

SOLPS-ITER is the principal boundary simulation tool for the planned ITER tokamak

and has been an e�ective tool for understanding interactions between neutrals and plasma

particles in the divertor of C-Mod [60, 61] and more recently, also for probing the in�uence

of neutrals in the pedestal of C-Mod [62]. SOLPS-ITER couples a 2D multi-�uid plasma

transport code, B2.5, with a 3D kinetic Monte Carlo neutral transport solver, EIRENE

[59]. Simulations in this thesis are run interpretively and are constrained at the OMP using

measurements from both ETS and the combined LYMID-ETS work�ow discussed in Section

2.1.

55



Figure 2.7: Steps for generating SOLPS-ITER grids, from the surfaces of a magnetic equil-
brium (left) into a grid for B2.5 (center) and EIRENE (right).

2.3.1 Plasma solution in B2.5

B2.5 solves the Braginskii �uid equations, composed of the particle, parallel momentum,

and energy balance for ions and electrons, as well as current continuity [63]. These are

solved on a grid de�ned in a 2D curvilinear, orthogonal coordinate system based on a user-

supplied equilibrium �le. Flux surfaces from the equilibrium are truncated in the SOL at

user-determined locations along divertor targets and in the core at a user-determined location.

Using a user-speci�ed number of grid points in both dimensions, a 2D grid is generated,

bounded by the core, SOL, and private-�ux region (PFR) surfaces in one direction, and

the divertor targets in the other. The procedure by which magnetic equilbrium surfaces are

converted to a mesh for solution of the B2.5 equations is shown in the �rst two panels of

Figure 2.7. Although it o�ers a number of computational advantages, one obvious limitation

of this meshing approach is that since the plasma grid only intersects material surfaces at

the divertor targets (and not also the main chamber walls, for example), approximations to

the plasma-material interaction must be made at the outer SOL and PFR. These limitations

will be discussed in greater detail in Section2.3.1.1.

The �rst of the equations solved on this grid is the analog to Equation2.10, the continuity

equation. Expressed in the notation used in B2.5, this equation is given by:

@na
@t

+
1

p
g

@
@�

� p
g

h�

~� a�

�
+

1
p

g
@
@r

� p
g

hr

~� ar

�
= Sn

a (2.15)
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where
p

g = h� hr is the volume of a B2.5 cell andh� = 1
jjr � jj and hr = 1

jjr r jj are the coe�cients

of the metric de�ning the B2.5 coordinate system. B2.5 useŝx as the poloidal direction, and

ŷ as the direction normal to the LCFS (radial in the main chamber), but the more familiar

cylindrical variables, (r; � ), have been adopted here for clarity, using the substitutions,� = x

and r = y. Sn
a is the source of density for speciesa, which can be computed using a �uid

neutral model in B2.5 or calculated from the higher �delity kinetic neutral model in EIRENE.

It is through this source term, and equivalent terms in the other Braginksii plasma equations,

that the coupling between the codes in SOLPS-ITER occurs.~� a� and ~� ar are the anomalous

poloidal and radial particle �uxes, respectively.

B2.5 decomposes the radial particle �ux into the following components:

~� ar = v(AN)
ar na � D (AN)

n;a
1
hr

@na
@r

+ v(E )
a + ~v(dia)

a + v(curr)
a (2.16)

where the �rst two terms comprise anomalous (AN) convective and di�usive contributions to

the particle transport, and the latter three terms correspond to theE � B (E) drift velocity,

the diamagnetic (dia) drift velocity, and the current-driven (curr) velocity. These three terms

are often ignored as they signi�cantly increase computational complexity, forcing adoption

of temporal resolution orders of magnitude higher. Indeed, all SOLPS-ITER simulations

presented in this thesis ignore the e�ects of drifts and currents. A similar equation to

Equation 2.16exists for the poloidal particle �ux. It contributes little to particle balance

in the pedestal, however, since~� a� is small on closed �eld lines because poloidal density

gradients determining poloidal di�usion are typically small.

Since SOLPS-ITER does not itself compute transport drive terms directly, the di�usive

and convective terms depend on user-supplied anomalous transport coe�cients,D (AN)
n;a and

v(AN)
ar , not simply representable with closed-form and solvable expressions, like for classical

transport coe�cients. As mentioned in Section2.2, the magnitude (and sign) of thev(AN)
ar

coe�cient is a subject of active research and it is di�cult to know how much each term

�gures into ~� ar . It is not clear if it is possible to know this either from simply SOLPS-ITER

modeling. As a result, the code is typically run with only the speci�cation ofD (AN)
n;a for

particle transport. For this reason, as well as to make contact withD exp
e� , v(AN)

ar is set to

zero in all simulations presented in this thesis. This �eld of transport coe�cients,D (AN)
n;a ,

and equivalent ones for thermal transport of ions/electrons,� (AN)
i=e;a , is de�ned at each B2.5

cell for each species,a. These, in addition to the boundary conditions (BCs) become the

most important inputs into the B2.5 solver. The procedure to determine these coe�cients

is outlined in Section2.3.1.2. Equations 2.15and 2.16are adapted with slightly modi�ed

notation from [64].
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Figure 2.8: Schematic of orthogonalized version of B2.5 grid, displaying the boundaries of
a single null plasma grid, including the cardinal direction each boundary corresponds to.
Diagram modi�ed from [28].

2.3.1.1 Boundary conditions

Solution of these equations also requires the input of boundary conditions. A number of

options for BCs are available at each of the boundaries, denoted in SOLPS-ITER by cardinal

directions, i.e. N, E, S, W. A diagram of the orthogonal grid showing these boundaries

and directions is shown in Figure2.8. The simplest boundaries to set are the E and W

boundaries. These correspond to the divertor targets, the outer and inner, respectively, for

a LSN plasma equilibrium, and the opposite for upper single null (USN) plasmas. These

are the only boundaries in the B2.5 grid that correspond to plasma-material interfaces. At

each of these, the usual modi�ed Bohm criterion is used to set sheath conditions. The N

boundary corresponds to the outer SOL and the outer PFR, closest to but not in contact

with material surfaces. As mentioned earlier, since the B2.5 grid does not extend to the

wall, the N boundary condition assumes the responsibility of returning recycling �uxes to the

simulation domain. This BC typically takes the form of either a �decay length� or a �leakage�

condition. The former type, in the case of the particle channel, designates that� / 1
� n

Dana,

where� n is the BC to be speci�ed, andDa and na are the di�usion coe�cient and density

de�ned at the boundary cell. The second type is the �leakage� BC type, where the particle

�ux is set proportional to the local sound speed,cs, and n, i.e. � �
q

Te+ Ti
m i

n. While the

former are more typically used, the simulations in this thesis all use �leakage� type, as these

are found most compatible to the experimental constraints, as described in Section2.3.2.

Like the N boundary, the S boundary, which corresponds to the core boundary, requires

particular attention. At this location, one typically speci�es either a �xed plasma parameter,
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as in a Dirichlet BC, or a �ux of that parameter, similar to, but not exactly, a Neumann

BC (which can also be speci�ed). If the former, a �xed density for example, is used, B2.5

will adjust the particle �uxes at this boundary in order to enforce this BC. While this type

of BC most easily allows tuning of a plasma pro�le, in the case of the density, it introduces

an arti�cial �ux in the domain. Unless in the case of a core particle source via pellet or

NBI, neither of which C-Mod had, the only particle �uxes that would cross the �ux surface

corresponding to this boundary in an experiment are recycling �uxes. Instead, in this thesis,

the �xed �ux boundary condition is used for both density and temperature. At the boundary

chosen for the SOLPS simulations of C-Mod performed here, it is reasonable to expect that

there is no particle �ux crossing the inner boundary, and so a negligible core particle source is

speci�ed. As for the temperature, the experimentalPnet is readily available (although subject

to large uncertainties and assumptions). In either case, this value is used as the BC for the

equations of thermal transport. This choice and the assumptions that enter it are discussed

in greater detail in Chapter 3.

2.3.1.2 Transport coe�cients

As mentioned at the beginning of this section, for the plasma transport, a purely di�usive

model is used across the three transport channels,Dn for particle transport, and � e and � i

for heat transport of electrons and ions, respectively. In its most basic form, SOLPS can

be run with a constant value for these transport coe�cients everywhere in its domain, and

indeed, to begin a simulation, this is typically done. After a few timesteps, however, it is

important to introduce some variation in the transport �eld. One location in which it is

essential to do this is in the plasma edge (especially that of H-modes), where steep plasma

gradients imply a local reduction in the plasma transport, a feature sometimes referred to as

a �transport well,� characteristic of the pedestal. Special attention is paid to tuning the shape

of the transport pro�le in the main chamber (MC) plasma, as outlined below. One might also

want to introduce poloidal variation in the MC, as well as in the parallel direction along open

�eld lines in the SOL. Neither is done here as is the case in most SOLPS simulations, since it

is di�cult to know how much transport varies poloidally. Previous work on C-Mod, however,

has shown that this is an important e�ect, where ballooning-like transport is observed to drive

larger plasma �uxes to the outboard rather than inboard side of the core [57]. Improvement

of models to account for this variation empirically or analytically is certainly worthwhile.

Some consideration of the implications of this uncertainty will be made in the analysis in

Chapter 3.

Transport pro�les are determined for the plasma in the MC using an iterative approach.

The technique is based on the di�usive formulation of transport and has been used to
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reproduce TS pro�les on NSTX and DIII-D [65, 66]. The process begins by running the

code to convergence using arbitraryf Dn ; � e; � i g �elds. From the converged solution,� , qe,

and qi are extracted. These are then combined with the experimentally measured gradients

from ETS to calculate a new set of transport coe�cients. The new transport coe�cients are

used in the next iteration of the simulation and modify the simulated gradients (which are a

function of the simulated �uxes) in order to match experiment. The calculation is done only

using the resulting B2.5 �uxes at the cell corresponding to the OMP, returning 1D pro�les of

the three transport coe�cients. These pro�les are extended in the poloidal direction, yielding

radially-varying but poloidally-invariant transport �elds, i.e. f Dn (r ); � e(r ); � i (r )g.

These new coe�cients calculated at iteration,j + 1, depend on the �uxes at the previous

iteration, j . The general procedure is de�ned by:

D SOLPS;j +1
n = �

� SOLPS;j

r nexp
(2.17)

� SOLPS;j +1
e;i = �

qSOLPS;j
e;i � 5

2 � SOLPS;j TSOLPS;j
e;i

nexpr Texp
e;i

(2.18)

where Equation2.18is actually two equations, one for electrons and one for ions. Measurement

of the main ion temperature is a notoriously di�cult and uncommon measurement to make.

For the C-Mod plasmas analyzed in this thesis, they are not available, and so the assumption

that Te = Ti is made. In the calculation of� i , r Texp
e is used in lieu ofr Texp

i . Previous

work on C-Mod comparedTi to Te and showed that the temperature ratio,� i = Ti =Te, was

close to one at the pedestal [67, 68], but possibly as high as six at the separatrix and in

the SOL of L-modes [69]. It was observed that� i was most clearly dependent on divertor

collisionality, whereby higher collisionality led to temperature equilibration. Many of the

plasmas studied in this work were very collisional, so the assumption that� i = 1, while likely

an under-estimation, may not signi�cantly inaccurate, at least through the pedestal. DIII-D

simulations performed recently have tested various approaches to settingTi [66]. These show

that there is some sensitivity of outputs to the choice forTi . In particular, neutral pressure

in the PFR increases with upstreamTi . These studies motivate additional more detailed

study of the sensitivity of the distribution of neutrals upstream, speci�cally in the pedestal,

to choice ofTi . Although this was not studied in this work using SOLPS-ITER, the role of

the ion temperature in determining the characteristics of neutral transport may be important,

as will be discussed in Chapter6.

Using this iterative transport solving scheme can lead to setting highD and � at the

SOL grid cells at the outermost �ux surface. In these simulations, this e�ect leads to a loss

of between 25 � 35% of input power across the outer grid boundary. This power is thus
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presumed to be lost to radial transport to the �rst wall and is not transported to the divertor.

In experiment, some power is likely lost in this manner, and while the exact fraction of power

is di�cult to know, 25 � 35% is likely an overestimate. Radial transport in the rest of the

domain is given by the same radial pro�le as determined at the OMP, i.e. there is no poloidal

variation in the radial transport. Thus, the transport coe�cient pro�le determined using this

iterative method at the OMP is also used at the divertor targets, a possible limitation of this

approach. Finally, �at transport coe�cients are used in the private-�ux region (PFR) � Dn

= 5 � 10� 2 m� 2s� 1 and � e = � i = 7 � 10� 1 m� 2s� 1, standard choices in this region. There

is little knowledge of what transport looks like in the PFR, but variation in these coe�cients

is not found to strongly a�ect pro�les at the OMP or at the targets.

2.3.2 Neutral solution in EIRENE

Perhaps the primary reason for the selection of SOLPS-ITER by many users to model the

boundary is its treatment of neutrals. Dynamics of neutrals are computed with EIRENE, a

Monte Carlo kinetic neutral solver [70]. The neutral model in EIRENE is very comprehensive,

including computation of more atomic and molecular reactions than other boundary solvers

[71]. Compared with a neutral �uid model, the Monte Carlo method is computationally

expensive and introduces statistical noise, making convergence complicated. Regardless, its

�delity in neutral simulation and ability to treat hot, collisionless neutral populations can

make the additional computational complexity worthwhile. Just like B2.5, EIRENE requires

a grid on which to solve neutral transport equations. The grid in B2.5 is used as a starting

point for triangulation of the EIRENE grid. First, the EIRENE grid generator splits the B2.5

cells in two along their diagonal, yielding two EIRENE grid triangles per B2.5 cell. Unlike

B2.5, the EIRENE grid is not limited to the �ux surface truncation that bounds the B2.5

grid, and so it can be extended all the way to the wall, also without requiring �eld alignment.

In this way, EIRENE can compute plasma-neutral interactions (and neutral-neutral ones

nonlinearly), as well as interactions with wall surfaces at all vessel walls. The rightmost panel

of Figure 2.7 shows an example of an EIRENE triangular computational grid.

EIRENE solves the following Boltzmann equation for each neutral species in the simulation

[72]:
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(2.19)

where the integrals integrate with respect tod3~v0d3 ~V 0d3~V, omitted to unclutter an already

complex integral. In the case of no self-collisions, this equation reduces to:

[
@
@t

+ ~v � r ~r +
~F (~r;~v; t)

m
� r ~v]f (~r;~v; t) =

Z
d3v0C(~v0 ! ~v)j~v0jf (~v0)

+ Q(~r;~v; t)

(2.20)

where the left-hand side (LHS) of each equation represents the total temporal derivative of

the distribution function for each species,Q is an external source of particles,� in Equation

2.19represents a general collision cross-section andC in Equation 2.20 is a linear collision

kernel. Each of these act on a distribution function,f or f 0
b, with pre-collision velocity, ~v0

or ~V 0 and post-collision velocities~v or ~V. In short, this equation tracks the distribution

function of Monte Carlo particles as they undergo a variety of neutral transport processes,

each represented by� (or C) in the above equations [70].

2.3.2.1 Neutral reactions

As with the experimental analysis in Section2.1, the calculation of neutral quantities in

EIRENE depends on the use of a collisional-radiative model and tables from which to calculate

reaction rates. In the case of EIRENE, rates are taken from the AMJUEL [73] and HYDHEL

[74] databases. These reactions are primarily linear processes, including elastic collisions,

charge-exchange, electron-impact collisions, photon processes like emission, absorption, and

scattering, and surface re�ection and recycling. They also include some non-linear processes

like self-collisions [72]. They are tabulated in detail in [71], but for the purposes of studying

ionization in the pedestal, only reactions which include the interaction of a D ion (D+ ) are

shown in Table2.2.

As in Section2.1, the reactions most in�uential in determining the ionization source in

the pedestal are the EI reactions, and in particular, the one resulting from the interaction of
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Table 2.2: EIRENE reactions involving D+ ions, including electron impact (EI), dissociation
(DS), charge exchange (CX), recombination (RC).

Process Reaction Database �le
Typical h�v i values

(cm3s� 1)

EI
e + D ! 2e + D+ AMJ H.4 2.1.5 1 � 10� 10� 8

e + D+
2 ! 2e + 2D+ AMJ H.4 2.2.11 5 � 20� 10� 9

DS
e + D2 ! 2e + D + D + AMJ H.4 2.2.10 1 � 5 � 10� 9

e + D+
2 ! e + D + D + AMJ H.4 2.2.12 10� 7

CX D+ + D ! D + D + HYD H.1 3.1.8 5 � 10� 10� 8

RC D+ + e ! D AMJ H.4 2.1.8 10� 16 � 10� 14

an electron and a neutral D atom, given the much lower density of partially ionized molecular

D+
2 in this region. For the same reason, DS reactions are fairly uncommon in the pedestal.

RC reactions may still take place, but the interaction cross-section is much lower than that

for EI reactions, so they are largely negligible for the plasma parameters in the pedestal.

Finally, CX reactions are quite common, but since these only involve the exchange of a charge,

they do not actually constitute a net source or sink of particles, so they do not a�ect the

overall ionization rate. CX reactions, however, are thought to be quite in�uential in neutral

transport deeper into the pedestal. This phenomenon and its importance are discussed in

greater detail below.

As for interactions with vessel surfaces, EIRENE models re�ection, thermal desorption,

and sputtering, and the models it uses for each can be modi�ed by the user. In order

to calculate these, as well as the plasma-neutral and neutral-neutral interactions outlined

above, EIRENE organizes the computation into three �strata.� The �rst consists of volume

recombination, and is active throughout the grid. The second accounts for surface interactions,

and is divided further depending on the individual location of the interaction. The last is

only active when a user designates a gas pu�ng location somewhere in the grid. EIRENE

then launches a user-speci�ed number of particles into each of these strata. Typically, larger

numbers of Monte Carlo particles are speci�ed in strata where larger number of interactions

are expected to happen in order to ensure enough particles reach all cells to yield adequate

resolution in the solution. For C-Mod plasmas modeled here, a higher number of particles is

injected into the target surface strata and the volume recombination strata. At these �dense�

strata, 25,000 particles are launched. At the �sparse� stratum, which consists of non-target

vessel walls, 2,000 are launched.
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When coupled to B2.5 in a SOLPS-ITER run, EIRENE typically takes a large portion of

the compute time, as it scales withn2, wheren is number of Monte Carlo particles, when

neutral-neutral collisions are considered. To speed up the calculation, one can specify how

often the EIRENE solver is called relative to the B2.5. To begin a simulation, one might

decrease the number of calls to EIRENE per B2.5 call and decrease the number of Monte

Carlo particles launched. As the solution converges, the number of calls to EIRENE and the

number of Monte Carlo particles should then be increased. For these simulations, the number

of particles at �dense� strata was increased from 25,000 to 99,000. At the �sparse� stratum,

this was increased from 2,000 to 9,000. The approximately four-fold increase in number

of injected particles can increase computational complexity by up to a factor of 16, given

the O(n2) scaling of the computational time for self-collisions. Fortunately, this increase in

launched particles only needs to be done at the end of the pro�le matching procedure, and it

does not represent a signi�cant bottleneck in the interpretive modeling process.

The coupled solution procedure in SOLPS-ITER proceeds as follows: EIRENE computes

the sources for the plasma transport equations in B2.5, which then yields a plasma background

onto which EIRENE can launch particles, modify its distribution function, and then recompute

sources for B2.5. EIRENE alone calculates a density of neutral atoms, everywhere in its

domain, which can readily be compared with the experimental inference ofn0 described in

Section2.1.2. Further, the coupling with B2.5 provides the plasma background onto which

its collisional-radiative model can be mobilized to also provide ionization rates, as well as

emissivities from the various electronic transition series, including the Lyman series. This

permits the use of a synthetic diagnostic to directly make comparisons with the LYMID

measurements, obviating the need to treat the data in any way and possibly yielding the

highest �delity comparison. Although Sion , � Ly �
, or even the brightness can all be compared

with experiment, the simulations presented in this thesis will be constrained rather with

the neutral inference ofn0, a direct output of EIRENE. While the B2.5 itself domain does

not extend to the �rst wall at the OMP, the �leakage� BC provides the plasma �ux which

EIRENE attempts to balance with neutral �ux by launching �recycled� neutrals from the

�rst wall at the OMP.

2.3.2.2 Tuning the neutral simulation

The above constraint on the neutral density at the midplane, equivalent to any other listed

above (assuming experimental matches tone and Te) also acts as a constraint on plasma

transport, an important feature of this simulation e�ort. A known di�culty in making

conclusions about transport with a code like SOLPS-ITER is the problem of of degeneracy

in transport coe�cients. Without a constraint on � SOLPS, a consequence of Equation2.17 is
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that any number of values ofDn can reproduce the requisiter nexp. In other words, ne on its

own is insu�cient to constrain � SOLPS and thus, to �nd the correct Dn . As shown in Section

2.1.2, knowing n0 and Sion in steady state also gives� i , which is exactly the constraint needed

in the calculation to break this degeneracy. Thus, by reproducing the experimentalne, Te,

and n0, conclusions can be reached about the physical transport coe�cients,Dn , (as well as

� e), at least in a �ux-surface averaged sense.

While straightforward in theory, in practice, it is di�cult to change one parameter in

the simulation at a time without changing others. Doing so requires an inner loop to �nd

the correct set of transport coe�cients and an outer loop to �nd the correct set of BCs.

Techniques to help with this task were �rst developed for recent simulations of Alcator

C-Mod plasmas, which aimed to validate then0 calculation in EIRENE using the same

LYMID diagnostic as in this thesis [62]. This achieved a match to the experimentaln0 across

con�nement modes using leakage BCs at the N boundaries in the SOL and PFR. The work in

this thesis con�rms that these BCs do indeed yieldn0 magnitudes closer to those estimated

via the procedure outlined in Section2.1.2. Further, it �nds that the proportionality constants

set by the user at these boundaries strongly in�uence the shape and magnitude of then0

pro�le in the pedestal at the OMP. Three proportionality constants exist � one for particles,

� n , and one each for ion and electron heat transport,� Ti and � Te .

It is determined that � n most strongly determines the magnitude of� (and by consequence,

n0). This modi�es the plasma �ux that must be matched by the �ux of neutrals launched by

EIRENE at the OMP vessel wall. The� n BC is thus used to setn0, by shifting the simulated

n0 up and down in magnitude in order to match the magnitude ofn0 in the pedestal. In the

simulations reported in this thesis,� n is varied until the magnitude of the simulatedn0 most

closely matches that inferred experimentally throughout the pedestal. While� n changes the

magnitude ofn0, it keeps the neutral gradient scale in the pedestal,Lped
n0

, i.e. the shape of the

neutral density pro�le, relatively �xed. Previous work on neutral penetration shows thatLn0

depends strongly onne [35, 36, 46, 52, 62, 75, 76]. ne, however, is not a tunable parameter in

these simulations, as it is given by the ETS, not to mention that changingne itself changes

n0. Instead, it is � Te and � Ti that are mobilized to tune Ln0 .

These BCs modifyqe;i , which indirectly a�ects � i by modifying the shape ofn0. Addition-

ally, it may be that modifying these may also a�ect the local values ofTe and importantly Ti

in the SOL. The CX reaction in Table2.2 implies a collision of a neutral, D, with an ion, D+ .

The hotter the ion involved in the collision, the more energy it will possess as a neutral after

receiving an electron from a cold neutral. This may enable deeper neutral penetration in the

simulation, and more generally, may be be part of the reason even pedestals very opaque to

(thermal) neutrals still experience su�cient ionization to sustain a large corene. Through
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Figure 2.9: Example pro�le results from SOLPS-ITER forne (top), Dn (middle), n0 (bottom).

the combination of these e�ects, the coe�cients {� n , � Te , � Ti } become the toolkit needed

to match both the magnitude and slope ofn0 across the pedestal. Updating the EIRENE

solution also a�ects B2.5 by modifying the sources for the plasma transport equations. This

then acts as the outer loop added to the iterative process described in Section2.3.1.2, which

comprises the inner loop. The two loops and procedure for matching experimental pro�les

is depicted in Figure2.10. Figure 2.9 shows an example of thene, D , and n0 pro�les that

result from this process. While the match tone is almost perfect, the match ton0 is best in

the pedestal and su�ers mismatch inside the pedestal top and in the SOL. The reason for the

mismatch is not fully known, but Chapter 6 will scrutinize these mismatches systematically
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Figure 2.10: Flow chart showing procedure for reproducing experimental pro�les using
SOLPS-ITER. Inner loop updating transport coe�cients is shown in orange. Outer loop
updating SOL boundary conditions is shown in turquoise.

with consideration of a larger experimental database.

2.3.3 Particle balance

One �nal challenge introduced by the stochastic process inherent to the neutral calculation in

EIRENE is that of particle balance. The simulations presented in this thesis correspond to

two experimental setups � one in which there is no external injection or removal of particles

and the simulation is treated as an isolated system, and the other in which particles are

removed from the simulation via a pump. The former is slightly simpler and was the setup of

many H-modes on Alcator C-Mod, in which it was found that no external gas pu� was needed

to sustain the �nal H-mode density. The latter was the setup of C-Mod plasma discharges

exhibiting active cryopumping (from a cryopump installed in the upper divertor chamber

in 2007). Often, in this case, the high H-mode density couldstill be sustained without an

external gas pu�, a feature not universally observed on tokamaks. Interesting as it is, it

requires additional consideration to achieve particle balance in the simulation.

For the �rst situation described above, the simulation domain is treated as an isolated

system, with no injection or removal of particles. Alcator C-Mod had molybdenum (Mo)

walls, which do not readily absorb particles. As a result, it was expected that these surfaces

strongly recycled neutrals and at times even outgassed neutrals that had been embedded in

the walls. EIRENE allows a user-de�ned albedo,R, which de�nes the fraction of recycled

neutrals that return to the simulation. To model the Mo walls on C-Mod,R is set to unity

at all material surfaces. As mentioned in Section2.3.1.1, C-Mod did not have an NBI

system or any signi�cant core particle source, so no large particle �ux is imposed at the core

boundary. Note that in practice, a small but negligible particle �ux must be injected at the

core boundary to achieve a steady-state particle balance. This is needed to o�set a parasitic
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Figure 2.11: Engineering diagram of cryopump and surrounding structures in upper divertor
chamber. The cryogenic pump surface is displayed as a toroidal cylinder in tan and the pump
is comprised of the yellow tiles below the pump surface.

loss of particles that causes a mismatch between the plasma state and source terms resulting

from the coupling of the implicit solver in B2.5 to the explicit solver in EIRENE. Finally,

since these H-modes were not actively pu�ed, no additional particles are injected into the

simulation via gas pu�ng. Particle balance is achieved entirely by manipulating the initial

particle inventory.

To model cases with active pumping, the removal of particles via a cryopump must be

modeled in some way. Simulating a pump in SOLPS-ITER typically involves reducingR

below unity at a designated pumping surface [77, 78]. On Alcator C-Mod, the cryopump

consisted of a toroidal loop and was installed in the upper chamber. Its poloidal cross-section

thus appears circular and can be seen at at the top of Figure2.1a. The pipe running toroidally

contained liquid helium, which acted to keep the pump cryogenically cooled to below 4.6 K

[79]. Figure 2.11shows a more detailed schematic of the cryopump geometry. Initial attempts

to model the cryopump in SOLPS-ITER involved attempting to construct a high-�delity

representation of the cryopump structures, including the circular cross-section representing

the cryogenic surface. At these temperatures, this surface acts almost as a perfect absorber

of room temperature gas, and so the circular surface was designated as the pumping surface,

with R = 0. The top panel of Figure2.12shows the EIRENE vessel surfaces created for this

high �delity approach.

Figure 2.11 also shows the pump ba�e, i.e. the surfaces that separate the cryopump

volume from the main chamber, in yellow. From the �gure, it can be seen that the ba�e

is not toroidally uniform � there are toroidal gaps spanning� 50% of the toroidal extent
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Figure 2.12: Higher �delity (top) and lower �delity (bottom) model of cryopump in SOLPS-
ITER. The pumping surface and partially transparent ba�e surfaces are highlighted.

of the ba�e. Although EIRENE is a 3D code, modeling 3D geometry is not useful as it

must couple to B2.5, which does not consider the toroidal direction. One way to account

for toroidal variation is to modify the transparency of an EIRENE surface. By specifying

some transparency,T > 0, at a particular surface, it makes the surface transparent to some

percentage of EIRENE particles, de�ned byT. Thus, in order to model the alternating

open and closed pump ba�e, a horizontal surface is drawn to separate the main chamber

from the cryopump volume, with a designated transparency,T = 0:5. This allows 50% of

EIRENE particles to enter and exit the cryopump volume, matching the toroidally-averaged

experimental value.

Although this model of the pump is a higher �delity representation of the C-Mod cryopump

than that of a simple pumping surface, it was not on its own su�cient to achieve particle

balance. In the experiment, the pump could be left cold without additional gas pu�ng and a

steady state could be reached if the walls began to outgas (i.e.R > 1), or if after some time,

the �ux of particles to the pump duct became negligible. The �rst is not possible in EIRENE

unless an external gas pu� is used and the second was not found to occur naturally, i.e. the

simulation would lose too many particles and no steady state could be reached. In this way,

this complex geometry acted simply as a sink of particles, without much ability to alter the

rate of removal (sinceR � 0 for this pump). To simplify the problem and allow more control

over the particle removal, the pump geometry was simpli�ed signi�cantly. Instead of the full

pump geometry, only one �pumping� surface was kept, generally mimicking the horizontal
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portion of the green surface above the pump ba�e in Figure2.11.

The �nal simpli�ed geometry used for the pump is shown in the bottom panel of Figure

2.12. Instead of constrainingR to match a pump speed,R at this surface is reduced to 0.99

(99% recycling), arbitrarily, simply to remove particles. Particle removal is constrained using

n0 instead of a neutral pressure, for example at the cryopump, due to di�culties in calculating

a neutral pressure in EIRENE consistent with measurements taken far from the simulated

vacuum region (as was the case for C-Mod pressure gauges). Then, rather than injecting

particles at some other unknown location to balance the particles removed via pumping, once

n0 reaches the experimentally-observed level in the pedestal,R is returned to unity at all

surfaces to halt removal of particles. Note that the transparent surface withT = 0:5 was

kept in order to attempt to reproduce the experimental neutral conductance to the pumping

volume.
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Chapter 3

Enhanced Pedestal Transport on Alcator

C-Mod and Regulation Via Cryopumping

Armed with a set of tools for analysis of fueling and transport, the task at hand becomes to

search for discharges with LYMID and ETS. Rather than casting a wide net and attempting

to perform large scale analysis of many discharges, this chapter attempts instead to restrict

analysis to sets of discharges with high quality measurements from both diagnostics in

the pedestal and in which as many experimental parameters as possible can be controlled.

As mentioned in Chapter2, the mechanisms that determine particle transport and the

distribution of fueling neutrals are various and inextricably linked. Allowing too many

experimental inputs to vary soon makes it di�cult to discern important dependencies. But,

for a small number of discharges, self-consistent analysis of particle and neutral pedestal

transport makes it possible to look at how fueling (and heating) sources vary in the pedestal

and what sort of e�ect these variations have on the plasma pro�les. And with SOLPS-ITER

modeling, it becomes possible to validate this analysis and scrutinize the 2D distribution of

neutrals in these discharges.

A number of candidate experiments exist that meet the above criteria. This chapter

presents the analysis of one such experiment, performed soon after the installation of the

LYMID camera in 2007, as well as an accompanying set, performed about a year later. These

experiments feature a well-documented phenomenon on Alcator C-Mod H-mode discharges �

density pedestal resilience to changes to experimental inputs. In other words, it was observed

that H-modes in the typically-accessed Enhanced D� (EDA) regime obeyed a rather �xed,

or saturated, pedestal density, not easily modi�able through particle control. Only through

modi�cation of the plasma current could this density be changed to a di�erent value. The

phenomenon has been attributed to increased plasma opaqueness that prevents neutral

penetration, as well as to intrinsic changes to the plasma transport, both of which hold the
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density �xed. Through detailed pro�le analysis and simulations, this chapter attempts to

elucidate these e�ects and shed light into why a pedestal might settle at a natural density.

This is considered particularly in the context of the high magnetic �elds and high densities of

Alcator C-Mod, which �gure strongly into the topic of fueling and transport, and which will

also be present in next-step devices.

This chapter begins by describing the experimental setup of discharges to be analyzed,

as well as how the experimental inference techniques described in Chapter2 are applied to

these discharges. Section3.2 then compares experimental ionization measurements from

these discharges, highlighting the relatively �xed pedestal densities despite large changes to

ionization and heating sources. Section3.2 opts to explain this e�ect through the perspective

of a change in particle transport, emphasizing the tightly coupled nature of sources and

transport in these discharges. Section3.3 jumps ahead chronologically to another set of

experiments, where special attention was given to controlling the ionization rates. It attempts

to quantify how e�ective these experimental changes are in modifying plasma pro�les. Section

3.4 then presents initial results from SOLPS-ITER simulations, focusing on validation of the

1D experimental particle transport measurements and identifying changes to the poloidal

distribution of neutrals and how this a�ects the poloidally-averaged particle transport. Having

identi�ed particle transport as an important driver for experimental pro�les, Section 3.5

locates which parameters, mostly dimensionless, may be most important for modifying

transport and setting plasma pro�les. It continues by motivating which transport mechanisms

may be responsible for the experimental observations and includes discussion of whether

these may arise also in next-generation devices.

3.1 Experimental setup for analysis of fueling and trans-

port

In 2007, a series of experiments was performed on Alcator C-Mod to study the e�ect of

switching the magnetic geometry from LSN to USN in the EDA H-mode regime. The EDA

H-mode is a type of H-mode not limited by peeling-ballooning MHD modes, as is the case

for the more typical Type-I ELMy H-modes [37, 80]. It is well known that changing the

direction of the ion r B-drift direction a�ects the power threshold for entering H-modes.

Previous analysis of these discharges also indicated that the drift direction may also a�ect

the quality of the H-mode once entered [81, 82]. To study the e�ect of the magnetic drift

direction on EDA H-mode pedestal quality, for a �xedB t = 5.4 T, I P = 0.8 MA, and r B-drift

direction, the active null was moved from the lower chamber to the upper chamber. This
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e�ectively modi�ed the outer midplane distance between the separatrices passing through

the two X-points, � Rsep, from around -5 mm to +5 mm. It was indeed found that as the

discharge switched from LSN to USN, i.e. when� Rsep > 0, there was a reduction in both

the con�nement and the stored particle inventory [82].

As mentioned earlier, an attempt in this chapter is made to isolate discharges with as

few changing experimental parameters as possible. A scan in� Rsep constitutes quite a large

change, as the outer plasma strike line, thought to be in�uential in neutral recycling, moves

from the lower divertor to the upper divertor. As a result, the current work focuses solely on

plasmas solidly in LSN, with� Rsep � � 5 mm, implying relatively �xed placement of the

outer (and inner) strike points. Furthermore, these plasmas were all obtained at relatively

�xed shape, with elongation,� � 1:6, and triangularity, � � 0:5. They had a major radius,

R0 � 0:67 m and a minor radius,a � 0:22 m, typical for Alcator C-Mod plasmas. Figure2.1a

shows a typical magnetic equilibrium for these plasmas, showing also views of the diagnostics

described in Sections2.1 and 2.1.1. As was the case for many H-modes on Alcator C-Mod,

gas was only injected in the L-mode phase, and the target density was sustained in the

H-mode without any additional gas request on the controller. These plasmas also received

no external impurity injection. For plasmas with �xed � Rsep < 0, the net power �owing

into the SOL varied over a range of 1.3 � 3.4 MW. Fig3.1 shows that both global and local

parameters, of both plasma and neutrals, generally organized well to the variations inPnet .

Figure 3.1 shows these quantities, all for H-mode discharges, plotted againstPnet . It shows

large changes to many of these asPnet approaches and crosses a critical value ofPnet , P crit
net �

2.3 MW. For reference, the L-H transition threshold power,PL� H
th , estimated using the Martin

scaling [83], ranges between 2.3 � 2.7 MW for these discharges. Regardless, discharges with

Pnet < P L� H
th remain in H-mode, likely a result of hysteresis inPnet often observed in the H-L

back-transition [84, 85]. The left panel of Figure3.1 shows that the line-integrated density,

ne, drops by � 10%, simultaneous with large increases inWMHD , the maximum normalized

pressure gradient,� MHD , which will be de�ned in Section3.5 and the normalized con�nement

factor, H98;y2 (H98), calculated using the scaling for H-mode con�nement from [86]. Recalling

the expression for the opaqueness heuristic introduced in Section2.1.3, the plot of ne also

gives information about the opaqueness in these shots.

The center panel of Figure3.1 shows changes in pedestal plasma parameters taken from

�ts to the kinetic pro�les measured from the ETS diagnostic. There is a large drop in the

collisionality (a normalized collision frequency explained in greater detail in Section3.5) at

 n = 0.95, � �
95, resulting from a very slight drop in nped

e , but a large rise inTped
e . Each of

these pedestal quantities is computed at their respective pedestal top, de�ned by the mtanh

�t function rather than at a particular �ux surface. In general, these are at di�erent locations
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SOL

Figure 3.1: Various experimentally-determined quantities plotted againstPnet , for quantities
related to plasma con�nement in dark blue circles (left), the pedestal top in gray (and purple
/ green) triangles (center), and neutrals in light blue squares (right).

for ne and Te. The bottom plot of the center panel di�erentiates, with color, discharges that

are at high values of� �
95 > 2 and low values of� �

95 < 2. Revisiting this particular experiment

through inspection of edge ionization pro�les reveals the role of plasma transport in regulating

the pedestal and thus, the H-mode quality. The right panel of Figure3.1 alludes to this,

showing large drops in the inferredn0, Sion , � D , and De� , all at the top of the pedestal. The

top right most plot also showsn0 in the SOL, de�ned 2 mm outside the separatrix. Table

3.1 summarizes the range in local values for all quantities of interest in this dataset at the

pedestal top, de�ned as the point�2 radially inward of the center of the mtanh pro�le, where

� is the width of the mtanh (as well as the pedestal). Only the radial location at the top of

the ne pedestal is shown. Tabulated as well are values at the separatrix.

3.2 Density pedestal saturation and sti� transport

The methodology developed so far is now used to directly interrogate the role of pedestal

ionization in in�uencing the electron density pedestal height. Figure3.2 showsne, both at
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Table 3.1: Ranges of values at the location of the top of thene pedestal and at the separatrix
for the discharges analyzed.

Parameter ne pedestal top Separatrix
ne (1020 m� 3) 1.9 � 2.3 0.7 � 1.9
Te (eV) 210 � 670 80 � 150
n0 (1016 m� 3) 1.0 � 2.1 1.9 � 4.3
Sion (1022 m� 3s� 1) 7.8 � 21 9.3 � 23
� D (1020 m� 2s� 1) 4.7 � 18 8.2 � 22
De� (m2s� 1) 0.025 � 0.13 0.016 � 0.11

the pedestal top and at the separatrix, plotted againstSion at the separatrix, Ssep
ion . At low

values of separatrix ionization,Ssep
ion . 15� 1022 m� 3s� 1, ne varies weakly with ionization

at the pedestal top and perhaps more strongly at the separatrix. AsSion continues to grow

past Ssep
ion = 15 � 1022 m� 3s� 1, however, the trends diverge signi�cantly. At the separatrix,ne

continues to increase withSion , while at the pedestal top there is clear insensitivity of thene

pedestal height to the ionization source. These EDA H-modes settle at a natural density of

nped
e � 2:2 � 1020 m� 3.

As mentioned earlier, pedestal sti�ness on Alcator C-Mod has been observed previously

and may be a feature of high density EDAs [35, 36]. In the �rst reference, insensitivity of ne

gradient scale lengths,Lne , to changes to the neutral source was studied through modeling

with a 1D kinetic neutral transport code, KN1D, and a di�usive transport model. It was

determined that this occurred as a result of neutral screening, whereby higherne prevented

penetration of neutrals and modi�cation ofLne . In the following work, it was shown that

experimentally, varying the neutral source through external gas pu�ng had little e�ect

on gradient scale lengths in the pedestal as well as the pedestal height. Though similar

phenomenology is observed here, a key di�erence is that the H-modes currently analyzed

received no external gas pu�ng after the L-H transition. Once the H-mode was achieved,

pedestal fueling occurred solely through recycled neutrals. Pedestal sti�ness in opaque

plasmas may thus occur naturally, even in the absence of active gas fueling. Interestingly

also, Figure3.2 shows that even despite increases toSion , nped
e remains invariant. That is,

even though some neutrals may be shielded at highernped
e , neutrals can still penetrate and

ionize. Given the sensitivity of opaqueness to the neutral source, which decays exponentially

into the plasma, large ionization rates at the separatrix do not imply large ionization rates

at the pedestal top. As will be shown below in Figure3.4, in these plasmas, high values of

Sped
ion are also found at high values ofSsep

ion . In other words, plotting against Sped
ion would also

reveal pedestal saturation at highSped
ion . Some other mechanism then, must also be at play in
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Figure 3.2: ne plotted against Ssep
ion at the separatrix (light red squares) and at the pedestal

top (light blue diamonds).

preventing build-up of nped
e . As will be shown later, the rationsep

e =nped
e is especially high at

the largest values ofSsep
ion , implying a signi�cantly �attened (and/or outward-shifted) pro�le.

Earlier studies of neutrals in the H-mode pedestal on DIII-D found similarity between

plasma and neutral density gradient scale lengths in the pedestal. These observations agreed

well with a semi-analytic �uid neutral model which treated plasma transport with a constant

particle di�usivity [ 46, 75]. Using a model like this, it would follow that Sion strongly

in�uences ne � the more deeply neutrals penetrate and ionize, the larger the gradient in the

pedestal and the highernped
e . With this framework, one might expect� D , the integral of

Sion , to be proportional to the gradient in the density. In other words,� D and r ne would

be linearly dependent, just as in a classical Fickian di�usive system. Figure3.3, however,

shows that the experimentally inferred� D from the Ly� camera, calculated at the top of the

pedestal, does not grow linearly withr ne at the same location. Forr ne � � 150� 1020 m� 4,

� D can vary signi�cantly, anywhere from6 � 1020 m� 2s� 1 to 16� 1020 m� 2s� 1. This is not

surprising, given the saturation ofnped
e for vastly di�erent Sion shown in Figure3.2. Figure

3.4 shows the relation between the local values of� D and Sion at both the pedestal top and

the separatrix, which will help guide comparison between Figures3.2 and 3.3.

Figure 3.3indicates that there may be a particular gradient beyond which further ionization
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Figure 3.3: � D at the top of the pedestal plotted against�r ne at the same location. The
dashed lines show di�erent slopes, corresponding to di�erent values ofDe� .

becomes ine�ective in modifying the density pro�le, yielding a sti� pedestal. The peakr ne

occurs in the mid-range of� D values, at � 10 � 1020 m� 2s� 1. This is consistent with the

rapid growth of nsep
e at �xed nped

e shown in Figure3.2. Discharges at low� ped
D correspond to

those at lowSsep
ion and low nsep

e . Those at mid � ped
D and largestr nped

e correspond to discharges

at Ssep
ion � 15� 1022 m� 3s� 1 and intermediatensep

e . Finally, the discharges at high� ped
D but

reducedr nped
e (relative to those at mid � ped

D ) correspond to those at highestSsep
ion . These are

the discharges with increasingnsep
e but nearly �xed nped

e . Generally also, discharges at low

Sion and low � D correspond to those at highPnet and vice versa, as suggested by Figure3.1.

While these observations alone do not provide much information about what type of

neutral model may be adequate, they do imply that pedestals cannot be fully described

with a purely di�usive plasma transport model at constant D. SinceSion , and thus � D ,

varies signi�cantly at relatively constant nped
e , it is unlikely that just adding a convective

term, proportional to nped
e , to the transport model might explain the large changes to� D

in these pedestals. Instead, it could be that a threshold based model, like that describing

heat transport near critical gradients in the core [87], may be necessary for understanding

pedestal particle transport. Such a phenomenon in the particle channel has been previously

suggested on Alcator C-Mod in the near-SOL for ohmic L-modes [47] and in the pedestal of

EDA H-modes undergoing strong pu�ng [36].
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Figure 3.4: � D plotted against Sion at both the pedestal top (blue diamonds) and at the
separatrix (red squares).

In the absence of such a model, this work opts to provide a rough estimate of particle

transport simply using the quotient of the inferred particle �ux and the density gradient to

obtain an e�ective particle di�usivity, De� , (Equation 2.14). While not fully descriptive of the

physics of the edge,De� provides a point of comparison for analyzing di�erences in transport

between discharges and as a function of di�erent edge conditions. Figure3.3 includes lines of

constant De� , demonstrating the large variation in this proxy for transport in these plasmas.

As shown in the rightmost panel of Figure3.1 and now apparent from Figures3.2 and 3.3, the

rapid growth in Sion and � D at low Pnet , as well as the saturation ofnped
e , occurs along with a

rapid growth of D ped
e� below the critical value ofPnet � 2:3 MW. Note that this is opposite to

�sti�ness� in the core temperature, whereby insensitivity of the temperature pro�le is found

beyonda particular input heating power [87]. Connections with this phenomenon will be

discussed in greater detail in Chapter5.

3.3 The e�ect of pumping for control of the density

pedestal

Section3.2 has motivated that increasingnped
e for EDA H-modes on Alcator C-Mod was not

possible through modi�cations to the neutral source alone. A natural question then is to ask
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whether the same is true in the opposite direction. That is, does externally reducing the

neutral source enable reduction ofnped
e ? If the answer is �no,� one might conclude that there

is no sensitivity whatsoever to C-Mod EDA H-modes to the neutral source, and more work,

perhaps theoretical, would need to be done to attempt to explain this. If the answer is �yes,�

then it would follow that the natural nped
e that these H-modes settle at is rather an upper

limit, imposed by some interplay between opaqueness and changes to plasma transport. This

section shows that experimentally, the answer is not entirely clear and is rather somewhere in

between. Control of the ionization source may enable some control of the particle inventory,

but it does not appear that nped
e responds directly to changes to neutral source, as early

fueling and transport models for lower density pedestals might imply.

To help answer this question, the experiments outlined at the beginning of Section3.1

were repeated a year later, but this time with the cryopump in the upper divertor chamber

active. As mentioned earlier, this is in contrast with the �rst set of discharges, which had no

active particle control while in the H-mode. In these complementary discharges also, fueling

occurred exclusively in the L-mode phase, and the H-mode was fueled entirely via recycling

�uxes, although use of the cryopump was designed to lower the particle inventory. Despite a

measurable decrease in neutral pressures as a result of pumping (Figure3.8), no additional

gas pu� was requested via the feedback fueling system during the H-mode phase, similarly to

when the pump was turned o�.

As before, all of these discharges were performed at the same �eld and current (B t = 5.4

T and I P = 0.8 MA) and as close as possible similar shape as the earlier discharges (� � 1:7

and � l � 0:54). These experiments also varied magnetic balance, shifting between LSN and

USN. But, for the purposes of comparison with the �rst subset of discharges, only those in

LSN with the ion r B-drift direction pointing towards the active lower null are analyzed. An

example equilibrium for one of these discharges is shown in Figure3.5, indicating in turquoise

the location of the cryopump in the upper divertor chamber, as introduced in Section2.3.3.

Note that the cryopump is located in the upper divertor, near the upper outer leg, but these

discharges are all in LSN. The e�ectiveness of cryopumping is largely tied to the amount of

particle �ux arriving at the pump duct. Since � Rsep was not large, even though the active

null was far from the pump duct, the presence of the secondary null in the vacuum vessel

allowed a non-negligible amount of particle �ux to be removed by the cryopump.

Figure 3.6 shows typical pro�les from both experiments � solid curves and closed markers

are from unpumped discharges and dashed curves and open markers are from pumped

discharges. For the pumped discharges,ne is lower, as aren0 and Sion . The line-averaged

density just before the L-H transition was also slightly lower in pumped discharges, ranging

between1:3 � 1:5 � 1020 m� 3, compared to1:6 � 1:8 � 1020 m� 3 in the unpumped discharges.
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Figure 3.5: Typical magnetic equilibrium for pumped discharges. The cryopump volume is
shown in turquoise at the top of the diagram.

Analysis of local parameters below will show that in addition to this decrease in source, there

may still be additional transport e�ects responsible for the decrease inne. Note also that

the shape ofn0, and hence its gradient scale length,Ln0 , is di�erent for both unpumped and

discharges, even thoughLne and � n do not appear drastically di�erent. Finally, n0 is only

lower inside the separatrix for the pumped discharges � at the separatrix and in the SOL,n0

may actually be larger than the unpumped discharges. SOLPS-ITER modeling in Section3.4

will attempt to provide an explanation for this e�ect.

It was also observed that as with the unpumped discharges, the pumped discharges saw

a variation in Pnet , although with di�erent behavior. Figure 3.7 shows a subset of the 0D

measurements presented in Section3.1 as a function ofPnet for these discharges, shown as

open symbols. The unpumped discharges are shown as well with closed symbols for ease of
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Figure 3.6: (a) Electron density, (b) neutral D density, and (c) ionization rate for typical
experimental pro�les. Data points and best �ts to the data are shown as black dashed
lines with open circles for the pumped discharge and solid lines with closed circles for the
unpumped discharge.

comparison. The �gure shows that when the cryopump was turned on,ne was reduced by

� 15%. For these discharges, there was no large decrease in energy con�nement below the

same value ofP crit
net . Importantly, H98 remained near unity belowP crit

net , even asPnet dropped

belowPL� H
th , shown in Figure3.7(b) for both pumped and unpumped discharges. Considering

panels (c) and (d),H98 closely tracks the corepe, which depends most strongly on the core

Te (both calculated using the mtanh �ts at  n = 0), sincene varies little in this dataset.

The success of the pump in lowering plasma density requires both a depletion of ionization

sourceand responsiveness in the plasma density to a change in source. From Equation2.8,

the ionization rate, which can also be expressed asSion = h�v i ionnen0, depends not only on

the density of neutrals,n0, but also that of electrons,ne. It also depends on the ionization

rate coe�cient, h�v i ion , which is itself a function of bothne and electron temperature,Te,

although only weakly in the range of parameters relevant to the pedestal [58]. Since the

plasma pro�les themselves depend on the ionization source, it is not clear that a change

in the density of neutrals alone should directly change the ionization rate and by the same

81



Figure 3.7: (a) Line-averaged density, (b) normalized con�nement, (c) coreTe, (d) core pe,
(e) separatrix ionization, and (f) separatrix neutral D density againstPnet , for both pumped
(open symbols) and unpumped (closed symbols) discharges. Panel (b) shows the range in the
L-H transition power in this dataset.

amount. Figure 3.8 quanti�es the ability of the pump to modify the ionization source at

the separatrix. It plots Ssep
ion against the neutral pressures in the main chamber, near the

cryopump (cryo), at the OMP, and near the lower divertor (div) (see Figure3.5 for location of

pressure measurements). Figure3.8 shows that for the unpumped discharges,Ssep
ion follows the

neutral pressure measurements very closely, but there is little trend in the pumped discharges.

Generally, neutral pressures near the cryopump and divertor are an order of magnitude larger

than at the midplane. When pumping,pOMP
0 and pdiv

0 decrease by a factor of� 2 � 5, while

pcryo
0 drops by about an order of magnitude. Though neutrals exist in greater numbers in

the upper and lower divertor chambers, access of midplane fueling neutrals to the pedestal

plasma is much better. This makes the problem of identifying the birth location of fueling

neutrals in the pedestal very challenging.

Figure 3.9 shows this e�ect more clearly. Figure3.9a showsnped
e and nsep

e as a function of

Ssep
ion . nsep

e tracks Ssep
ion very closely for both unpumped and pumped discharges. As ionization

gets decreased via the pump, so doesnsep
e . As with Ssep

ion , nsep
e changes only by a factor of �ve,

in contrast with p0 which can change by more than an order of magnitude everywhere in

the chamber, and up to two orders of magnitude forpcryo
0 . Figure 3.9 also showsTsep

e as the

ionization rate changes. As the ionization rate gets very high, there is a slight depression in
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Figure 3.8: Ionization rate at the separatrix plotted against neutral pressure measured (a)
above the cryopump volume, (b) behind the limiter at the OMP, and (c) below the outer
strike point (right), for both the pumped (open squares) and unpumped (closed squares).

Tsep
e , but across the dataset,Tsep

e only varies by � 35%. The robustness of this quantity to

changes in engineering parameters is a result of the2
7 exponent in the RHS of the solution for

the upstreamTe in the two-point model power balance equations, as mentioned in Chapter2

and shown in Equation2.4. Figure 3.9 also shows the ratio ofnsep
e to nped

e and Tsep
e to Tped

e . It

was identi�ed earlier that high nsep
e relative to a saturatednped

e is linked to a decrease inH98,

as seen in Figure3.7. When pumping, the ratio of nsep
e =nped

e can decrease further, as low as

0.25. The ratio ofTsep
e =Tped

e , however is more invariant, only increasing to close to 0.4 for the

high Sion discharges, implying reducedr Te in the pedestal. That the ratio nsep
e =nped

e changes

smoothly with the ionization source and across pumping con�guration is indicative of the

separatrix condition being most strongly determined by fueling physics. On the other hand,

the pedestal density, which remains generally invariant with ionization source, responds more

easily to changes to transport and/or pedestal stability, rather than to ionization directly.

At the pedestal top, the dependence ofne and Te on Sion is quite di�erent for both

pumped and unpumped discharges. As before, Figure3.9 shows thatnped
e is not nearly as

well-correlated with Ssep
ion . Though not shown here, it is similarly uncorrelated when plotted

against Sion at the same location,Sped
ion . At high Sion , nped

e is particularly insensitive to

increased ionization. At lowSion , there is a drop innped
e , but it does not respond continuously

to Sion . The pedestal density drops by about about 25%, despite a rather modest change

in both Ssep
ion and Sped

ion . In particular, at Ssep
ion � 10 � 1022 m� 3s� 1, nped

e � 2.1 � 1020 m� 3

when not pumping, and� 1.5 � 1020 m� 3 when pumping. Tped
e on the other hand, is much

more clearly a�ected bySion , at least for Ssep
ion > 15 � 1022 m� 3s� 1. There, a large increase

in ionization is accompanied by a large drop inTe. As the pump succeeds in loweringSion ,

higher Te can be sustained at a similarly low level ofPnet . This is correlated also withr Te
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Figure 3.9: (a) Electron density and (b) temperature at the pedestal top (diamonds) and
separatrix (squares) and (c) ratio of separatrix to pedestal electron density and (d) electron
temperature (circles), plotted against the separatrix ionization rate, for both pumped (open)
and unpumped (closed) discharges.

and r pe, which yields on average, twice as high coreTe. Coupled with larger density peaking

in pumped discharges, this also yields about twice as highpe, as shown in Figure3.7. This

also correlates with increases in stored energy,WMHD , and normalized con�nement,H98. The

increase in core pressure as a result of larger gradients at the pedestal top helps to explain

the higher H98 found at lower Pnet seen in Figure3.7 when pumping.

3.4 Poloidal fueling variation and main chamber recycling

The �rst two sections in this chapter have presented experimental measurements that paint

a more complicated picture of neutral fueling and transport in the pedestal than is often

considered. The remaining two sections in this chapter attempt to explore the physics behind

why this di�erent paradigm should be considered and what steps one might take to incorporate

additional physics into understanding and modeling the edge density pedestal, including also

the e�ects on the temperature pedestal. In this section, experimental measurements are
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Table 3.2: Selected experimental discharges for SOLPS-ITER modeling.

Shot number Pnet (MW) Pump state n95
e (1020 m� 3) T95

e (eV)
1070821003 1.4 o� 2.4 240
1070821004 2.0 o� 2.5 280
1080130009 2.0 on 1.6 430
1070821009 2.9 o� 2.2 480
1080125011 2.9 on 1.6 520
1070821008 3.4 o� 2.3 700

supplemented by and used to constrain 2D neutral simulations from SOLPS-ITER. In the

following, dimensionless parameters linked to particle transport are investigated as important

drivers and regulators of non-di�usive transport.

As mentioned earlier, a limitation of the experimental analysis presented so far is that

it depends entirely on 1D measurements, and any conclusions about transport hinge on

assumptions about the poloidal distribution of neutrals. Figure3.8, however, implies that the

e�ect of removing neutrals through pumping onSion and ne at the separatrix at the OMP is

at least a 2D problem. In other words, changes to ionization at the midplane are not directly

linked to changes to neutral pressures at all locations in the vessel. Furthermore, then0

pro�les shown in Figure 3.6 imply that the SOL plays an important role in mediating Ln0 ,

and the physics of the SOL likely require consideration of 2D e�ects. As for the perspective

of evaluating transport, if � D estimated at the OMP, � OMP
D , is signi�cantly di�erent from

the �ux-surface averaged� D , � FSA
D , then the experimentally inferredDe� may not be wholly

indicative of transport in the pedestal across its poloidal extent. Estimates ofDe� assume

that variation in the poloidal fueling pro�les between shots is small, that the signal near

the poloidal location observed by the Ly� camera (here, near the OMP), is strong, and that

ideally, the poloidal distribution of neutrals does not vary much.

SOLPS-ITER simulations are thus performed to learn about the poloidal distribution of

neutrals, assess experimental inferences of particle transport compared to the 0D and 1D

measurements discussed in Sections3.1 and 3.2, and interrogate thermal transport. This is

done for six discharges, four unpumped and two pumped and at a range of powers in the

power scan. Discharges are selected based on degree of stationarity, ensuring steady periods

for � 100 ms in order to facilitate experimental constraint of the simulations and comparison

with other experimental measurements. Details of the selected discharges are given in Table

3.2.

Section2.3 contains most of the details of the setup of these simulations. This section

instead focuses on the results and the analysis of this modeling. As mentioned in that section,
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SOLPS-ITER couples a 2D multi-�uid plasma transport code, B2.5, with a 3D kinetic Monte

Carlo neutral transport solver, EIRENE, and the focus of these studies is primarily on the

OMP, where both B2.5 and EIRENE are constrained. The simulations are performed for only

the D ion species. Although these discharges are in LSN, they are all close to double-null

(DN), with � Rsep � 5 mm. Accurately capturing the physics of the far-SOL required using

a disconnected DN (DDN) grid, as shown in Figure2.7. Choices for boundary conditions

and transport coe�cients are detailed in Sections2.3.1.1and 2.3.1.2, respectively. Particle

control di�ers between the unpumped and pumped discharges as described in Section2.3.3.

Pumped discharges use the vessel walls in the bottom �gure of Figure2.11, while unpumped

discharges have no additional wall structures above the ba�e, i.e. the wall segment labeled

�ba�e� acts as the wall surface with R = 1, T = 0.

Figure 2.9 showed a comparison of the experimental pro�les forne and n0 to those

from SOLPS-ITER, resulting from the set of iteration loops described in Sections2.3.1.2

and 2.3.2.2. This was shot 1070821008, an unpumped discharge at highPnet . Figure 3.10

shows a comparison between experiment and simulation for two other shots: 1070821009 and

1080125011. These are both also at highPnet , but the former is unpumped and the latter

is pumped. The match tone, which is easier to achieve because it results primarily from

tuning Dn , is almost perfect for all pro�les. The match ton0 on the other hand is less good,

since the resulting pro�le depends onDn also, as well as the BCs� n;Te ;Ti , and as will be

shown below, also includes 2D e�ects. Regardless, in the steep-gradient region, an as good

as possible match to the magnitude and shape ofn0(r ) is achieved. Finally, there is some

discrepancy with theSion pro�le comparison, largely a result of di�erences in the e�ective

ionization rate coe�cients from the collisional-radiative model used in SOLPS-ITER and

that used in the experimental inference work�ow. The collisional-radiative model used in

SOLPS-ITER, AMJUEL, can di�er somewhat from that used in the LYMID-ETS work�ow,

ADAS. The ionization rate coe�cient for ionization in AMJUEL can be 20% larger in the

pedestal and 25% larger in the near-SOL than the equivalent coe�cient in ADAS.

Figure 3.11aand 3.11bshow the simulatedne; Te; Dn , and � e pro�les across the pedestal

and into the SOL for the total six simulated discharges, four in each �gure, with two unpumped

pro�les repeated in both �gures. All ne and Te pro�les shown here closely match the �tted

experimental pro�les, within �t error bars. Looking �rst at Figure 3.11a, discharges at high

Pnet , shown in green, have prominentTe pedestals and slightly lowerne pedestals. For those

at lower Pnet in purple, Tped
e is considerably lower andnped

e saturates, as demonstrated in

Figure 3.2. At this scale, it is hard to discern variation in separatrix conditions. As mentioned

earlier, Figure3.11brepeats pro�les from the unpumped set � one at highPnet shown here

in blue and one at lowPnet shown in black. These are both shown with solid lines, whereas
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Figure 3.10: Comparison of (a) electron density, (b) neutral D density, and (c) ionization
rate from SOLPS-ITER against experimental data for the highPnet discharges. Meaning of
colors, line thickness, and line style are described in the legend.

pumped discharges are shown in dotted lines, with the same color distinction based onPnet .

Pumped discharges have lowernped
e , as well as clearly lowernsep

e . For the samePnet , i.e.

comparing the same color, pumped discharges also have higherTped
e . As before, di�erences in

Tsep
e are minor and not readily visible in these �gures. Detailed analysis of transport pro�les

is reserved for Section3.5, but for the purposes of this discussion, it is interesting to note

that pumped discharges have higherr Te than unpumped discharges inside the top of the

pedestal. Clearly also the black curve has lowr Te throughout. Both of these di�erences are

likely linked to changes to heat transport.

As for the neutral solutions, Figure3.12 shows an example of the 2D neutral solution

computed by EIRENE for the unpumped, highPnet case. Note the large accumulation of

neutrals inside the PFR. While a detailed analysis of the radial structure of the neutral 1D

pro�les at the OMP returned by EIRENE is not included here, the e�ects of neutral trapping

and how neutral pathways are constrained by the plasma are. To do so, the analysis below will
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(a) Unpumped simulations

(b) Matched unpumped and pumped simulations

Figure 3.11: Plasma kinetic pro�les, (top left) ne and (top right) Te, and the transport
coe�cients for each, (bottom left) D and (bottom right) � e, resulting from SOLPS-ITER
simulations. In (a), green/purple curves are at high/lowPnet and solid/dashed curves only
di�erentiate curves within a Pnet group. In (b), blue/black curves are at high/low Pnet and
solid/dashed curves are unpumped/pumped.
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Figure 3.12: 2D solution of atomic neutral density as calculated by EIRENE throughout
C-Mod vessel for highPnet unpumped case.

consider the poloidal neutral distribution, since this is information that is not available simply

from the 1D measurements. Figure3.13a shows exactly this � the poloidal pro�le of n0 at the

separatrix for just one unpumped discharge and one pumped discharge to avoid visual clutter.

Trends for the other set of matched discharges are similar. The �gure shows thatn0 peaks at

the midplanes in both discharges. This is in line with experimental measurements in ohmic

discharges on Alcator C-Mod, as well as simulations of these ohmic plasmas and H-mode

plasmas using UEDGE and SOLPS-ITER respectively [56, 62]. These results indicate that

in Alcator C-Mod, the majority of neutrals recycled o� main-chamber limiters and entered

the con�ned region at the midplanes, rather than at the X-points. The reason for this is not

fully known, but it is thought to be related to high cross-�eld particle �uxes to main chamber

walls, concurrent with density shoulder formation [56], when ne remains high well into the

SOL. While the pumped discharge does still experience accumulation of neutrals near both

the inner and the outer midplane,n0 also becomes large near the lower X-point (LXP). This

is in stark contrast to the unpumped discharge, where few neutrals appear at this poloidal

location. This, as well as the highernsep
0 at all � for the pumped discharge compared to the

unpumped discharge, are likely a result of higher neutral penetration as a result of reduced

opaqueness.
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Figure 3.13: (a) Atomic neutral density at the separatrix plotted against poloidal angle
and pro�les along outer leg for (b)ne and (c) n0. In (a), only the pumped (dashed) and
unpumped (solid) cases at higherPnet are shown. Poloidal angle uses� = 0 � at the OMP and
increases counter-clockwise along the poloidal cut. Vertical lines denote poloidal positions of
interest. Midplanes are shown in yellow, X-points in red. Dashed lines are the outer midplane
and upper X-point. Dash-dotted lines are the inner midplane and lower X-point. In (c),
pro�les are shown for the same cases as well as for the other two cases at lowerPnet . Distance
along outer leg increases away from the lower X-point and towards the lower outer target.

To study neutral penetration, it is important to consider the edge plasma. Figures3.13b

and 3.13c showne and n0 along the lower outer divertor leg. Figure3.13c showsn0 as a

function of the distance from the X-point along the outer divertor leg, for all four discharges.

In all four cases,n0 peaks at the lower outer target (LOT), where recycling is high, and decays

as it approaches the LXP. The decay length along the leg,Ln0 , varies substantially between

the pumped and unpumped discharges. For the latter,n0 is larger at the outer target than

for the pumped discharges but decays more quickly away from the target. In contrast, the

pumped discharges have lowern0 at the target, but longer penetration lengths. By the time

neutrals arrive at the LXP, n0 reaches a value comparable to that at the OMP. As shown in

Figure 3.13b, for both pumped discharges,ne is lower than in the unpumped discharges along

the whole leg. As mentioned above,ne has been previously linked to neutral opaqueness,

wherebyLn0 is related inversely tone in the pedestal [35, 52]. A similar relationship appears

here, but for the SOL plasma. Lowerne along the divertor leg leads to largerLn0 for pumped

discharges. Throughout the main chamber, largerne in the SOL of the unpumped discharges

also causes higher neutral attenuation, noticeable at the separatrix at all values of� , as shown

in Figure 3.13a. This is consistent with a largerne in the OMP SOL for unpumped discharges,

as shown in Figure3.11ba. Note that from the LOT to the LXP, n0 varies over four orders

of magnitude. Despite large recycling �uxes, opaqueness, even for pumped discharges, is
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Table 3.3: Particle di�usivities, inferred experimentally and from SOLPS simulations, their
ratio, and the ratio of OMP to LXP neutral density.

Shot # Simulation type
D exp

e�
(10� 2 m2s� 1)

D SOLPS
e�

(10� 2 m2s� 1)
D SOLPS

e� =Dexp
e� nOMP

0 =nLXP
0

1070821004 lowPnet , unpumped 4.3� 1.0 3.0 0.70 2.9
1080130009 lowPnet , pumped 1.4� 0.58 4.1 2.9 1.0
1070821009 highPnet , unpumped 4.9� 2.2 3.7 0.76 2.8
1080125011 highPnet , pumped 0.56� 0.15 2.4 4.3 0.69

1070821003 lowPnet , unpumped 6.3� 3.3 3.8 0.60 3.8
1070821008 highPnet , unpumped 2.4� 0.57 2.3 0.93 2.3

signi�cant enough to reducen0 by this much. Accurately modeling neutral dynamics implying

this large a range inn0 requires accurately modeling the plasma dynamics, which likely

requires also the use of drifts. Without measurements ofne and Te throughout the divertor

region, it is di�cult to impose this rigid of a constraint set on the modeling. Improvements

to better characterize the divertor plasma and improving modeling techniques to both model

this and the main chamber are very challenging, but may well be worthwhile.

Poloidally-varying Ln0 has been previously observed, also in SOLPS-ITER simulations of

C-Mod [62]. Table 3.3 quanti�es this poloidal asymmetry by considering the ratio between

n0 at the LXP and at the OMP, nOMP
0 =nLXP

0 for the two pairs of matched pumped and

unpumped discharges. It also tabulates the experimentally-determined values forD exp
e� and

their experimental uncertainty at mid-pedestal, as well as those determined from the iteration

procedure for the SOLPS simulation,D SOLPS
e� . The table shows that for both unpumped

discharges,n
OMP
0

nLXP
0

> 1, while for all pumped discharges,n
OMP
0

nLXP
0

� 1. This ratio is essentially a

comment on the most important fueling location � when it is close to one,nsep
0 is similar at

the OMP and LXP and when it is greater than one, more neutrals enter the pedestal at the

OMP than at the LXP. From Figure 3.13a, it is apparent that pumped discharges should

have this ratio close to or below one while unpumped discharges will have a ratio larger than

one.

Identifying points of entry for neutrals into the core is quite important from the point of

view of designing vessel walls and estimating the fueling source in the pedestal. Even more

importantly for this analysis, however, is that it allows physical insight into the validity of

the experimentally-inferredDe� . Variation in the poloidal distribution of neutrals across the

pedestal will a�ect the poloidal distribution of neutral and plasma �uxes. If the particle

�ux measured by the LYMID camera at the OMP di�ers from the �ux-surface averaged

value as a result of additional fueling through other poloidal locations, the experimentalDe�
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will be either an over or underestimation of that from SOLPS, which accounts for the 2D

distribution of neutrals. An o�-midplane accumulation of neutrals thus implies also a change

to � FSA
D , which is what ultimately dictates D SOLPS

e� . As n0 near the X-point approaches that

at the midplane as in the case of pumped discharges, the plasma particle �ux that is needed

to balance the additional in�ux of neutrals must also increase. Thus, to achieve the same

r nped
e , a larger De� is required.

Turning attention again to Table 3.3 and considering the ratio ofD SOLPS
e� =Dexp

e� , it is

clear that discharges withnOMP
0 =nLXP

0 � 1 will have D SOLPS
e� =Dexp

e� > 1 and those with

nOMP
0 =nLXP

0 > 1 will have D SOLPS
e� =Dexp

e� � 1 (if slightly under). The ratio nOMP
0 =nLXP

0 thus

proves a good proxy for the relative ratio between the �ux-surface averaged particle transport

coe�cient evaluated with a 2D source, compared to one evaluated simply from 1D pro�les,

in this case at the OMP. Results from SOLPS simulations con�rm that for both unpumped

discharges,D exp
e� � D SOLPS

e� , i.e. the 1D plasma and neutral pro�les slightly overpredict but

generally are su�cient for describing particle transport in the pedestal. For both pumped

discharges, however,D exp
e� < D SOLPS

e� , i.e. the 1D measurements underpredict the simulated

De� . Neutral penetration may play an important role in settingnsep
e , but it has little e�ect

on nped
e , given its opaqueness and the exponential sensitivity to the neutral source. Pumping,

therefore, redistributes neutrals, loweringnsep
e , but a change inDe� is required to modify

nped
e . Conclusions from SOLPS-ITER simulations of the impact of neutrals on in�uencingne

throughout the pedestal are consistent with earlier heuristic arguments of how opaqueness

varies throughout the edge with regard to plasma and neutral scale lengths, as introduced in

Section3.1.

3.5 The role of local dimensionless parameters on regu-

lating pedestal transport

The previous section has provided insight into how neutrals may enter the pedestal in di�erent

ways and what implications this has for inferred transport. The current section returns to the

experimental database, with these caveats in mind, and attempts to draw conclusions about

which plasma parameters engender changes to transport and how this in turn a�ects plasma

pro�les and their gradients. As motivated in Chapter2, particle transport and fueling both

depend on and a�ectTe as well asne. Neutral transport resulting from atomic processes has

some dependence onTe, and intrinsic changes to plasma transport modify and are modi�ed

by kinetic pro�les, including Te [35, 52].

Returning �rst to the unpumped experiment, Figure 3.14 shows characteristicne and

92



Te pedestal pro�les at low and highPnet , shown in green and purple respectively. There is

a clear drop in Tped
e at low Pnet . Figure 3.15 shows the phase space of these plasmas, as

well as the pumped set (at similar shape and range inPnet to the unpumped discharges) in

terms of ne and Te, at  n = 0:95, (n95
e , T95

e ). This location is slightly inside the pedestal top,

where gradients are considerably smaller than in the respective pedestals themselves, which

means that generally, they are not very di�erent from the value at the top of the pedestal, i.e.

(nped
e ; Tped

e ) � (n95
e ; T95

e ). This location is used instead of that at top of the pedestal de�ned

by the mtanh to facilitate the use of collisionality as explained below. As motivated in Figure

3.9b, T95
e varies dramatically in both sets of experiments, but especially in the unpumped

ones. In fact, within error bars, the unpumped pedestals cluster into two groups � one at

higher n95
e and lowerT95

e , and a second at lowern95
e and higherT95

e as shown in Figure3.15a

for only unpumped discharges. This clustering motivates the use of color-coding, the former

cluster with purple and the latter with green. Recalling the analysis from Section3.2, purple

markers are also those at lowPnet and high � D , while green ones at higherPnet also maintain

lower � D .

Figure 3.15shows the operational space for these discharges, including both isobars in

gray, dashed curves and collisionality isolines in black, dash-dotted curves. Figure3.15shows

this at  n = 0:95, where both isobars and collisionality isolines calculated, usingpe = neTe in

Pa and � �
95 = q95 R0 � ei

� 3=2vth ;e
. For the � �

95 calculation, q95 is the safety factor, also at n = 0:95, R0

is the plasma major radius in m,� is the inverse aspect ratio,vth ;e =
q

eTe
me

is the electron

thermal velocity in ms� 1, and � ei is the electron-ion collision frequency in s� 1, given by

� ei = vth ;e=� ei , where � ei = (4�� 0 )2T 2
e

Z 2
e� e4ne

is the electron-ion collision mean free path in m.� �

therefore depends strongly on the ratio,ne
T 2

e
and on Ze� , the e�ective charge of the plasma,

which is a di�cult quantity to measure on C-Mod. Since these plasmas did not have extrinsic

impurity seeding, Ze� is taken to be 1.4, a common assumption for relatively pure plasmas

on C-Mod. Since all of these plasmas are at similarB t and I P , there is little variation in q95,

so collisionality isolines are calculated from its average,hq95i = 4:7.

From Figure 3.15, it is apparent that these pedestals range substantially both inp95
e and

� �
95. Pedestals with lowDe� (green) can reach pressures up top95

e = 26:5 kPa, more than

twice that of pedestals with highDe� . Conversely, transport-ridden pedestals at lowp95
e

(purple) can reach collisionalities close to� �
95 = 10. Despite rather continuous changes in heat

and particle sources as seen in Figure3.1, there appears to be a quite clear separation in

� �
95. Green points are those at� �

95 < 2 and the purple points are those at� �
95 > 2. Pumped

discharges then comprise a third group, at even lower but relatively �xedn95
e and at a similar

range in T95
e . These are color-coded by open blue symbols. Interestingly, these are at similar

collisionalities to the green points and similar pressures as the purple points.
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Figure 3.14: Typical kinetic pro�les from ETS (left) showingne (top) and Te (bottom) and
from a combination of LYMID and ETS measurements (right) showingn0, Sion , � D , and De�

(top to bottom). Raw points (open circles) and �tted pro�les (solid lines) are included, as
well as their uncertainties.

Figure 3.15 shows these same operational space, although also including the local pa-

rameters at the separatrix in squares. Isobars and collisionality isolines are calculated using

the same formulas as above. Note that� � depends onq95, which is likely close to that at

the pedestal top, but will underestimateq further out towards the separatrix. As such, the

values of� � at the separatrix should be taken not to represent exact numbers, but rather to

represent gross trends. As with Figure3.9, it is apparent that variation is much larger in

Tped
e and nsep

e than in Tsep
e and nped

e .

To probe this grouping of discharges further, the top left panel of Figure3.16shows how

these quantities, namely pressure and collisionality depend on and modify each other. It is

clear that across all groups of discharges,p95
e and � �

95 are very well correlated. As hinted

at earlier, green discharges are higher inp95
e and lower in � �

95 than purple discharges with

the opposite characteristics. The open symbols in this �gure then represent a third pedestal

condition, lower in both pe and � � . In fact, they have similar � �
95 to that of the low � �
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Figure 3.15: Operational space in terms of (ne,Te) at  n = 0:95 (left) and both  n = 0:95
and  n = 1:0 (right). Isobars (gray, dashed) and constant collisionality contours (black,
dash-dotted) are included. Discharges are categorized into three groups shown in the legend
of the left panel.

unpumped points, but p95
e similar to that of the high � � unpumped points. When each of

these three groups of points is regressed with a power law,p95
e = C� (� �

95)
k , the same exponent,

k = � 0:5 emerges for all three groups of points. Though they have di�erentC, � �
95 acts to

reducep95
e in the exact same way for all of these plasmas. Alternatively,p95

e = C � (� �
95)

� 0:5

implies that n95
e = C2=3. Changes to� �

95 are then purely changes toT95
e , and gradients adjust

in such a way as to keepn95
e constant despite changes to� �

95 and ionization. This is consistent

with earlier C-Mod observations, which showed a strong dependence ofT95
e on � �

95 across all

con�nement regimes studied on Alcator C-Mod [88].

To understand the physical mechanisms that determine the values of n = 0:95 inside

the pedestal top, it is important to consider pedestal gradients. Previous pedestal analysis

on C-Mod has observed that the dimensionless pressure gradient is linked to the pedestal

collisionality [36]. The bottom left panel of Figure3.16supports this, showing the normalized

pressure gradient,� MHD , plotted against � �
95, where� MHD = 2� 0q2

95 R0

B 2
T

r p. The parameter� MHD ,

sometimes also called the ballooning parameter, is normalized against a pressure gradient

constructed by both magnetic pressure,B 2=2� 0, and a length scale,Rq2, typically associated

with ballooning modes. The parameter, including geometric factors (unlike the form used

here which assumes a circular cross-section) is often used to characterize the stability of a

plasma against ballooning instabilities [89]. This analysis considers the maximumr p in the

edge, not strictly co-located with the center of thene pedestal. SinceTi measurements were

not available for these discharges,pi = pe is assumed, implyingr p = 2r pe. Furthermore,
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Figure 3.16: Pressure at n = 0:95 (top) and maximum normalized pressure gradient (bottom)
plotted against collisionality at  n = 0:95 (left) and at the separatrix (right). Dashed curves
are power law regressionsy = C � (x)k , regressed individually for each �group� of discharges
when x = � �

95 and for the entire dataset whenx = � �
sep.

the expression used here is for a circular cross section and does not account for geometric

corrections. Since the plasma shape is constant in all discharges shown here and the values

of � MHD reported are not meant to make direct contact with a stability analysis but rather

motivate the governing physics, this simpli�ed version is used. Note that most parameters in

� MHD are relatively constant across these discharges, with the exception ofr pe. In other

words, changes in� MHD are primarily changes inr pe in this dataset. These plots show that as

with the pressure, the normalized pressure gradient is very tightly regulated by� �
95, decreasing

even more strongly with� �
95. The plot showing the full dataset is especially striking. Despite

di�erent pressures at the top of the pedestal, the curves relating� MHD and � �
95 converge

for all types of discharges. Each group of discharges is once again regressed against� �
95, i.e.

� max
MHD = C � (� �

95)
k . Though the regression exponent,k, varies slightly between the groups of

points, the coe�cient, C remains between 10 � 14 for all groups.

Across datasets, at low� �
95, � MHD has a strong negative dependence on� �

95, which �attens

out at high � �
95. All of these pedestals, at relatively �xedq95, appear to be governed by
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Figure 3.17: Maximumr pe (left), r Te (center), and r ne (right) plotted against � �
95.

dimensionless quantities. They are pinned to a particular� MHD , the value of which is given

by the pedestal collisionality, � �
95. Variation in both heating and fueling sources (which

have been shown to themselves be tightly linked in Section3.2) cause movements along the

� MHD � � �
95 curve, but do not shift it up and down. This holds even as the power crossing

the separatrix and the ionization at the separatrix,Pnet and Ssep
ion , vary by a factor of 3 � 4.

When comparing to pumped discharges, despite similar values of maximum� MHD for both

sets of plasmas, unpumped discharges reach higherp95
e as a result of slightly larger pedestal

widths, as well as approximately twice as largepsep
e on average. Discussion of the right panels

of this �gure is reserved for later in this section.

The weakening ofr pe occurring as� � increases can be a symptom of di�erences in the

position of the ne pedestal relative to theTe pedestal. Sincer pe consists of bothr ne and

r Te, its value is strongly related to the position of each gradient. Misalignment in the

positions of maximum gradient strongly impact� MHD . The relative shift of the two pro�les

has been previously observed and is thought to be a fueling e�ect, where the peak of the

ionization moves radially outward, increasing density and locally cooling the plasma [36,

90� 94]. Of course,r pe can also decrease if either of its constituent gradients decreases. In

the unpumped dataset, discharges at low� � (green) have a relative density and temperature

shift, � Rped
n� T = � Rnped � RT ped = 1.4 mm, whereas those at high� � (purple) have a relative

shift � Rped
n� T = 2.0 mm.

On the other hand, low � � discharges in the unpumped dataset have on average, a

maximum r Te � 120 keVm� 1, whereas high� � discharges in this set only have a maximum

r Te � 30 keVm� 1 on average. When multiplied by R
T ped

e
as in [95], giving an estimate of the

Te gradient scale length,LTe normalized by machine major radius,R, the discharges at low

� � have an averageR
L Te

� 162, while those at high� � have an averageR
L Te

� 76, less than half

of those at low� � . While the gradients are computed at a di�erent radial location than in
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[95], it is informative to note that multi-machine scalings may diverge in these very high� �

pedestals. Figure3.17shows the maximum gradient in the pedestal forpe, Te, and ne from

left to right, respectively. Indeed, as� �
95 increases,r pe and r Te decrease with increasing� �

95,

strongly at low � �
95 and more weakly as� �

95 increases in the more weakly powered discharges

colored in purple. At low � �
95, it is primarily the r Te weakening that is responsible for the

weakening of� MHD , and only does a weakerr ne contribute at high � �
95 to threaten fusion

performance, which relies on a strongr p. These �ndings are consistent with �ndings on

high gas fueling experiments on JET [94]. For completeness, the pressure and its gradient at

the pedestal top is also plotted and regressed against� �
sep for the unpumped discharges in

the right panel of Figure 3.16. When comparing against collisionality at the separatrix, they

exhibit greater scatter, indicating that the clearest correlation of these gradients is at the

pedestal top.

Simultaneous changes inpe, r pe, and � � make it challenging to discern causality. Re-

gardless, it is clear from Section3.2 that there are large changes toDe� , which appear to

a�ect the pedestal character substantially, most notably by limitingne. Considering that

the discharges that are most collisional are also those that have the largest� D and De� ,

it is natural to question whether pedestal collisionality may be responsible for driving this

increased transport. To examine this dependence, the left panel of Figure3.18shows how

De� at mid-pedestal,D mid
e� , varies with � �

95. Not surprisingly, there is an increase inD mid
e�

as � �
95 increases. Regardless, the increase inDe� with � �

95 is evident only for � �
95 > 2. For

� �
95 < 2, there is hardly any relation between the two, and the regression curve just for

pumped discharges is almost entirely horizontal, showing no dependence betweenD mid
e� and

� �
95. This switch at high � � indicates a transition to collisional-dominated transport, as will

be explained in detail below.

The right panel of Figure3.18shows the same metric for transport on the ordinate, but

now as a function of� � calculated at the separatrix. At the separatrix,� � can be several

times that larger than at the pedestal top. Given the large gradients in the H-mode pedestal,

this variation is not surprising. Plotting transport against � �
sep yields a much smoother

correlation between particle transport and collisionality across the range in� �
sep, implying that

the separatrix conditions more strongly in�uence pedestal transport in these EDA H-modes

than those at the pedestal top.

That the separatrix encodes information about gradients and con�nement inside the

separatrix is not a novel concept. It has been previously observed on ohmic discharges on

C-Mod that conditions around the separatrix strongly in�uence pressure gradients and the

subsequent accumulation of plasma pressure inside of the separatrix [96]. As an uncon�ned

�ux surface, however, the separatrix is also subject to a whole di�erent set of physics than
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Figure 3.18: De� at mid-pedestal plotted against collisionality at n = 0:95 (left) and the
separatrix (right). Dashed lines represent power law �ts to each group of discharges (left)
and to entire dataset (right).

even a �ux surface a small distance inside the separatrix. In particular, the separatrix �ux

surface is subject to constraints of parallel thermal transport to the divertor. Through parallel

transport and its presence in the pedestal, the separatrix pressure is simultaneously subject

to the physics of pedestal stability and transport, as well as power balance and the radial

integral power widths that are required to satisfy divertor regime-dependent temperature

requirements [97]. It is worth noting that evaluation of pedestal quantities at the separatrix

requires the additional consideration of the communication this radial location upstream

has with the divertor plasma. Recently, using a framework of electromagnetic �uid drift

turbulence, it has been shown on ASDEX Upgrade (AUG) that the (ne, Te) operational

space at the separatrix may strongly in�uence the overall plasma con�nement regime as

well as proximity to density limit-induced plasma disruption [98, 99]. These works apply

interchange-drift-Alfvén turbulence theory, identifying � t as an important turbulence control

parameter. The full expression for� t can be found in Equation 10 of [100], but for these

C-Mod plasmas withZe� = 1.4, it can be approximated by:

� t = 2:98� 10� 18Rgeoq̂2
cyl

ne

T2
e

Ze� (3.1)

whereRgeo is the geometric major radius, taken to be equal to the device major radius,R0,

in m and q̂cyl is the cylindrical safety factor, calculated according tôqcyl = B t
B p

� �̂
Rgeo =ageo

,

whereageo is the geometric minor radius, taken equal to the device minor radius, and̂� is
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Figure 3.19: De� at mid-pedestal plotted against� t .

the e�ective elongation, de�ned in [98] in terms of triangularity and geometric elongation,

which in this chapter is substituted with the numerical elongation calculated by EFIT.

It is observed that large values of� t can widen the pressure gradient scale length,� p, at

the separatrix [100]. Note that this parameter has the same form as the previously plotted

� � , but includes a quadratic rather than linear dependence on the safety factor,q. The

importance of this additional factor onq was noticed earlier as well in the work on C-Mod [96].

There, it was shown that� p organized better across di�erent values ofq95 when including

this additional factor of q. In the current work, the plasmas are at similarq95, so little

re-organization of data occurs when plotting against� t instead of � � . Doing so, however,

points to a possible physical explanation. Figure3.19 indicates that the transition to high � �

pedestals at lowpe in purple corresponds to values approaching and exceeding unity, the range

in which resistive ballooning mode (RBM) turbulence is thought to exert strong in�uence

over drift-wave (DW) turbulence as proposed in [98]. As the separatrix gets denser and

colder and� t approaches unity, RBMs may begin to drive particle transport, substantially

increasingDe� .

Having noticed changes to particle transport with a local collisionality, the last part of

this section combines this analysis with the results of the modeled transport pro�les shown in

the previous section. As mentioned earlier, the experimental analysis of particle transport is

limited in that it only considers one fueling location. Furthermore, without some interpretive
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power balance analysis using a transport code, the experimental measurements only yield

information about particle transport, but little is known about how electron and ion thermal

transport vary. Of course, given the imposition thatTe = Ti , only conclusions about electron

thermal transport can be gathered from the SOLPS-ITER simulations.

Returning to Figures 3.11aand 3.11b, the bottom panels of each show the transport

pro�les found to reproducene; Te and n0. Given that special attention was placed on matching

n0 only inside the separatrix, analysis of the transport coe�cients is restricted to the steep-

gradient pedestal region. Looking �rst at the unpumped discharges,Dn( n) shifts down

and slightly radially inwards only at the highest value ofPnet . There are no drastic changes,

however, to the structure of the pro�le in the steep-gradient region of the pedestal. This is

not surprising given the apparent similarity in shape of thene pro�les and the small variation

in pro�le gradients. � e, on the other hand, clearly changes both in magnitude and in pro�le

structure across thePnet scan. Indeed, the rise in transport observed in the particle channel

is even larger in the electron thermal channel. The purple curves have much higher� e across

the steep gradient region than the green curves. They also appear to shift slightly radially

inward, in the opposite direction ofDn at low Pnet . It follows then that the relative shift

betweenne and Te and reduction of � MHD mentioned above could also be explained by the

spatial separation of the particle and electron thermal transport shear layers in lowPnet

plasmas. More notable, however, is the signi�cant widening of� e( n ) as Pnet drops. TheTe

pedestals at lowPnet , shown in the top right panel, are considerably wider than those at high

Pnet . At the separatrix, D � 6 � 10� 2 m2s� 1 and � e � 3 � 10� 1 m2s� 1 for all values ofPnet .

This widening and subsequent increase in the mid-pedestal� e best explains the weakening of

the r Te observed earlier.

As far as the matched pumped discharges, while changes in the magnitude ofD appear

small, di�erences, in particular with experimentally-determinedDe� as mentioned earlier and

between the pumped state for the same value ofPnet , are important. As mentioned earlier,

changing the pump state changes the ratioD SOLPS
e� =Dexp

e� . Also, it is clear that at the same

value of Pnet , pumping changes local parameters such that transport coe�cients must also

change, even for identical discharges. Inspecting the structure of theDn( n) pro�le more

closely, there appears to be a small decrease in the width of theD transport well for the

pumped discharges. This may be consistent with the observation of slightly narrower pressure

pedestal widths in the pumped discharges. Uncertainties in pedestal widths, however, are

large and subject to constraints on the �t to the ETS data, making con�dence in conclusion

about trends in this dataset di�cult. It should also be noted that as above, the lowPnet ,

high Sion , unpumped discharge stands out, having the highest mid-pedestal� e. Interestingly

also, both pumped discharges have higherr Te than unpumped discharges inside the top of
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the pedestal, likely also linked to lower heat transport.

Figures3.20and 3.21attempt to condense these conclusions into �gures showing both

the experimental and the simulation results. The �gures paint a nuanced picture of transport

in these EDA H-modes. They show, as a function of� �
sep and � �

95, the simulated Dn and � e

plotted over the experimentally inferredDe� as well as� e computed from power balance

according to:

� e =
Pnet

2SLCFS ner Te
(3.2)

whereSLCFS is the surface area of the LCFS in m2, and the 2 in the denominator accounts

for the assumption that half of the power crossing the separatrix,Pnet enters the electron

channel. These transport coe�cients are plotted as a function of� �
sep.

Considering �rst Figure 3.20, the simulated De� from SOLPS generally fall within the

scatter of the experimental data, trending slightly upwards with� �
sep and trending little with

� �
95. For just the unpumped discharges, this trend con�rms that use of 1D analysis of plasma

and neutral pro�les yields a value forDe� similar to the poloidally-averaged one used in the

SOLPS simulations. This is not the case, however, across the scan. The experimentally-

inferred De� are in general not exactly interchangeable with those from SOLPS-ITER. This

may not be the case across machines and is not the case when the SOL opaqueness is reduced

for C-Mod plasmas. The �gure shows this graphically for pumped discharges and o�ers

another metric with which to assess the validity of usingDe� from experiment. At low � �
sep,

the experimental inferences shown as squares underpredict the �ux-surface averaged value.

At high � �
sep, the relationship reverses and the experimentalDe� slightly underpredict De� .

The story is somewhat di�erent for electron thermal transport, shown in Figure3.21.

Experimentally, the trend with � �
95 is cleaner than that with � �

95. Recalling Figures3.16and

3.17, this is not entirely surprising. Earlier analysis con�rmed that changes to the pressure

pro�le upstream were well correlated with� �
95, and that r Te in particular, su�ered signi�cant

degradation with this parameter. The SOLPS results con�rm that� e is largest for the more

collisional discharges, and that it markedly increased at the transition between low and high

collisionality. Whether this occurs at � �
sep;crit � 18 or � �

95 � 2 is di�cult to say from this

analysis alone. For discharges at low� �
95 (open or green symbols),� e does not correlate clearly

with collisionality. Here, neither � �
sep nor � �

95 appear appropriate to fully describe the data. It

may be that a di�erent physical mechanism in the pedestal may more strongly contribute to

thermal transport and that the data may organize better against another local parameter.

Comparing now the plots on the left of both �gures, it is apparent that at10 < � �
sep < 18,

Dn � � e. At � �
sep < 10 and � �

sep > 18, however,Dn << � e. Recent computational work using
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Figure 3.20: De� , inferred experimentally from LYMID-ETS work�ow (diamonds) and from
SOLPS-ITER simulations (stars) against� �

e� (left) and � �
95 (right). See Figures3.15 � 3.19

for symbol color-coding.

pedestal gyrokinetics has indicated that the ratio of di�usivities in the pedestal in di�erent

transport channels may be indicative of di�erent transport drives [101]. Indeed this may be

consistent with the earlier assertion of transition in the character of turbulence from Figure

3.19.

While these �gures add some complexity to the analysis of pedestal transport, they

do not present strong disagreement between experiment and simulation. Given only six

simulations, it is di�cult to make conclusions about gross trends in transport, for which the

experimental database is more useful. While SOLPS-ITER provides more certainty in the

power balance calculation, the experimentally-estimated� e is close to that deduced from the

simulations. Experimentally, and computationally, one can see increases in� e at low and high

� � , indicating di�erent electron thermal transport drives in these di�erent types of pedestals.

As for particle transport, interpretation is even more complex, as the use of experimentally-

determined transport coe�cients depend on the poloidal distribution of neutrals, and as this

chapter has shown, the degree of particle control and SOL opaqueness. Furthermore, if the

turbulent driver responsible for the trend ofDe� with � �
sep is indeed the RBM, or at least a

ballooning mode, it may be that the �ux-surface averagedDe� from SOLPS-ITER is not itself

representative of changes to particle transport resulting from a ballooning instability. Here,

specifying poloidally-varying di�usivity pro�les with a ballooning-like form, as is possible to

do in SOLPS-ITER, would be important for truly understanding how the transport changes

as a pedestal fuels up and reaches a saturated density.
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Figure 3.21: � e, inferred experimentally from power balance (circles) and computationally
from SOLPS-ITER simulations (crosses) against� �

e� (left) and � �
95 (right). See Figures3.15 �

3.19 for symbol color-coding.
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Chapter 4

The In�uence of Separatrix Parameters

on Tokamak Operation, Limits, and

Con�nement Regime Access

Chapter 2 introduced tools and techniques to study particle transport and fueling physics in

the pedestal. The following chapter consisted primarily of an analysis of one particular set

of matched experiments. Motivated by observations of the role of local parameters, namely

at the separatrix, in in�uencing particle transport throughout the pedestal, this chapter

focuses on the separatrix condition with an eye to how this in�uences tokamak operation. In

making contact with theory, this chapter is able to generalize conclusions about the role of

the separatrix across a wide range of C-Mod plasmas. In particular, it looks at a number of

key dimensionless quantities, taken directly from the equations of �uid turbulence, in order

to understand the role they play in determining the characteristics of the plasma. These

quantities are found to dictate whether a plasma will be a stable L-mode, a stable H-mode,

or whether it will disrupt. Evidence is also presented for these quantities playing a role more

speci�cally in which type of transport barrier is produced, H-mode and I-mode alike. This

hinges on the notion that it is the turbulence characteristics of the pro�le near or at the

separatrix that most directly in�uence the type of the plasma produced and its proximity to

operational limits.

The chapter begins by considering the development of theory for edge turbulence control

parameters, introducing also attempts throughout the last few decades to con�rm or expand

these theories, primarily with C-Mod data, but also on other devices. The following section

then introduces a recently developed model, the separatrix operational space (SepOS) model.

SepOS attempts to combine a number of di�erent parameters from edge turbulence theory

into a self-contained model for three primary operational boundaries in tokamaks. As will
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be mentioned in Section4.2, these boundaries are largely agnostic to con�guration details,

except that they depend on the ionr B-drift direction and that the central model only

attempts to describe edge parameters when this drift points towards the active X-point, i.e.

the favorable drift direction. The following section, Section4.3, attempts to remedy this by

building on even more recent work attempting to expand the model to the unfavorabler B

drift direction. It introduces the �rst analysis of the I-mode using this framework, which

generally appears in this drift direction. The chapter then continues the theme of analyzing

access to regimes free of Type-I ELMs in Section4.4, where the transition between the ELMy

H-mode and the EDA H-mode is studied using the same dimensionless parameters codi�ed in

the SepOS model. Finally, Section4.5 ends by introducing important caveats to the model.

Notably, the methodology used to test the model hinges on assumptions that may be violated

in very collisionless plasmas. This section motivates why corrections to the analysis may

be important to include, and speculates on any modi�cations to the model that these may

imply.

4.1 Dimensionless control parameters from electromag-

netic �uid drift turbulence theory

The success of fusion reactors will depend on their ability to access desirable operational

regimes and avoid detrimental operational limits. A reactor must be designed to maximize

performance but not at the cost of sacri�cing power exhaust capabilities and especially not

at the cost of plasma disruption. This balancing act is made all the more challenging by

an incomplete physics understanding of the fundamental processes responsible for regime

transitions and disruptive limits. The transition between the L-mode and the H-mode, for

example, is associated with high auxiliary power, steepening ion pressure gradients, and

large radial electric �eld shear [102], but in the absence of a fully predictive model for the

transition, future devices rely on extrapolation of power threshold scalings. The well-known

L-mode density limit (LDL) [ 103, 104] similarly lacks a robust physical understanding, and a

number of experiments have been observed to reach values higher than the most commonly

used metric for the density limit [105� 110], the Greenwald density,nG = I p

�a 2 [103]. Finally,

limits to H-mode operation at high density like the so-called H-mode density limit (HDL)

[104, 111] are not fully understood, making avoidance prediction for future devices di�cult.

Since the 90s, much work has been done to leverage edge turbulence theory to answer these

questions, namely which dimensionless parameters are most important in de�ning the edge

plasma state, and by extension, its proximity to di�erent con�nement regimes and operational
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limits. The development of a description of the tokamak edge using electromagnetic �uid drift

turbulence (EMFDT) theory began with the works of Scott and Rogers, Drake, and Zeiler

(RDZ). Scott began studying the nonlinear drift wave instability through the development of

an equation set describing what he termed drift-Alfvén (DALF) turbulence [112� 114], and

which will be referred to in this thesis as a subcategory of the broader EMFDT. The DALF

equations include equations for the evolution of vorticity, electron pressure, parallel current,

and ion velocity, and are closed by Ampere's law and an equation for polarization, capturing

the e�ects of both interchange turbulence and MHD instabilities. These equations are

omitted from the present discussion, but will be detailed in Section4.2. From these equations,

he introduced a number of dimensionless parameters, most notably a normalized pressure

gradient, �̂ , and a collisionality parameter,C0. The equations for these two parameters are

given by:

�̂ =
q2R
� pe

�
�

R
4� pe

�
(4.1)

C0 = �
�

qR
� pe

� 2 � ei � pe

cs
(4.2)

where� pe is the radial pressure gradient scale length in m,� is the plasma beta, given by

� = pe
B 2=2� 0

, with pe the electron pressure in Pa and� 0 the vacuum permeability in NA� 2, �

is the electron-to-ion mass ratio, i.e.� = me
m i

, and � ei is the electron-ion collision frequency,

de�ned in Section 3.5.

Simultaneously, Rogers, Drake, and Zeiler carried out 3D simulations of the Braginskii

equations and identi�ed two parameters strongly in�uential in determining edge turbulence

[115, 116]. These were the ballooning parameter,� (or � MHD ), and the diamagnetic parameter,

� d. Their expressions are given by:

� =
q2R
� pe

� (4.3)

� d =
�

� s
 e

2� 2qs� n � ei

� 1=2 �
� n

2R

� 1=4

(4.4)

where
 e = eB
me

is the electron cyclotron frequency in s� 1, � n is the radial density gradient

scale length in m, and all other variables have been previously de�ned. Similarly to the work

of Scott, the former parameter is a normalized pressure gradient and the second parameter has

strong inverse dependence on collisionality. Its form is similar to an inverted local diamagnetic

velocity normalized to the sound speed. The RDZ work suggested the edge plasma phase
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Figure 4.1: The phase space of the tokamak edge given by the MHD ballooning parameter
and the diamagnetic parameter, modi�ed to demonstrate changes to transport in the phase
space and inaccessible regions. Figure is reproduced from [96].

space could be described by these two parameters and that both the density limit and the

transition to H-mode occurred at high values of� . The former also required low� d and the

latter high � d. Figure 4.1 shows the operational space from the RDZ work, modi�ed slightly

to delineate regions of enhanced turbulent transport and proximity to operational limits. The

�gure has been reproduced from [96].

With these two frameworks for understanding edge turbulence in place, attention then

turned to attempting to validate these with experimental measurements. These tests were

conducted on a number of machines, including COMPASS-D, JET, NSTX, DIII-D, and AUG

[117� 121], �nding varying degrees of success. Rather than detail these e�orts individually,

this thesis will focus primarily on validation attempts using Alcator C-Mod data. Initial

attempts on C-Mod to provide experimental veri�cation of these theories involved the use

of electron cyclotron emission measurements of the pedestal at = 0:95 for calculation of

� and � d [122]. As in the RDZ theory, that work found good separation between L- and

H-modes using those parameters. Later work involved calculation of these same parameters

but with TS measurements. This was done �rst at mid-pedestal [36] and then at both the

top of the pedestal and at the separatrix [123], also focusing pro�le analysis near the L-H

transition speci�cally. The latter work found that when comparing values of� and � d at the

L-H transition, the values at the pedestal top best agreed with the theoretical boundaries

from RDZ. When looking at L- and H-mode existence, however, agreement was generally

good at the pedestal top with this theoretical boundary, with some exceptions at low� d.

The existence comparison at the separatrix was not shown.
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One of the most extensive comparisons with EMFDT theory from both Scott and RDZ

involved the use of scanning Langmuir probes to study the phase-space of the near-SOL

[96]. This work computed key control parameters from both the RDZ and Scott theories and

examined their dependence, showing consistency between the RDZ parameters mentioned

above and similar parameters from Scott, in particular̂� and C0. Using this combination of

parameters, LaBombardet al. identi�ed a clear boundary that separated ohmic L-modes

from ohmic H-modes, corresponding to the L-H transition, and an inaccessible region at high

� MHD and low � d, corresponding to operation limited at high density in both L-mode and

H-mode. The work also found that linear dependence on the safety factor,q, and square root

dependence on the electron-ion collision mean free path,� ei, normalized to the major radius

R, best organized near-SOL pressure gradient scale lengths, across a range ofq95. Later work

codi�ed this dependence on collisionality into� [47], a parameter similar to� t , and found a

great deal of success in its use for de�ning operational boundaries.

4.2 The SepOS model and validation on Alcator C-Mod

Almost three decades since the �rst papers on EMFDT were written, attention has once

more turned to developing a reduced model for operational access based on edge turbulence.

Building from a number of earlier works, the SepOS model has recently been developed

to explore boundaries for regime transitions and limits of the tokamak operational space

at the separatrix [124]. The SepOS model is built on parameters from DALF turbulence

and draws from the works of Scott [114] and RDZ [116]. The model from Eich and Manz

well separates regime transitions and limits on AUG. The current work represents the �rst

validation of the SepOS model on a device other than AUG. Using measurements from the

same ETS diagnostic as introduced in Chapters2 and 3, it is shown that that SepOS model

also organizes the operational space of C-Mod.

The SepOS model has proven successful for describing three main boundaries in the

AUG operational space at the separatrix: the transition from L-mode to H-mode (L-H

transition), the LDL, and the ideal magnetohydrodynamic (MHD) limit. Application of the

model involved the observation that the plasma scale lengths were inversely proportional

to the poloidal magnetic �eld, Bp, and proportional to � t , introduced in [121] recalling

its expression for C-Mod parameters introduced above,� t = 2:98� 10� 18Rgeoq̂2
cyl

ne
T 2

e
Ze� for

Alcator C-Mod parameters, whereRgeo is the geometric major radius, assumed here to be

equal to the device major radius,R0, and q̂cyl is the cylindrical safety factor, calculated

according toq̂cyl = B t
B p

� �̂
Rgeo =ageo

, whereB t and Bp are the toroidal and poloidal magnetic

�elds respectively, ageo is the geometric minor radius, taken equal to the device minor radius,
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and �̂ is the e�ective elongation, de�ned in [124]. Note that � t di�ers from the often used

collisionality, � � , by a factor of q̂cyl , as well as the diamagnetic parameter from the work of

Rogers, Drake, and Zeiler,� d, by a factor of � n e
Rgeo

. Further analysis then focused on limits to

operation at the highest densities in both H-mode and L-mode, and these limits from the

SepOS model were compared to those from other models for disruptive high density operation

[99]. Recent work on AUG has continued analysis of H-modes speci�cally, concluding that

the transition between type of H-mode can also be described by movement across the SepOS,

in particular as � t varies [125]. Another study has extended the model to discharges in the

unfavorable drift direction on AUG, introducing a correction factor to the model for the L-H

criterion when the r B-drift points in the unfavorable direction [126].

This thesis �nds similar phenomenology in the C-Mod SepOS. Using the same DALF-

normalized dimensionless quantities, the L-H transition, the LDL, and the ideal MHD limits

are all well-described by the SepOS model. As on AUG, it is observed that the plasma scale

lengths just inside the separatrix widen with� t in H-mode (consistent with earlier work that

found the same to be the case just outside the separatrix in L-mode [96]). A scaling for

this gradient scale length widening is then used to translate the boundaries in dimensionless

space into the more intuitive dimensional space in terms of electron density,ne, and electron

temperature, Te. Further work probes extension of the model to include C-Mod discharges in

the unfavorabler B-drift direction as well as to elucidate the transition between H-mode

type.

4.2.1 Development and contrast to previous work

The SepOS model from Eich and Manz [124] begins from the DALF equation set proposed by

Scott. The coordinate system they use is(x; y; s) with s the direction along the magnetic �eld,

and x and y the radial and binormal directions, respectively. The equations are normalized to

appropriate length and time scales. Perpendicular length scales are normalized to� s =
p

m i Te
eB ,

the hybrid ion gyroradius in m, with e = 1:602� 10� 19 C, the electron charge. Note that this

parameter is computed using the ion cyclotron frequency but the electron thermal velocity,

following from previous work [124, 127]. Parallel length scales are normalized toqsR, where

qs is the safety factor andR is the major radius in m. Times are normalized to� ? =cs, where

� ? in m is an additional characteristic perpendicular scale, here chosen to be equal to� pe

and cs =
p


Z e� Te
m i

is the sound speed in ms� 1, with 
 = 5
3 the adiabatic index. The equation

set is explained in great detail in the works of Scott referenced above, as well as in [127].

In short, the equations describe the evolution of the perturbation of a number of physical

quantities, including the vorticity, ~
 ,
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�
@
@t

+ ~uE � r
�

~
 = Br k

~Jk

B
� (1 + � i )K( ~pe) (4.5)

the electron pressure,~pe,

�
@
@t

+ ~uE � r
�

~pe + ~uE r pe = Br k

~Jk � ~uk

B
+ K( ~� � ~pe) (4.6)

the parallel current, ~Jk,

�̂
@~Ak

@t
+ �̂

�
@
@t

+ ~uE � r
�

~Jk = r k(pe + ~pe + ~� ) � C ~Jk (4.7)

and the ion velocity, ~uk,

�̂
�

@
@t

+ ~uE � r
�

~uk = � (1 + � i )r k(pe + ~pe) + � kr 2
k ~uk (4.8)

and they are closed by Ampere's law

~Jk = �r 2
?

~Ak (4.9)

and the polarization equation

~
 =
1
B

r 2
? ( ~� + ~pi ) (4.10)

where a number of pre-factors, namelŷ� , �̂ , �̂ , and C �gure prominently in a number of terms

and thus become important control parameters in mediating the strength of these terms. The

�rst of these, �̂ = ( qR
� pe

)2, is the ratio of the parallel length scale,� k = qR, to the perpendicular

length scale,� ? = � pe , and mediates the strength of the time derivative of the parallel

velocity �uctuations. The second,�̂ = � �̂ , modi�es the electron inertia term in equation for

the parallel current �uctuations, Equation 4.7. Finally, �̂ and C (or C0) have already been

introduced and de�ned in Section4.1. The former is a beta-like parameter, normalized by a

pressure gradient, and mediates the induction term in the equation for the parallel current,

determining the relative transit Alfvén frequency. The latter is a collisionality-like parameter,

which is responsible for parallel current dissipation through collisions.

In these equations, it is the advective derivative containing~uE , the E � B velocity, that

inserts a nonlinearity into the system, driving the system to turbulence. Additionally, the

curvature operator acts on both the �uctuating pressure in the vorticity equation and both

this and the �uctuating potential in the equation for the electron pressure. It is given by,

K = ! B (sins@x + coss@y), where! B = 2� ?
R gives the strength of the curvature drive. These
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equations are then normalized according to a number of time scales, length scales, and speeds,

such that the main �uctuating quantities that are tracked, ~� and ~pe, are expressed in units of
� s
� ?

.

From this normalization, wavenumbers and energy transfer rates (or equivalently growth

rates as suggested in [126]) of particular importance are extracted and compared. The balance

of these quantities of interest underpin changes in turbulence and become the ingredients

for the boundaries in the SepOS model. Each set of wavenumbers and transfer rates will be

described in each of the following subsections. Before doing so, it is instructive to derive the

� t parameter, which is perhaps the most important control parameter in the model. Through

� d and C0, RDZ and Scott concluded that the physics of the edge is largely determined by

the competition between drift-wave (DW) and interchange-driven resistive ballooning modes

(RBM). As is shown below,� t quanti�es this, by mediating the competition between the two

types of turbulence.

It can be derived directly from the vorticity equation, Equation4.5, which can also be

written as follows:

@
@t

(1 + � i )r 2
?

~� = r k
~Jk � (1 + � i )K ~pe (4.11)

where the �rst term on the right-hand side (RHS) dictates the parallel electron response, and

the second term on the RHS leads to the interchange instability. Plugging in the equation for

the parallel response, Equation4.7, and using the ansatz for a pure instability, i.e.@=@t! 
 ,

r ? ! ik ? , r k ! ik k, and K ! ik y! B , gives an expression for~� in terms of ~pe and no other

�uctuating quantities or operators. Rearranging gives:

~� =

 

1 + i (1 + � i )C! B
ky

k2
k

!

~pe (4.12)

which, if expressed in terms of ani� model, gives~� = (1 + i� e) ~pe, where� e = (1 + � i )C! B
ky

k2
k

is the phase di�erence between the potential and pressure �uctuations, and� i is the ratio of

ion to electron temperature as introduced in Chapter2. For typical scales, i.e.ky � 1, kk � 1

(or unnormalized,ky = � s, kk = qsR), the primary parameter controlling the dephasing of

the �uctuations is then � t , de�ned by:

� t � (1 + � i )C! B (4.13)

For values of� t � 1, potential and pressure �uctuations are in-phase, i.e.~� � ~pe, and

when � t � 1, potential and pressure �uctuations are out of phase, i.e.~� > ~pe. In the

former, the drift-wave dominates, and in the latter interchange-driven turbulence dominates
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and transport is high. The e�ect of � t is thus to stabilize the drift wave (or equivalently

destabilize the RBM) at large values, and thus, to induce out-of-phasepe and � �uctuations

and large cross-�eld transport. As noted in Section4.1, � t plays a strong role in particle

transport, even in the mid-pedestal of Alcator C-Mod H-modes as shown in Chapter3. Note

that the form of � t implies the ability for development of runaway transport events. Other

types of turbulence, like those driven by high thermal gradients, proceed such that the drive

of the instability, the gradient, provides su�cient transport to relax the gradient, yielding a

saturated state of turbulence. The dependence of� t on both C, an e�ective collisionality,

and � pe , the pressure gradient scale length, makes reaching such a state much more di�cult.

Increased� t -driven transport will cool the plasma and act to widen gradient scale lengths,

increasing bothC and ! B , and by extent � t . Without some other mechanism to remove

the energy in the turbulence, this chain of events may invite something like a density limit,

for example, leading to plasma termination. The exact interplay between the mechanisms

contributing to and detracting from these interchange-driven transport events, as well as

their connection to the density limit, is the main topic of Chapter5.

4.2.2 Experimental quantities needed to evaluate model

The parameter� t plays a central role in de�ning the type of turbulence present in the edge

plasma, and therefore, the plasma state. This section will take a short pause from building

up the theory of SepOS to discuss how it is that� t and the rest of the SepOS quantities

are calculated from routinely available experimental measurements. In contrast with the

previous models that do not specify a particular location of importance in the plasma, the

SepOS model proposes the region near the separatrix in the con�ned plasma as a key location

for determining the edge plasma turbulence properties, which de�ne the plasma operational

regime. Indeed, all SepOS boundaries are derived in terms of dimensionless quantities at

this radial location. Applicability of the model to tokamak operation, however, bene�ts

from the translation of dimensionless quantities into the more familiar (ne; Te) space. For

most of the normalized quantities in SepOS, this mapping to dimensional variables is fairly

straightforward. A notable exception, however, is the �uctuations' perpendicular length scale,

� ? , for which a direct parametrization in terms ofne, Te, and global plasma parameters is

unresolved. This obstacle was circumvented originally through use of the scaling developed

in [121]. It was observed that plasma scale lengths near the separatrix depend strongly on

� t (itself a function of ne and Te), as well as the poloidal gyroradius,� s;p. Constructing a

scaling for � ? = � pe(� s;p; � t ) provides the necessary mapping to translate the dimensionless

SepOS model into a dimensional guide for directing tokamak plasmas towards a particular
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Figure 4.2: Typical pro�les measured by ETS for an L-mode (left) and an H-mode (right).
Open circles show rawTe (top) and ne (bottom) measurements, including points used in the
�nal �t (red) and points unused (black). Dash-dotted vertical blue lines represent the 10 mm
initial �t interval about the location of the EFIT separatrix.

regime or away from a particular limit.

The workhorse diagnostic for validating the SepOS model on C-Mod data is the ETS

system, the same diagnostic used to resolve the pedestal and edge region introduced in

Chapters 2 and 3. While the ETS system was primarily developed to study pedestal physics,

this study has found that it was also capable of resolving the gradient scale lengths across

the separatrix. Figure4.2 shows an example ofTe and ne measurements from ETS for both

an H-mode and an L-mode, from shots taken 14 years apart. As in Section3.1, the location

of the separatrix is identi�ed from SOL power balance using the same two-point model.

Once again, the conducted parallel heat �ux estimated experimentally (Equation2.2) is

balanced by the model Spitzer-Härm parallel heat �ux (Equation2.3). For this exercise, the

equations used are largely the same, except for two minor di�erences to more closely parallel

the procedure on AUG and allow for ease of comparison. First,f e;cond is set to 0.325 (instead

of 0.5). Second, the pre-factor used in Equation2.3 is set to 4
7, rather than 2

7. In practice,

the combination of these two changes results in an approximately 2% change toTe, when

considering the exponent of27 in Equation 2.4, such that the choices of the prefactors, while

important to have generally correct, is fairly inconsequential in the result.

The bigger di�erence in the approach to that in Chapter3 is in the �t to the ETS, which
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has implications for how the shifting of the pro�le is done. There, the mtanh �t was used,

arguably a better �t to the H-mode edge but may not be the best descriptor of L-mode

pro�les, especially theTe pro�le, which can often be linear inside the separatrix. Instead of

mixing �t functions across regimes and channels, which could introduce systematic errors, an

exponential decay �t function across the separatrix is used as a compromise. Following from

[121, 128], an exponential decay �t, Y(R) = Y0exp[ � (R� Rsep )
� Y

], centered atRsep, is chosen to

capture the gradients in the plasma pro�les at the separatrix. Here,� Y is a �t coe�cient

directly output by the �tting algorithm. As such, this �t function allows for direct estimation

of electron gradient scale lengths under the assumption that the gradient scale length is

constant across the separatrix. Note that this exponential �t likely would begin to break

down just inside mid-pedestal, over-predicting pedestal top values.

With the �t to ne and Te in hand, and because the ETS data extends through the

near-SOL, the Spitzer-Härm equality relating� q and the Te gradient scale length,� q = 2
7 � Te ,

is used. This avoids the need to choose a scaling for� q and allows for separatrix identi�cation

directly from the pro�le information itself. Separatrix identi�cation begins by �tting Te with

the exponential function introduced above over an interval of 10 mm centered about the

separatrix position as estimated by EFIT. Using� Te from the �t, � q is calculated to solve

Equation 2.4, and a value forTsep
e (as well asRsep and nsep

e ) is calculated. A new �t is then

computed, this time over an interval aboutRsep. The new value ofTsep
e is compared to the

previous, and the iteration continues until the di�erence inTsep
e from one iteration to the

next is below a threshold of 2 eV, i.e.� T � 2 eV.

To account for this uncertainty, Equation 2.4 is solved using an upper and lower estimate

of PSOL , P+ =�
SOL = (1 � 0:2)[Poh + � ICRF PICRF � (1 � 0:2)Prad ] to provide an upper and lower

estimate forTsep
e , T+ =�

e;sep. These uncertainties serve to account for uncertainty in the e�ciency

of the ICRF absorption as well as the magnitude of the radiated power, both of which may

be large uncertainties in thePSOL calculation. The maximum value of the di�erence between

each ofT+ =�
e;sep and Tsep

e is used to characterize its uncertainty,� Te. Uncertainty in nsep
e ,

� ne, follows the same approach. Uncertainty in� pe , � � pe , is estimated directly from the

diagonal of the covariance matrix of the �ts yielding� ne and � Te . Assuming uncorrelated

error propagation, � Te, � ne, and � � pe are all then used to calculate uncertainties in all

DALF-normalized quantities discussed in the remainder of this work.

Relying only on a measurement of the edgene and Te pro�le, the SepOS model can be

tested with any number of discharges containing good ETS measurements. To this end, a

number of datasets are assembled. These datasets span a large range in engineering and global

parameters, as well as years of operation. The datasets contain discharges withB � r B

directed both toward and away from the active X-point, cases referred to as �favorable� and
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Table 4.1: Parameter ranges for datasets used in analysis in Sections4.2 � 4.5.

Parameter
Large, favorable Large, unfavorable ELMy-EDA � q measurement

(Section4.2) (Section 4.3) (Section 4.4) (Section 4.5)

B t (T) 3:0 � 7:8 4:3 � 8:0 5:5 � 5:6 4:9 � 8:0

I P (MA) 0:4 � 1:4 0:5 � 1:7 0:9 0:5 � 1:7

Bp (T) 0:3 � 1:0 0:4 � 1:2 0:7 0:4 � 1:2

ne (1020m� 3) 0:7 � 4:8 0:5 � 2:9 1:2 � 3:2 0:4 � 5:2

PSOL (MW) 0:2 � 5:5 0:6 � 5:5 0:8 � 3:3 0:1 � 5:5

q̂cyl 2:5 � 10:8 2:9 � 7:9 4:0 � 4:2 3:2 � 9:3

f GW 0:1 � 0:6 0:1 � 0:6 0:2 � 0:5 0:1 � 0:6

Label D1 D2 D3 D4

�unfavorable� r B -drift direction. Ranges in parameters for these datasets are summarized

in Table 4.1. The �rst dataset, shown in the second column of this table, contains many

discharges in the favorabler B-drift direction and is used in the remainder of the current

section. It contains only L-modes and EDA H-modes. The second dataset contains discharges

in the unfavorable drift direction. It is used in the analysis in Section4.3 and contains

L-modes, some steady-state EDA H-modes, and I-modes. Also present in the unfavorable-drift

dataset are some transient H-modes without pedestal regulation via continuous transport

or ELMs, i.e. �ELM-free� H-modes. An overview of these con�nement modes on C-Mod

may be found in [129]. Data from these �rst two datasets have been shown in a number of

publications from Alcator C-Mod [41, 81, 130� 134], although now the ETS data from the

consolidated datasets are analyzed in the same way, according to the procedure outlined at

the beginning of this section. The data span 14 years of C-Mod operation. A third dataset,

which includes only one run day [135, 136], exhibits a mix of EDA H-modes and conventional

H-mode with ELMs and is discussed in detail in Section4.4. The equilibrium shapes between

the former and the latter data set di�er as illustrated in Figure 4.3, which is reproduced from

[37]. The �nal dataset analyzed is that used in [41], but sub-selected to ensure available TS

measurements as in [132]. This dataset includes measurements of� q, which are useful to

evaluate sensitivity to modi�cations of the work�ow for separatrix identi�cation presented in

this section.

One of the parameters most important for power handling, setting heat �ux spreading

on the divertor targets, is the gradient scale length of the parallel heat �ux,qk, at the
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Figure 4.3: Comparison of shape of separatrix for typical EDA H-mode (blue) and ELMy
H-mode (red) on C-Mod. Figure modi�ed from [37].

separatrix, � q [137� 140]. In the Spitzer-Härm regime, this width is directly linked to the

electron temperature gradient scale length,� Te [40]. A multi-machine study of H-modes found

Bp to organize divertor � q measurements across many devices and a large range inBp [138].

This is in line with predictions from the so-called heuristic drift model, which states that the

r B and magnetic curvature drifts balance �ows to divertor targets to set� q [137]. Another

study on exclusively C-Mod measurements found that across regimes (including L-mode,

H-mode, and I-mode), the volume-averaged plasma pressure,hpi , organized� q most strongly

[41]. While subsequent work on AUG �nds even better organization of� q when compared to

the pressure at� p �
p

 n = 0:95 [141], a follow-on work on C-Mod found thathpi still did

better than pe at � p = 0:95 [132]. This could be a result of very small� q that yield steep

r p and very high p95. The question of what exactly sets� q is still open and may remain so,

likely as a result of a number of competing processes in the edge. What remains clear is that

the edge allows no free lunches: higher con�nement discharges, which tend toward largerBp,
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larger hpi , or larger edgepe means heat will be exhausted over a narrower width, worsening

power handling capabilities.

In parallel, a set of studies, primarily at AUG, have considered departures from the

multi-machine scaling. These found that certain discharges departed from the expectations

from the multi-machine scaling, with plasma scale lengths widened up to a factor of three

[121, 125, 142]. This deviation occurred at higher densities, and can be understood from

the perspective of the physics of� t , which scales linearly withne. At low values of � t ,

plasma lengths scaled with� s;p =
p

m i Te
B p

, as predicted by the multi-machine scaling. As� t

approached unity, the plasma lengths (across channels), increased. It is thought that the

widening with � t results from a transition in turbulence type, when interchange e�ects play

a stronger role in drift-wave turbulence [121, 124]. As mentioned above,� t is a control

parameter representing the electron adiabaticity, which is responsible for the dephasing of

plasma potential �uctuations, ~� , and plasma �uctuating quantities, ~n and ~T (or ~p more

generally), ultimately increasing plasma transport [113, 114].

The technique outlined in the previous section returns� Te , as well as electron density

gradient scale length,� ne . The electron pressure gradient scale length,� pe , is then computed

using � � 1
pe

= � � 1
ne

+ � � 1
Te

, from the simple relation for electron pressure,pe = neTe. It is also

possible to simply �t pe from ETS directly, and estimate� pe from its �t. The analysis that

follows is largely insensitive to choice of� pe , but taking the latter approach would increase

uncertainty as a result of larger scatter in the measurement. The values from the �nal

iteration of the scheme described earlier in this section are used in the remainder of the

analysis. For the H-modes in the large, favorable drift direction dataset (second column of

Table 4.1), a multi-variable nonlinear least squares regression is performed for� pe , using both

� t and � s;p as the regression variables. A �t is performed for all H-modes in the dataset,

using the same proposed regression function as in the AUG work:

� p = (1 + C� � a
t )C� � r

s;p (4.14)

where C� and C� are the regression coe�cients for the regressed variables, anda and r

are their respective exponents. This �t form captures the observation that at low� t , low

adiabaticity, the pressure gradient scale lengths are set by the magnetic drifts (� p / � s;p),

but that at high adiabaticity, collisional turbulent transport dominates.

Figure 4.4 shows the regression results. The left panel shows the measured� p, normalized

by the � s;p dependence, plotted against� t . The plot on the right demonstrates the quality

of the regression, plotting the regressed against the measured variable. Table4.2 compares

the regression results for C-Mod H-modes to the regression results from AUG. Compared to

AUG, this dataset �nds almost no dependence on� s;p and weaker dependence on� t . Possible
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Figure 4.4: Scaling of� p normalized to its dependence on� s;p against � t (left) and result of
joint � s;p and � t regression plotted against experimentally measured value (right) for H-modes
in D1 dataset.

Table 4.2: Fit coe�cients resulting from �tting � p, � n , and � T against the RHS of equation
4.14. For reference, the coe�cients obtained for the regression with� p on AUG are the
following: f C� ; a; C� ; rg = f 3:9; 1:9; 1:3; 0:9g .

Coe�cient � p � T � n

C� 0:92� 8:3 � 10� 2 0:46� 2:6 � 10� 2 1:4 � 0:78
a 0:92� 4:3 � 10� 2 1:2 � 0:17 0:85� 9:0 � 10� 2

C� 3:7 � 10� 3 � 7:3 � 10� 7 1:7 � 10� 3 � 2:4 � 10� 7 6:7 � 10� 2 � 9:1 � 10� 4

r 0:18� 8:1 � 10� 4 � 9:5 � 10� 2 � 1:8 � 10� 3 0:54� 2:3 � 10� 3

explanations for the discrepancy are outlined in the �nal chapter of the body of this thesis,

Chapter 6. Similar broadening is found for� n and � T independently. Their �t coe�cients

are included in Table4.2 as well, and discrepancy with AUG values is similar to that in� p.

Earlier work studying only ohmic L-modes on C-Mod saw a similar e�ect [96]. It looked

at changes to the plasma pressure gradient scale length, measured with Langmuir probes as

a function of plasma collision frequency and with di�erent scalings of the safety factor,q.

Across three values ofq, this study found that a square dependence, i.e.q2, which is the same

dependence of� t on q, i.e. � t / q2, best organized the data. Recall that Section3.2 �nds the

collisionality at the separatrix, � �
sep, (or equivalently � t , since that study was carried out for

only one value ofq) was responsible for increased pedestal transport. This section con�rms

that turbulent broadening of SOL widths at high � t may be present in both L-modes and

H-modes across a large dataset.
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Figure 4.5: Separatrix operational space ofne and Te for subset of D1 dataset with magnetic
equilibrium parameters as listed in Table4.3. Shown also are the the L-H curve (blue), the
LDL curve (red), and the IBML curve (black).

4.2.3 The primary boundaries of the SepOS

With the competition between DW and RBM turbulence and how it impacts edge gradient

scale length laid out, this section will return to the DALF equations, demonstrating how

limits and transitions arise from these to determine the SepOS. Although it uses the formalism

of the DALF work, the SepOS draws inspiration from the RDZ phase-space (Figure4.1),

which depends on the same drift-wave-interchange physics. As mentioned earlier, the three

boundaries in the main SepOS model are the LDL, the ideal MHD ballooning limit (IBML),

and the L-H transition. Each of these build from well-studied and well-known ideas behind the

various operational limits and boundaries, casting them into SepOS quantities in DALF units.

The two limits in the SepOS are expressed in terms of characteristic wavenumbers of di�erent

instabilities. From the DALF equations, wavenumbers are extracted for electromagnetic

turbulence, kEM , for the ideal MHD ballooning instability, kideal , and for the RBM, kRBM .

The third boundary, that of the L-H transition, instead depends on nonlinear interaction

between a number of instabilities and notably, the Reynolds stress. As such, this boundary is

expressed in terms of energy transfer rates, rather than individual wavenumbers.

Before getting into the derivation of each boundary, the main result of the validation

e�ort is shown in Figure 4.5, using the values ofnsep
e and Tsep

e extracted from the technique in

Section4.2.2and plotted along with the SepOS boundaries. Using the separatrix parameters
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from the discharges in the same large, favorable drift direction dataset described in Section

4.2.2, the three primary boundaries from the SepOS model are assessed. Datasets are sorted

by drift direction because while there is no evidence that the LDL and IBML depend on

r B-drift direction, there is evidence that it a�ects the L-H transition. Indeed, across a

range of devices, it is observed that access to H-mode is considerably facilitated when the ion

r B-drift points towards the active X-point [122, 143, 144]. This is discussed in greater detail

in Section4.3. To begin, DALF-normalized wavenumbers and growth rates are calculated for

the dataset in the �rst column of Table 4.1, dataset D1. These parameters are described in

some detail below and in greater detail in the following references [99, 121, 124� 126].

The criteria for the three boundaries mentioned at the beginning of this section represent

a balance of terms � of energy transfer for the L-H transition and of wavenumbers for the

LDL and IBML. Each of these terms can be expressed in terms of easily and routinely

measured plasma parameters. These are primarily parameters related to the plasma magnetic

equilibrium, including I P , B t , device size, and the plasma shape, in addition to local plasma

parameters at the separatrix, the calculation of which was outlined in Section4.2.2. Holding

magnetic equilibrium parameters constant, especiallyI P and B t , allows one to parameterize

the criteria solely in terms ofne, Te, and the selected equilibrium parameters. This then

allows for boundary identi�cation in terms of ne and Te. In other words, each criterion can

be expressed asf (ne; Te; M ) = 1 , wheref is the function for an individual criterion and M

are the selected �frozen-in� magnetic equilibrium parameters. (ne, Te) pairs that satisfy f = 1

then de�ne the boundaries in (ne, Te) space. While this expression of the model limits one to

a particular choice ofM , �dimensionalizing� the criteria in this way allows one to compare

all SepOS boundaries on a single plot, and also helps to build intuition for what control room

actuators may drive a plasma towards a particular regime or limit. Figure4.5 showsnsep
e and

Tsep
e for a subset of plasmas from the �rst dataset outlined in Section4.2.2at �xed M , as

summarized in Table4.3, as well as the �dimensionalized� SepOS boundaries, explained in

greater detail in the remaining sections. L-modes are shown as blue circles. H-modes are

shown as orange squares. The model-predicted L-H curve is shown in blue. The LDL is

shown in red. The IBML is shown in black.

4.2.3.1 L-mode density limit

The LDL has been observed experimentally on many devices and presents a fundamental

limit to tokamak operation in the L-mode [103, 104, 111]. In the SepOS framework, as in

RDZ, electromagnetic (EM) e�ects play an important role in the LDL. The transition to the

EM regime is given by a balance of the terms on the LHS in Equation4.7, speci�cally when

induction exceeds electron inertia. Using Ampere's law, it can be shown that this results in
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Table 4.3: Range in magnetic equilibrium parameters for data shown in Figure4.5 (and later
Figure 4.8).

Parameter Value

B t (T) 5:32� 5:49

I P (MA) 0:76� 0:85

q̂cyl 4:80� 6:35

� 1:5 � 1:77

� 0:34� 0:57

the following inequality:

�̂
~Jk

k2
?

> �̂ ~Jk

k2
? <

� e

�
� k2

EM

(4.15)

where � e is the electron beta and� is the mass ratio, both of which have already been

introduced. This condition states that any �uctuations with wavenumbers below� e
� will be

electromagnetically active. The LDL in this model, however, also depends on the RBM and

its characteristic wavenumber. This wavenumber is also derived from the DALF equations,

speci�cally the parallel current equation, although this time also from the equation for

voticity (Equation 4.12) and from the presence of a pressure gradient �uctuation introduced

by advection, i.e. d
dt ~pe = 0. The latter gives the growth rate for the interchange mode

instability:


 I =
p

! B � pe (4.16)

where ! B has been introduced earlier and� pe = � ? =� pe = 1 under the assertion that the

electron pressure gradient scale length gives the perpendicular scale of the �uctuations.

Inserting this growth rate back into the vorticity equation and then using the parallel current

equation to express~� in terms of the parallel response,~Jk gives an expression for the typical

wavenumber of the y-directed �uctuations of the interchange mode:

k2
y =

k2
k

(1 + � i )C
p

! B � pe

� k2
RBM (4.17)
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Figure 4.6: The three primary boundaries in the SepOS model in dimensionless terms. Data
are from the entire D1 dataset and span the ranges in parameters listed in the �rst column of
Table 4.1. From left to right are the L-H, LDL, and IBML boundaries, given in dimensionless
form by Equations 4.28, 4.18, and 4.20, respectively. The top row shows H-modes and the
bottom row shows L-modes.

wherekk =
p

� c, with � c the critical value of � MHD , de�ned in terms of shaping parameters

according to � c = � 1:2
geo(1 + 1:5� ), where� geo is the geometric elongation and� is the average

upper and lower elongation. Note that� geo is not the exact elongation calculated from the

EFIT geometry but instead is an approximation that treats the cross-section as elliptical and

computes the elongation from moments of the cross-section. This is done to avoid sensitivity

of the major axis of the cross-section to the position of the X-point, for example, in the case

of more exotic shapes, allowing for a better comparison of elongation across di�erent devices

[145]. C was introduced earlier and is related to� t through the pressure gradient in! B .

This expression highlights the importance of both collisionality and the pressure gradient in

providing drive for the RBM.

The paradigm with which to understand the LDL involves both of these types of turbulence.

It is thought that an increase in density beyond allowable levels increases edge collisionality

and RBM-driven transport [116]. EM �uctuations then lead to further destabilization of

RBM �uctuations, leading to the collapse of the plasma column observed in LDL-driven

disruptions [99, 115, 121]. Inspired by these observations, the SepOS model proposes that

when the �uctuations from the RBM, kRBM , reach the EM scale,kEM , the collapse occurs. In

particular, the LDL is triggered when the following is satis�ed:
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kEM > k RBM (4.18)

Importantly, Equation 4.18 is a condition for theL-mode density limit. As will be seen in

Section4.2.3.3, if a plasma has already transitioned to H-mode, the LDL no longer applies,

and plasmas must respect a di�erent limit, which in general, allows operation at higher

edge density. Due to di�culties with robustly measuring � Te and other associated separatrix

quantities at the high ne required to trigger DLs on C-Mod, data for DLs are not available for

comparison for this particular exercise. Figure4.5builds con�dence, however, that for L-mode

discharges across a moderate range of parameter space (even restricted by the selection of

M ), all but two L-modes with the largest error bars fall to the left of the LDL boundary.

The center panels of Figure4.6 shows the larger dataset across a range ofM in normalized

variables and as with the sub-selected dataset, most L-mode discharges fall below the LDL,

i.e. kEM < k RBM . The �gure also shows that many H-modes (and some infringing L-modes)

do havekEM > k RBM , yet do not disrupt.

4.2.3.2 Ideal ballooning MHD limit

The IBML occurs when ideal MHD ballooning modes become unstable, which is typically

associated with exceeding a limit set by the normalized pressure gradient,� MHD . When

this parameter becomes too large, ideal MHD modes are driven unstable in the plasma. As

with the LDL, it can also be described in terms of characteristic wavenumbers of di�erent

types of turbulence. In the SepOS model, it is the transition from resistive turbulence to

ideal turbulence that dictates when turbulence from ideal MHD ballooning modes becomes

prohibitively large. To derive the wavenumber for these modes, the equation for the parallel

current (Equation 4.7) is used. Balancing the induction term on the LHS with the dissipation

via collisions term on the RHS, plugging in the ideal interchange growth rate, and solving for

the perpendicular characteristic �uctuations gives:

�̂

 I

k2
?

> C ~Jk

k2
? <

� e
p

! B

C
qsR
� pe

� k2
ideal

(4.19)

As with the LDL, one can describe the transition between the di�erent types of turbulence

by constructing an inequality between the characteristic wavenumbers on either side of the

transition. In this case, the separatrix becomes unstable to ideal MHD ballooning, triggering

the IBML when the following condition is met:
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kideal > k RBM (4.20)

Unlike the LDL, the IBML applies to all discharges, although since it occurs at higherTe

than the LDL, in practice, this also bounds L-modes. This is unsurprising, since H-modes

are naturally at larger � MHD than L-modes, and so closer to the limit. The right panels of

Figure 4.6 shows that all L-mode and most H-mode discharges fall under this balance line.

Equation 4.20 is essentially a recasting of the single �uid ideal MHD limit to the normalized

pressure gradient,� MHD , given by:

� MHD < � c (4.21)

where � MHD has been introduced earlier in Equation4.3. More details on the connection

between Equations4.20and 4.21and how � MHD varies as discharges approach the boundary

on AUG can be found in [124, 128].

4.2.3.3 The L-H transition

The �nal boundary of the SepOS model is arguably the most intricate, as it does not simply

involve a transition between di�erent types of turbulence, but instead a suppression of

turbulence. The SepOS model posits that an H-mode can be sustained if the transfer of

energy from the turbulence to the mean plasma �ow exceeds that being input into the

turbulence itself. The plasma state is thus determined by the balance (or lack thereof) of the

terms in the following equality:

P = 
 e� E t (4.22)

whereP is the production of energy from the �uctuations,
 e� is an e�ective growth rate for

the turbulence, andE t is the energy in the turbulent �uctuations themselves. These quantities

are constructed from normalized parameters, but they are not themselves normalized to

anything explicitly. Regardless, by construction, these are close to a shearing rate,! s, and

linear instability growth rates, 
 . The term on the LHS,P, acts as an energy source for the

mean �ow, carried primarily by the self-generated shear �ow, sometimes called the zonal �ow.

This work is often called the Reynolds work and is ampli�ed when the �ow shear and the

Reynolds stress are correlated, as well as when the electron pressure and potential oscillations

are in phase.P can thus be expressed as:

P =
1

1 + � 2
�;p e

h~ux ~uy i @xhuy i (4.23)
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where � �;p e describes the phase between the potential and electron pressure oscillations

introduced earlier,h~ux ~uy i is the correlation between x-directed velocity �uctuations and y-

directed velocity �uctuations (also known as the Reynolds stress), and@xhuy i is the x-directed

derivative of the mean �ow, here taken to be in the y-direction. In tokamak coordinates,

the x-direction is the radial direction, and the y-direction is the binormal direction (which is

normal to the magnetic �eld lines and has some component in both the poloidal and toroidal

directions).

To express Equation4.23 in SepOS quantities, one must rewrite the �uctuating velocities

and mean velocity. The former can are related to the �uctuating potential by~ux = � ik y
~� and

~uy = ik x
~� assuming a dominantE � B drift in a Cartesian system, which gives the Reynolds

stress,h~ux ~uy i = � kxky
~� 2. The latter, the mean �ow, here taken to be in the y-direction, can

be expressed in DALF units byhuy i = � � i � pi in the favorable drift direction. The gradient

in this quantity is responsible for shearing the �uctuations, and so it is set to the length

scale related to the eddy turnover rate of these �uctuations, which is given byk? = kx = ky.

Finally, as mentioned earlier, the energy transfer through the Reynolds stress is most e�ective

when the energy can be transferred from the eddy tilting by the mean �ow to the �uctuating

potential, and so one can set� �;p e = � e and express it in terms of� t , as noted above. One

can thus express the production term as follows:

P =
1

1 + ( � t k?
k2

k
)2

k3
? � i � pi (4.24)

As for the energy input into the turbulence, it is the RHS of Equation4.22 that dictates

this. The overall energy in the turbulence depends on the types of turbulence active, and

so can be expressed as the sum of a number of sources of free energy. Full details of the

mechanisms behind the various drive terms are given in [99, 124, 126]. Generally, these can be

divided into those corresponding to kinetic energy turbulence, electron free energy turbulence,

and ion free energy turbulence. Thus, the RHS of Equation4.22can be rewritten as:


 e� E t = 
 e(E tk + E te) + 
 i E ti (4.25)

where 
 e is the electron turbulence growth rate, related to both the energy in the kinetic

energy turbulence,E tk , and that in the electron turbulent free energy,E te, and 
 i is the ion

turbulence growth rate, related to the ion turbulent free energy,E ti . The thermal kinetic

energy can be expressed asE tk = 1
2(k ~� )2, and the free energy in the electrons and ions can

be expressed asE te = 1
2 ~p2

e and E ti = 1
2 ~p2

i , respectively.

To substitute these quantities in terms of DALF-normalized parameters, it is important

to also consider the growth rates. As noted earlier, the overall expression for drift-interchange
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turbulence depends on the adiabaticity of the electrons, or the cross-phase of~pe and ~� , such

that 
 = k? � e. Plugging in gives the following expression for the growth rate of the electron

turbulence:


 e = � t
k2

?

k2
k

(4.26)

which invokes� t as an important mediator in electron turbulence via the mechanism known

as diamagnetic stabilization, also important in the RDZ transition via� d.

While � t plays a strong role in the energy input into the turbulence, especially at high

densities, it is an altogether di�erent mechanism that describes the energy in the turbulence at

low densities. Here, the contribution to the ion heat �ux becomes important and is ultimately

responsible for the non-monotonicity present in the L-H transition curve at lowne (from

which a parallel can also be drawn to the low-density branch of the L-H transition power

threshold). The ion growth rate is not given by the parallel dynamics, but is rather assumed

to be similar to that driven by the ideal interchange instability, as would be the case for

curvature-driven sub-critical ITG turbulence. It is thus set to 
 I from Equation 4.16, such

that it can be expressed as:


 i = 
 I =
p

! B � i � pi (4.27)

Substituting Equations 4.23 � 4.27 into 4.22gives the following, more explicit criterion

for the L-H transition:

k3
EM � i � pi

1 + ( � t
� c

kEM )2
=

� t

� c
(k4

EM +
1
2

k2
EM ) +

1
2

p
! B � i � pi (4.28)

where � i , the ion-electron temperatures has been previously introduced and� pi = � pi
� pe

is

the ratio of the ion to electron pressure gradient scale lengths. Lack of availability of ion

measurements near the separatrix makes measuring these quantities challenging, compelling

the choice of simply setting their product,� i � pi = 1. The left panels of Figure4.6 shows

the L-H criterion in normalized units for the superset, corresponding to the full range of

parameters of the D1 dataset in Table4.1. The stabilizing term (LHS of Equation 4.28)

is shown on the x-axis and the destabilizing term (RHS of Equation4.28) is shown on the

y-axis. Even for this larger dataset without sub-selectedM , the balancey = x line does a

good job of separating the L-modes from the H-modes. A sizable tail of L-modes does exist

on the incorrect side of the transition curve, many of which are at loŵqcyl , implying some

additional dependence on̂qcyl in the model. This will be discussed in greater detail for the

unfavorable drift direction dataset. Most H-modes, on the other hand, are predicted to be
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Figure 4.7: Strength of terms in the L-H transition for C-Mod as a function ofnsep
e along the

transition curve. The energy transfer through the Reynolds stress is shown in red. The input
of electron and ion thermal turbulent energy is shown in blue and green, respectively. The
input of kinetic turbulent energy is shown in black.

on the correct side of the transition curve. Figure4.7 shows the di�erent terms in Equation

4.28and how they scale withnsep
e . The Reynolds energy transfer in red and the turbulent

kinetic energy in black both grow strongly withnsep
e . The turbulent ion energy in green

decreases quickly withnsep
e . Finally, the turbulent electron energy in blue grows withnsep

e , but

then decreases at higher values ofnsep
e , presumably whenTsep

e gets very high. At the lowest

densities, ion turbulence dominates, yielding the low-density branch typically associated

with the L-H power threshold [146]. At the highest densities, kinetic energy turbulence does.

Note, however, that evennsep
e = 2 � 1020 m� 3 was high for C-Mod (and certainly for other

machines). At these densities, both the kinetic energy and electron energy turbulence play

similarly strong roles in the L-H transition, and the ion turbulence plays a much weaker

role. The di�ering dependence of the di�erent terms in the transition onne yields a density

minimum, i.e. a value ofne at which the transition is easiest, consistent with observation of

a density minimum in the L-H power threshold [146].

It bears reiterating that discharges in the H-mode are not subject to the LDL. In H-mode,

the condition for the LDL (Equation 4.18) can be met, and as long as the LHS of equations

4.22 or 4.28 is larger than the RHS, the plasma will remain in a stable H-mode. If an
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H-L back-transition occurs (RHS> LHS of Equations4.22 or 4.28), a plasma will likely

disrupt if ne > n LDL
e or remain a stable L-mode ifne < n LDL

e for a particular Te. This

latter scenario is considered analogous to the H-mode density limit, occurring at lowTe. At

high Te, H-modes are also subject to a density-related limit, but more typically associated

with pressure gradients � the IBML. Unlike the LDL, which only applies to L-modes, the

IBML applies to both, namely because a discharge with Equation4.28categorizing it as an

L-mode will also havekRBM < k ideal . Figure 4.5 provides a lot of the physical intuition for

understanding how these limits in DALF-normalized units map to physical (ne, Te) space

that is more useful for scenario development and in the control room.

4.3 H-mode and I-mode access in the unfavorable drift

direction

The �nal three sections in this chapter include preliminary work to expand understanding of

plasma transitions through the framework of turbulence in the SepOS. The next dataset to be

analyzed is given by the third column (D2 dataset) in Table4.1 and contains only discharges

in the unfavorable r B-drift direction, i.e. when the ion r B-drift points opposite to the

active X-point. As noted above, while the LDL and IBML are not thought to depend on drift

direction, the L-H transition does [122, 143, 144]. Running in the unfavorable drift direction

also o�ers the advantage of facilitating access to the so-called �improved� con�nement mode

(I-mode) [88, 147]. Indeed many discharges in this second dataset have been identi�ed as

I-modes, which like the EDA H-mode, is a regime free of large ELMs and o�ers improved

con�nement relative to the L-mode. As such, understanding I-mode access is key to evaluating

its potential as a reactor-relevant scenario. Understanding the driving mechanisms behind

the I-mode has been the subject of many years of research. While one section of a thesis

could not do justice to the topic, this section serves to attempt application of the SepOS

to I-modes. It thus allows the beginning of a survey of I-mode access from the separatrix

perspective, as part of a multi-machine e�ort with AUG and DIII-D, itself a small part of a

joint working group to better understand I-mode access and projection.

The SepOS framework has been recently applied to H-modes in the unfavorable drift

direction on AUG [126]. In line with the expected increase inPSOL required to reach the L-H

transition, that analysis found that for the same value ofnsep
e , H-modes appeared at higher

Tsep
e . Across the dataset, this corresponded loosely to an upwards shift of the L-H transition

curve. This shift was understood in the context of the SepOS model through modi�cation

of the transfer of energy between the Reynolds stress and the average radial �uctuations
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energy (Equation4.23), consistent with direct observations in [148]. The modi�cation to

the expression forP comes from the physical picture of eddy-tilting, which di�ers in the

favorable and unfavorable drift directions. It is done through the application of a model

for magnetic-shear-induced Reynolds stress, studied in [149, 150], and introduced in SepOS

through introduction of a proportionality constant, � RS, in Equation 4.23as shown below,

and is then carried through to the LHS of Equation4.28.

P = � RS
1

1 + � 2
�;p e

h~ux ~uy i @xhuy i (4.29)

The Reynolds factor,� RS, considers the average tilt of the turbulent eddies, which depends

on the �ow shear, as well as the magnetic shear. This competition between shear enters

through the Reynolds stress term,h~ux ~uy i . Above, this has been set to� kxky
~� 2, although

this is not a trivial result and includes an assumption thatkx = ky, an assumption which

must be relaxed to understand impact of magnetic geometry in the Reynolds stress term.

Doing so allows one to more generally express the Reynolds stress using the following:

h~ux ~uy i t = � u(� )h~u2
x i t = � � khk2

y
~� 2i t (4.30)

where the averaging operator,h:::i t now only indicates an average in the �uctuations in time,

but not also over the poloidal angle,� , the explicit dependence of which has been left in

� u(� ). � u is now the velocity orientation tilt, which varies poloidally, and is closely related to

� k = kx=ky, introduced in [149]. Note that the assumption that kx = ky reduces to the form

of the stress term mentioned above. The velocity tilt can be expressed as the sum of two

terms as follows:

� u(� ) = � (u)
u + � (ŝ)

u = �@xuy � ŝ� (4.31)

where the �rst term is the �ow-shear-induced tilt, expressed in terms of� , the �ow shear,

and @xuy, the mean �ow shearing rate, and the second term is the magnetic-shear-induced

tilt, expressed in terms ofŝ = @ln( q)
@ln( x) , the normalized magnetic shear parameter, and� . To

evaluate the contribution of � u(� ) across the poloidal extent of the plasma, it is necessary

to apply an envelope function,F , with F 2 the poloidal distribution of �uctuation energy.

Details of this function can be found in [126]. The �nal generalization necessary for the

Reynolds stress is the accounting for direction ofB t , which is included in addition to the

previous two e�ects to give the Reynolds factor as follows:

� RS = sign(B t )F 2(� (u)
u + � (ŝ)

u ) (4.32)
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Figure 4.8: Separatrix operational space ofne and Te in the unfavorable drift direction for
subset of D2 dataset with magnetic equilibrium parameters as listed in Table4.3. The three
main SepOS curves are shown as before. Shown also is a the contour of� t = 0.3 and the L-H
curve corrected with� RS = 0.5 as dotted lines in green and blue, respectively.

Identifying appropriate values for each of these terms requires edge turbulence simulations.

These were carried out in [126] using the GRILLIX code for both AUG and TCV plasmas. In

each of these cases, a value was identi�ed for the magnetic-shear-induced tilt ofF 2� (ŝ)
u = � 0:3,

for both plasmas in LSN. It was not possible from the same simulations to identify a value for

F 2� (u)
u , but one was estimated from the requirement that� RS must equal one for the favorable

drift direction. Combined with B t < 0, F 2� (u)
u = � 0:7. For the unfavorable drift direction

still in LSN, this would imply the same magnitude, but opposite sign, yieldingF 2� (u)
u = +0 :7

and a total � RS = 0:4, which well agreed with the additional factor of1=0:4 = 2:5 necessary

to explain the increased power threshold in the unfavorable drift direction. Generally for any

plasma, in the unfavorable drift direction, the two terms will point in opposite directions, and

when combined with the sign ofB t , will yield a value of 0< � RS < 1. Whether the conclusion

that F 2� (ŝ)
u = � 0:3 is generalizable to other devices is unclear, since the explanatory burden

of any � RS 6= 0:4 could always be placed onF 2� (u)
u . Other GRILLIX simulations could help

clarify this, but without this insight, it is similarly desirable (and di�cult) to just search for

the variation in � RS itself across devices.

This is empirical approach is taken for the database of C-Mod discharges identi�ed earlier.

Figure 4.8 shows the separatrix operational space on C-Mod for discharges in the unfavorable

131



Figure 4.9: Separatrix operational space ofne and Te in the unfavorable drift direction for
subset of D2 dataset withB t = 5:75� 0:1 and I p = 1:1 � 0:05. The three main SepOS curves
are shown as before. Shown also is a the contour of� t = 0.3 and the L-H curve corrected
with � RS = 0.4 as dotted lines in green and blue, respectively.

drift direction with the same B t = 5.4 T and I P = 0.8 MA as that in Figure 4.5. The full

range in parameters for this typical operating scenario is the same as that listed in Table4.3.

The �gure shows, when compared against Figure4.5, that L-modes exist at temperatures

higher than in the favorable drift direction, even above 100 eV. Similar observations of higher

Te in unfavorable drift direction L-modes have been made at the pedestal top [131, 147].

While there is a less clear separation between L- and H-modes than in discharges in the

favorable drift direction, it is clear that some modi�cation to the L-H criterion is required.

Including the e�ect of weaker stabilization via the introduction of a value for� RS < 1,

however, allows for better description of the transition with the di�erentr B -drift direction.

For this selection ofM , a value of� RS = 0:5, close to that on AUG, best separates the L-

and H-modes, although some L-modes and some H-modes fall on the incorrect side of the

boundary.

Figure 4.8 also includes I-mode discharges. These span a large range inTsep
e , but tend to

have lownsep
e and thus generally lie to the left of both L-mode and H-mode discharges, for

�xed Tsep
e . This is consistent with the �nding on AUG that I-modes exist at low separatrix

density, with nsep=nG < 0:25 [151]. Notably, most I-modes fall on the L-mode side of the

L-H curve, when including the modi�cation of the criterion via � RS = 0.5. I-modes are
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Figure 4.10: P=
 e� E t plotted against � t (left) and q̂cyl (right) for the entire D2 dataset. At
left the � t = 0:3 line is shown. At right, dashed lines represent di�erent functional forms
for � RS. The horizontal black line and horizontal turquoise line show values of� RS = 1
and 0.4 respectively. The dark blue line shows a manual �t to� RS = � RS(q̂cyl ), given by
� RS = 1 + 3

(q̂cyl � 3)2 .

observed to exhibit suppressed heat transport, but not particle transport [147], and so it is

intuitive that they might not experience as large of a transfer of turbulent energy into shear

�ow as an H-mode. Figure4.8 also shows a contour of constant� t = 0.3. For this selection

of M , most I-modes fall to the left of this contour, with some reaching values of� t up to

0.72. Interestingly, those exceeding� t > 0:3 tend to be either in DN or USN con�gurations.

I-modes are typically observed at low edge collisionalities [131, 152, 153], so a ceiling on� t

limiting I-mode access is not surprising. Regardless, work to develop a more robust criterion

for I-mode sustainment based on DALF turbulence is essential for projection and is ongoing.

Note that the range in B t = 5.4 T and I p = 0.8 MA shown in Figure 4.8 were not typical

for I-mode experiments on C-Mod. Figure4.9 shows the operational space at the separatrix

for more typical values ofq, with B t = 5.7 T and I p = 1.1 MA. The main boundaries of the

SepOS model are shown as solid curves, with the L-H curve using� RS = 1. For comparison,

the � t = 0:3 contour and a modi�cation to the L-H using � RS = 0:4 are shown in green and

blue dashed lines, respectively.

Figure 4.10shows the entire dataset in the unfavorable drift direction, using the same

denomination for L-modes, H-modes, and I-modes as in Figure4.8. The �gure shows the ratio

of the zonal �ow production term, P, to the turbulent energy input, 
 e� E t , from Equation

4.22, as a function of� t and q̂cyl . Note that the these plots do not include any correction to
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the P term in Equation 4.22via � RS. As in Figure 4.8, however, it is clear that some� RS < 1

correction is required to properly classify L- and H-modes. The plot on the left of Figure

4.10 con�rms that across the dataset on C-Mod, I-modes exist at lower values of� t than

both H-modes and L-modes. Although not a perfect separator, a value of� t = 0.3 appears

to largely distinguish most I-modes from both L- and H-modes.

As mentioned earlier, it may be expected that I-modes, as a result of insu�cient energy

transfer to zonal �ows, should fall on the same side of the L-H transition as L-modes.

In some sense, this would con�rm that the criterion in Equation4.22 is one of H-mode

access/sustainment, rather than of the L-H transition strictly. When considering the plot on

the right of Figure 4.10, I-modes do tend to be below H-modes for moderate to high values of

q̂cyl , i.e. the ratio of P=
 e� E t for I-modes is more similar to that of L-modes than H-modes.

Plotting against q̂cyl , however, reveals that the boundary between H-modes and L/I-modes

varies with q̂cyl . At low values of q̂cyl , a ratio of P=
 e� E t = 0:3 � 0:4 is appropriate to keep

all I-modes below the boundary, whereas at higĥqcyl , the ratio approaches 1. This suggests

that the proportionality constant, � RS, has dependence on̂qcyl . Given that � RS is a metric

for the relative contributions of magnetic shear and �ow shear, it may be the case that this

value is dependent on the strength of the magnetic shear itself, given byq̂cyl . The right plot

of Figure 4.10shows increased appearance of I-modes (and inhibition of H-modes) at low

q̂cyl , and harder access to I-modes (easier access to H-modes) at highq̂cyl . This is consistent

with control room reports of easier access to I-mode and more modestTped
e while in I-mode

at high I P , and may be connected with the sudden as opposed to gradual L-I transitions

reported at low and highq95 in [88].

A manually chosen boundary, imposing dependence onq̂cyl to the L/I-H transitions, is

also shown. The curve asymptotes to� RS = 1 in the limit of high q̂cyl as the data appears

to suggest. This functional form might suggest that at loŵqcyl , it is very di�cult to enter

H-mode in the unfavorabler B-drift direction. Indeed, the lack of H-modes in this dataset

for q̂cyl < 4 might suggest. Conversely, when̂qcyl is high, there is su�cient magnetic shear

to transition a discharge to H-mode at the same energy transfer rate in both the favorable

and unfavorabler B-drift directions. As with any database study, it is di�cult to know if

the behavior at these extrema of̂qcyl is grounded in physics or simply an artefact of the

experiments themselves in these conditions. More simulations with GRILLIX, for example, at

these values of̂qcyl might help to determine whether� RS might indeed have aq̂2
cyl dependence,

as the data suggest. Regardless, a couple of physical arguments exist that suggest that

a stronger q-dependence in energy transfer to the zonal �ow may be present. A square

dependence onq, 1 + 2q2, was suggested in [154] to describe the e�ective dielectric response

of the plasma to the radial electric �eld,Er , which then translates to aq-dependence in the
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toroidal �ows. Other work suggests that Landau damping contributes to the geodesic acoustic

mode (GAM) oscillation in the zonal �ow and that the damping scales likeexp(� Gq2=2),

whereG is some order unity coe�cient.

The I-mode preference for low edge collisionality and safety factor is apparent from Figure

4.10. What is not immediately obvious from this dataset alone is whether the lack of H-modes

at low q̂cyl (and possibly L-modes at higĥqcyl ) is a limitation of the current dataset or a

comment on the physics behind the L-I-H transitions. Work to expand this dataset to include

more unfavorable L-modes and H-modes is under way. In the absence of an expanded dataset,

the crude �t in Figure 4.10and identi�cation of a possible threshold in� t at least qualitatively

points to dependence of̂qcyl in the the L-I-H transitions in the unfavorable drift direction.

4.4 The transition between the Type-I ELMy H-mode

and the EDA H-mode

Regimes intrinsically ELM-suppressed are attractive candidates for further study, as it is

expected that few, if any, large ELMs (usually called �Type-I�) will be tolerable in next-

generation devices [155� 157]. As for H-modes, it has been observed that the type of H-mode,

including those without Type-I ELMs, is associated with di�ering values of edgene and Te

independently, and more speci�cally with� � and � MHD [36, 37, 81]. While it is not clear

where in the edge these di�erences are most important, this section considers the separatrix

to assess access conditions for di�erent H-mode types.

In particular, this section focuses on the enhanced D� (EDA) regime [159], closely related to

the quasi-continuous exhaust (QCE) regime [160], both of which are free of Type-I ELMs and

are favored by similar plasma conditions. These H-modes are found to have a higher pedestal

density, nped
e , and lower pedestal temperature,Tped

e , i.e. a higher pedestal collisionality,

� �
ped. While di�erences between the EDA and the QCE regime are still under investigation,

they are both high collisionality modes free of Type-I ELMs. The EDA in particular is

characterized by the appearance of a quasi-coherent mode (QCM) near the bottom of the

pedestal [161� 163]. The mode is thought to drive increased transport in the edge [164],

preventing the pedestal pressure gradient and height from reaching the peeling-ballooning

limit associated with Type-I ELMs [37]. This increased transport is associated with enhanced

D� emission in the edge and ELM suppression in the case of the EDA. The QCE, on the

other hand, features enhanced �lamentary transport in the form of small ELMs linked to

local ballooning instability near the separatrix [165]. Recent work on AUG has indicated that

at the separatrix, there is a clear separation between the Type-I ELMy and QCE regimes
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Figure 4.11: Measurements from outermost channel of the electron cyclotron emission (ECE)
diagnostic (top) and the 15th chord of the phase contrast imaging (PCI) diagnostic (bottom).
The ECE channel position ranges between n = 0:93� 0:96 for the time windows displayed
and the PCI chord passes vertically through the center of the plasma (see Figure 1 from
[158] for more details). For the PCI, bright colors show higher intensities and darker colors
show lower intensities. Measurements are shown for (a) a shot with ELMs, large and small,
shown as light red and dark red time windows respectively, as well as a mixed ELMy and
EDA phase, shown as a purple time window, and (b) a shot without ELMs and only an EDA
H-mode phase, shown with a blue time window. Light red arrows indicate small ELMs. Dark
red arrows indicate large ELMs.

and that the separation is best described by� t [125].

To this end, the transition between the Type-I ELMy and the EDA H-mode on C-Mod

is scrutinized using the SepOS framework. Type-I ELMs were not frequently observed on

Alcator C-Mod [37]. Operation at high ne yielded high edge� � [130], more compatible

with the EDA regime, whereas H-mode transitions at lowne typically resulted in ELM-free

non-stationary H-modes. Type-I ELMs were not produced until later in its operation and

were found to be most easily produced in a signi�cantly di�erent magnetic con�guration

to that of the typical operating scenario [166]. A more closed divertor and weaker shaping

helped facilitate Type-I ELMy H-mode access. One particular experiment performed in 2012

sought to study the transition between the EDA H-mode and the ELMy H-mode in the

same shape and in the favorable ionr B drift direction. It made use of a suite of �uctuation

measurements to characterize changes to the turbulence in the two regimes [135, 136].

Experimentally, the transition from EDA to ELMy H-mode was stimulated by reducing
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the L-mode target density [136]. The run day began with high density EDA H-modes and as

the day progressed, the target density was gradually reduced until at a critical value, ELMs

emerged. Transitions between the two regimes, however, sometimes occurred during shots,

and it is not possible to label a shot as purely EDA or purely ELMy. Instead, stationary

periods are broken up into 50 ms phases, each of which receive either the �small ELMs,� �large

ELMs,� �EDA,� or �mixed� label, according to a set of criteria described below.

Figure 4.11shows an example of this labeling procedure. EDA discharges are identi�ed

using measurements from the phase contrast imaging (PCI) diagnostic. The PCI on C-Mod

measured the line-integral of �uctuations inne, ~ne, along 32 vertical chords [158, 167]. The

PCI power spectrum is computed using a fast Fourier transform, and a coherent mode ranging

between 50 � 150 kHz is sought in this spectrum for each chord. If the mode is found in

this frequency range for 80% of the chords, the time window is identi�ed as an �EDA�. For

identi�cation of ELMy discharges, the electron cyclotron emission (ECE) diagnostic is used �

in particular, the last channel of a nine channel grating polychromator (GPC) [168]. The

GPC made highly time-resolved measurements ofTe on C-Mod, and its outermost channel

well characterizedTe near the pedestal top, which enabled ELM cycle resolution. A point

is categorized as �ELMy� if the time derivative ofTe from GPC meets the condition that
@Te
@t < � 100keV/s at any point during the time window. This work�ow and criterion is similar

to that developed in [37]. The use of this criterion in @Te
@t for ELM identi�cation excludes

other slower transients inTe recorded by the ECE, like the slower rises and drops observed

in the EDA discharge in Figure4.11(b), likely resulting from changes inTe associated with

sawteeth.

�ELMy� discharges are further sub-divided into �small ELMs� or �large ELMs� discharges,

depending on the ELM size, calculated as the fraction of the pedestal temperature measured

by the ECE, Tped
e . If the change in Tped

e , � Te, normalized to the height of the pedestal

prior to the ELM drop, � Te=Tped
e exceeds 0.1 at least once throughout the time window, the

discharge is categorized as �large ELMs.� If ELMs comprise less than 10% of theTe pedestal

height throughout the chosen time window, they are labeled as �small ELMs.� Time windows

containing both some type of ELM and the QCM are labeled as �mixed.� Note, however,

that in this dataset, ELMs and QCM do not emerge simultaneously, but rather that in the

50 ms time window chosen, a discharge will alternate between an ELM and the presence

of the QCM. Further, as shown in Figure4.11, rather than introducing a mixed large and

small ELM label, some time windows labeled �large ELMs� do also contain small ELMs, so

that the �large ELM� label only indicates the presence of large ELMs and not the absence of

small ELMs. For time windows labeled as either �small ELMs� or �large ELMs,� the QCM

mode is guaranteed to not be present, so that no time window labeled �small ELMs� contains
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Figure 4.12: The separatrix operational space in terms ofne and Te for the entire D3 dataset.
Points are categorized as small ELMs (light red squares), large ELMs (dark red squares),
mixed EDA and ELMy (open purple circles), or only EDA (blue diamonds). The L-H and
IBML boundaries are shown in blue and black, respectively. The three dashed curves show
� t = 0.55 in black, � e = 10� 4, in purple, and kEM = kH

RBM in red.

the QCM and as such, are not similar to the QCE, which prefers higher densities. While

the labeling used here does have a quantitative basis, formal stability analysis to identify

speci�c ELM type is not included in this thesis, as this would represent signi�cant additional

computation complexity for this large a dataset. Furthermore, the analysis carried out below

is meant to examine the transition to a regime without ELMs (the EDA), rather than the

transition in ELM type itself.

Having performed this categorization,nsep
e and Tsep

e are identi�ed for each 50 ms phase,

and the results are plotted in Figure4.12. Data are taken from the full extent of the ELM

cycle, as previous analysis found that only at higher pressures does �ltering part of the ELM

crash a�ect reported pedestal values [169]. Since this work does not consider the pedestal

parameters speci�cally, but only those at the separatrix, it was not deemed necessary to

restrict to ETS data from only a portion of the ELM cycle. As an additional check on

Equations 4.22and 4.28of the SepOS model, it can be seen that all data points lie above the

L-H boundary. Note also that this dataset includes no L-mode phases, focusing exclusively

on the H-mode phase. The same methodology as in Section4.2.3.3 is used, albeit for a

di�erent M , resulting from the di�erent shape (althoughI P and B t are similar to that shown
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in Figure 4.5 as shown in the third column of Table4.1 and in Table 4.3). The �gure shows

variation of Tsep
e of less than 40 eV, whilensep

e varies from just above 0.3� 1020 m� 3 to just

under 2.0� 1020 m� 3. The EDA H-mode in particular appears to see very little variation

in Tsep
e for large changes innsep

e . Whether the large variation in nsep
e at relatively invariant

Tsep
e is a feature of the EDA regime or rather a byproduct of the experimental setup is not

immediately clear. The e�ective scan inPSOL presented in Chapter3 similarly observed large

changes innsep
e for much smaller changes inTsep

e . That study found that despite experimental

changes to the heat sources at the separatrix, the changes in the plasma were linked to an

increase in the particle source. Ionization was found to be tightly coupled to variation in

PSOL , resulting in large changes tonsep
e speci�cally. A similar modi�cation of the ionization

source is likely at play in this work, but as a result of direct changes to fueling, rather than

PSOL , given the experimental setup.

In addition to showing the L-H transition curve, Figure4.12shows three other boundaries,

each of which represent potential transitions between H-modes with ELMs and those without.

The �rst of these follows from work on AUG demonstrating that Type-I ELMy H-modes and

QCE discharges were well separated by a constant value of� t = 0:55 [125]. The dashed black

curve shows this value of� t and indeed, most ELMy discharges lie at� t < 0:55 and most

EDA discharges (similar to QCE) lie at� t > 0:55. Time windows including both ELMs and

the QCM straddle this line. A second parameter that does a similarly good job of separating

out the regimes is� e, or equivalently pe (di�erent by a factor of B 2
t =2� 0, which is nearly

constant in this dataset). In particular, a value of� e = 10� 4, plotted as a dashed purple

line, provides good separation between discharges with and without ELMs. Both theory and

simulations, speci�cally with BOUT++, have suggested that the QCM may result from a

coupling of the drift-Alfvén instability with the RBM [ 170, 171]. That work suggests that this

coupling is more e�cient at high � e, implying a boundary in � e as reasonable, as identi�ed

here. From the �gure, the constraints on� t and � e appear to serve as bounds for which a

discharge will be solidly a small ELMs H-mode or solidly an EDA discharge. The region

within 10 eV and 0.2� 1020 m� 3 about the intersection of� t = 0:55 and � e = 10� 4 appears

to characterize an overlap region, where large ELMs, an EDA, or a mixed H-mode phase are

possible.

One �nal curve is plotted in Figure 4.12, plotted in red � the curve along whichkEM = kRBM .

This curve is the extension of the red curve in Figure4.5, characterizing the LDL. Now it

goes through the H-mode region and useskH
RBM constructed from the the H-mode scaling

for � p introduced in Section4.2.2. As mentioned earlier, H-modes withkRBM < k EM do not

undergo a DL disruption, but instead, largely appear as stable EDA H-modes. While the red

curve does not as cleanly separate either all ELMy or all EDA discharges, it does intersect the
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Figure 4.13:kEM plotted against kRBM (left) and � e (top right) and � pe (bottom right) plotted
against � t for the entire D3 dataset. At right, dashed gray lines represent nonlinear least
squares �ts to the data using a similar �t function to that of Equation 4.14, but excluding
dependence on� s;p.

discharges almost perfectly in the middle of both sets. The left panel of Figure4.13shows this

split more clearly in dimensionless space. Interestingly, the unity line in this plot, in addition

to separating discharges identi�ed as ELMy and EDA, also passes through a fairly clear break

in slope in the trend ofkEM with kRBM . This equality of wavenumbers may indicate that

when RBM turbulence evolves to scales comparable to that of EM turbulence,and there is

enough Reynolds work transferring turbulent energy into zonal �ow, as per Equation4.22,

the result is enhanced transport and the appearance of coherent �uctuations in the form of

the QCM in the case of the EDA and/or �lamentary transport in the case of the QCE. And

importantly, it results in the disappearance of large ELMs in both. Interestingly, discharges

labeled �small ELMs� and those labeled �large ELMs� are more closely related to each other

than they are to EDA discharges without ELMs when considering the slope of the trends

in the �gure. The dependence ofkEM on kRBM at the separatrix then does not appear to

depend on ELM size, but instead on the presence or not of ELMs. Or conversely, the change

in the EM character of RBM turbulence at the separatrix only mediates the transition to the

EDA regime free of ELMs, but not the ELM size of ELMy H-modes.

That these three curves seem to all adequately describe this transition may not entirely

be a coincidence. Equation4.18can be rewritten in terms of its constituent parameters as

follows:
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� t � ep
� pe

= � c�

s
2

Rgeo
(4.33)

where the term on the RHS of Equation4.33 is relatively �xed for a given magnetic con�gu-

ration, M , with � c�
q

2
Rgeo

= (1 :4 � 0:02) � 10� 6 m� 1=2 for this dataset. The terms on the

LHS of the equation all vary considerably for the discharges in Figure4.12, but not entirely

independently. The right panels of Figure4.13shows� e and � pe plotted against � t for this

dataset, including curves of best �t. Indeed, changes in� t represent rather monotonic changes

to � e and � pe
1. When the constituent parameters ofkEM and kRBM are plotted against each

other, the source of the break in slope when transitioning from ELMy to EDA discharges

observed in the left panel of Figure4.13 becomes clearer. Parameterizing the parameters

plotted here by the curves of best �t with � t , i.e. � e = � e(� t ) and � pe = � pe (� t ), substituting

into Equation 4.33, and solving numerically yields� t = 0:53, � e = 9:9 � 10� 5, and � pe = 2:0

mm. This procedure yields transition values of� t and � e close to those manually identi�ed

in [125] and in this dataset. The existence of a critical� pe may be related to recent work

proposing an onset threshold in pressure gradient for the emergence of local ballooning modes

associated with the QCE regime on AUG and JET [165].

As it becomes clearer that a Type-I ELMy scenario is undesirable for reactors, it is ever

important to understand access to ELM-suppressed regimes. Each ELM-suppressed regime

will require its own very speci�c physics understanding. But, a body of evidence is growing

to indicate that the physics of interest for a number of these regimes is that of the edge, and

perhaps close to the separatrix. And, it may be that EMFDT applies well enough to the

edge to describe some of these transitions. The DALF-normalized quantities used in these

sections, and in particular,� t , have proven useful in at least providing some intuition for the

transition between the Type-I ELMy H-Mode and a high density, no- or small-ELM regime,

like the EDA or QCE, as well as the transition to the I-mode in the previous section. This

intuition is built from decades of studying these regimes and operational conditions that

favor them [88, 130, 147, 159]. A key to building con�dence in access to these regimes is

to improve understanding of observed modes in each regime, like the quasi-coherent mode

in the EDA/QCE and the weakly-coherent mode and geodesic acoustic mode in I-modes.

A great deal of e�ort has been dedicated to understanding these [153, 161, 162, 172� 176]

and e�ort is beginning to connect mode properties with turbulence-related parameters from

1Note the much stronger dependence on� t (stronger than quadratic) for this dataset, which also includes
ELMy H-modes compared to that found in the larger dataset in Section4.2, which consisted primarily
of EDA H-modes. For completeness, when �t using Equation4.14, this dataset gives {C� , a, C� , r } =
{ 1:1; 2:6; 1:3 � 10� 2; 0:3}. These values are closer to that found in [121] and [125], which also included both
regimes, and yields a signi�cantly more scatter-free correlation.
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electromagnetic �uid drift turbulence theory [163]. Continuation of such e�orts is crucial

to development of theories for ELM avoidance and application of these models to a reactor

operating scenario.

4.5 The e�ect of magnetic drifts and kinetic corrections

to the two-point model for estimates of upstream

parameters

In the �nal section of this chapter, some of the limitations of the application of the model

above will be explored. This section will primarily evaluate two simpli�cations made in the

experimental analysis, which merit further consideration. Both pertain to the identi�cation of

the separatrix, clearly important for assessing the validity of the SepOS model, and essentially

involve modifying Equations2.2 � 2.4. The �rst of these has to do with the choice for� q. In

earlier analysis of the separatrix,� q has been estimated using either a scaling (Section2.1.1.2)

or through asserting a parallel heat transport regime and estimating it using� T as measured

by ETS upstream (Section4.2.2). A more general approach involves actually measuring� q

at this �ux tube. This section will thus analyze a �nal dataset, considerably reduced, but

which contains direct measurements of� q at the divertor. The second consideration is more

complicated and involves solving a more general set of equations for identi�cation of the

upstream separatrix temperature (now calledTup
e to distinguish from measurements made

downstream along this �ux tube) which allows for the inclusions of kinetic e�ects in the model.

The expressions for power balance from [40] treat the plasma as a �uid (highly collisional

and Maxwellian distribution function), which ignores a number of e�ects that are necessary

to accurately capture parallel temperature gradients especially at high temperatures and

low densities in the SOL [42]. Even though Alcator C-Mod had some of the more collisional

plasma edges of current tokamaks, it still occasionally coupled high RF power into the

plasma at lower densities, especially in the I-mode and in hot L-modes. Modi�cations to the

identi�cation of the separatrix location and e�ects it has on reported (ne, Te) are still worth

investigating, in particular since next-step devices will have substantially higher auxiliary

power, with potential to access more collisionless regimes.

As mentioned earlier, the dataset used in this section is particularly interesting since

it contains quality TS measurements, as well as the less-routinely measured� q. These

measurements were made for a number of shots late in the operation of C-Mod, in order to

determine a scaling for� q across operational regimes on Alcator C-Mod, including L-modes,

EDA H-modes, and I-modes. The work resulted in the so-called �Brunner scaling� [41], which
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has already been introduced in Section2.1.1.2. High-resolution measurements of� q were

enabled by a suite of diagnostics, including thermocouples, calorimeters, Langmuir probes,

and an infrared (IR) camera. Strike point sweeps permitted mapping of the full divertor

� q pro�le and extraction of the characteristic fall-o� length of the pro�le, � q, mapped to

the midplane. That work, however, did not make use of any kinetic pro�le information

upstream. It was not until the study in [132] that a sub-selection was made in order to

evaluate dependence of� q on plasma pressures in the edge of the con�ned plasma, which did

rely on TS measurements. It is that sub-selected dataset that is used also in this section.

The �rst modi�cation to the approach of separatrix identi�cation is in short, a combination

of the two methods presented earlier. As in Chapter3, no iterative solution method is needed,

as � q is known a priori, obviating the need to scan theTe pro�le to meet the requisite

relationship between� Te and � q. As in this chapter, however, for the same reasons mentioned

in Section4.2.2, the �t function considered remains an exponential decay, and the interval

over which the TS data are �t is kept the same. With these modi�cations,Tup
e is solved

using the same equation set (Equations2.2 � 2.4), but with evaluation of � q in Equation

2.2 made directly from the �t to the divertor heat �ux pro�le measurement, as described in

[41]. Figure 4.14provides the comparison between the estimated� Te at the separatrix from

the approach in Section4.2.2, multiplied by 2
7, and the measured� q from [41]. The �gure

distinguishes between drift direction, with discharges with the ionr B-drift pointing towards

the active X-point at left and away from the X-point at right. Note that all of these plasmas

were in the LSN con�guration, in order to permit use of the diagnostic suite housed in the

lower divertor for measurement of� q.

From these plots, it appears that the use of� up
Te

may indeed be a poor representation of

� div
q , the more appropriate parameter in the power balance model.� pe is assessed as well

and found to also poorly represent� div
q . Unfortunately, � div

q measurements are di�cult to

make and can impose unwieldy constraints on the experimental setup given the need to scan

the outer strike point to fully reconstruct the qk pro�le. An additional limitation of the

measurement of� div
q is evident from comparison of this quantity with� up

Te
, also to do with

the strike point scan. There exists some scatter, sometimes up to a factor of2 � 3 in � up
Te

for

a given � div
q . This is to do with the fact that the � q measurements are made over long time

windows, and the TS time windows used are all 50 ms. Longer time windows for the TS could

of course be used and may yield less scatter, but it might also average over important plasma

transients, potentially linked to the movement of the strike point during the� q measurement.

As will be described below, however, even a factor up to three in a discrepancy may only

have a small e�ect on the estimated value ofTsep
e .

Perhaps most interestingly is that generally, for discharges in the favorable drift direction,
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Figure 4.14: Comparison of27 � up
Te

with � div
q for discharges in the favorable/unfavorable drift

directions (left/right) for the entire D4 dataset.

including H-modes and some L-modes,� div
q > 2

7 � up
Te

, i.e the Spitzer-Härm approximation made

upstream underpredicts the heat �ux width downstream. For the unfavorable drift direction,

including I-modes and some L-modes, the opposite is generally true. A similar observation

was made recently for AUG discharges [177], where a comparison was also made between� Te

measured upstream with TS and� q measured at the divertor with IR thermography. Though

with less scatter and a smaller database, it was noted that similarly, the ratio� Te=� q < 7=2

for normal B t direction, with the ion r B-drift pointing towards the active X-point, this

time in the upper chamber for these USN plasmas. Conversely,� Te=� q > 7=2 for those in

the unfavorable drift con�guration, with negative B t . Measurement was also made of� q

in the inner divertor, and the ratio � inner
q =� outer

q was similarly observed to depend on the

magnetic drift direction. These e�ects were attributed to the combination of vertical drifts

and the poloidal �ow, and a similar explanation is likely at play here. When in the favorable

drift direction, for LSN plasmas, the magnetic drifts point down, which when added to the

poloidal SOL �ows, push particles leaving the OMP further outward, thereby broadening

characteristic length scales by the time they reach the divertor. The opposite is true when the

r B-drift is �ipped. Similarly, one might measure smaller relative� q at the inner divertor in

the favorable drift direction, also as a result of this e�ect. To better understand it, one could

make use of divertor measurements ofne and Te, available for some discharges on C-Mod.

One could also leverage SOLPS-ITER simulations, although these would of course need to

be run with drifts turned on. Modeling work to examine and map out parallel �ows and

stagnation points in the SOL via SOLPS-ITER and a reduced so-called �three-point model�
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Figure 4.15: Separatrix operational space ofne and Te comparing separatrix identi�cation
using � up

Te
(left) and � div

q (right) in the favorable/unfavorable drift directions (top/bottom)
for the entire D4 dataset.

are underway [178].

The implications of the impact of magnetic drifts can be seen fairly clearly in Figure

4.15. This �gure shows the (ne, Te) pairs for a subset of the dataset at the sameM as

in Figures 4.5 and 4.8, both resulting from the use of� div
q as well as� up

Te
. It shows the

results for discharges in both the favorable and the unfavorable drift direction, including

also the core SepOS boundaries for the favorable plot, and the tentative modi�cations to

these boundaries in the unfavorable plot. Indeed, discharges with� div
q underestimated by� up

Te

(generally those in the favorable drift direction) have lowerTe when using the measured� q.

A larger heat �ux channel implies more radial distance through which heat can �ow to the

divertor and a lower Tup
e for the sameTdiv

e . The opposite holds true for discharges in the
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unfavorable drift direction, whereTe can increase by tens of eVs, at least for L- and I-modes.

Interestingly, when comparing to the tentative boundaries from the SepOS, all boundaries

better categorize discharges. Notably, the L-H in the favorable drift, and the proposed L-I-H

in the unfavorable almost perfectly separate discharges. Ultimately, the �gure shows that the

separatrix registration method is robust to assumptions for the perpendicular length scale

used in the �uid model. The same is not entirely true for the inclusion of kinetic e�ects.

To apply kinetic corrections to the power balance model used to identify the separatrix,

two expansions to the form of the two-point model used in previous sections must be made.

The �rst of these is to include two extra equations, which serve to relate the upstream kinetic

parameters with those at the divertor. This gives a set of three equations to solve forTup
e ,

nup
e , Tdiv

e , and ndiv
e . These can be solved with the use of the upstream TS measurements,

which provide the fourth constrain to numerically solve the equations, using the simultaneous

measurement ofne and Te. Using this full set of equations then allows introduction of the

two principal kinetic corrections: line-averaged �ux reduction and sheath enhancement [42].

The former describes a reduction seen in the parallel heat �ux relative to that predicted by

the �uid treatment, occurring as a result of fast electrons not depositing their energy locally

when their mean free paths are larger relative to� Te . The former is an enhancement to the

sheath transmission coe�cient, 
 e, arising from modi�cations to the potential drop across

the sheath when accounting for kinetic electrons. Both of these e�ects become pronounced

for non-Maxwellian distributions, which typically occurs at low collisionalities such that the

electron population does not have the ability to locally thermalize. As mentioned above,

this happens typically at high powers and low densities, which while not the case for many

plasmas on Alcator C-Mod, will potentially occur for many possible scenarios on SPARC.

Rather than presenting two only slightly di�erent sets of equations, the following, developed

in [179], includes the full set of equations in the two point model already including kinetic

corrections:

qe;k =
2
7

f � e � e

L c
f cond

�
T7=2

e;up � T7=2
e;div

�
(4.34)

(1 � f pow) qe;k = ( 
 e + � 
 e)ne;div

r
2

mi
T3=2

e;div (4.35)

2Te;div ne;div = f momTup
e ne;up (4.36)

where f cond, f pow = f e, and f mom are the fraction of power conducted, the fraction of

power through the electron channel, and the fraction of momentum lost along the �ux tube

connecting the OMP and the outer target andf � e and � 
 e dictate the line-averaged �ux
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reduction and sheath transmission coe�cient enhancement, respectively. It is these last two

factors that account for kinetic e�ects in this equation set. These two e�ects have been

previously studied with two kinetic electron codes, namely SOL-KiT and ReMKiT1D and

their results were �t with scaling laws in [42, 180], according to:

f � e = 0:7exp
h
� 8:06

�
� �

e;up

� � 1:07
i

+ 0:26 (4.37)

� 
 e = 1:08f mom;e

�
Tup

e

Tdiv
e

� 0:25

(4.38)

where bothf � e and � 
 e become large and non-negligible whenTup
e is large and consequently,

� �
e;up is small. More details of the setup of the simulations and the procedure for deriving

these scaling laws can be found in [42].

The e�ect of including these corrections in the full two-point model can be seen most

clearly in Figure 4.16, for Te at left and ne at right. In each of these plots, the value ofTe

and ne estimated using kinetic corrections (KC) is plotted against that resulting from the

Spitzer-Härm (SH) model underlying the core two-point model. Note also that the comparison

here is made to the value using� q from the measurement and not� Te from the pro�le as

has been used in earlier sections. A few observations are immediately apparent from these

plots. The most notable is that in almost all cases, barring any with likely bad �ts, the KC

values are larger than their SH counterparts. This results from the reduction of the parallel

conductivity from the f � e factor, increasing the parallel temperature gradients necessary to

support the required parallel heat �ux, thereby raising upstream temperatures. The second

observation is that the increase inTe and ne appears strongly dependent on con�nement

mode, as well as on the values ofTe and ne as estimated by the Spitzer-Härm assumption

(although of course,Te and ne are themselves related to con�nement mode). I-modes appear

to have the largest corrections, with hot I-modes having a temperature di�erence between

the KC and SH regimes,� TKC
e , up to 60 eV (almost 50%). L-modes and H-modes have

comparable� TKC
e to each other and lower than that of I-modes. This makes sense given

that I-modes tend to exist at lower� � . H-modes and L-modes can exist at a larger range

of � � such that the magnitude of� TKC
e estimated for those will be a competition between

Te and ne such that hotter discharges will require larger corrections, but if they are also

denser, these will be subdued. Finally, the �gure shows that the fractional change in� TKC
e

is larger for most regimes, especially for I-modes, than� nKC
e . � TKC

e and � nKC
e depend also

on the local gradients in bothTe and ne, or rather the ratio of these gradients. I-modes have

smaller � T than � n such that � TKC
e has a larger value for a given� nKC

e for a �xed shift of

the separatrix location. L-modes and H-modes have more comparable values of� T than � n
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Figure 4.16: Comparison of calculation of separatrix quantities using the kinetic corrections
and the Spitzer-Härm assumptions forTe (left) and ne (right) for the entire D4 dataset.

(although generally,� T < � n still holds), so � TKC
e will not be considerably larger than� nKC

e .

To quantify the importance of these e�ects on the SepOS model, once more, a sub-

selection inM is made, and the KC pairs,(nKC
e ; TKC

e ) are plotted, including the core SepOS

boundaries. Once more, the favorable drift direction discharges and the unfavorable drift

direction discharges are plotted separately. Although not visible in Figure4.16, one �nal

important dependence of� TKC
e is apparent: drift direction. Discharges in the favorable drift

direction tend to have lower� TKC
e than those in the unfavorable drift direction. Of course,

the only fair comparison is L-modes at similar(ne; Te) (since H-modes and I-modes only exist

in either the favorable or unfavorable drift direction exclusively), but even for L-modes, it is

clear that � TKC
e is larger in the unfavorable drift, noting also the di�erence in y-scale in the

plots. Discharges in the unfavorable drift direction will have lower� div
q (for a similar � up

Te
)

such that qk and Tup
e will be larger, amplifying the e�ect of the KCs. The opposite will be

true for discharges in the favorable drift direction, where wider relative� q means smaller KCs.

The e�ect on the SepOS in the favorable drift direction is thus to slightly increasene and

Te such that some L-modes once more trespass the L-H boundary, but H-modes, even with

� TKC
e up to 20 eV, remain below the IBML. Interestingly, the shape of the SepOS boundaries

themselves appear tolerant to KCs, such that there is more operational space allowed by the

boundaries (both L-H and IBML) at lower ne and less at higherne.

In the unfavorable drift, the results are slightly more complicated. With the correction to

the Reynolds stress included by� RS < 1, most L-modes do still fall below the L-H boundary.

The same cannot be said for I-modes, however, with most falling on the H-mode side of
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Figure 4.17: Separatrix operational space ofne and Te using separatrix identi�cation with � div
q

and inclusion of kinetic corrections for the entire D4 dataset in open symbols. The comparison
values calculated with the Spitzer-Härm assumptions is shown with opaque symbols.

the boundary. While more work is needed to validate these corrections, using both� div
q

and the KCs in the two-point model may require a re-evaluation of the L-I-H transition

picture shown in Section4.3. Earlier, an assertion was made that I-modes should fall on the

L-mode side of the L-H boundary and that the I-H boundary should be common with the

low density side of the L-H boundary. This argument was largely heuristic, however, and

it may well be that the opposite is true, namely that L-H boundary is actually an L-I/H

boundary and that a unique I-H boundary should haveTe larger than that for the L-I/H.

Here, it would be instructive to look to work on power threshold conditions in terms of global

parameters for access to both the H- and I-mode [181]. As pointed out in [124], the shape of

the L-H curve at the separatrix closely re�ects the presence of a low-density branch in global

power threshold scalings for the L-H transition as explained in detail in [123] and observed

in another devices. While di�erences between global and local parameters at the separatrix

may exist, common physical processes may have explanatory power for both experimental

approaches, and I-mode threshold studies like in [181] would be useful for gaining intuition

about where I-mode discharges might lie in relation to H-modes (and L-modes).

Another explanation for the kinetically-corrected I-mode transgression into the H-mode

sustainment space is the role of the ion temperature,Ti , which itself is dependent on

collisionality [41]. As mentioned earlier, the absence ofTi measurements makes it very

appealing for simplicity's sake to set the ion-electron temperature ratio,� i = 1. Recalling
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the L-H criterion, � i �gures into the ion thermal turbulence drive term in the RHS, which

is especially active at lowne. Indeed, increases in� i commensurate with the increase in

Te KCs could well compensate by bending the L-H curve upwards to largerTe. Should a

mapping exist directly between� i and only ne; Te, i.e. parameterizing� i solely with ne; Te,

one might still be able to represent the dimensional SepOS solely in terms of the(ne; Te)

phase space. Future work could attempt this with a scaling of� i with collisionality, for

example, as suggested in [69]. There exists of course also the possibility that a 3D space, also

including Ti , may be necessary for capturing the physics of collisionless plasmas. Including

the e�ects of � i into the SepOS evaluation is challenging given experimental limitations, but

getting a quantitative sense for the competition between this quantity and the KCs may well

be worthwhile for projection to high power devices.
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Chapter 5

The Impact of Interchange Turbulence on

Particle Transport in the Edge of

High-Density H-modes and L-modes

Chapter 4 laid out a theoretical framework, based in decades of research into EMFDT, with

which to view experimental data. The current chapter makes use of this framework by

revisiting the dataset analyzed in Chapter3 and recomputing quantities associated with

edge turbulence from the SepOS model, but now also comparing to quantities inferred

from the experimental work�ow introduced in Chapter 2. It is observed that the e�ect of

pedestal saturation and ensuing phenomenology can be otherwise viewed as an approach to

fundamental operational limits. Using the SepOS framework con�rms that it is changes to

the plasma transport that engender the experimentally-observed con�nement degradation.

Noting once more that these discharges have high quality plasmaand neutral information, an

attempt is then made to connect joint ETS-LYMID inferences of plasma transport with the

proposed boundaries of SepOS. Here, the dataset from Chapter3 is expanded signi�cantly,

to include many discharges with high quality ETS and LYMID data, and also to include

L-modes. The larger dataset allows for comparison of particle transport in the approach to

operational boundaries in the L- and H-mode, as well as between the two regimes. Additionally,

dimensionless quantities from SepOS, proposed to be in�uential in controlling the edge plasma

state via modi�cation of turbulence properties, provide an easily-computable set of quantities

with which to compare inferences of particle transport.

Section5.1 begins by revisiting the dataset featuring a power scan from Chapter3, in

which pedestal degradation was linked to crossing a power threshold. Analysis with the SepOS

framework of these discharges lends evidence to the drop in power as causing an approach of

discharges to the H-mode existence boundary, which itself is linked to a rapid increase in
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particle transport. Noting clear links between inferred particle transport and proximity to the

H-mode operational boundary, the dataset is expanded signi�cantly in Section5.2 to include

a number of additional H-modes, as well as L-modes. These discharges are then all analyzed

using the SepOS framework as well as the particle transport inference methodology from

Chapter 2. In the larger dataset, changes to the plasma transport are observed in relation

to proposed limits by the SepOS model across regimes. The section attempts to generalize

these results, searching for common scalings of particle transport for both H- and L-modes

near density limits. Finally, Section5.3 returns to evaluation of more typical experimental

quantities, like the edge gradient. It applies the �ndings of transport near density limits to

experimental observations of pro�le behavior, turning attention back to the implications of

transport to achievable densities just inside the separatrix. It proposes boundaries at which

experimental pro�les become restricted to a critical gradient that they must respect.

5.1 Revisiting observations of pedestal saturation from

the perspective of the approach to the density limit

Chapter 3 showed detailed pro�le analysis, in particular of the edge pedestal, and it correlated

observed pedestal saturation with changes to edge turbulence driven by separatrix collisionality.

This motivated a more general look at turbulence at the very edge of the con�ned plasma. In

making contact with key parameters from edge turbulence theory, the hypothesis of separatrix

collisionality as a driver for enhanced edge transport was given a theoretical basis. This

section now returns to the experimental observations of the early chapters using tools from

DALF theory with which to analyze the data.

The �rst thing to revisit, with view of a model for operational boundaries at the separatrix

is the separatrix operational space of the discharges from Chapter3. This was shown in the

right panel of Figure 3.15, although without the boundaries from SepOS. Figure5.1 now

replots the separatrix parameters, including also these boundaries. The left �gure shows

the same marker style and color as introduced in Chapter3. Solid symbols are unpumped

discharges and open symbols in blue are pumped. Those in purple are at high� � and those

in green are at low� � . Interestingly, each group of discharges occupies a unique portion of

the separatrix operational space. That the classi�cation of discharges made from pedestal

parameters appears also adequate at the separatrix is an indication that at least for the

conditions in these discharges on Alcator C-Mod, the separatrix and the pedestal may be

more connected than is often thought. Even more instructive than the simple observation that

groups cluster cleanly is that according to the plot on the right of Figure5.1, the mid-pedestal
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Figure 5.1: Separatrix operational space for H-mode discharges from experiments in Chapter
3 using the same color grouping (left) and showingD mid

e� as the color variable (right).

particle di�usivity is a strong function of the proximity of a discharge to the L-H transition

curve. The highly collisional, unpumped discharges in purple with largeD mid
e� are also those

closest to the L-H transition curve, or conversely, the H-L back-transition curve. The pumped

discharges at lownsep
e , although closer to the low density branch of the L-H curve, are far

from the high density limit prior to the H-L back-transition, and they maintain low D mid
e� .

Interestingly, the discharges categorized as purple are close to the IBML curve in black but

do not appear to exhibit increased particle transport with proximity to this curve. This may

be either because instabilities driven unstable in this region do not drive additional particle

transport or because the IBML curve is proposed to be a softer transport limit than the H-L

limit [ 127].

Figure 5.1 and the rest of Section5.1 do not present any new data, but rather compute

new quantities and present the data in a di�erent light. Indeed, Figure5.1 depicts the same

correlation found betweenD mid
e� and � t from Figure 3.19. As one moves down and to the

right in the plot (lower Te and higher ne), one moves to regions of larger� � . And since,

for these data,q̂cyl is �xed, this is also a region of larger� t . As � t increases, one can only

remain above the high density portion of the blue curve for so long before the back-transition

proposed by the SepOS model occurs. And this plot implies that the approach to the H-L

curve is also coincident with an increase in particle transport, which is hypothesized to play

a hand in reaching this limit. Pedestal saturation observed in these discharges may then be a

symptom of H-modes that are close to back-transitioning to an L-mode, or worse, reaching a

disruptive density limit.

To understand the relationship between transport and the proximity to the H-L back-
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Figure 5.2: D mid
e� plotted against both gross energy transfer rates, from the turbulence to the

mean �ow, or P (left), and for input into the turbulence, or 
 e� E t (right).

transition speci�cally, it is instructive to consider the di�erent physical mechanisms contribut-

ing to the L-H transition or H-L back-transition. As proposed in Section4.2.3.3, sustainment

of the H-mode requires more transfer of energy from the turbulence to the mean �ow (P)

than energy input into the turbulence (
 e� E t ). Figure 5.2 shows how the particle transport

coe�cient correlates with each of these mechanisms, the Reynolds energy transfer on the left

and the energy in the turbulence on the right. As expected, all discharges haveP > 
 e� E t .

Although, discharges classi�ed as purple haveP � 0:7 � 0:8 and 
 e� E t ! 0:7, implying

that the Reynolds stress energy transfer is only slightly larger than the energy input into

turbulence. The �gure predicts that it is not simply a lack of energy transfer but also

increased turbulence that is responsible for the proximity to the H-L, especially sinceP is

smaller for pumped discharges than for unpumped, high� � discharges.

Indeed, all unpumped discharges have largerP than the pumped discharges. The Reynolds

stress transfer, though less e�cient at high� t , is ultimately strongly dependent onkEM ,

which is large when� e is large. Largernsep
e contributes to this energy transfer according to
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Figure 5.3: D mid
e� plotted against 
 e� E t , the ratio of energy input into the turbulence to the

energy transfer through the Reynolds stress showing proximity to the L-H transition curve
when 
 e� E t=P ! 1.

the model. Regardless, the right panel of Figure5.2 shows quite clearly the competing e�ect

at high ne that is ultimately responsible for the largeDe� . As ne (or rather � � ) increases,

so does
 e� E t . Indeed, the points at the largest
 e� E t are those at high� � in purple, which

are also those at largeD mid
e� . It is important to question that although it may seem intuitive

to simply seek correlation ofDe� with 
 e� E t , the argument of transitions and limits in the

SepOS is one of a balance of energy transfer rates, not simply of energy input. Presumably,

even if energy input into turbulence is large, one might still hope to remain in an H-mode if

the energy transfer to the mean �ow is su�ciently high. It is not entirely clear then whether

the transport coe�cient should scale with the gross energy in the turbulence or if it should

also consider the e�ect of the mean �ow. The next section in this chapter will expound on

this, in particular through consideration of the approach of L-modes to limits. For now, it

appears that either is a possibility. Figure5.3 shows the �inverted� L-H criterion, where now

D mid
e� is plotted against the ratio of the energy input into the turbulence to the energy transfer

to mean �ow. As would be expected,D mid
e� also rises with this ratio. Low� � , unpumped and

pumped discharges typically have low values of
 e� E t=P, with a few exceptions, meaning

they are solidly in H-mode and have lowerD mid
e� . High � � , unpumped discharges, on the

other hand, have increasingD mid
e� with 
 e� E t=P. In particular, as 
 e� E t ! 1, i.e. a discharge

reaches the H-L curve, the particle transport grows quickly. The increase, however, is very

quick, and discharges at
 e� E t=P � 0:8 can have moderate values ofD mid
e� and suddenly very
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Figure 5.4: Fraction of energy input into the turbulence for each of the terms in
 e� E t as a
function of nsep

e , including kinetic energy turbulence,
 eE tk (left), electron thermal turbulence,

 eE te (center), and ion thermal turbulence,
 i E ti (right).

large values ofD mid
e� . It may be that it becomes di�cult to assign values for 
 e� E t=P near

the transition.

Figure 5.4 helps make the connection between the turbulence drive terms and the inferred

particle transport, with reference to earlier observations and theory development of the

in�uence of interchange turbulence on particle transport. The �gure shows the three driving

terms identi�ed to be most responsible for energy input into the turbulence in the SepOS

model, recalling that the total energy input into the turbulence is the sum of these terms

(see Equation4.25). It shows the fraction of the energy input each of these consumes as

a function of nsep
e . At low ne, the region occupied by pumped discharges, the largest term

is the third, i.e. the ion thermal turbulence term. Indeed, for pumped discharges,
 i E ti

comprises up to 80% of the input into turbulence. The ion turbulence drive term scales

with
p

! B and 1=k2
EM . ! B , which depends on� pe , is not particularly large, but kEM , which

depends on the electron pressure, is smaller than for the other discharges, yielding a larger

fraction of 
 i E ti . For unpumped discharges, especially those at high� � in purple, the thermal

kinetic energy term and the electron turbulence term are largest. The former can take up

to 60% of the turbulent energy input and the latter can take up to 40%. Interestingly, the

kinetic energy term,
 eE tk , which depends on both� t linearly and k2
EM quadratically is not

drastically di�erent for unpumped discharges. Even though� t is bigger for purple symbols,

kEM is comparable, since the unpumped discharges do not have drastically di�erent separatrix

pressures. Some more notable discrepancy is apparent when considering
 eE te, the electron

turbulent drive term, which only depends on� t . Indeed, it is these terms, which depend on

� t and which dominate at largensep
e , that make up the largest part of the turbulent energy

input and that are ultimately responsible for the approach to the H-L boundary and the
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associated rapid increase inDe� .

5.2 Similarities in transport near the H-mode and L-mode

density limits

The impact of edge turbulence and proximity to operational limits as identi�ed by the SepOS

model on the structure of edge pro�les in the H-mode is apparent from the previous section.

The SepOS model, however, delineates boundaries not only for H-modes but also for L-modes.

The L-H boundary is of course a key boundary that mediates transition in turbulent energy

transfer. But, for L-modes, there is also the LDL, a boundary that like the highne portion of

the L-H boundary, sets a fundamental limit in plasma operation at high density. The present

section seeks to investigate similarities in the characteristics of plasmas as they approach these

limits and in doing so, aims to elucidate common mechanisms responsible for the collapse of

plasmas in highne regions of the operational space. While the dataset shown in Chapter

3 and Section5.1 only featured H-mode plasmas, time windows in L-mode operation from

these experiments, and other similar ones, exist. For many of these, high quality data from

LYMID are available, which, combined with ETS and the work�ow from Chapter2 enables

collation of particle transport data into a large dataset of L-modes and H-modes alike.

This thesis has described two di�erent techniques for analysis of edge pro�les, with a

view of capturing gradient information across the edge pedestal and the separatrix. In this

section, an approach amenable to both H-modes and L-modes is desired. Since the focus of

the analysis is evaluation of transport properties at the separatrix and since variation in edge

pro�les inside the separatrix between the H- and L-mode is not insigni�cant, this section opts

to identify the separatrix using the exponential decay methodology described in Section4.2.2.

The integration of the ETS with LYMID is no di�erent than previously, except that the shift

in the ETS is given not by a scaling but by the pro�le characteristics themselves. Thus, the

inferred n0, Sion , and � ? , which depend on both diagnostics, will vary slightly were the ETS

pro�les shifted using the Brunner scaling as before. Note thatD sep
e� from the previous section

was evaluated in the same way as in the analysis in Chapter3 and was not re-calculated

using the novel shifting approach described here.

5.2.1 Transport at �xed I P

With this di�erence of technique in mind, Figure 5.5 shows the separatrix operational space

of a larger dataset containing H-modes and L-modes for values ofM similar to those from

the dataset in Chapter3. These plasmas are all atI P = 0:8 � 0:1 MA and B t = 5:4 � 0:1
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Figure 5.5: Separatrix operational space for subset of discharges at �xedI P , B t , and shape,
all containing Ly� . The color variable showslog(� sep

? ). H-modes are shown as squares and
L-modes are shown as circles.

T. They are all in the favorable drift direction and like those from before, are all in LSN

(� Rsep < 0), although many have small values of� Rsep and are near DN. Finally, they are

restricted to � = 1:65� 0:05 to remove dependence on variation of shaping of the LCFS. Like

the datasets from Chapter4, these data respect the main boundaries of the SepOS, another

good check on the model. As in Figure5.1, the color variable is used to denote changes in

the particle transport but with � ? rather than De� . Since Figure5.5 includes both H- and

L-modes, di�erences inDe� are more signi�cant between the two regimes, given di�erences

in edge gradients. Visually, and as will be shown below, the actual �ux density of particles,

� ? , proves to best organize across regimes and with reference to the SepOS boundaries.

From the �gure, it is evident that for these high density plasmas, in both H- and L-mode,

� sep
? increases as a discharge approaches a SepOS boundary at highne. In the case of the

H-modes, this is the H-L back-transition curve, shown in blue from the perspective of the

H-mode, and for L-modes, this is the LDL boundary, shown in red at highne. Another

insight the �gure provides is that H-modes near the IBML boundary and L-modes near the

L-H boundary do not experience the same increase in transport as when they approach the

H-L and LDL respectively. Vertical motion in the plot (to higher Te) appears to play the

opposite role than horizontal motion (to higherne). This behavior is best codi�ed and is

clearly shown in the �gure by contours of� t . These contours of constant collisionality (at

158



�xed q̂cyl ) correspond well with the color variable representing� sep
? . In other words, � t proves

a useful organizing variable for the particle �ux near these limits for both H-modes and

L-modes, although as will be seen below, the exact dependence on� t is di�erent in each

regime. From this plot it is clear that L-modes are allowed larger values of� t than H-modes

are, for which � t � 1 is close to the H-L boundary, at which point they are already subject

to large � sep
? .

The observation of� t as a key parameter in setting� sep
? helps to explain, at least visually,

why it is near the the H-L and LDL curves that transport grows the largest and quickest.

At � t > 1, for H-modes,� t contours become almost parallel to the H-L curve. Movement

perpendicular to this contour of� t puts an H-mode over the H-L boundary. For L-modes,� t

contours are not quite parallel to the LDL, but at least for data available, discharges close

to the LDL also appear to be limited in � t . There appears to be a minimumTe � 50 eV

below which an L-mode does not exist. But, generally, increases in� t move a discharge closer

to the LDL, where particle transport begins to dominate. Interestingly, for L-modes and

H-modes near the L-H and the IBML respectively,� t contours are nearly perpendicular to

these boundaries. In other words, a discharge can move along an� t contour and closer to

one of these boundaries, but not experience increases in� ? . If an L-mode moves along an

� t contour, i.e increasingTe / n2
e, then an L-mode can safely transition to an H-mode via

increases inP. If an H-mode does the same, it risks reaching the limit imposed by the IBML,

which this data suggests is not linked to large� ? , and possibly more linked to increased heat

�ux. Interesting regions of this space are regions where these curves intersect. In the region

between the LDL and the L-H,� ? is not as high, even though it is close to the LDL. Here

also, increasedP may play a role in reducing� ? . Data are more sparse near the intersection

of the H-L and the IBML at the highest densities. In this region, however, there is no further

self-organization that can help reduce transport as was the case near the L-H transition.

The plasma is near its carrying capacity of both heat and particles and presumably, RBM

transport linked to the H-L back-transition dominates.

Figure 5.6 shows the in�uence of� t most explicitly. The left panel shows this same

quantity, � sep
? plotted against � t for both H-modes and L-modes. Note that� t was also

observed to be an important parameter mediating the transport responsible for pedestal

saturation in Figure 3.19, but here it is the absolute �ux density rather than the transport

coe�cient that is compared across regimes. Here, for a larger dataset including H-modes

and L-modes, the plot proves� t an e�ective agent of increasing particle �ux. Of course,

the plasma gradient information that is required to quantify the actual transport is missing

from this plot, in order to enable comparison between the H- and L-mode values. But the

physical mechanism related to� t is the same as before. As this value approaches and crosses
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Figure 5.6: � sep
? plotted against � t (left) and kRBM (right) for same �xed I P dataset. H-modes

are open orange squares and L-modes are closed blue circles.

unity, the in�uence of interchange-like transport from the RBM begins to dominate over the

drift-wave-like turbulence that is prevalent in the core and the edge at low values of� t . As

from the �gure, however, the value of� t at which explosive growth in can vary. In addition,

H-modes and L-modes can reach di�erent values of� t beyond which the increased particle

transport leads to termination of the plasma.

The right panel of the �gure shows the same� sep
? plotted now againstkRBM , the charac-

teristic wavenumber for RBM turbulence, introduced in Chapter4 and de�ned in Equation

4.17. Recall that kRBM �gures into the expressions for both the LDL and the IBML, although

not explicitly in the L-H boundary. Regardless, for discharges near density limits in both

H- and L-modes,kRBM does a better job of organizing discharges. The o�set seen between

the �ux in H- and L-modes when plotting against � t disappears when plotting against

kRBM . The �ux trends inversely with kRBM because from Equation4.17, kRBM � � � 1=2
t .

That is, at large values of� t , the scale of characteristic �uctuation wavenumbers from the

RBM are small, and transport is large. Unlike� t , which only contains information about

collisionality (and magnetic shear througĥqcyl ), kRBM also depends on! B �
p

� pe , giving

kRBM � ! 1=2
B � � 1=2

t � � 1=4
pe � � 1=2

t , including a dependence on the plasma gradient. Indeed,� pe

provides a normalization, and apparently an appropriate one (at least visually) to� t to best

organize� ? across regimes. And interestingly, unlike� t , kRBM is limited to more similar values

for these high density discharges. Most discharges, H or L, have0:4 < k RBM < 0:8. The upper

bound here is likely not an absolute upper bound in the wavenumber of these �uctuations,

but the lower bound may well be, and interestingly, it corresponds very closely with both
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Figure 5.7: Range inI P and B t for new, large dataset containing Ly� data. H-modes are
squares and L-modes are circles. Data are split into a lowI P category in gray, a midI P

category in pink, and a highI P category in blue.

the LDL and the H-L. A glance at Figure 2 or 6 from [124] shows that on AUG,kRBM can

reach values up to 1.5 (for both regimes), presumably for low density (i.e. low� t ) discharges.

Here, it is worth noting that the assumptions of the DALF equations, which requirek� s < 1,

with k the unnormalized wavenumber, become violated whenkRBM (normalized) exceeds one.

Even for kRBM � 0:8, as appears to be a maximum reached for these high density C-Mod

discharges, it is important to be cautious to draw conclusions about turbulence physics from

quantities extracted from a �uid set of equations like DALF. At low k, however, the �uid

model applies, and for both C-Mod and AUG, all discharges are limited bykRBM � 0:4, with

only some L-modes approaching this value, presumably at the highest achievable densities.

Further, a critical value of kRBM � 0:6 appears to be the value below which� sep
? increases

rapidly, eventually leading to the LDL or H-L. The increase in transport �uxes and the

approach to the density limit via the kRBM parameter indicates dependence of these limits

on � s and possibly� s;p speci�cally. Unnormalizing the empirical limit of kRBM � 0:4 � 0:5

gives a characteristic �uctuation wavelength,� = 2�� s
kRBM

� 12� 16� s � � s;p, indicating that a

density limit may be reached when the wavelength of the RBM �uctuations reaches the size

of the poloidal gyroradius.
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Figure 5.8: � sep
? plotted against ne=T2

e (left), � � (center), and � t (right) for low I P (gray),
mid I P (pink), and high I P (mid) H-mode discharges.

5.2.2 The impact of variation in I P

The observations of the previous section found that for the dimensional operational space

at the separatrix in ne and Te, changes to particle transport map well to the operational

boundaries of the SepOS model. An important limitation of the analysis is that it was

performed for discharges at �xedI P and B t , or equivalently, �xed q̂cyl , and so dependence on

any of these parameters cannot be resolved. Regardless, it is well known that the plasma

current plays an important role in regulating attainable plasma parameters, like the density

as per the empirical density limit found by Greenwald [159]. I P was found to be important

in mediating edge pro�les on C-Mod in [35, 47, 96], limiting attainable values of nped
e and

inferred De� in the former and achievablepe and � pe in the SOL in the latter. Furthermore,

the multi-machine activity to identify key dependencies of the heat �ux width,� q, found

dependence onI P through its role in setting Bp.

In this section, the impact of I P variation on � ? near the LDL and H-L boundaries is

sought across both H- and L-modes through an expansion of the previous datasets to plasmas

at di�erent I P . Figure 5.7 shows the �nal novel dataset presented in this thesis, featuring

variation of up to double in I P , from 0.6 � 1.2 MA. Rather than using I P as a continuous

variable, for the purposes of data display, discharges are grouped into categories at lowI P

(0:55 < I P < 0:65), mid I P (0:75 < I P < 0:85), and �nally a fairly large group at high I P

(I P > 0:85). Note that all of these discharges are still at relatively �xedBT � 5:4 T, so

disentangling impact ofI P (or Bp) and q̂cyl separately will not be possible. But, as will be

shown below, contact with theory and models for transport will be instructive in making this

distinction.
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Figure 5.9: D sep
e� plotted against ne=T2

e (left), � � (center), and � t (right) for low I P (gray),
mid I P (pink), and high I P (mid) H-mode discharges.

Figure 5.8 plots results from this dataset for only H-mode discharges, with discharges

sorted by increasingI P from gray to pink to blue. Plotted is � sep
? against three parameters

related to the inverse electron-ion collision mean free path,� ei , with � � 1
ei � ni =T2

e � ne=T2
e

at the separatrix, each with a di�erent normalization. The leftmost panel plots against

this basic dependence of� � 1
ei on ne and Te, ignoring any normalization. The middle plot

shows� � , which is calculated here by normalizing� � 1
ei to the length scale associated with

the bounce of trapped particles, dependent on the safety factor,q, the plasma major radius,

R, and the inverse aspect ratio,� . This can also be thought of as a normalization of the

collision frequency� ei by the bounce frequency of these trapped particles,� b [130]. Note

that this is the same collisionality �rst introduced in Section3.5. Finally, the plot uses� t ,

yet another normalization of this collision frequency, but which is theorized to control the

cross-phase between~p and ~� and thus, mediate the relative role of DW and RBM turbulence

as introduced in Section4.2.1. From left to right, these three parameters essentially di�er

in their dependence on the safety factor, withne=T2
e � q0, � � � q1, and � t � q2. These

di�ering dependencies onq, chosen here aŝqcyl , can only be di�erentiated given the variation

in I P in this dataset. Though some scatter exists, visually, it appears that eitherne=T2
e ,

the parameter without q dependence, or� � , the parameter with linear q dependence, best

organize discharges. The actual transport, however, will depend on some other plasma pro�le

information, like the gradient or the plasma density itself, which likely has its own dependence

on q̂cyl . Figure 5.9 shows what this might look like were the transport purely di�usive. It

now plots De� = � sep
? � ne=ne against the same three parameters. When including the density

gradient, r ne = ne=� ne , as a metric for di�usive transport as shown in Figure5.9, either � �

or � t appear to best organize the data. The appropriateq-dependence appears somewhere

between linear and quadratic.

163



Figure 5.10: � sep
? plotted against k2

RBM (left) and k2
RBM q̂cyl (right) in linear-linear (top) and

log-log (bottom) scales for lowI P (gray), mid I P (pink), and high I P (mid) discharges
in H-mode (squares) or L-mode (circles). At right, vertical black dashed lines represent
k2

RBM q̂cyl = 1.

Having identi�ed this possible dependence of the �ux onq, attention is returned to

the observations from Figure5.6. There, kRBM was observed to be a more useful ordering

parameter than� t for � sep
? across regimes at highne. But, given that the explicit q-dependence

of kRBM is the same as that of� t and that � � was shown to be a better ordering parameter

than � t , a similar question ofq-dependence should be asked forkRBM . Figure 5.10compares

two di�erent combinations of parameters on the abscissa, di�ering by a factor of̂qcyl . Panels

on the left showk2
RBM and panels on the right showk2

RBM q̂cyl . Top and bottom plots only

di�er in the choice of plotting scale, where bottom plots are shown in log-log to show the

scaling at low values of� sep
? . It is clear from the top plots, but especially from the bottom

plots, that a cross-regime organization of� sep
? is improved when including the extra factor of

q̂cyl . SincekRBM � � � 1=2
t , k2

RBM q̂cyl � (� � )� 1, recovering the same dependence on̂qcyl from

above. The plots on the right show that the large increases in� sep
? observed near the H-L
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Figure 5.11: � sep
? plotted against k2

RBM q̂cyl . At right, discharges are separated by regime and
I P , with low I P in gray, mid I P in pink, and high I P in blue and H-mode as squares and
L-mode as circles. A scaling across regime andI P is shown. At right, they are only separated
by regime, with H-modes as open orange squares and L-modes as closed blue circles. A
number of possible scalings are shown.

and LDL correspond in both H- and L-modes to an approach of the productk2
RBM q̂cyl ! 1.

As before, unnormalizingkRBM by � s gives a typical scale for the wavelength,� , near these

density limits. The inclusion of q̂cyl now allows for expression of� more explicitly in terms of

� s;p, giving � � 1
2 � 2

s;p. As far as the plasma pro�les themselves, expressing the empirical limit

of k2
RBM q̂cyl = 1 this in terms of its constituent terms then gives an analytic expression for

the combination of � pe and � t that limits plasma operation at these limits. In other words,

this gives a scaling for� pe near these density limits. This is given by Equation5.1.

� pe

� 2
t

=
R

� 2
cq̂2

cyl

(5.1)

The exact dependence of� sep
? on k2

RBM q̂cyl is investigated in more detail in Figure5.11.

The left panel shows the regression result across both L-modes and H-modes. Indeed, almost

exact inverse linear dependence is found, giving� sep
? � (k2

RBM q̂cyl )� 1 � (� � )� 1� 1=2
pe , recovering

the dependence on� � found above for H-modes, as well as the dependence on� pe that helps

organize the �ux across regimes as was found in the �xedI P dataset. The right panel of

Figure 5.11now ignores theI P dependence, showing the H-modes and L-modes separately.

It also shows four di�erent curves, of the form� ? = C(k2
RBM q̂cyl )b, with �xed C = 13:3 (from
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Figure 5.12: D sep
e� = � sep

?
ne=� n e

plotted against model forDRBM = 1
� 2

d

Te
eB for low I P (gray), mid I P

(pink), and high I P (mid) discharges in H-mode (squares) or L-mode (circles).

the �t in the entire dataset) and varying b between� 0:5, � 1:0, � 1:5, and � 2:0. It appears

that the dependence may be anywhere within this range, with a slightly stronger dependence

in L-modes than in the H-modes. Of course, H-modes are restricted to a smaller range in

k2
RBM q̂cyl , so it is di�cult to compare these scalings with con�dence. It is also worthwhile

to note that the scalings are constructed over a wide range of parameters. Presumably, the

scaling should only be restricted to values of� t corresponding to the onset of the RBM. The

competition between the DW and the RBM, however, is presumed to be a process that varies

continuously with � t , and it is di�cult to identify a critical value of � t at which transport

from this mode is expected to be active. To complicate matters,� sep
? is not at all guaranteed

to be driven purely by the RBM. At low values of� t , the quantity remains non-zero, and it

can be (and is) driven by any number of transport mechanisms, turbulent and neoclassical

alike, but probably not the RBM.

Despite uncertainty in the exact scaling, the data lend credibility to the hypothesis that

RBM turbulence begins to dominate near the H-L and LDL and that it drives similar levels of

particle �ux near these limits in both H-modes and L-modes. To expound on this hypothesis

further, Figure 5.12considers the RBM from the perspective of the work of RDZ. In their

works, they derive typical length and temporal scales for turbulence resulting from the RBM

166



[182], LRBM and tRBM , respectively, according to:

LRBM = 2�q s

�
� eiR� s

2
 e

� 1=2 �
2R
� n

� 1=4

(5.2)

tRBM =

r
R� n

2
1
cs

(5.3)

where all parameters have been previously de�ned. It is then possible to manipulate these

scales to estimate a typical di�usion coe�cient associated with transport from the RBM as

follows [183]:

DRBM =
L2

RBM

tRBM
= (2 �q s)2� 2

e� ei
R
� n

=
1
� 2

d

Te

eB
(5.4)

where� e = 
 e
vte

is the electron gyroradius in m and all other parameters have been previously

de�ned. The last equality in Equation 5.4uses the de�nition of � d, the diamagnetic parameter

also introduced in the works of RDZ and introduced in the previous section, in Equation

4.4. This expression for RBM turbulence indicates thatDRBM � � � 2
d . Note that � d � � � 1=2

t

but also includes an additional dependence on� n . Recall in Chapter3 the observation from

Figure 3.19 that D mid
e� � � 1:2

t , closely matching the prediction from theory. Furthermore,

� d �
�

� s
� n

� � 1=2
, implying that DRBM scales with the gyro-Bohm factor,� s

� n

Te
eB .

For this large dataset varying inI P , the e�ective di�usivity at the separatrix, D sep
e� = � sep

?
ne=� n e

,

is plotted against this expression forDRBM in Figure 5.12. From the �gure, it is clear that

for both H-modes and L-modes,De� increases with the model forDRBM . Furthermore,

there is good organization acrossI P , implying that the model DRBM correctly captures the

I P -dependence. It may be then that the correct scaling for the transport should account for

this dependence through a1
B factor, rather than q̂cyl . Without variation in B t in the dataset,

it is di�cult to disentangle the dependence. One last observation in Figure5.12 is that as

may be expected,D L
e� > D H

e� . That is, the transport coe�cient is larger in L-modes than in

the H-modes. It is likely therefore thatDe� , at least in the L-mode (and possibly also in the

H-mode) has contributions also from other sources of transport. But, the �gure implies that

at some onset value, either in� t , k2
RBM q̂cyl , or 1

� 2
d

Te
eB , DRBM begins to contribute considerably

to De� , eventually leading to the H-L or LDL and plasma collapse.

Figure 5.13shows two �nal observations of particle transport as they relate to the SepOS

model, speci�cally the H-L and LDL limits. The �gure plots D sep
e� once more, but now

explicitly against the two criteria from SepOS. At left, it is plotted against the ratio of

energy input into turbulence to the energy transfer via the Reynolds stress,
 e� E t=P, and at

right, against the ratio of the wavenumbers in the LDL,kEM =kRBM , for all discharges. There
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Figure 5.13: D sep
e� plotted against SepOS H-L transition criterion,
 e� E t=P, (left) and LDL

criterion, kEM =kRBM , (right), for low I P (gray), mid I P (pink), and high I P (mid) discharges
in H-mode (squares) or L-mode (circles).

is somewhat more scatter in trends than in Figure5.12, for example, but the correlation

between this transport coe�cient and the ratio of energy transfer is clear. As
 e� E t=P ! 1,

D sep
e� ! 10� 1 m2s� 1, monotonically. In other words, the energy in the turbulence grows (or

that transferred into the zonal �ow drops), particle transport increases, and the con�nement

regime changes to L-mode. Of course, one could plot the inverse on the abscissa and see

De� drop below 10� 1 m2s� 1 as the discharge enters the H-mode. The right panel of the

�gure shows that while the ratio kEM =kRBM does increaseDe� in both the L-mode and in the

H-mode, this ratio does not o�er as smooth a transition inDe� between regimes as that in

the left panel. Near the H-L and the LDL, the RBM plays a key role in the growth inDe�

but in the L-mode, the evolution of the RBM to EM scales is su�cient to trigger the collapse,

whereas in the H-mode, su�cientP may sustain a stable H-mode even when the RBM is

EM. Considering the boundary proposed in Figure4.12, the result would be an EDA H-mode.

But, as the turbulence becomes stronger,
 e� E t eventually exceedsP, and the H-mode too

collapses.

5.3 The onset of critical gradients and a scaling for the

maximum achievable density gradient in both regimes

This chapter has thus far attempted to validate and help develop a theoretical framework

for edge particle transport, motivated by a new perspective on experiments observing clear
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Figure 5.14: � sep
? plotted against �r ne (left) and �r neq̂cyl (right) for low I P (gray), mid I P

(pink), and high I P (blue) H-mode discharges. Vertical dashed black line at right represents
the maximum achievable�r neq̂cyl = 1500 in H-mode.

pedestal saturation. In its �nal section, it looks to apply these �ndings on particle transport

to empirically evaluate its impact on the plasma pro�les. It attempts to investigate whether

the same phenomenology of pedestal saturation that spurred analysis of transport at the

separatrix can also be observed in other H-modes. Further, it questions whether a maximum

density gradient resulting from similar mechanisms might also exist in the L-mode edge. Or

conversely, this section questions whether a saturated pedestal density (or edge density more

generally) necessarily results from RBM-driven transport at the very edge of the con�ned

plasma. If, as Section5.2 implies, the RBM plays a dominant role in setting the edge particle

transport near both the H-L and the LDL, then it might follow that density saturation is

possible in either the H- or the L-mode and that this phenomenon may also be described by

proximity to the SepOS boundaries. As before, this hypothesis relies on the assertion that

transport physics, rather than fueling physics, sets the edge pro�le near these limits.

Figure 5.14 considers the larger dataset introduced in Section5.2.2, which includes

variation in I P but for the time being, plots only the H-mode discharges in this dataset.

On the left, it plots � ? against �r ne = ne=� ne , both at the separatrix. Immediately, it is

apparent that lower I P H-modes in gray reach lowerjr nej and somewhat lower� ? than

those at higherI P in blue. The di�erence in � ? is perhaps unsurprising, especially given the

observations in the previous section that� ? � q̂cyl . Regardless, from the �gure, it appears

that the density gradient itself might also have someq-dependence, a �nding that has been

previously observed on C-Mod, as discussed below. Indeed, the right plot of the �gure

shows the same� ? but now plotted against �r neq̂cyl . Including a linear factor of q̂cyl in the

abscissa organizes the data much more cleanly acrossI P . Further, inclusion of this factor
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Figure 5.15: � sep
? plotted against �r neq̂cyl (right) for low I P (gray), mid I P (pink), and high

I P (blue) for H-modes (squares) and L-modes (circles). Vertical dashed orange and blue
lines represent the maximum achievable�r neq̂cyl = 1500 in H-mode and�r neq̂cyl = 500 in
L-mode, respectively.

clari�es that these discharges may have a limit in maximumr ne at the separatrix, given by

jr nsep
e jHmax = 1500=q̂cyl , shown as the dashed vertical line.

Figure 5.15now plots � ? , also against�r neq̂cyl but for both L-modes and H-modes. To

compare both regimes together, the x-axis is shown in a logarithmic scale. As with H-modes, it

appears that a critical gradient may also exist in L-modes, given here byjr nsep
e jLmax = 500=q̂cyl .

Although there is a good deal of scatter in the data, obscured in part by the logarithmic x-axis,

� ? appears to grow more quickly nearjr nejmax for each regime, than away fromjr nejmax .

This is somewhat reminiscent of the nonlinear �ux-gradient phenomenology observed in

Figure 3.3, linked to increasingDe� . As before, the data exhibit what may be a linear phase

whereDe� � const: and a nonlinear phase where� ? changes nonlinearly withr ne, indicating

increasingDe� , a hallmark of non-di�usive transport. This dependence of the edge gradients

on q̂cyl has been observed previously on Alcator C-Mod, in both H-modes [35] and in ohmic

L-modes [47, 96]. In the former, it was observed that bothr ne and nped
e were strongly

dependent onI P . Noting that q̂cyl � 1=Bp � 1=IP , the analysis shown here �nds similar same

dependence onI P from the slightly earlier C-Mod discharges analyzed there. In the latter, it

was observed thatr nTe was higher at higherI P . That work found that the parameters of

RDZ, speci�cally � d, which has the sameq-dependence found here, most e�ectively organized

edge gradients.

If critical gradients are a feature of high density H-modes and L-modes, a natural question

to ask is how a discharge might reach such a state of edge density pro�le saturation. Critical

170



gradients at which transport begins to be driven nonlinearly are not uncommon phenomena in

fusion turbulence physics. In core turbulence, critical gradient phenomena are often observed

in both the ion and the electron channels [87, 184, 185], whereby beyond a certain critical

gradient, usually normalized by the device minor radius according toa=LT , transport grows

nonlinearly. Critical gradients in that context are associated with increased transport from

any number of instabilities, including primarily ion temperature gradient (ITG) and trapped

electron modes (TEM) for clamping ofa=LTi and electron temperature gradient (ETG) modes

for that of a=LTe . As auxiliary power is injected into a plasma,a=LT grows. But, once

the critical value of a=LT is reached, additional auxiliary power only drives increases to the

thermal di�usivity, � , associated with those instabilities, and does not further increasea=LT

beyond its threshold. Changes to� and D imply non-di�usive transport, rendering these

di�usive transport coe�cients meaningless.

From the data presented in this chapter alone, it is di�cult to unequivocally say that a

similar phenomenon may be at play here in the edge density pro�le. But, the data thus far

provide some evidence that a critical gradient linked to increases in RBM turbulence may

exist. Consider a plasma fueling up to its target density. Assuming perfect particle control,

one might pu� or pump on the plasma to increase or decrease its particle content. As fuel is

pu�ed into a plasma, its edge density gradient,r ne, and separatrix density,nsep
e , would rise.

This would correspond to a linear portion of the� � r n at low � , low r n, should that exist in

Figure 5.15. Of course, the degree to whichr ne and nsep
e increase with gas pu�ng is at least

a 2D problem and requires also consideration of other transport mechanisms, neoclassical

and turbulent, as well as distribution of sources. But, assuming both can more or less be

increased through fueling,r ne and nsep
e might grow without limit. At some point, however,

as nsep
e grows, the plasma will become more collisional and it will eventually transition to a

regime where interchange-driven RBM transport dominates over DW transport. Once this

occurs, the particle di�usivity D grows, and the plasma becomes resilient to increases in

fueling. In other words, the transport becomes non-di�usive, as the �ux driven continues

to grow even though the respective pedestal gradients do not.nsep
e might continue growing,

but increasingD will �atten the density pro�le, yielding a maximum r ne possible. Further

fueling will put the plasma at risk for reaching the H-L or LDL.

A key di�erence between this description and observations of critical gradients in core

thermal transport is that here, if the hypothesis of RBM transport as the source for a critical

gradient is correct, it is not r ne (or a=Ln ), but rather some other parameter linked to RBM

onset that becomes the �gure of merit.r ne is then not itself the source of the increased

transport, but rather a byproduct of an inability to further increase the core density of

the plasma via increased edge turbulent transport. It might then be more adequate to call
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Figure 5.16: �r neq̂cyl plotted against 1=k2
RBM q̂cyl for H-modes (orange squares) and L-modes

(blue circles). Vertical dashed orange and blue lines represent manually-identi�ed threshold
values for critical gradient onset in each regime.

this a �maximum gradient,� rather than a �critical gradient.� Regardless of terminology, it

is important to understand which plasma parameter might trigger the increased transport

ultimately setting the maximum gradient. The works of RDZ, Scott, and Eich & Manz

provide ranges in dimensionless parameters for which the RBM may begin to dominate over

the DW, but they do not provide exact transition values at which this might occur. Figure

5.16 attempts to do this in a rudimentary way for these C-Mod plasmas for the primary

organizing parameter from this chapter,1=k2
RBM q̂cyl .

The �gure shows�r neq̂cyl plotted against 1=k2
RBM q̂cyl . Although there is a lot of scatter

in these data, for both H-modes and L-modes, there appears to be a linear phase in which

the gradient, normalized toq̂cyl , increases with1=k2
RBM q̂cyl , before saturating and reaching

a maximum. Vertical lines demonstrate the manually chosen point at which the gradient

saturates, for H-modes in blue and L-modes in orange. Interestingly, the thresholds for

the gradient saturation appear close in both regimes, with1=k2
RBM q̂cyl � 0:6 in the L-mode

and 1=k2
RBM q̂cyl � 0:7 in the H-mode. The analysis shown here is not technically rigorous

and is intended merely to provide a range in a local quantity, founded in EMFDT, where a

maximum gradient in the density pro�le may be reached. Importantly, it depends on the

assumption that a maximum gradient exists exactly at the separatrix in both regimes. In

reality, the onset of RBM turbulence, while perhaps triggered at a critical� t or kRBM may

engender di�erent maximum gradients at di�erent locations in the pro�le, at mid-pedestal

for example, or in the near-SOL. As always, the maximum gradient achieved is a complex
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Figure 5.17: nsep
e (left), n95

e (center) and n95
e q̂cyl (right) against 1=k2

RBM q̂cyl for low I P (gray),
mid I P (pink), and high I P (blue) for H-modes (squares) and L-modes (circles).

interplay between the fueling sources and the transport (including parallel transport if in the

SOL).

What is clear, from reports on running Alcator C-Mod as well as from this data, is that

regardless of where in the edge pro�le gradients were maximized, the result was a maximum

core and pedestal density that could not be easily modi�ed by a modi�cation in sources.

Figure 5.17shows achievable densities at both the separatrix ( n = 1) and slightly inside, at

 n = 0:95. The left and center plot show these two values ofne, respectively, plotted against

the �gure of merit used throughout this chapter for the onset of RBM turbulence,1=k2
RBM q̂cyl .

Note that nsep
e is extracted in the same way as done throughout this and the previous chapter,

while n95
e uses the mtanh �t from Chapter 3, which may misrepresent the L-mode pro�le.

As such, values ofn95
e for L-modes should be treated with caution. Regardless, two things

are clear from these �rst two plots. First, nsep
e saturates less easily thann95

e with onset of

RBM transport in both H- and L-modes. Second, the achievable values ofn95
e are strongly

dependent onq̂cyl (or I P ), especially in the H-mode. This is again, a result that has been

observed previously [35, 36]. The right panel shows this by correctingn95
e with a factor of q̂cyl ,

and doing so shows thatn95
e is limited in the H-mode according to(n95

e q̂cyl )H
max � 15� 1020

m� 3 and in the L-mode according to(n95
e q̂cyl )L

max � 6 � 1020 m� 3, each at values somewhere

between1=k2
RBM q̂cyl � 0:6 � 0:7. Taken together, the plots in Figure5.17 show that nsep

e

may be more susceptible to changes to fueling, whereasn95
e is strongly dependent also on

transport. A similar observation was made in [43] also on JET and AUG. Speci�cally, on

Alcator C-Mod EDA H-modes (and possibly L-modes),n95
e is dependent on transport at the

separatrix, which as this chapter shows, involves dependence on bothnsep
e , possibly modi�able

through gas pu�ng, and q̂cyl or I P , an easily programmed engineering parameter.

With control of performance in mind, Figure5.18attempts to map these observations
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Figure 5.18: Diagram of the core SepOS boundaries for Alcator C-Mod plasmas atI P =
0.8 MA and B t = 5.4 T, with the L-H (blue), LDL (red), and IBML (black), as well as the
ELMy-EDA boundary using kEM = kRBM identi�ed in Section 4.4 (brown). The dashed pink
line represents the boundary in both the H- and L-mode space at whichr ne gradient growth
slows. Shaded regions close to the H-L and LDL represent the regions at whichr ne reaches
its max.

back into the SepOS diagram for C-Mod plasmas atI P = 0:8 MA, B t = 5.4 T. The �gure

shows the three main boundaries of the SepOS, as well as the boundary at whichkEM = kRBM

in the H-mode shown in brown, which is generally where ELMs disappear and the QCM in

the EDA emerge, as observed in Section4.4. Four new boundaries are now included, two in

the L-mode space and two in the H-mode space. The boundaries are given bykRBM = 0:5

and kRBM = 0:6, which for q̂cyl � 4:5 approximately correspond to the onset of increased

transport and the approach to the critical gradient in H- and L-mode, respectively. Note

that the curves are not continuous inne; Te space, since scalings for� pe di�er in L-mode and

H-mode. Note also that for the L-mode, the maximum value of� pe = 10 mm, valid only

near the LDL, is used along the curve, so in reality, the curve may have a slightly di�erent

shape than shown, although it is likely still discontinuous with that for the H-mode. The

curves shown here are not fundamental plasma limits in the way that other boundaries in

the SepOS are, but are rather meant to be considered in the way a critical core gradient is.

One can move beyond these in parameter space, but doing so may yield limited returns in
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terms of operational e�ciency. Especially as a plasma moves into the shaded pink region,

it will likely already experience increased transport from the RBM and may be close to a

maximum allowabler ne. Moving into this region has implications for con�nement as well, as

this region corresponds to an increased source of neutrals, which may act as a thermal sink,

thereby decreasingr Te. Although one might easily enter a shaded region like this through

excessive gas pu�ng, it is also possible to enter it through decreasedPnet . For the plasmas

from Chapter 3, asPnet dropped pastP crit
net (Section3.1), nsep

e and Tsep
e (Figure 5.1) moved

into the shaded region (Figure5.18), resulting in large increases inDe� , and ultimately, a

decrease in fusion performance (Figure3.1).
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Chapter 6

Towards a Full Model for

Turbulence-Limited High Edge Density

Reactors

The �nal body chapter compiles many of the �ndings from the rest of the thesis and mobilizes

them towards prediction of the edge density pro�le in turbulence-limited, high-density H-

modes. It does so through the perspective of the EDA H-mode on C-Mod, which, as this

thesis has shown, has unique pedestal and separatrix properties. Attention is placed on both

the pedestal structure and the separatrix condition. Together, these inform core performance

and power handling capabilities, both of which must be met in a reactor scenario. The edge

pro�le structure in the EDA H-mode is contrasted with that in the ELMy H-modes less

commonly produced on C-Mod, as mentioned in Section4.4. These are compared through

validation of a density prediction model recently developed on JET data [186] and now

also tested on MAST-U and AUG [187]. In particular, the chapter scrutinizes the interplay

between neutrals and plasma transport in the edge and the role each plays in determining

the pedestal density in each regime. Analysis of the EDA H-mode and its fueling and plasma

transport characteristics helps to provide an understanding of how an edge pro�le without

large ELMs might be developed and sustained on a next-generation device like SPARC.

Section6.1 begins by testing a recently-developed reduced-order model designed to predict

the H-mode pedestal density. It tests this prediction on the dataset examined in Chapter3, a

set of EDA H-modes that feature clear changes to ionization rates and plasma transport. The

density prediction model includes a reduced neutral transport and plasma transport model,

both of which can be compared to experimental measurements using the joint ETS-LYMID

work�ow. Section 6.2 revisits yet another dataset, this time showing the transition between

the ELMy H-mode and the EDA H-mode, as introduced in Section4.4. The section expands
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analysis to interrogate how the pedestal structure varies in this dataset. Even though this

dataset does not include LYMID measurements, the section attempts also to characterize the

in�uence of the neutral source on the pedestal structure using neutral pressure measurements.

Using �ndings about this regime from this chapter and the previous, it then attempts

to integrate a model for particle transport from the RBM, making contact with EMFDT

theory for transport. Section6.3 ends with one of the key products of this thesis � initial

predictions of the edge density pro�le of the SPARC tokamak. It shows the operational space

at the separatrix and also attempts to make some better estimates of achievable pedestal

densities, laying the foundation for even higher �delity predictions to come prior to its planned

operation.

6.1 Test of a model for the density pedestal based on

reduced models for pedestal particle transport and

neutral penetration

The chapter begins by testing a model for prediction of the H-mode density pedestal for

a number of C-Mod discharges. The Saarelma-Connor density prediction model combines

a reduced model for neutral penetration with a reduced model for plasma transport [186,

187]. As has been a theme throughout this thesis, the edge pro�le is strongly dependent

on the interaction of sources from ionizing neutrals and particle transport determined by

the plasma properties themselves. The density prediction model can predictnped
e using two

di�erent modes. In the �standalone� mode, the model takes in an experimentally-measured

Te pedestal pro�le and from other experimental engineering parameters as well as model

settings, predicts anne pedestal pro�le, yielding nped
e . In the �coupled� mode, the model

circumvents the need to prescribe aTe pro�le by invoking the EPED [ 188] (or Europed [189])

constraint that the pedestal pressure pro�le is near stability boundaries for both kinetic

ballooning modes (KBMs) and peeling-ballooning modes (PBMs). The standalone prediction

is used to generate a set ofne and Te pedestal pro�les that satisfy the combined neutral

and plasma transport model, and these are then fed into the Europed model to select the

pro�le marginally stable to PBMs. Given that most H-modes on C-Mod (and in this thesis)

were in the EDA regime, a regime not observed to be limited by PBMs, the latter mode is

not considered in this thesis but is the subject of ongoing work, especially as it relates to

the transition to ELMy H-modes. Instead, using experimentally-determinedTe pro�les, the

standalone model is tested for a number of H-mode discharges.

The neutrals model due to Saarelma and Connor is adapted from models tested on DIII-D
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by Groebner and Mahdavi [46, 75] for pedestal build-up driven by neutral ionization and charge

exchange in the pedestal. The Saarelma-Connor model essentially adapts Groebner-Mahdavi

into a two-�uid neutral transport model described by the following three equations:

r � (Dpedr ne) = � ne(nFC + nCX )Si (6.1)

r � (VFC nFC ) = � ne(nFC Si + nCX SCX ) (6.2)

r � (VCX nCX ) = � ne(nCX Si +
1
2

nFC SSX) (6.3)

where Dped is the pedestal particle transport coe�cient, Si and SCX are ionization and

charge exchange rates, respectively,VFC and VCX and nFC and nCX are Franck-Condon and

charge exchange velocities and densities, respectively. Expressions forSi and SCX have

been introduced previously. Franck-Condon neutrals are considered born from molecular

dissociation, and have a radial velocity given byjVFC;r j =
p

8EFC =� 2mi , whereEFC � 3 eV.

Charge exchange neutrals are not monoenergetic, and their radial velocity depends on the

ion temperature, Ti , according to jVCX ;r j =
p

2Ti =�m i , with mi the ion mass. Equations

6.1, 6.2, and 6.3 are simply the continuity equations for the three primary types of particles

present in the pedestal: electrons, FC neutrals, and CX neutrals. They represent �ux balance,

the same steady-state requirement introduced in the development of techniques in Chapter

2. Their solution gives the steady-state density of neutrals and electrons (and ions under

quasi-neutrality and impurity-free assumptions). With an appropriate choice forDped this

model can be solved without too much trouble.

The early models on which the Saarelma-Connor model is based assume a constantDped

coe�cient. As is now apparent from a number of di�erent studies, including much of the

content of this thesis,Dped is neither radially constant in the pedestal, nor constant for an

arbitrary set of plasma pro�les. Instead,Dped is very sensitive to the plasma gradients and is

given by the nonlinear interplay of various transport mechanisms. The model examined here

makes a �rst attempt to rectify this assumption by proposing thatDped depends on the sum

of di�usion from these transport mechanisms, neoclassical and turbulent alike as follows:

Dped = Dneo + DKBM + DTG (6.4)

whereDneo, DKBM and DTG are transport coe�cients corresponding to neoclassical transport,

the KBM, and any number of thermal gradient driven modes, according to the following:
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�
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�
(6.5)
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8
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:

CKBM (� � � crit )
�

� 2
s cs

a

�
; � � � crit

0; � < � crit

(6.6)

DTG =
�

D
�

�

TG

Ptot ;e

Sner T
(6.7)

where Ptot ;e

Sner T = � e;e� , the e�ective thermal di�usivity as introduced in Chapter 3, with Ptot ;e=S

the total power �ux carried by the electrons through the pedestal and� the normalized

pressure gradient including geometric factors, given by:

� =
2dV=d 
(2� )2

�
V

2� 2R0

� 1=2

� 0
dp
d 

(6.8)

whereV is the plasma volume and is the poloidal magnetic �ux. Note that the thermal-

gradient driven particle transport coe�cient, DTG , is computed from the� e� coe�cient (and

the D=� ratio) as introduced in Equation 3.2.

Although these are very signi�cantly reduced equations for plasma transport, which

as mentioned earlier, typically requires calculation using a sophisticated neoclassical or

gyrokinetic transport code, Equations6.5 � 6.7 together provide an estimate for how particle

transport might depend on the plasma pro�les in the pedestal. The turbulent transport is

given by the combination of the KBM and any modes driven by thermal gradients (TG),

including both ITG and ETG modes. Despite arising from physical intuition for the drive

of these various modes from a number of higher-�delity simulations, the expressions for the

various transport channels presented here still include free parameters. Speci�cally,
�

D
�

�

TG
,

CKBM , and � crit are parameters that must be user supplied. The former expresses the amount

of particle transport relative to thermal transport carried by TG modes, and the latter two

are related to the KBM, including the magnitude of the di�usion as well as the critical

gradient at which this mode onsets. Finally, the density prediction model acceptsnsep
e and

nsep
0 as boundary conditions, pushing the problem of pro�le prediction further outward, but

supplying models for the physics of the complex pedestal region while doing so.

6.1.1 Comparison with experimental neutral inferences

With a model for density pedestal prediction in hand, all that is left to do is to �nd density

pedestals to predict. With appropriate choices for the free transport parameters, the model
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was shown successful for ELMy pedestals on MAST, JET, and AUG [187]. It remains to be

seen whether the model would perform as well on the higher density pedestals on Alcator

C-Mod. Fortunately, this thesis has already presented a large number of H-mode pedestals

from Alcator C-Mod to choose from. Since the model presented here provides pro�les for

both ne and n0, it is logical to begin with a dataset that contains both ETS and LYMID data.

To this end, the model is �rst tested against the same set of magnetic balance experiments

presented and analyzed in great depth in this thesis, �rst in Chapter3 and then revisited

in Section5.1. Initial model tests are done with the simplest choices for the free transport

models as indicated in [187]:
�

D
�

�

TG
= 0:5, CKBM = 0. These choices correspond to no

KBM transport and for a large ratio of particle to thermal transport driven by TG modes to

compensate for the lack of KBM transport. For the other devices, these choices were found

to facilitate the use of the coupled model (which already includes a constraint for the KBM

based on stability) and are used here as a starting point for simplicity. As far as boundary

conditions, the prediction is made withnsep
e estimated from the Brunner model as is done in

Chapter 3. The n0 boundary condition is somewhat more di�cult to set. On JET, AUG, and

MAST, this was held �xed at nsep
0 = 1015 m� 3. For C-Mod discharges with Ly� data, this

boundary condition can be input into the model. From the joint LYMID-ETS work�ow, it is

estimated that nsep
0 ranges between1016 � 1017 m� 3, with an averagensep

0 � 3 � 1016 m� 3.

As an initial test and for comparison of the model with devices that do not have the luxury

of this measurement, the model is �rst run with a �xed nsep
0 = 3 � 1016 m� 3. For this choice

and transport model settings mentioned above, the left panel of Figure6.2 plots the predicted

value of nped
e against the experimental value, showing also the unity line of perfect prediction.

The center and right panels of Figure6.1show a comparison of the experimental measurements

of both nsep
0 and Ssep

ion against those used for the model calculation. Approximatingnsep
0 to

the experimental value also ensures thatSsep
ion matches the experimental value closely. Despite

approximation of the ionization rate to the experimental value, with these settings, the model

appears to systematically underpredictnped
e , with the largest prediction errors as high as 60%.

To investigate whether the choice to holdnsep
0 = 3 � 1016 m� 3 �xed across the dataset instead

of letting it vary is responsible for the mismatch, the model is run again, but this time, it is

run with the experimental separatrix neutral density boundary condition, i.e.nsep
0 = nexp

0 .

Figure 6.2 shows these results in the same format. Clearly, the higher �delity BC improves

the predictedSsep
ion , but it does not signi�cantly improve the prediction of nped

e , with prediction

errors still larger than 50%.

Assuring the boundary conditions in the model are experimentally accurate is certainly

crucial to prediction, but the dynamics of neutral transport and their role in fueling throughout

the pedestal are also worth examining. To do this, the neutral density pro�les predicted
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Figure 6.1: Results for density pedestal prediction with
�

D
�

�

TG
= 0:5, CKBM = 0, and

nsep
0 = 3 � 1016 m� 3. From left to right: predicted vs. experimentalne at  n = 0:85, simulated

vs. experimentaln0 at separatrix, and simulated vs. experimentalSion at separatrix.

Figure 6.2: Results for density pedestal prediction with
�

D
�

�

TG
= 0:5, CKBM = 0, and nsep

0

m� 3 taken from the LYMID-ETS work�ow. From left to right: predicted vs. experimental ne

at  n = 0:85, simulated vs. experimentaln0 at separatrix, and simulated vs. experimental
Sion at separatrix.
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Figure 6.3: Example experimentalne (top) and n0 (bottom). At left, �t to n0 in ne steep-
gradient region spanning shaded gray region� steep

n0
is shown in green. At right, �t to n0 in

ne �at-gradient region spanning shaded gray region� steep
n0

is shown in orange. Separatrix
position is shown as dashed black line.

by the model are compared to those inferred from the LYMID-ETS work�ow. Figures6.3

and 6.4 show examples of experimental and simulatedn0 pro�les respectively. Experimental

pro�les of n0 have been shown for a number of discharges in Chapter3, where they were used

to constrain the EIRENE neutral simulation. Here, they are not used as a constraint, but

rather as a point of reference for the predicted simulatedn0 pro�les, shown in Figure 6.4. In

that �gure, n0 = nFC + nCX is shown as a solid curve, composed ofnFC , the dashed curve,

and nCX , the dotted curve. Note the di�erence in both magnitude and penetration depth of

nFC and nCX . The magnitude of these at the separatrix is set by thensep
FC = nsep

0 boundary

condition introduced above, as well as the additional speci�cation that
�

nCX
nFC

�

sep
= 0:1 at

the separatrix, a simultaneously arbitrary and di�cult to test, but ultimately reasonable,

assumption. Regardless, it is clear that FC neutrals, though more numerous just inside the

separatrix, decay much more sharply than CX neutrals into the pedestal, i.e.� FC
n0

� � CX
n0

.

The resulting n0 simulated pro�le similarly has a steep decay portion up to� 5 mm inside

the pedestal where FC neutrals dominate and a much shallower decay inside of� 10 mm,

where CX neutrals dominate.

Comparison with n0 from experiment in Figure6.3 shows that this double decay length

construction employed in simulation has experimental basis. The �gure showsne in the top
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Figure 6.4: Simulatedn0 pro�les showing nFC , nCX , and their sum as dotted, dashed, and
solid lines, respectively.

panels andn0 in the bottom panels. At bottom, �ts to n0 in di�erent regions of the pro�le

are shown. At left, the �t captures the steep decay ofn0 from the near-SOL and into the

pedestal. At right, the �t captures the shallow decay from inside the top of the pedestal.

These are labeled� steep
n0

and � 
at
n0

, respectively. They are �t from ranges� steep
p 2 [0:99; 1:01]

and � 
at
p 2 [� min

p ; 0:99], respectively, where� min
p is the radial location of the innermostn0

measurement. While the radial ranges of the di�erent portions of the experimental and

simulation pro�les are di�erent, for the sake of comparison, the subsequent analysis will

compare steep region and �at region decay lengths, asserting that� steep
n0

� � FC
n0

and � 
at
n0

� � CX
n0

.

These neutral decay lengths are then computed for both the experimental database as

well as for the simulation results with the �xed nsep
0 = 3 � 1016 m� 3 boundary condition,

shown in Figure6.1, to remove variation in nsep
0 from study of the neutral dynamics inside the

separatrix. The results from this procedure are shown in Figure6.5, with the simulated decay

lengths, � FC
n0

and � CX
n0

, plotted against the predictednped
e shown at left and the experimental

decay lengths,� steep
n0

and � 
at
n0

, plotted against the experimentalnped
e . Looking �rst at the

order of magnitude,� CX
n0

are indeed in a similar range as� 
at
n0

. � FC
n0

, however, are somewhat

smaller than � steep
n0

. A possible reason for this discrepancy is that� FC
n0

and � CX
n0

are �t on solely

nFC and nCX , since that information can easily be extracted from the model, whereas� steep
n0

and � 
at
n0

are �t on the aggregaten0, and the labels �steep� and ��at� are assigned to regions

where it is assumed a priori thatnCX � nFC and nFC � nCX , respectively. For the ��at�

region, the latter is true, especially given the very steep fall-o� ofnFC , but near the separatrix,

nCX = 0:1nFC by speci�cation. Whether or not this is physical is, as was mentioned earlier,

di�cult to know, but the implication is that � steep
n0

will also contain a contribution from
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Figure 6.5: � n0 plotted againstne resulting from simulation as circles (left) and measured from
experiment (right) as squares for FC/steep-gradient-region neutrals in green and CX/�at-
gradient-region in orange.

nCX . A solution to this could be to �t the aggregate simulated pro�le as is done for the

experimental pro�les, but given that part of this exercise is to evaluate the assertion that

CX and FC neutrals dominate steep- and �at-gradient regions of the density pro�les, this is

accepted simply as a physical artefact to be mindful of. So, it is expected that� steep
n0

< � FC
n0

,

which is indeed observed in Figure6.5. When considering the experimental measurements of

� n0 , it is important to consider the spatial resolution of the LYMID inversion, which sets

a �oor on the size of the scale lengths the diagnostic can resolve. Although the diagnostic

resolution varies as a function of radius, between the separatrix and the pedestal top, the

minimum resolution is between3� 4 mm. Note that the lowest inferred� n0 , both in the steep

and �at density regions, can reach values as small as 2 mm, which is below this minimum

diagnostic resolution, and thus subject to caution.

Despite generally good agreement in order of magnitude of the estimates, another im-

portant thing to know is whether the variation of the fueling characteristics with plasma

parameters has experimental basis. As has been discussed in Chapter3, the penetration of

neutrals into the plasma is expected to be a strong function of two quantities: the distance

neutrals have to travel and the number of collision bodies a neutral will see as it travels into

the plasma. These two quantities are codi�ed in metrics for neutral opaqueness, such as

� = � n
� n 0

� ane, where the fueling e�ciency, or opaqueness, is de�ned by the ratio of� n , the

pedestal width, to � n0 wherea gives a characteristic distance andne gives the characteristic

density of colliding bodies. One can then read o� the theoretical expectation that� n0 � n� 1
e ,

a result that has been observed previously on C-Mod using Balmer-� measurements for
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Figure 6.6: � steep
n0

plotted against n95
e for experimental databases from Section5.2.1(left) and

Section5.2.2(right). Color coding is the same as in those sections. L-modes are shown as
circles. H-modes are shown as squares. Best �t lines across regimes are included in both.

H-modes spanning a large range inI P and nped
e [35]. Note, however, that this relation does

not distinguish between thermal neutrals and CX neutrals. Regardless, inspection of both the

simulation and experimental neutral penetration lengths shown in Figure6.5 reveals mixed

results. The simulations follow the inverse dependence predicted by theory fairly well, and

for both types of neutrals. Interestingly, however, the experimental results for this dataset do

not. The �tted � steep
n0

is insensitive tonped
e , at least for this range ofnped

e . This could be at

least partly a consequence of the �nite instrumental resolution of LYMID, as discussed above.

The �tted � 
at
n0

actually appears toincreasewith range of nped
e . Whether this is evidence of

additional physics not captured by either the theory or simulation, or instead a measurement

artefact, perhaps as a result of either the measurement setup or the assumptions in the

inversion, is unclear.

To further assess this rather unexpected result, attention is turned to larger datasets

of discharges containing LYMID and ETS data. Although some theory of pedestal fueling

e�ciency is aimed at predicting the e�ect of neutrals in the H-mode, the arguments of

opaqueness discussed may be less sensitive to the structure of the pro�le in the edge, but

rather the absolute con�ned density. In this way, it makes sense to also consider L-mode

discharges in order to get a bigger range inne for comparison of� n0 , with the caveat that the

pro�le structure in the edge is fundamentally di�erent in the two regimes. To do this, the

two larger datasets from Chapter5 will be used, speci�cally those in Sections5.2.1and 5.2.2,

where the former is at �xedI P and the latter includes variation in I P . Figure 6.6 shows� steep
n0
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Figure 6.7: � steep
n0

plotted against n95
e for largest available dataset containing LYMID-ETS

data. L-modes are shown as solid, turquoise circles. H-modes are shown as open, purple
squares. Best �t lines across regimes is shown in as a gray dashed line.

against n95
e (instead of nped

e since this quantity may not be well de�ned for L-modes) for the

�xed I P dataset at left and the variableI P dataset at right. Both panels show H-modes as

squares and L-modes as circles. A best �t line is shown across both regimes and for both

datasets. When considering both H- and L-modes, the expected trend that� steep
n0

varies

inversely with ne is observed for both datasets, although both with considerable scatter. The

best �t to that at �xed I P is � steep
n0

� (n95
e )� 1:1 and at variable I P is � steep

n0
� (n95

e )� 1:3, both

close to the theoretical prediction that� steep
n0

� n� 1
e . Without inclusion of both L-modes and

H-modes, a trend between� steep
n0

and n95
e would be di�cult to �nd.

Before returning to testing of the Saarelma-Connor model, two �nal experimental �gures

are shown. First, Figure6.7 shows results for the largest possible dataset containing LYMID

and ETS data, including any possible variation in engineering parameters. Once more, the

prediction that � n0 scales inversely withne is tested, under the assumption that for �xed

device size (a never varied much on C-Mod), the neutral penetration is set primarily by

the plasma density. Once more, H-modes and L-modes are both shown, including also the

best �t line across both regimes. For the largest dataset, the best �t line is exactly� n0

[cm] = 0:98(n95
e [1020m� 3])� 0:97, or rounding � n0 = 1=n95

e . Of course, there is clearly a great

deal of scatter in the data, which is understandable given its breadth. But, it is possibly

also indicative of higher order physical mechanisms relevant to setting neutral penetration
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Figure 6.8: � 
at
n0

plotted against n95
e for experimental databases from Section5.2.1. L-modes

are shown as closed, blue circles. H-modes are shown as open, orange squares.

lengths which are more noticeable in smaller ranges ofne, as in the right plot of Figure 6.5.

The question of the positive dependence of� 
at
n0

, however, remains. The �nal experimental

plot shown will be of this quantity plotted once more againstn95
e and only for the large

dataset at �xed I P from Section5.2.1, which again includes both L-modes and H-modes.

Figure 6.8 shows that at high ne for both H-modes and L-modes, the trend of increasing

� 
at
n0

against n95
e holds. Only at the lowest densities, certainly of the L-modes and possibly

also of the H-modes, does the trend invert back to the expectation from theory. Given

that this decay length is thought to be set by the CX population, one might expect also

correlation of this penetration length with Ti (or Te) somewhere in the outer portion of

the pro�le. No such correlation with Te is observed, either because of a missing piece of

physics understanding or becauseTe 6= Ti near the outer portion of the pro�le, such that

a scaling with Te cannot be determined. Possibly another mechanism like multi-step CX,

which might better correlate with Ti (or Te) further inside the separatrix, might be at play.

Or possibly, poloidal asymmetries at high density may open additional pathways for neutrals

to fuel further inside the pedestal. Regardless, what is apparent is that the fueling of the

pedestal is a complex and not easily tractable problem, which may not be entirely captured

by reduced models. That the Saarelma-Connor model, however, captures the prevailing trend

that � n0 should be inversely proportional tone is a step in the right direction, and perhaps

su�cient for prediction of the density pedestal, especially if plasma transport is dominant in

its determination.
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Figure 6.9: Minimum simulatedD coe�cient for density pedestal prediction with
�

D
�

�

TG
=

0:5, CKBM = 0, and nsep
0 = 3 � 1016 plotted against minimum experimentalD coe�cient.

6.1.2 Comparison with experimental plasma transport inferences

The LYMID-ETS work�ow developed in Chapter 2 permits not only examination of the

neutrals model but also the plasma transport model. This is enabled by the prerequisite that

experimental pro�les are in �ux balance, ensured by picking stationary time windows as has

been prioritized throughout this thesis. Plasma transport predicted by the Saarelma-Connor

model can be compared to that inferred experimentally, although only in the total sense,

and not for individual transport channels or mechanisms. However, as will be shown below,

contributions from DTG and DKBM may be teased out through examination of variation of

r Te and � , the key drivers for each, respectively, across the database. Figure6.9 shows

an example of the comparison of the minimum value ofDped along the pro�le predicted by

the model against the experimentally-inferred minimum value for the case using the more

accurate nsep
0 = 3 � 1016 m� 3 boundary condition plotted against the minimum value of

D exp
e� . For simplicity and since the use of the actualnsep

0 from the ETS-LYMID work�ow do

not substantially a�ect the results, the following �gures will all show results for the case

of �xed nsep
0 = 3 � 1016 m� 3. Predictions appear to have the same order of magnitude as

the experimental inferences, withD min
ped � 10� 2 � 10� 1 m2s� 1, a good check that the plasma

�uxes and neutral �uxes predicted by the model are experimentally accurate. The prediction,

however, is still lacking, and the issue likely lies in the free parameters of the transport model.

To test this hypothesis, two other choices of free parameters are examined. First, the

parameter choice that best predictednped
e across other devices is chosen. This corresponds
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Figure 6.10: Results of density pedestal prediction for
�

D
�

�

TG
= 0:05, CKBM = 1, � crit = 2,

and nsep
0 = 3 � 1016 (left) and

�
D
�

�

TG
= 0:2, CKBM = 0:01, � crit = 3, and nsep

0 = 3 � 1016 (right).

Top shows predicted vs. experimentalne and bottom shows simulated vs. experimental
minimum D, showing� MHD as the color variable.

to
�

D
�

�

TG
= 0:05, CKBM = 1, and � crit = 2. This parameter set most accurately describes

pedestals with strong KBM transport and where TG transport may be active but drives more

thermal transport than particle transport. The results for this parameter set, including the

comparison ofD min
ped are shown in the top panel of Figure6.10. Using this set of parameters

arguably makes the prediction worse, overpredicting at low and highne and underpredicting

at mid ne. Examination of the transport prediction shows that the predictedD min
ped can be as

high as 2 m2s� 1, clearly too high. The �gure now uses� MHD as the color variable, showing that

those whereD is strongly overpredicted also have large� MHD , implying that the activation of

KBM transport was too strong, especially given the decrease in TG transport to compensate.

The bottom plot of the �gure shows a second parameter set, in which the strength of the

KBM is lowered slightly, its onset is set to larger� , and TG transport is increased slightly

again to compensate. The free parameters chosen are
�

D
�

�

TG
= 0:2, CKBM = 0:01, and
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Figure 6.11: Minimum simulatedD coe�cient for density pedestal prediction with
�

D
�

�

TG
=

0:02, CKBM = 0:01, � crit = 3, and nsep
0 = 3 � 1016 plotted against minimum experimentalD

coe�cient, showing � t as the color variable.

� crit = 3. The prediction is better than before, except at highne. Comparing transport

coe�cients at the bottom right shows that transport is now better predicted for discharges

with high � MHD , presumably those at low and midne. Notably, the discharges at largest

experimentalD min
ped have underpredictedD.

Recalling, however, that discharges at highne from Chapter 3 have neither larger Te nor

� MHD , it would not seem possible to increase the predictedDped simply through increasing

the strength of either the KBM or TG modes. Figure6.11shows the same comparison of

D mid
ped but this time highlighting � t . As was observed previously and is now clear from this

�gure, the discharges with the most underpredictedD mid
ped are also those at largest� t . It is

possible therefore, and consistent with the observations from Chapter3, that transport in

these discharges may not be driven by pressure or temperature gradients themselves, but

rather � t , possibly by the RBM, as expected from EMFDT. One might question whether it

even makes sense to describe this type of non-di�usive transport with a di�usion coe�cient,

as this model does. As mentioned previously, even though the use ofD for this type of

mechanism seems meaningless, it is still possible to use key parameters responsible for this

transport (like � t ) to formulate a D coe�cient and still permit plasma-neutral �ux-matching

to determine a pro�le. To accommodate for this additional, non-di�usive transport channel,

Equation 6.4 is modi�ed to include contribution from RBM-driven transport, which is likely

important for these high density discharges in the EDA regime, as follows:

Dped = Dneo + DKBM + DTG + DRBM (6.9)
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Figure 6.12: Results of density pedestal prediction for
�

D
�

�

TG
= 0:02, CKBM = 0:01, � crit = 3,

and CRBM showing predicted vs. experimentalne (left) and simulated vs. experimental
minimum D (right), showing � t as the color variable.

whereDRBM is given by:

DRBM = CRBM � 1:2
t (6.10)

with the exponent 1.2 taken empirically (and perhaps circularly) from the analog of the �t

in Figure 3.19 to the dataset from Section5.2.1, for which CRBM = 0:4. The dependence

of � 1:2
t is approximately linear, consistent with the observation from Equation5.4 that

DRBM � � � 2
d � � t (at �xed B, Te, and � n ). Although the latter two vary somewhat in this

dataset, this empirically-determined form for RBM transport is used as a �rst attempt and

added toDped as in Equation6.9. To do so, a pro�le of � t is computed across the pedestal

and Equation 6.10 is applied across the entire pro�le. In reality, RBM transport may be

driven more strongly near the separatrix than at the pedestal top, for example, and it may

be that RBM transport onset occurs at a critical value of� t (or any of the other parameters

investigated in Section5.3). But, where � t � 1, little transport will be driven, such that

inclusion of these e�ects may be minor. The result of adding this transport mechanism to

the last set of free parameters used yields the predictions shown in Figure6.12. Clearly,

inclusion of transport driven at high � t improves the prediction. Inspection of the transport

coe�cients shows that indeed, the prediction forD min
ped also improves for discharges at high� t .

Further improvements to the prediction could be envisioned, but given the reduced nature of

the model, the agreement is promising.
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6.2 The transition to the EDA pedestal: experimental

observations and prediction

A particularly interesting dataset to consider the implications of the experimental observations

and predictive modeling carried out in the previous section, which builds on observations from

previous chapters, is the dataset of Section4.4: the transition between the ELMy H-mode

and the EDA H-mode. Section4.4 provides evidence that there is key physics of interest at

the separatrix for determining access to intrinsically ELM-suppressed H-modes. Speci�cally,

it was noted that the relation between kinetic pro�les (through� t , � e, and � pe) has strong

implications for types of turbulence active in this region and possibly for the transition to

suppression of large ELMs, in the case of EDA H-modes, through the onset of the QCM.

Insight from MHD stability calculations performed with codes like ELITE [190] and their

rigorous validation on many devices, is that stability to Type-I ELMs is not speci�cally

a separatrix phenomenon, but rather a global pedestal phenomenon. Additionally, EDA

H-modes are thought to be turbulence-limited, such that they never reach the PB boundary

and thus, never trigger large ELMs. There is recent evidence that for the QCE, driving

the separatrix locally ballooning-unstable limits the pressure gradient such that it does not

reach this limit [165]. It is not clear that this is similarly the case for the EDA, and the

analysis of Section4.4 is not on its own su�cient to conclude that the separatrix is the key

location for setting the pedestal turbulence limit also assumed to be present in the EDA. In

light of the analysis in the previous section, the current section also considers changes to

the pedestal in the transition to the EDA in this same dataset. Rather than focusing on

consideration of stability to various turbulent modes, the current section takes a pragmatic

approach, observing changes to the pedestal and attempting to leverage predictive capabilities

for evaluating the pedestal density speci�cally. In doing so, it attempts to assess the relative

role of neutrals as opposed to plasma transport in determining their pedestal.

A good way to begin analysis of these H-modes is to identify the operational space (OS)

they occupy, at di�erent parts of the pro�le. Figure 6.13 does this at both the pedestal

and the separatrix. The plot of the separatrix quantities is exactly the same as in Figure

4.12, reproduced here for comparison with the pedestal operational space shown above. An

important note for these plots is that pedestal top values ofne and Te are taken from mtanh

�ts of the ETS data, whereas their separatrix values are taken from exponential �ts, using

the � Te separatrix estimation approach. In other words, the separatrix positionRsep may

yield Tmtanh
e (Rsep) 6= Texp

e (Rsep). For the analysis in this section,Tsep
e = Texp

e (Rsep) is chosen

for consistency with previous analysis, even if inconsistent in �tting approach. The separatrix

OS shows two the proposed boundaries in� t and � e for the transition between the two types
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Figure 6.13: Operational space in terms ofTe and ne at the separatrix (sep) and pedestal
(ped), showing discharges with small ELMs (light red squares), large ELMs (dark red squares),
mixed EDA and ELMy (open purple circles), or only EDA (blue diamonds). Dash-dotted
black and purple lines show� t and � e contours at separatrix from Figure4.12. Dashed black
line shows contour of constant collisionality,� �

ped = 1:5, � t = 0:05, and dashed purple line
shows contour of constant electron pressure,pe = 12 kPa, � e = 10� 3.

of H-modes from Section4.4. For the pedestal OS, rather than apply DALF theory to verify

similar boundaries from SepOS, two curves, one at constantpe (or � e), and one at constant

� � (or � t ), are shown. It is no surprise that the considerably hotter pedestal region reaches

considerably largerpe or � e values and considerably lower� � or � t values. Interestingly also,

unlike at the separatrix, a boundary in collisionality, here� � = 1:5 appears more appropriate

than a boundary in pe. Instead, many discharges here reach similar pressures, close to 12

kPa. Many ELMy discharges, as well as some EDA discharges, exhibitpe < 12 kPa, whereas

a number of especially hot EDA H-modes reachpe > 12 kPa.

Clearly, although many EDA H-modes and ELMy H-modes have similarpped
e from Figure

6.13, it is already apparent that the former reach thispped
e largely due to highnped

e and the

latter do so at high Tped
e . These results are consistent with previous observations comparing

the two regimes [37]. Discharges lying along the isobar at 12 kPa can be either EDA or ELMy.

Note that most discharges with large ELMs lie along this isobar (despite scatter) although

many small ELMs discharges do as well. Constant pedestal pressure is characteristic of
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Figure 6.14: Pro�les ofne (top) and Te (bottom) against  n showing an EDA in blue, a high
ne large ELMs discharge as solid red, and a lowne small ELMs discharge as dashed red.
Fitting error bands are included.

ballooning-limited ELMy pro�les whereby increases inne keeppe �xed through regulation of

Te imposed by ballooning modes. Small-ELM discharges that fall below this isobar may not

actually be Type-I ELMy-limited. More detailed stability calculations would be important

for helping to determine the MHD properties of these discharges.

Figure 4.12shows di�erences in the two regimes more clearly by showing typical pro�les

in each regime. EDA H-mode pro�les are shown in blue and have elevatedne and loweredTe

relative to the ELMy pro�les, shown in red. A second ELMy pro�le is shown as a dashed

line, at signi�cantly lower ne, though still in H-mode. Though not shown,pped
e is also lower

for this discharge, since itsnped
e is less than half that in the more dense ELMy H-mode shown

with solid curves. As noticed earlier and now clear from these pro�les, there is signi�cantly

more variation in ne than in Te near the edge, especially at the separatrix. Furthermore, as

ne increases, the pedestal gradients increase, and the widths decrease. TheTe widths appear

slightly less variable for the ELMy discharges, butr Te is certainly higher in the ELMy

H-mode than in the EDA H-mode. With attention to the di�erent transport mechanisms

possibly at play in the pedestal introduced in the previous section, the relative changes in

r Te and r pe (or � MHD ) are important.
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Ultimately, however, it is the ne pro�le that this analysis tries to scrutinize. Figure 6.15

shows the plot triad that arguably reveals the most comprehensive information about the

relationship between neutrals in the edge and achievablene values. This �gure shows at

left, nped
e and nsep

e at top and bottom, respectively, plotted againstpOMP
0 , a measurement

of neutral pressure made at the OMP, introduced previously in Chapter3. At right, this

measurement,pOMP
0 is plotted against r nsep

e = nsep
e =� sep

ne
, evaluated from the exponential

�t. A similar particle transport and fueling plot triad (Figures 3.2 and 3.3) was used in the

analysis of Chapter3 to tease out the relative role of fueling and transport in determining

the density pro�le. A key di�erence, however, is that those experiments had the luxury

of a neutral emission measurement from LYMID, while these do not. Instead, thispOMP
0

measurement is used rather clumsily as a stand-in for bothSion and for � D . As such, the

measurement is used rather simply as a qualitative guide for the relative neutral content of

the edge, rather than a precise measurement of sources or �uxes in the pedestal. Of course,

since this measurement is made behind the limiter, this also ignores the possibly complex

interplay of neutrals and plasma in the SOL. But to lowest order, it is not unreasonable to

expect that pOMP
0 � Ssep

ion � � sep
D . Indeed, a check against the large datasets containing LYMID

data presented in Chapter5 shows that both Ssep
ion and � sep

D scale approximately linearly with

pOMP
0 . At pOMP

0 & 0:2 mTorr, Ssep
ion and � sep

D begin to roll over, trending sub-linearly (but still

increasing) with pOMP
0 . Considering the right plot of Figure6.15, this would act to slightly

squeeze the rightmost portion of anne � Sion plot and the upper portion of a� � r n plot

but would likely not change the overall nonlinear trends.

The boldness behind this somewhat simplistic assertion of the in�uence of fueling vs.

transport in these plasmas arises from striking similarities in these plots to Figures3.2 and

3.3, as well as the quite abrupt transition in behavior of the plasma pro�les at a critical value

of pOMP
0 . This value coincides almost perfectly with the transition between the ELMy and

EDA H-mode, such that ELMy H-modes havepOMP
0 < 0:1 mTorr, and EDA H-modes have

pOMP
0 > 0:1 mTorr. When the neutral source is low, e.g.pOMP

0 , nped
e appears sensitive to a

change in the neutral source. Indeed,nped
e can vary between0:5� 2:0� 1020 m� 3 in the ELMy

H-mode. nsep
e is similarly sensitive to changes topOMP

0 , although it varies less, only between

0:3 � 1:0 � 1020 m� 3. Things change entirely oncepOMP
0 ! 0:1 mTorr, and the H-modes

transition to EDA. First, the range in pOMP
0 is much less tightly restricted than in the ELMy

H-mode, ranging from0:1 � 0:6 mTorr. Furthermore, the rate at which ne changes withp0

changes considerably in this regime.nsep
e grows more slowly withp0, although it can continue

to grow up to even above2:0 � 1020m� 3. nped
e , on the other hand, cannot.nped

e is almost

completely insensitive to changes to the source of neutrals. Even aspOMP
0 > 0:1 mTorr and

nsep
e continues to increase,nped

e does not, reaching a saturated value ofnped
e � 2:5 � 1020m� 3
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Figure 6.15: nped
e (top, left) and nsep

e (bottom, left) plotted against pOMP
0 and pOMP

0 plotted
against �r nsep

e (right) for discharges with small ELMs (light red squares), large ELMs (dark
red squares), mixed EDA and ELMy (open purple circles), or only EDA (blue diamonds).

when pOMP
0 = 0:3 mTorr, and even decreasing slightly aspOMP

0 ! 0:6 mTorr.

These changes can be visualized even more clearly when considering the right panel of

Figure 6.15, the poor man's analog of the� � r n plots shown throughout this thesis. Despite

unavailability of particle transport measurements, a bit of mental acrobatics and consideration

of more rigorous analysis earlier in this thesis may allow some qualitative assertions about

transport. For ELMy discharges with p0 < 0:1 mTorr, the relationship betweenpOMP
0 and

�r nsep
e is approximately linear. As the edge density gradients grow, the neutral pressure at

the wall, a proxy for the neutral �ux entering the plasma, which itself balances the plasma

�ux transported across the edge, grows at a constant rate. Or equivalently, increases in the

availability of neutrals maps directly to increases innsep
e , �r nsep

e , and the resultingnped
e . At

some point, however, coincident with the transition to the EDA H-mode and aspOMP
0 ! 0:1

mTorr, this linear, classically-di�usive picture breaks down. As�r ne ! 200� 1020 m� 4, an

additional mechanism impedes further build-up of density inside the separatrix, such that

nped
e saturates.

Presumably, changes to transport, i.e. the amount of plasma �ux a particular gradient

transports, grows quickly such that much larger neutral �uxes are required to support the

density gradient past �r ne = 200 � 1020 m� 4 than when �r ne < 200� 1020 m� 4. As

neutrals continue to accumulate in the main chamber, however, andpOMP
0 ! 0:3 mTorr, the
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Figure 6.16: nped
e against nsep

e for discharges with small ELMs (light red squares), large
ELMs (dark red squares), mixed EDA and ELMy (open purple circles), or only EDA (blue
diamonds).

gradient at the separatrix begins to shrink. It appears that the separatrix manages to continue

to fuel up, whereas the pedestal does not, leading to lower�r ne, or equivalently, higher

nsep
e =nped

e . The assertion that this is purely a transport e�ect is somewhat limited, especially

since local measurements of the neutral source are not available such that the density of

fueling neutrals inside the pedestal is unknown. Furthermore, EDA H-mode pedestals at

high ne may be fairly opaque to neutrals, as observed in Section6.1.2, especially relative to

ELMy H-modes at much lowerne. Presumably,� n0 varies across this dataset, and changes

to fueling ine�ciency may indeed be at play. Even if the break in slope innsep
e , for example,

is related to opaqueness of neutrals, the �attening of the pro�le and subsequent saturation of

nped
e at high p0 is likely a transport e�ect and is broadly consistent with earlier analysis done

using local measurements ofSion using the Ly� camera. As this happens, the QCM may be

getting stronger, a hypothesis which could be tested by comparing a database of �uctuation

measurements against dimensionless parameters associated with turbulence.

The ratio nsep
e =nped

e , in the absence of either more detailed measurements of pedestal

structure or a good model for the pedestal width or its gradient, is often used as a proxy for

these. Indeed, looking at Figure6.16, this appears to be the case as well for these discharges.

The �gure shows nped
e plotted against nsep

e across this dataset, once more showing a clear

change in behavior at the transition to the EDA H-mode. For ELMy discharges, the ratio
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nsep
e =nped

e is rather �xed, with nsep
e =nped

e � 0:4. EDA discharges, on the other hand, can have

a somewhat larger ratio, withnsep
e =nped

e ! 0:75 at the highest densities. A limitation of using

this ratio as a metric, rather than the more preciser ne, for example, is that it alone cannot

distinguish �attening of the pro�le from a shift in the pro�le, an e�ect known to be present

at high ne. This is a result of the fact that the �ped� label moves with the pro�le, while the

�sep� label does not (or at least it moves with theTe pro�le given the separatrix identi�cation

approach, although this pro�le moves less). Indeed, the bottom of thene pedestal, for the

EDA pro�le shown in Figure 6.14, is considerably lower thannsep
e , such that even though the

ratio nsep
e =nped

e is high, �r ne is as well, although the strong gradient region is now in the

SOL. This distinction may have implications for performance (recalling that all plasmas in

this dataset are created in the same shape) � plasmas with highnsep
e =nped

e , especially those in

the EDA, have considerably lower stored energyWMHD , a result reminiscent of that for high

density EDAs from Chapter3.

Clearly, ne pro�les vary signi�cantly in this dataset, and considerably more so than in

datasets at �xed I P containing only EDA H-modes. It is therefore a natural testbed for the

Saarelma-Connor model ofnped
e prediction. Additionally, changes tor Te and � throughout

this dataset enable inspection of the role of di�erent transport mechanisms throughout the

OS. Finally, clear changes in� t especially in the transition to the EDA H-mode may allow

for yet another examination of the validity of the addition of RBM-driven transport to the

prediction. Figure 6.17 shows initial results of the standalone prediction of the model for

this dataset. The left panel in this �gure shows the results for di�erent choices of
�

D
�

�

TG
,

CKBM , and � crit . The choice of
�

D
�

�

TG
= 0:5, and CKBM = 0 is shown with purple squares.

This choice underpredicts most discharges across the scan, presumably because TG-driven

transport is too high. Lowering
�

D
�

�

TG
to 0.05 and adding weak KBM-driven transport

(CKBM ) at the � crit identi�ed in the previous section gives the results shown with turquoise

squares. This improves the prediction for ELMy H-modes at lowne, wherer Te is largest, but

has a smaller e�ect for higherne ELMy H-modes, presumably because of the counteracting

e�ect of introducing KBM transport. As for EDA H-modes, switching from TG-driven to

KBM-driven transport has some impact, especially those with larger ne, which also have

large � MHD , even if smallerr Te.

All predictions in the left panel of Figure 6.17 use the same boundary condition for

neutrals as was used in the prediction for other devices:nsep
0 = 1015 m� 3. It was observed in

the previous section that this likely underestimates the actualnsep
0 , which is more typically on

the order of1016 m� 3 on C-Mod and can reach up to1017 m� 3, at least in the standard shape.

Given repositioning of the outer strike point in the plasma shape used for this dataset, it is

possible thatnsep
0 di�ers from that in the conventional shape, but it is di�cult to know by
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Figure 6.17: Results of density pedestal prediction for ELMy-EDA dataset with di�erent
transport settings at left and di�erent n0 boundary conditions at right. Closed purple
squares show

�
D
�

�

TG
= 0:5, CKBM = 0, and nsep

0 = 1015 m� 3. Closed turquoise squares show
�

D
�

�

TG
= 0:05, CKBM = 0:01, � crit = 3, and nsep

0 = 1015 m� 3. Open turquoise squares show
�

D
�

�

TG
= 0:05, CKBM = 0:01, � crit = 3, and nsep

0 = 1016 m� 3.

how much. Furthermore, given large changes topOMP
0 in this dataset, it is not unreasonable

to assume thatnsep
0 might itself vary in the dataset. In the absence of a measurement of

nsep
0 to calibrate this boundary condition, the right panel of Figure6.17shows the impact of

changingnsep
0 from 1015 m� 3 to 1016 m� 3 across the dataset. Two things are apparent from

this exercise. The �rst is that the prediction is generally better when using the1015 m� 3

boundary condition. The second is that the change innsim
e engendered by a change innsep

0 is

slightly di�erent at low nexp
e than at high nexp

e . At nexp
e = 10 � 1019 m� 3, nsim

e increases by

about 50% when changing the neutral density boundary condition. Atnexp
e = 25 � 1019 m� 3,

the change innsim
e is no more than 20% on average. There is more scatter in the percent

change here, however, since this portion of the dataset has a larger density of data, as this

is where EDAs, at relatively �xed nped
e , live. Assuming changes in transport are small, this

di�erence may be explained by neutral penetration. At lowne, � n0 is large such that a change

to the source of neutrals can propagate into the pedestal more easily than at highne, where

� n0 is low, andne may be set instead by transport.

As mentioned above, experimental measurements ofnsep
0 are not available to supply to this

model, but with experimental plasma pro�les alone, one can use interpretive modeling to get a

200



sense of this information. One obvious choice to quantify the neutral source is SOLPS-ITER,

but without a priori knowledge of cross-�eld transport through the edge of these discharges

or a measure of the neutral source to calibrate the transport pro�le to, trust in the estimate

of the main chamber neutral source is shaky. One could useDped from the Saarelma-Connor

model, but to reach self-consistency would require computational complexity out of the scope

of this section. Instead, it is easier to just inspect the neutral dynamics given a �xed plasma

background, since this is experimentally determined. To do this, a code called KN1D is used

[191]. KN1D is lighter than EIRENE, using only one spatial dimension but still treating

neutrals kinetically. KN1D is 1D in space and 2D in velocity and models neutral transport

of atomic and molecular hydrogen. It was developed speci�cally to study main chamber

recycling on Alcator C-Mod. Like EIRENE, KN1D simulates the velocity distribution of

atomic and molecular neutrals spatially given a plasma background. Also like EIRENE, it

includes a number of plasma-neutral and neutral-neutral collision mechanisms, known to

be important for neutral transport in the edge. Like in EIRENE, there is no coupling back

to a plasma solver that evolves the plasma state as well. Of course, in the SOLPS-ITER

coupled package, EIRENEis connected to B2.5, a plasma solver. Since this is not done

for KN1D, it is computationally much cheaper than SOLPS-ITER. And as a result of the

reduced complexity of the neutral model, it is also cheaper than standalone EIRENE. While

not as widely used as other neutral solvers like EIRENE or DEGAS 2, for example, KN1D

has been used to study edge neutrals extensively on Alcator C-Mod plasmas, as well as JET

plasmas [35, 36, 192]. It is used here to readily provide an estimate fornsep
0 across the dataset

analyzed in this section.

Since it is a 1D code, KN1D requires few inputs. It uses a user-supplied plasma radial

grid, r , on which the plasma background is provided, de�ned byne(r ), Te(r ), and Ti (r ).

Furthermore, it takes in the position of the separatrix and optionally a limiter, de�ned by

r sep and r lim , respectively, which model the scenario where the magnetic divertor or primary

limiter is remote from a local limiter, as was the case for these C-Mod plasmas. One can

specify also a connection length, which is applied in the limiter shadow to ensure that plasma

�ow to the limiter surfaces is proportional to the local sound speed, scaled by the connection

length. Furthermore, the code assumes a fully recycling boundary condition, achieved by

scaling the integral of the plasma �ow to the limiter sides to give a net zero mass �ux to and

from the combined limiters and wall. Finally and most importantly for this exercise, the

boundary condition for the molecular hydrogen distribution function is given by a speci�ed

wall pressure. Functionally, this serves to scale the magnitude of the distribution function of

neutrals attacking the plasma. For the purposes of this simulation exercise, however, the wall

pressure,pOMP
0 , is known and can be speci�ed for the calculation, which combined with a
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Figure 6.18: Separatrix gradient scale length (top) and pedestal top values (bottom) for
ne (left) and Te (right) plotted against pOMP

0 , showing experimental values for ELMy-EDA
dataset in previous color scheme and overlaying �moving averages� in open white circles.
Vertical dashed gray lines show ranges inpOMP

0 over which moving averages are computed.

known plasma background can yield the requisite density of neutrals at the separatrix.

Running KN1D on all discharges in this dataset is computationally tractable, but to get a

sense for the functional mapping betweenpOMP
0 and nsep

0 in this dataset, fewer runs are likely

su�cient. Since the estimate of nsep
0 is strongly dependent on the interaction of neutrals

with the SOL plasma, it is important to accurately characterize the decay of plasma pro�les

throughout the SOL. One could do this by picking �ts to pro�les in this dataset at random,

but this approach would leave results vulnerable to variation in �t quality. An alternate

approach is used instead to constructne and Te pro�les representing characteristic plasma

pro�les within a particular range of pOMP
0 . Furthermore, the mtanh �ts focus on capturing the

gradients inside the pedestal and not into the SOL, while the exponential �ts prioritize �tting

through the separatrix and may not well capture pedestal gradients inside the separatrix.
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Figure 6.19: Characteristicne (left) and Te (right) pro�les for ELMy-EDA dataset from
�moving-average� technique for 1st, 4th, 7th, and 10th pressure range shown in Figure6.18as
dash-dotted, dotted, dashed, and solid curves. Meanpwall

0 is 0.037, 0.087, 0.23, and 0.52 mTorr
for the pressure range corresponding to these characteristic pro�les, respectively. Radial
positions of �wall,� limiter, and separatrix ranges are shown in solid black, dashed black, and
gray lines and shaded regions.

As a result, a combination of mtanh �ts and exponential �ts are used to supply the plasma

backgrounds to the KN1D simulations.

The input preparation stage proceeds as follows. A set of 10 geometrically-spaced intervals

in pOMP
0 are chosen, ranging betweenpOMP

0 = 0:03� 0:6 mTorr. For each of these intervals,

average values of various quantities related to thene and Te pro�les are taken in order to

construct characteristic pro�les. Speci�cally, information about the pedestal top and bottom,

its width, the position of the pedestal and separatrix independently, as well as the SOL decay

lengths are required. For each of these variables, the procedure yields a �moving average� in

pOMP
0 at discretely chosen intervals ofpOMP

0 . This approach is thought preferable to using �ts

of these variables againstpOMP
0 as the moving average better captures natural scatter in the

data than a �t would. An example of this procedure is shown in Figure6.18, showing the

moving average for separatrix plasma decay lengths at top and mtanh pedestal top values

at bottom, for ne at left and Te at right. For these variablespOMP
0 conveniently appears an

appropriate abscissa on which to compute these averages, except perhaps at highne.

The full set of average variables required to construct characteristic pro�les is similar for

both ne and Te, except inside the pedestal top as will be shown below. Forne, values ofntop
e ,

nbot
e , the center of the pedestal, and its width are su�cient to construct a characteristic mtanh
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pedestal pro�le. This tanh pro�le is then shifted to yield the correct value ofnsep
e at Rsep.

Note, however, that since the mtanh pro�le was constructed prior to the shift, information

about the position of the center of the mtanh relative to the separatrix is preserved. Finally,

at the separatrix, the mtanh pro�le is truncated, and an exponential decay given by� ne is

applied. This exponential �t is designed to more appropriately characterize the SOL plasma

than the mtanh, which can arti�cially �ll the SOL with plasma, strongly impacting the neutral

penetration characteristics. Depending on the interplay between the speci�ed pedestal width,

the distance between the center to the separatrix, and the speci�ed SOL decay length, this

pro�le construction technique can, and often does, introduce discontinuities in the gradient

at the separatrix1. The same approach is taken forTe pro�les with the added detail that a

linear function is speci�ed inside the pedestal top, using similarly chosen meanr Tped
e values,

a detail that while more faithfully represents the shape ofTe pedestal pro�les, likely has next

to no impact on the mapping betweenpOMP
0 and nsep

0 . Four example pro�les spanning the

OS are shown in Figure6.19, showingne at left and Te at right. Also shown in this �gure are

the position of the wall from which neutrals are launched in KN1D as explained below, the

limiter (lim) position, and the mean position of the separatrix (sep), including an error band,

since the position of the separatrix is not �xed with reference to the vessel. An additional

fall-o� outside of the limiter location Rlim might be more appropriate to characterize the

plasma density near the wall, such the results presented here might overestimate the particle

content behind the limiter.

These ten characteristicne and Te pro�les (including Ti under the assumption thatTe = Ti ,

an assumption that can and should likely be relaxed at lowne), as well as the meanpOMP
0 for

each interval are used to run KN1D. The code calculates and returns self-consistent velocity

space distributions of atomic and molecular hydrogen across the radial grid, whose moments

can be taken and combined with the atomic rates to estimate neutral densities, temperatures,

and �uxes. For this exercise, it is the atomic neutral density pro�le,n0, that is of interest.

In particular, the values ofnsep
0 are extracted for each set of inputs. The results are plotted

againstpOMP
0 , as shown in Figure6.20. The data is then �t to establish the desired functional

mapping betweenpOMP
0 and nsep

0 . The relation is rather linear, except possibly at the highest

p0. One could imagine that at highpOMP
0 , whennsep

e and � sep
ne

are both large,nSOL
e may act to

screen neutrals, slightly saturating the value ofnsep
0 . A �ner scan in pOMP

0 at high pOMP
0 would

help to resolve this, but for the purposes of testing an already reduced model, the qualitative

observation that nsep
0 � pOMP

0 in this dataset is su�cient to specify boundary conditions for

1A more clever solution to accurately represent the pedestal and SOL plasma, while ensuring a continuous
derivative in the pro�le is likely possible, but since KN1D does not consider the plasma gradients, but only
their values, and these are continuous, the solution is deemed adequate for this exercise.
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Figure 6.20: nsep
0 resulting from KN1D using scan inpOMP

0 and corresponding characteristic
ne and Te pro�les plotted against pOMP

0 used in the simulation, shown as white circles. Best
linear �t, nsep

0 [1015m� 3] = 38:5pOMP
0 [mTorr] is shown in red.

the Saarelma-Connor model. And interestingly, at lowpOMP
0 , nsep

0 � 1015 m� 3, whereas at

high pOMP
0 , nsep

0 � 2 � 1016 m� 3, correspondingly roughly to the range innsep
0 examined in

Figure 6.17.

The �t to the KN1D simulations, nsep
0 [1015m� 3] = 38:5pOMP

0 [mTorr], is then used to

estimate nsep
0 for the test of the Saarelma-Connor model. The results for the parameterized

neutral boundary condition are shown in the left panel of Figure6.21, using the transport

settings corresponding to turquoise squares in the left panel of Figure6.17. For most

discharges withne < 2� 1020 m� 3, this addition yields good prediction, as parameterizing the

nsep
0 boundary condition with a wall pressure measurement better characterizes the source of

fueling neutrals for these pedestals of di�ering density. Asne > 2:0� 1020 m� 3, approximately

the transition to the EDA, the model begins to overpredict the density. Two possibilities exist

� either the neutral source is overestimated, or the plasma transport is underestimated. From

this model alone, it does not appear possible to determine with certainty which is the case,

but it does allow an educated guess. The former might be the case if KN1D overestimated

nsep
0 for these EDAs. This could occur, for example, ifne was poorly characterized in the SOL

such that the neutral attenuation of recycling neutrals was underestimated. From Figure

6.19, however, it is apparent that at the highestne, shown by the dash-dotted curve,ne is

already as high as 1020 m� 3 at R = 0:90 m, and over 0.5� 1020 m� 3 at the limiter, and as

mentioned previously, might be overpredicted in the limiter shadow, especially at the highest

densities. Increasingne further leading to underestimated neutral attenuation here seems
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Figure 6.21: Results of density pedestal prediction for ELMy-EDA dataset, using same
settings as for solid turquoise squares from Figure6.17and including dependence ofnsep

0 on
experimentalpOMP

0 at left and adding this and the e�ect of RBM transport channel at right.
Solid red squares use Equation6.10with CRBM = 0.039. Open red squares use Equation6.11
with Ck

RBM = 0.086.

nonphysical, but without better diagnosis of the SOL plasma, it remains a possibility.

Alternatively, and perhaps more likely given much of the analysis in this thesis, EDA

H-modes have increased particle transport relative to ELMy H-modes that may not be

captured by the standard transport model. This is tested in the right panel of Figure6.21

through inclusion of an RBM-driven transport channel as in the previous section. Solid red

squares use the same expression from Equation6.10, with C � t
RBM = 0:039as above. Adding

this transport mechanism reduces predictions which went as high asnped
e = 4 � 1020 m� 3

down to more reasonable values ofnped
e = 3 � 1020 m� 3. Before closing the section, one �nal

and perhaps more accurate modi�cation is made, following from the �ndings of Chapter5,

using kRBM and including the dependence on̂qcyl noted in that chapter. The open red squares

in the right plot use the following form of RBM-driven transport:

DRBM = Ck
RBM

1
k2

RBM q̂cyl
(6.11)

The reader is spared one �nal plot, but the value ofCk
RBM used in the prediction shown by

the open red squares is taken from a �t to the �xedI P dataset from Section5.2.1and is set

to Ck
RBM = 0:086. This alternate form improves the EDA prediction if slightly sacri�cing
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accuracy in the prediction of discharges at moderatene.

6.3 Predictions of edge density for SPARC

The body of this thesis has motivated that prediction of the edge pro�le strongly depends on

accurate representation of neutral transport, but more importantly, also plasma transport.

Furthermore, the pedestal and the separatrix are often strongly coupled such that variation

of the separatrix condition has strong implications for both the number of neutrals that can

fuel the pedestal and the intrinsic plasma transport impacting its gradients. The degree

and manner to which these are coupled is of course dependent on the operational regime,

be it an L-mode or an H-mode, the type of H-mode, and its proximity to operational limits.

Decoupling of the pedestal and the separatrix, such that a hot pedestal promoting fusion

gain can coexist with a dense separatrix that ensures power handling satisfactorily, would be

a boon to achieving sustainable fusion. Next-step devices may access such regimes. But, in

the absence of experimental data (or theoretical predictions for how these might decouple), a

prediction of the pedestal condition necessarily involves prediction of the separatrix condition,

if at least as a boundary condition. This section attempts to make a preliminary prediction

of the pedestal top density of SPARC by combining the Saarelma-Connor density predictor

with the Eich-Manz SepOS model, as well as insights into the role of transport in high density

H-modes.

In order to do so, the section �rst considers the SepOS model to generate a boundary

condition in nsep
e , as well as to estimate important pro�le quantities like� t , � e, and � pe .

This is done for both the favorable and unfavorable drift directions, noting, however that

the SPARC PRD is in a double null magnetic con�guration. SPARC's primary reference

discharge (PRD) [24, 193, 194], designed to reach high fusion gain,Q � 1, is designed using

the set of engineering parameters listed in Table6.1. From these engineering parameters,

DALF-normalized quantities are calculated. As is done in previous sections, combinations

of these quantities are numerically solved for SPARC's parameters. These are plotted in

terms of (nsep
e , Tsep

e ) at the separatrix for both the favorable and the unfavorabler B-drift

directions in Figure 6.22.

As on C-Mod and AUG, translating these boundaries into the dimensional (ne, Te) space

for SPARC requires parametrization of the DALF-normalized quantities in terms ofne and

Te, as well as the variables that compose the set of magnetic equilibrium parameters,M .

Most of these quantities have well-de�ned, closed-form expressions, with the exception of

� ? , as mentioned earlier. The SepOS model chooses� ? = � pe , but there is some uncertainty

about the appropriate scaling of this quantity. As a result of this uncertainty, the SepOS
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Table 6.1: Parameters for SPARC's primary reference discharge [24, 193, 194]

Parameter Value

B t (T) 12.2

I P (MA) 8.7

Bp (T) 1.7

R (m) 1.85

a (m) 0.57

� 0.54

� 1.97

hnei (1020m� 3) 2.9

f G 0.34

boundaries are generated for di�erent choices of� pe scalings, in both H-mode and in L-mode.

In H-mode, the L-H, IBML, and criterion b) for the ELMy-EDA transition all depend on the

choice of� pe . Note that using a scaling for� pe (and all other parameters used to determine

these boundaries) in terms of solely� s;p and � t allows estimation of a unique� pe for all (ne,

Te) pairs. Figure 6.22shows these curves for scalings for the H-mode� pe , using the scaling

coe�cients from both C-Mod and AUG discussed in Section4.2.2. For the LDL, no scaling

has been generated, so a number of values for� LDL
pe

have been used. Predictions in this

section will be limited to H-mode discharges, so the LDL, while very important for trajectory

planning into the H-mode, is not of high concern in this section. The boundaries generated

using threshold� t values, i.e. the L-I transition and criterion a) for the ELMy-EDA transition,

have no dependence on� pe , so only one curve is generated for each. Finally, the two sets of

solid and dashed curves in dark and light blue in the unfavorabler B-drift direction account

for uncertainty in the Reynolds factor,� RS. The light blue curves take a �xed� RS, found to

best describe C-Mod data across the range ofq̂cyl , while the dark blue curves use� RS = 0.3,

calculated from the empirical scaling found in Section4.3 for � RS as a function ofq̂cyl .

Figure 6.22shows that the L-H boundary is not strongly sensitive to the choice of scaling

for � p, especially at low and highne. Only at around the minimum of the curve does the

C-Mod scaling predict a smaller� p (and hence weaker
 i E ti ), which yields a slightly lower

Te prediction for the L-H transition. This inspires con�dence that unless an unaccounted

for transport mechanism plays a signi�cant role in driving turbulence near this minimum on

SPARC, the minimum values ofnsep
e and Tsep

e of the L-H curve plotted here may well predict
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Figure 6.22: Projected boundaries for the separatrix operational space of SPARC based on
PRD parameters, using the SepOS for both the favorabler B-drift (left) and the unfavorable
r B-drift direction (right) for C-Mod (solid) and AUG (dashed) � pe scalings. Core SepOS
boundaries are shown, as well as proposed ELMy-EDA, L-I boundaries, and correction to
L-H in unfavorable r B via � RS. Red star shows operational point for PRD. Blue star shows
high density operational point.

those allowing easiest H-mode access. The IBML, on the other hand, shows a fairly large

discrepancy between both scalings. The AUG scaling predicts a larger� p, which lowerskideal ,

provoking the IBML at higher Te, signi�cantly opening up the high ne, high Te operational

space. The di�erence grows larger asne increases. While the di�erence in these boundaries

may be large, it is not likely that operating with a separatrix density larger than5:0 � 1020

m� 3 in H-mode is desirable from the point of view of performance and fusion gain.

Figure 6.22also shows proposed boundaries for the ELMy-EDA transition: a)� t = 0:55

and b) kEM = kRBM , with both the C-Mod and AUG � pe scaling. The curves bisect thene, Te

space in di�erent ways but both generally de�ne a region at lowne and high Te where Type-I

ELMs may be found, and a region at highne, low Te where these will likely be absent. All

of these boundaries are consistent with a recently-proposed QCE/EDA operating point on

SPARC at nsep
e = 4.0 � 1020 m� 3, Tsep

e = 156 eV [195]. Note of course that this value ofnsep
e

is 30% larger than the volume-averaged density,hnei of the PRD (Table 6.1). The SepOS

boundaries indicate that the PRD operational point atnsep
e = 1.5 � 1020 m� 3, Tsep

e = 195

eV may be naturally ELMy. For discharges in the unfavorable drift direction, uncertainties

in � RS make large di�erences in L-I-H access. Even changing between 50% Reynolds stress
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Figure 6.23: Prediction of SPARC pedestal density pro�le for PRD scenario (left) and high-
density H-mode (right), using standard settings from C-Mod validation (thick, solid), higher
nsep

0 = 1016 m� 3 (dashed), lowerCneo = 0:005 (dash-dotted), higherCKBM = 0:1 (dotted),
and lower � crit = 2 (thin, solid). Shown also are the Greenwald density,nG and the input to
the EPED prediction, nped

e;EPED .

energy transfer to 30% (� RS = 0:5 and � RS = 0:3) represents a change in the minimumTe for

the L-H transition, Te;min from � 150 eV to� 190 eV. Interestingly though, a lower� RS allows

easier avoidance of H-mode at higherTe, widening the I-mode operation window to higher

ne and o�ering another high performance and ELM-free alternative to the Type-I ELMy

H-mode.

With boundaries for allowable separatrix parameters on SPARC, it becomes possible

to similarly project to achievable pedestal parameters using a prediction model like the

Saarelma-Connor model. One could imagine scanning across possible H-mode separatrix

parameters, but unless one were using the coupled prediction, which would only apply in

regions of large ELMs, one would also simultaneously need aTe pro�le. And even with

the coupled model, the result is sensitive to choices of transport settings and especially the

boundary condition for nsep
0 , which as has been noted throughout this thesis, is a very di�cult

quantity to project. Instead, this section will show point predictions of the model, including

the sensitivity to some of the free parameters. The two operational points projected will

be �rst, the PRD, mentioned already in this section, and second, a recently-proposed high

density operation point [195]. The PRD has been extensively studied and modeled [51, 53,

193, 196] in previous work. Predicted corene and Te and pedestalTe pro�les have been taken

from these. The results are of course not expected to be self-consistent, since there is no
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Figure 6.24: ModeledD pro�le of density pedestal prediction of SPARC for PRD scenario
(left) and high-density H-mode (right), showing totalDped in black, as well asDneo, DKBM ,
DTG , and DRBM (not included in the total Dped for initial simulations) in shades of pink and
purple.

iteration back to these predictions. The higher density operational point has only recently

been proposed, with view of ameliorating SPARC's power handling challenge, and core and

pedestal stability and transport predictive capabilities have not as of yet been leveraged for

this point. Its input Te pro�le will be based o� the PRD prediction, modi�ed using knowledge

of the EDA H-mode on C-Mod, as will be explained below.

Looking at the favorable drift-direction SepOS diagram in Figure6.22 shows the two

proposed operating points with stars � the red star corresponds to the lowne PRD and the

blue star corresponds to the highne point. The PRD is asserted to operate atnsep
e = 1:5� 1020

m� 3 and Tsep
e = 195 eV. This puts this scenario in the Type-I ELMy H-mode space. The

high density operation point has been proposed atnsep
e = 4:0 � 1020 m� 3 and Tsep

e = 156 eV.

Looking at the same �gure, this point lies in the H-mode operational space, but to the right

of either proposed boundary for disappearance of Type-I ELMs, placing it fairly comfortably

in the EDA/QCE space. The expectation is then that this scenario would not feature large

ELMs and would as such, not be limited by the PBM-KBM constraint from EPED, making

prediction of pedestal parameters di�cult. Without previously computed predictions for

pedestal widths and heights, or without core transport pro�les generated through gyrokinetic

simulation, very crude approximations are used to supply the Saarelma-Connor model with

Te and � MHD pro�les with which to compute Dped. Assuming these points are in ELMy and

EDA regimes respectively, trends from the ELMy-EDA dataset from C-Mod are used to

extrapolate approximate changes to pedestal characteristics and core pro�les. Very simply the
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coreTe pro�le is divided by 2, i.e. TEDA =QCE
e = 1

2TPRD
e and the corene pro�le is multiplied

by 1.5 nEDA =QCE
e = 1

2nPRD
e . These choices are motivated by comparison of pedestal top values

from the bottom plots of Figure 6.18. As far as pedestal pro�les, EPED stability calculations

for the PRD [53] gave pped = 324 kPa, nped
e = 2:88 � 1020 m� 3, and Tped

e = 3:95 keV,

with a pressure pedestal with� p = 0:0337in  n . For the high density discharge, pedestal

pro�les are generated using a slightly larger� EDA =QCE
p = 1:5� PRD

p = 0:0421, a slightly wider

temperature pedestal width,� EDA =QCE
T = 1:3� PRD

T , and a slightly smaller density pedestal

width, � EDA =QCE
n = � PRD

n =1:3. These rough estimates for how the pedestal widths change in

the EDA compared to the ELMy H-mode are taken from the ratio of the median values of

� EDA to those of � ELMy for both ne and Te for the C-Mod ELMy-EDA dataset presented

above.

Figure 6.23shows very preliminary results for these two scenarios, including also variation

in choices for the transport and neutrals model. The density prediction model is run �rst with

the same transport choices from the best-�t to the ELMy-EDA dataset, i.e.
�

D
�

�

TG
= 0:05,

CKBM = 0:01, � crit = 3, and nsep
0 = 1015 m� 3, yielding the thick, solid curves. For the PRD,

the density prediction model predictsnped
e = 3:38� 1020 m� 3, somewhat above the input

value of nped
e to EPED that yielded the predicted pped, shown as a dashed gray line in the

left panel of Figure6.23. Note, however, that those predictions were made with a lowernsep
e ,

so a self-consistent solution should not be expected.

The �gure also shows sensitivity of the prediction to model inputs. The �rst of these,

the dashed curve, is with a highernsep
0 = 1016 m� 3. As with C-Mod ELMy discharges, the

prediction is quite sensitive to this choice, withnped
e = 4:44� 1020 m� 3 predicted if using

the higher nsep
0 . To motivate the sensitivity to parameters constraining the plasma transport

model, Figure6.24shows the overall plasma transport coe�cient,Dped, pro�le in black, as

well as its contributions in shades of pink. Note that althoughDRBM is shown in the �gure, it

is not used in the prediction shown in Figure6.23. From Figure 6.24, Dped is high throughout

the pedestal and only begins to decrease a couple of cm inside the separatrix. Furthermore,

when inspecting the contributions toDped, Dneo composes the majority of the transport

pro�le, at least inside the mid-pedestal. Considering Equation6.5, Dneo scales with � 2
s cs

a ,

with Cneo = 0:05 a constant. This expression is taken from transport simulations of DIII-D

pedestals [197]. On SPARC, given much higherTe, � s, but especiallycs will be considerably

higher. Since SPARC is a rather compact device, the ratio�
2
s cs

a is considerably higher than on

other devices, yielding a fairly largeDneo. Note also that DKBM is exceedingly small, likely

an underestimate of transport in these pro�les, especially given that the PRD is expected to

be limited by MHD modes. Here, considering Equation6.6, modifying either CKBM or � crit

would change the predictedDKBM . Sensitivity to these assumptions of neoclassical and KBM
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Figure 6.25: Comparison of prediction of SPARC density pedestal pro�le for PRD scenario
(left) and high-density H-mode (right) with RBM o� (red and blue) and on (pink and purple).

transport is shown also in Figure6.23. The prediction surprisingly increases only slightly, to

nped
e = 3:70� 1020 m� 3 even decreasing neoclassical transport by a factor of 10. It appears

that modifying transport further inside the pedestal, which is whereDneo dominates, has

a relatively small e�ect on the gradients. IncreasingCKBM by a factor of 10, shown in the

dotted pink line has almost no e�ect on the prediction. This is not entirely surprising, given

that DKBM is already as low as10� 4 m2s� 1, so even a factor of 10 increase has almost no e�ect

on the prediction. Interestingly, decreasing� crit from 3 to 2 has somewhat of a larger e�ect,

lowering the predictednped
e to 2:94� 1020 m� 3, even for the low value ofCKBM = 0:01. These

sensitivities indicate that identifying the critical � of KBM onset may be just as important

as determining the strength of the transport it drives.

The prediction looks somewhat di�erent for the high density discharges, shown on the

right of Figures 6.23 and 6.24. For standard �C-Mod� settings with nsep
0 = 1015 m� 3,

nped
e = 6:49 � 1020 m� 3. Interestingly, when increasingnsep

0 to 1016 m� 3, the prediction

increases substantially to a swelling8:79 � 1020 m� 3, abovenG = 8:5 � 1020 m� 3. There

is some sensitivity of the prediction toCneo, but almost none to the parameters mediating

KBM transport. Considering Figure 6.24, the reason for this becomes apparent. First, it

appears thatDped is actually lower throughout the pedestal in this high density case than

in the PRD. Pedestal values ofTe and r Te have both been decreased to represent typical

higher density pro�les. This decreasesDneo, since that depends onTe strongly through the

transport term, as mentioned above.DTG increases slightly, since for the same input power,

r Te is lower, lowering� e�
e . These relatively low contributions toDped give very highnped

e ,
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especially asnsep
0 increases.

Such largenped
e values, however, are inconsistent with expectations from opaqueness, as

well as changes to particle transport from Alcator C-Mod. The degree to which the model

captures the experimental opaqueness to neutrals and reconciliation of the unexpected trends

observed earlier in this chapter with theory is the subject of future work. But, as motivated

throughout this thesis, it is possible that at these high densities proposed, the additional

RBM-driven transport channel may become important, and its absence in the prediction

may help in part to explain the high nped
e values predicted. Figure6.24 shows pro�les of

DRBM computed from the �nal predicted ne (and input Te) pro�le for the standard C-Mod

settings, using Equation6.10. While this transport channel is not included in the prediction

and so is not self-consistently adjusted in the plasma transport, two things are clear from

the �gure. First, DRBM is most active near the separatrix, where� t is high. Second,DRBM

is considerably higher in the high density case, both than the other components ofDped

and than DRBM in the PRD. Including a transport channel whose drive depends strongly on

parameters related to decreased adiabaticity, which occurs at both highne and Te, recovers

the expectations that higherne scenarios should experience larger particle transport, at least

near the separatrix, than an equally-powered but lower density discharge.

Figure 6.25shows the impact of including the RBM transport channel self-consistently on

the prediction, for both the PRD (now in pink) and the higher density discharge (purple).

This �gure shows how the prediction changes from the standard C-Mod settings, shown as

thick, solid curves in Figure6.23when accounting for RBM transport, using the model from

Equation 6.10. For the PRD, there is some di�erence in thenped
e prediction, as the RBM-driven

transport weakensr ne near the separatrix. Given that� t is low for the PRD, this is likely

an overestimate of the e�ect of the RBM. While the RBM does not have as sharp an onset

condition as the KBM, for example, it could be that a threshold implementation, whereby the

RBM transport turns on at a critical � t (or kRBM ), may be more appropriate. Regardless, for

the high density discharge, where� t is high, the di�erence in the prediction is quite drastic.

Including this transport channel lowersnped
e considerably, down tonped

e = 5:08� 1020 m� 3,

only 25% abovensep
e , yielding a fairly �at pedestal pro�le. Interestingly, this pro�le now

looks more like an L-mode than an H-mode. Indeed, inside the separatrix, EDA H-modes

may indeed look L-mode-like, since these pedestals often shift into the SOL, which is where

the steepest decay of the pro�le occurs as particles are transported to the divertor targets.

Whether this now overestimates the contribution fromDRBM is of course also uncertain. But,

a quick glance back to Figure6.15, (and much of this thesis) shows that once a high-density

regime is accessed,nped
e may reach a naturally limited value, and it may not be much higher

than nsep
e , especially at the highest values ofnsep

e .
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Chapter 7

Conclusions and Future Work

Decades of research have yielded great advances in developing understanding and predictive

capabilities for the operation of tokamaks with the goal of achieving sustainable fusion.

Whole device modeling, however, thought to be the pinnacle of prediction in fusion, remains

elusive. Simulations of the tokamak core, which are highly dependent on the edge boundary

condition, especially in the H-mode, often scan this boundary condition, usually yielding a

parameterization of fusion gain on the pedestal top pressure. Boundary modeling on the

other hand aims to provide a limit for values at the separatrix that will enable survivability

of plasma facing components. The integration of these two paradigms for modeling tokamaks

necessarily depends on understanding, and if not, at least reliable prediction, of the region in

between. Understanding the region between the pedestal, or pedestal-forming region, to the

separatrix is very challenging, as this is where codes break down, and where measurements of

key plasma and neutral properties are di�cult to make. This thesis has provided a survey of

what this region looks like at high density, generalizing where possible to next-step devices

operating at high density. It makes important advances in understanding how a pedestal

(and subsequently, the rest of the core pro�le), may respond to the boundary requirement of

a high density edge. In its e�ort to continue building understanding of processes that limit

growth of the density pedestal, it hopefully also serves as a guide for how a high density edge

solution may be aptly integrated with a high performance core.

7.1 Thesis summary

This thesis began with presentation of the techniques, both computational and experimental,

to be used in analysis of the edge pro�les of Alcator C-Mod. In particular, Chapter2 showcased

a work�ow for combining plasma measurements from ETS with neutral measurements from

LYMID to generate a set of quantities useful for the study of neutral and plasma dynamics
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in the edge. It then demonstrated how inclusion of constraints via the neutral density into

SOLPS-ITER allows for breaking the degeneracy of particle transport coe�cients, allowing

for comparison of those obtained from the 1D experimental work�ow to those obtained from

2D plasma and 3D neutral simulations.

Chapter 3 deployed these techniques on a particular experiment (and another follow-on

one executed a year later), aimed at study of pedestal structure. Initial observations that the

pedestal quality was strongly in�uenced by the power crossing the separatrix were revisited

in the context of edge ionization and particle transport, enabled by the joint ETS-LYMID

work�ow. It was observed that the degradation of the pedestal pressure was strongly linked

to saturation of the density pedestal and an increase in the cross-�eld particle transport.

The most in�uential plasma parameter in mediating this saturation was found to be the

separatrix collisionality, which is thought to determine the character of the edge turbulence.

SOLPS-ITER simulations were performed for these discharges and subsequent ones in which

the ionization source was deliberately reduced via cryopumping. It was observed that the 2D

distribution of neutrals around the vessel and their subsequent penetration into the plasma

was strongly in�uenced by the density of the SOL plasma. Poloidal variations were observed

and correlated with this density.

Chapter 4 transitioned into a more technical evaluation of edge turbulent transport,

making use of the decades of electromagnetic drift turbulence theory on which the SepOS

model is built. The model was validated for the �rst time on a device other than AUG

and was shown to well describe existence of H-modes and L-modes across a wide range in

engineering parameters and at the high magnetic �elds and plasma densities of Alcator C-Mod.

The parameters of the model were then used for analysis of high con�nement, non-ELMing

regimes discovered on Alcator C-Mod. In particular, the EDA H-mode and the I-mode were

found to exist at high and low edge collisionalities, and initial connections were made with

theory for their transport-limited edges, imposed by coherent �uctuations in these regimes.

Finally, the SepOS model was tested through inclusion of kinetic corrections, showing that

for Alcator C-Mod at low densities and high power, kinetic corrections can a�ect estimated

separatrix quantities.

From the set of parameters from SepOS and earlier theories for edge turbulence, Chapter

5 searches for key drivers in transport in high density H-modes and L-modes. It �nds

that generally, experimental inferences of particle transport made from the ETS-LYMID

work�ow well correlate with the operational boundaries from the SepOS. Especially at the

H-L back-transition boundary and the L-mode density limit boundary, both active at high

densities, the cross-�eld particle �ux is seen to grow rapidly. Commonalities in the growth of

this metric for particle transport near H-mode and L-mode limits are observed. These are
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quantitatively attributed to the growing in�uence of interchange-type turbulence driven by

the resistive ballooning mode. Comparisons with theory for drivers of this mode are made

and scalings of edge transport with these parameters are determined. The chapter ends

with a practical application of these transport scalings. Maximum gradients are observed in

the edge, primarily of H-modes, but also of L-modes. These are caused by the competition

between increased ionization and more-quickly increasing particle transport, which ultimately

limit the growth of the edge density.

The �nal narrative chapter of this thesis, Chapter6, scrutinizes transport-limited edge

pro�les more generally. The chapter tests a recently-developed model that aims to improve

these predictive capabilities. The model combines a reduced plasma and neutrals model, both

of which are tested on Alcator C-Mod H-mode pedestals. The models are then scrutinized

using the inferences of ionization source and particle transport from Chapter2. The chapter

then returns to C-Mod H-modes, but now focusing speci�cally on the transition to the EDA

H-mode from the ELMy H-mode. It studies the properties of both the pedestal and the

separatrix, showing how these two are related to neutral sources and how their relation

depends strongly on the operational regime. ELMy H-modes are much more sensitive to

neutral sources than EDA H-modes. It shows how the pedestal prediction model fares on

these discharges and suggests changes to the neutrals model using fast neutral simulations

with the KN1D code. It also suggests the inclusion of an additional transport channel from

the resistive ballooning mode, which is especially important in predicting the density of

EDA H-modes. The chapter ends with predictions for the edge densities of SPARC. It uses

both the SepOS model and the pedestal density prediction model to speculate on achievable

edge densities in both the primary reference discharge and in a higher density scenario. At

SPARC's high densities, transport from the RBM may play a strong role in limiting growth

of the pedestal density.

7.2 Open questions and proposed future work

This thesis includes more questions than answers. The following are important to answer in

order to better understand the mechanisms that determine the edge pro�le of tokamaks.

1. Does the interplay of fueling and transport depend on machine? Opera-

tional regimes? This thesis has suggested that plasma transport often eclipses the

role of neutrals in determining the H-mode pedestal density. All observations using

measurements of the ionization source are made for high density EDA H-modes. The

dataset containing ELMy discharges suggests, from neutral pressure wall measurements,
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that neutrals and plasma transport may play a more balanced role in setting pedestal

densities in this regime. This begs the question of how the importance of plasma

transport may be linked to device and operational regime. Further work to answer this

question would involve similar analysis as from this thesis to di�erent H-mode regimes

on other devices. The LLAMA diagnostic, for example, and DIII-D's ability to access a

number of di�erent H-mode types would signi�cantly help better answer these questions.

It would also be important to continue testing models like the density prediction model,

also with ionization measurements from LLAMA. Here, a multi-machine database with

Alcator C-Mod data, or other devices interested in more accurately measuring the edge

ionization source, would be very bene�cial.

2. Does a model built on �uid theory, like SepOS, apply to collisionless plasmas?

Are kinetic corrections important? Can access to ELM-suppressed regimes

be identi�ed solely based on separatrix parameters? SepOS applies well to

many plasmas on Alcator C-Mod at high magnetic �eld, which is critical for application

to a device like SPARC. Its application to C-Mod at high density is another important

observation, but since the model is built on �uid equations, it is perhaps less surprising.

AUG plasmas typically have lower edge collisionalities, which is promising for application

of SepOS to these types of plasmas, but SPARC, it should be noted, may reach even

lower pedestal collisionalities. It is important to consider what kind of resistance a

model like this will meet at the lowest collisionalities. Furthermore, the position of the

separatrix has been found to be highly important in dividing the operational space of

di�erent types of plasmas, H-modes and L-modes, but also di�erent types of H-modes

and I-modes. It would be interesting to see whether this is the case also for other

ELM-suppressed regimes, like negative triangularity plasmas, X-point radiator regimes,

and quiescent H-modes. Improvements in characterization of the ion temperature and

the impurity concentration at the separatrix are important to continue to test the

importance of the separatrix in mediating access to these regimes. Finally, the separatrix

as they key physical radial location of interest is largely an assertion. Detailed pro�le

analysis might help to understand whether some other radial location in the edge might

be more suitable to describe the transition. Ultimately, however, it may be di�cult to

conclude on the correct radial position for these phenomena until a decoupling of the

pedestal and separatrix is achieved experimentally (see point 5).

3. Is pedestal saturation (and the edge density pro�le more generally) a feature

of operating at high density? Does particle transport respond in the same

way near these limits on other devices? This thesis has connected density pedestal
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saturation and critical gradients in the edge to the in�uence of the resistive ballooning

mode. As with the �rst item in this list, measurement of the edge ionization source

on other devices would be a great asset to answering this question. Here, simulations

could also be of high value. In particular, it would be important to compare turbulence

simulations of both an H-mode and an L-mode with something like a fueling scan. Codes

like BOUT++ or HERMES, both built from �uid equations, could yield important

insights into phenomenology of the edge pro�le of both regimes in response to increased

edge sources and as density limits are approached.

4. How do quasi-coherent modes and edge localized modes interact to produce

either an ELMy H-mode or an EDA H-mode? When does one appear and

the other disappear? Can they co-exist? Can insights into their onset and

termination be integrated into a pedestal prediction model that serves both

(and other) types of discharges? While the ELMy-EDA dataset has yielded a

number of striking observations of the response of the edge pro�le to neutral sources,

this thesis has not included analysis of ELM type or evolution of the QCM across

this dataset and in the transition. It has found that wavenumbers corresponding to

particular types of turbulence are important for the transition, but the connection to

ELM and QCM size and frequency in these regimes is missing. It is likely important to

understand onset, disappearance, and possible coexistence of ELMs in these regimes.

Here, operational space scans in these dimensionless parameters, mainly controlled

by the pro�le characteristics and their gradients at the separatrix would be of great

importance. These, coupled with measurement of similar quantities at the pedestal top,

would help greatly answer these questions. And ultimately, improved understanding

of how transport interacts with these types of modes, through measurements of the

characteristic �uctuations of these modes and simulations of the same would be of great

use to improved density pedestal prediction and integration with pedestal predictions

from EPED.

5. Can the pedestal and the separatrix be decoupled to simultaneously enable

high fusion gain and divertor survivability? Ultimately, this is one of the most

important questions that fusion scientists may need to answer, and the responsibility

for an answer lies with pedestal physicists. Pedestal simulations might be able to

answer these questions, but in the absence of an equation set or model-coupling toolkit

appropriate for the pedestal, �rst-principles simulations to answer this question are not

as of yet, available. Experimentally, no devices have been able to answer this question

de�nitively. Multi-machine databases spanning large ranges in operational parameters
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may help to answer this question. Ultimately, the easiest way to answer this question

may be to build and turn on the next generation of devices.
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Appendix A

Assessment of power handling solutions

for a negative triangularity high-�eld

reactor

The entirety of this chapter, and this section speci�cally, is guided by a �power-handling �rst�

approach to reactor design. Rather than prioritizing core performance and then hoping to

�nd a solution that also enables adequate power handling, this approach does the reverse.

With this mantra in mind, this paper presents initial scoping and design of potential divertor

con�gurations for fusion power plants similar to MANTA (Modular Adjustable Negative

Triangularity ARC), a highly-radiative pilot plant concept that avoids edge-localized modes

(ELMs) through the adoption of negative triangularity (NT) plasma shaping [198]. The

adoption of NT scenarios creates conditions in the edge that are signi�cantly more amenable to

power handling than typical tokamak reactor concepts based around the positive triangularity

H-mode [199].

NT research has grown in popularity signi�cantly in recent years. Three tokamaks,

TCV [ 200� 203], DIII-D [ 110, 204� 209], and ASDEX Upgrade (AUG) [210] have successfully

created NT-shaped plasmas. Many of these experiments have identi�ed improvements in

core performance. They also suggest advantages for power handling when operating with a

divertor designed for NT. The �rst of these is a geometric advantage in terms of a reduction

in the heat �ux density on the armored targets [211]. NT moves the divertor to larger

radii thereby increasing its surface area compared to a positive triangularity (PT) plant of

equivalent major radius.

Results for plasmas in NT suggest that it may be possible to sustain good core con�nement

even without an edge transport barrier, a scenario more closely resembling an ELM-free

L-mode edge [204, 206, 207, 212]. This is bene�cial for power handling, as the absence of a
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pedestal and ELMs that accompany those in ELMy H-modes forgoes the need to survive

large transients in heat and particle �uxes. Under the conditions expected in tokamaks at

high plasma current, these will be particularly dangerous for machine survivability. Recent

results on DIII-D bolster con�dence in being able to retain this ELM-free edge for su�ciently

negative triangularity, even at high heating powers [208, 213]. It was also observed that this

ELM-free operation was compatible with non-seeded detachment, even with a divertor not

fully optimized for NT [214]. Ability to access any ELM-free regimes in a reactor remains

uncertain, but as far as access, the bene�ts of the NT edge may be the easiest to create,

especially in a device designed for NT. If trends for these bene�ts can extrapolate, NT

becomes a very attractive operational scenario.

A.1.1 Point design simulation of the boundary plasma

As part of the design of MANTA, one of the key questions to answer was to what extent

NT edge facilitates the power handling challenge. To quantify this requires simulation of

the boundary plasma, and in particular, tracking particle and heat �uxes to the vessel walls.

This section will present the simulations used in the point design of the MANTA boundary,

including the region from the SOL down to the divertor. Simulation of this region began with

the use of a Grad-Shafranov solver called FreeGS [215], which can generate an equilibrium

based on a set of coil locations and currents, speci�cally developed for modeling the X-point

and divertor region. From this equilibrium, UEDGE was employed to calculate the heat and

particle transport through the MANTA SOL to the divertor target plates. UEDGE solves the

2D Braginskii plasma �uid equations for magnetized plasmas in the tokamak edge. UEDGE

also includes a �uid neutral solver that models the particle source and neutral dynamics in

the simulation domain [216]. To reduce computational cost and allow parameter scoping, a

single plasma �uid species with average mass of 2.5 AMU is used to represent a 50-50 D-T

fuel mix. The code uses an implicit numerical scheme to advance the plasma solution in time.

UEDGE has been previously used as the workhorse for scoping divertor parameter space and

assessing divertor survivability in other high-�eld reactor-class devices [132].

UEDGE belongs to the same category of boundary codes as SOLPS-ITER, introduced in

Section2.3, but it includes three key di�erences. First, the neutral grid in UEDGE directly

corresponds to the plasma grid and does not extend to the wall, compared with the EIRENE

grid in SOLPS-ITER which does. In addition, UEDGE only includes a �uid description of

neutrals, whereas EIRENE calculates the kinetic neutral equations. Finally and perhaps

most importantly for this work is that UEDGE is much less computationally intensive than

SOLPS-ITER, allowing for quick iteration about a design point. Whereas SOLPS-ITER
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was used earlier for a high-�delity description of the physics of neutral penetration into the

pedestal, UEDGE is used here as a design tool. Rather than focusing on detailed study of

plasma and neutral transport in the NT edge of MANTA, UEDGE is used to scope out an

operational space in which MANTA's divertor could survive, and to test sensitivity to the

choice of inputs. The focus on this section is not as much to explore physics, but rather to

answer a very targeted question: �What combination of inputs will ensure MANTA's divertor

survives?� To ensure divertor survivability, two key metrics are tracked. The �rst and most

important is the maximum perpendicular heat �ux density on the targets,qmax
? ;surf , simply

referred to asqsurf hereafter. The second metric involves bothTi and Te on the target surface.

These two metrics must be satis�ed simultaneously to respect limits of recrystallization of

the divertor's tungsten surface and thresholds for tungsten sputtering [217, 218].

The in-built UEDGE mesh generator was used to create the grid shown in FigureA.1,

focused on high resolution near the separatrix and near the targets, important for resolving

steep plasma gradients and physics of plasma-wall interactions in these regions. The resolution

was chosen to be on the order of the parallel heat �ux gradient scale length,� q, expected near

the separatrix at the OMP. MANTA plans to operate in a DN magnetic topology, doubling

the plasma wetted area on which to divert plasma exhaust. For simplicity and to increase

computational e�ciency of the simulations, up-down symmetry is assumed, and only the

bottom half of the SOL was simulated. A re�ection condition is imposed at midplane poloidal

boundary. Such a setup is not consistent with drift transport terms, and so drifts are not

included. Near the divertor targets, a non-orthogonal grid is used, which allows for precise

target geometry tuning relative to the �eld lines imposed by divertor poloidal �eld coils

calculated with FreeGS above. The outer and inner targets are poloidally tilted such that

�eld line grazing angles at the target plates are 5.8° and 2.5°, respectively. Further tilting

to reduce the grazing angles to� 2° would potentially provide additional power handling

capability, but mesh cell distortion set a numerical limit that prevented this. UEDGE utilizes

an implicit numerical scheme to iterate the plasma solution until steady-state is reached,

by slowly increasing the simulation timestep until residuals have dropped below a speci�ed

tolerance of 10� 10.

A.1.1.1 Simulation setup

Core transport modeling for MANTA found a �xed PSOL = 25 MW to be compatible with a

fusion core that satis�ed the requirements of the NASEM report [219]. The L-H transition

power from the Martin scaling [83] for MANTA is PL� H
th � 100MW, meaning MANTA will

operate at f L� H = PSOL=PL� H
th = 0.25. This value ofPSOL is thus used for the UEDGE point

design. All 25 MW are applied at the core boundary, a few mm inside of the separatrix, and
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Figure A.1: UEDGE grid, consisting of 64 cells in the poloidal direction and 44 in the radial
direction, 18 of which are inside the separatrix and 26 of which are outside.

the power is assumed to be divided evenly between electrons and ions. The di�erence in

power a few mm inside of the separatrix and at the separatrix is not expected to represent

a signi�cant fraction of PSOL , as was the case for the SOLPS-ITER simulations. And since

the UEDGE grid captures even less of the closed �eld line region than the C-Mod SOLPS

grids did, this is expected this di�erence is expected to be even less signi�cant. For the

density boundary condition in MANTA's design, we use the result of an integrated modeling

work�ow described in [198]. This determines a value ofnsep = 9:6 � 1019 m� 3 yielded an edge

solution compatible with that of the core. Particle balance on MANTA is achieved through

cryopumping, with the objective of removing He ash produced in the core. This surface is

designated at the private �ux region (PFR) boundary on the outboard side, near the outer

target where the highest neutral pressure and thus, pumping e�ciency, is expected. A pump

removal rate of� 5� 1021s� 1 is chosen to meet4He removal requirements, assuming a 2%4He

concentration in the plasma exhaust from the reactor core and an enrichment of� 0.75 in the

divertor like that of MANTA [ 198] (consistent with previous studies [220]).

Like SOLPS-ITER, UEDGE does not resolve turbulent temporal and spatial scales, so

radial �uxes are calculated using a set of user-supplied cross-�eld transport coe�cients. Since

there is a lack of radiative L-mode negative triangularity experiments to compare to and

certainly no information about neutrals as C-Mod was fortunate to have, it is necessary

to use existing scalings to choose a transport model. To do so, three main quantities are

used to guide transport model selection: the e-folding length of the parallel heat �ux at the

separatrix, � q, the e-folding length of the plasma density at the separatrix,� n , and the ratio
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of inboard to outboard power,Pin � out . Predictions for these are made for their values using

empirical scalings and data from Alcator C-Mod.

As motivated in Chapter 4, � q is very in�uential for power handling as it dictates the size

of the divertor wetted area that must handle the bulk of the power crossing the separatrix.

Measurements of� q on both TCV and DIII-D indicate that while � q in NT is wider than

scalings predicted for the PT H-mode, it is not as wide as those in the PT L-mode. [200,

206, 214]. A variety of scalings for� q scalings [41, 221, 222] serve to provide bounds that

MANTA's � q is apt to fall in. The results for these scalings for MANTA's primary operating

parameter set are tabulated in TableA.1. Interestingly enough (and perhaps unfortunately),

Eich and Brunner's scalings both predict heat �ux widths possibly as low as 0.3� 0.4 mm.

Eich's scaling is a uni�ed scaling, and succeeds in predicting� q in many current devices

spanning a large range of operational parameters. It is, however, purely an H-mode scaling.

Brunner's on the other hand is multi-regime and might fare well in an NT edge, but it was

constructed solely on data from Alcator C-Mod. Other scalings of C-Mod data by Brunner,

but using Bp could suggest� q three times as high if the NT edge is to resemble the L-mode.

Further, a multi-machine scaling by Horacek would put MANTA's� q > 10 mm. Considering

this variation in possible values of� q and in the interest of computational e�ciency associated

with grid size resolution, an intermediate value of� q � 0.75 mm at the divertor throat is

chosen.

Table A.1: Values of� q for di�erent scalings

Scaling parameter Con�nement mode Device Predicted� q (mm)
B � 1:19

p [221] H multi-machine 0.39
< p > � 0:48[41] all C-Mod 0.30

B � 0:74
p [41] L C-Mod 1.01

B � 0:57
p [41] I C-Mod 0.75

B � 0:96
p [41] H C-Mod 0.61

B � 0:36
p q0:55

95 f 0:92
G [222] L multi-machine 11.82

For � n and Pin � out , there is even less predictive capability than for� q and no empirical

scalings to extrapolate from. Instead, these are chosen by considering measurements from

TS, as well as with Langmuir probes on current experiments [132, 141]. Using these data,

it is expected that � n = n
r n at MANTA's high Bp may be somewhere around6 � 10 mm

near the separatrix for L-mode plasmas. Finally, to determinePin � out , data for power �ow

to the inner and outer divertor of current devices is used. Ballooning-like transport on the

LFS is thought to carry signi�cantly more particles to the outer divertor than the inner

divertor [57, 223, 224]. This e�ect is due in part to a large volume of �bad curvature" on the

225



outboard side, making it more susceptible to interchange-driven turbulence [225]. Because of

the �ipped cross-section, this type of turbulence may not be as detrimental in NT because of

the decreased surface area of the bad-curvature LFS separatrix. On the other hand, while DN

con�gurations enable power-sharing between the top and bottom targets, the inner and outer

SOLs are disconnected, leading to a larger in-out power asymmetry than witnessed in single

null (SN) cases. Thus, MANTA is assumed to have a 30-70 power split between the inner

and outer divertor targets, respectively, corresponding toPin � out = Pin=(Pin + Pout ) = 0 :3.

The primary actuators used to achieve these values for� q, � n , and Pin � out are the particle

and electron/ion heat di�usivities, D and � e;i respectively. As a result of di�culty in

measuring the ion temperature, it is hard to constrainTi , although it is known that ion

to electron temperature ratio, � i = Ti =Te can be anywhere between2 � 6 in the edge of

L-modes [69]. For simplicity, � i is chosen equal to� e, a common assumption made in the

SOL [226]. Further, these transport coe�cients are applied uniformly in the radial direction,

yielding an entirely �at transport pro�le without a �transport well" characteristic of an

H-mode pedestal, which was crucial for the C-Mod H-mode plasmas simulated in Chapter

3. Modeling with radially invariant transport pro�les in the open �eld line region is seen

to reproduce gradients typical of L-mode con�nement for the near-SOL. Though this may

miss some features of the far-SOL (e.g. density shoulders, �lament transport, etc), the focus

of this study is reproducing the expected near-SOL heat �ux width properties and power

exhaust, so these far-SOL features are not considered.

In order to reach sub-mm values for� q consistent with the Bp and hpi scalings,� e;i had

to be reduced to below 10� 2. It was found that a value of � e;i = 7:5 � 10� 3 m2s� 1 was

su�cient to achieve � q � 0:76 mm at the entrance to the outer divertor. In order to yield

larger density gradient scale lengths, the particle di�usivity was slightly increased, relative

the thermal di�usivities. D = 2:4 � 10� 2 m2s� 1 yielded a� n at the OMP separatrix of 7.1

mm. D also in�uences� q through the convective term in the heat equation,/ Dr nT , so

D was �rst used to match � n and then � e;i was adjusted to yield the desired� q. Finally, in

order to replicate the expected in-out power asymmetry, poloidal variation was introduced

in � i;e . The grid was split along a radial cut connecting the center of the plasma to the

X-point, and � i;e on the inboard side was dropped further, to8� 10� 4 m2s� 1. These transport

coe�cients were applied in the common �ux region (CFR) of both the inboard and outboard

side individually. It was found that for numerical stability reasons, the transport coe�cients

had to be increased in the PFR. Plasma in this region is generally cold and rather tenuous,

so di�erences in transport in this region are not expected to have a large impact on the

overall solution. FigureA.2 shows the spatial variation of transport coe�cients required to

reproduce the gradient scale lengths outlined in this section.
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Figure A.2: 2D spatial distributions of � (= � e = � i ) and D. D is constant across the common
�ux region and in the core, while � is increased in the outboard half of the domain. D is
increased in the entire PFR, while� is increased only in the inboard PFR.

A.1.1.2 Results

Table A.2 records the three primary plasma parameters used as inputs for UEDGE, discussed

in the previous section. FigureA.3 shows the resulting upstream pro�les for these parameters

as well as the transport coe�cients shown in FigureA.2. The plasma density,n, clearly decays

more slowly into the SOL thanTe and Ti , which have small� T consistent with the small

� q expected from highBp. Ti is higher than Te across most of the SOL. At the separatrix,

Ti falls o� more slowly than Te, but the gradient scale lengths resemble each other more

closely in the far-SOL. The left panel of FigureA.4 shows the 2D distribution ofTe, with

a hot core plasma inside the LCFS that cools towards the walls and divertor targets. The

parallel temperature gradient is weak, an indication of an attached plasma with little power

dissipation. In-out di�erences in Te are not obvious without impurity seeding, but much

larger temperatures remain in the outer SOL than in the inner SOL for the seeded case,

consistent with detachment beginning in the inner target before the outer. The left panel of

Figure A.5 shows a very peaked heat �ux density pro�le both at the outer and inner targets.

This is also characteristic of an attached divertor, in which the heat �ux on the target is

dominated by the thermal plasma component. The peak heat �ux density for this plasma is

qsurf � 35 MW/m 2, signi�cantly above the limit for the divertor's material tolerances.

To dissipate some of this power, MANTA's divertor uses impurity seeding, a technique

routinely used for removing power to the targets via impurity radiation [227� 229]. This

technique is the same used in MANTA's core to achieve a high radiated fraction. The topic
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Table A.2: Principal control parameters used in UEDGE simulation.

Parameter Value Units
PSOL 25 MW
nsep 0.96 1020m� 3

� pump 5 � 1021 s� 1

Figure A.3: Upstream pro�les ofn (purple), Ti (blue), and Te (red) at the OMP.

of impurity seeding has been avoided for much of this thesis as the focus in earlier parts of

the work was in studying pedestals with low impurity content, rather than those containing

a number of extrinsic or intrinsic impurities. Impurity transport, especially in the pedestal,

is a topic of great importance and di�culty. The focus of this thesis, however, is on main ion

transport, which is important to understand before moving onto di�erences in transport of a

number of additional plasma species. Regardless, to model extrinsic impurity injection with

view of power handling, a �xed-fraction impurity model is often su�cient. This is available

in UEDGE, so it is used with neon (Ne) as the radiative species. This model sets the neon

fraction of the main ion density,f Ne = nNe=n, wherenNe is the density of Ne. Radiation from

Ne is estimated from impurity emissivity data generated from the MIST code [230, 231], in

the form of look-up tables, which relate the non-equilibrium parameter,ne� (where � is the

residence time), computed from local plasma parameters, to a volumetric radiated power

[216]. Ne recycling is not included explicitly in the model since the model only treats a single

main ion �uid species, but its density is related to that of the main ions, which are assumed

to be fully recycling. This is consistent with observations that Ne is a high-recycling impurity

[232, 233]. The value for f Ne was increased until enough power was radiated in the divertor
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Figure A.4: 2D contours of electron temperature (Te) of UEDGE solutions for f Ne = 0%
(left), f Ne = 0.13% (center), f Ne = 0.3% (right)

.

to reduceqsurf within material tolerances. It was found that for f Ne = 0.13%, qsurf on the

more heavily loaded outer target dropped well below 10 MW/m2.

The center and right panels of FiguresA.4 and A.5 show the e�ects of additional impurity

injection on the plasma most clearly. As the impurity fraction is increased, the plasma at

the divertor targets, in particular at the inner target, gets colder. The heat �ux density at

the inner target broadens and drops to below 1 MW/m2, indicative of detachment. This is

largely a result of the lower power sharing to the inner divertor, driven by reduced turbulence

in the inner SOL, and facilitating detachment at that target. Regardless, FigureA.5 shows

that the injection of impurities does also a�ect the outer divertor leg. The peak heat �ux

density on the outer target drops more than four-fold, to a more manageable value,qsurf =

7.8 MW/m 2 and slightly further as f Ne increases to 0.3%.

Figures A.6 and A.7 highlight some of the details of this power dissipation. The top half

of Figure A.6 shows the maximum temperatures, bothTe and Ti along each of the divertor

legs. Not unsurprisingly, temperatures on the inner leg are lower and decay to within 10 eV

at a distance of just over 15 cm from the X-point. At the same distance, temperatures along

the outer leg remain above 30 eV. Local �attening of the parallel temperature gradient only

occurs right in front of the target (� 49 cm from the X-point along the outer leg). While some

di�erence betweenTe and Ti exists close to the X-point, halfway to the target, temperatures

have equilibrated, likely a result of increased collisions as a result of larger plasma density.

By the time plasma arrives at each of the targets, however, it is below 5 eV, the typically
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Figure A.5: Total heat �ux density arriving at the inner (orange) and outer (blue) targets for
f Ne = 0% (left), f Ne = 0.13% (center), andf Ne = 0.3% (right)

.

assumed limit for target sputtering [218]. The bottom half of the �gure shows the total

radiated power along each leg. Radiation occurs primarily along the inner leg, and is generally

decreasing away from the X-point, except at the inner target, where it rises only a few cm

from the target.

Figure A.7 shows target temperature pro�les. At the inner target, bothTe and Ti are

relatively �at, while at the outer target, some structure remains in the pro�les. The peak

temperature is� 10� 15 mm from the strike point, indicating a signi�cant reduction in heat

�ux resulting from plasma convection. At these temperatures (below 10 eV), sputtering from

D-T ions is negligible. To evaluate sputtering from impurity species, namely He and Ne, a

calculation based on the impact energy is performed, similarly to that done in [198]. The

solution presented in this work has even lowerT, with Te � Ti < 5 eV, meaning that He

sputtering is expected to be negligible, and Ne sputtering will similarly have no impact on

divertor lifetime. The calculation is outlined in further detail in [198].

A.1.2 The divertor operational space

In the interest of generalizing these results to a broader divertor operational space for MANTA-

like NT reactors, scans about the design point presented in previous sections are performed.

In particular, these scans explore the sensitivity ofqsurf to the input control parameters. This

approach also helps evaluate the robustness of the point solution and accounts for some of the

uncertainty in the model parameters and the model itself. To this end, 2D scans of the three

most important parameters in mediating heat �uxes on the divertor targets are performed.

The parameters chosen arePSOL , f Ne, and nsep. Two sets of scans are performed. The �rst

�xes f Ne, and scansPSOL and nsep. The second �xesnsep and scansPSOL and f Ne. This is
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Figure A.6: Pro�les of maximum temperature (top) and total radiated power (bottom) along
outer (blue) and inner (orange) divertor legs, for both ions (solid) and electrons (dashed).

Figure A.7: Temperatures along inner (orange) and outer (blue) targets for both ions (solid)
and electrons (dashed).
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done for two di�erent valuesnsep, one at 0.36nG and one at 0.5nG, one below and one above

the nominal operatingnsep.

Each point in the scan represents a converged UEDGE solution. For the transport model

chosen in SectionA.1.1, across the explored parameter space,qsurf at the outer target, qOT
surf

is larger than that at the inner target, qIT
surf (i.e. qOT

surf > q IT
surf ). Thus, only qOT

surf is reported,

depicted as the color dimension in the top plot of each of the �gures in this section. Each

of these plots also shows theqsurf = 10 MW/m 2 curve, linearly interpolated using this color

variable and the abscissa of each plot. Where no partially detached solutions exist, the black

dotted line is constructed via extrapolation. Additionally, for each point in the scan, the

radiated fraction, f rad = Prad
PSOL

is calculated, usingPrad = Pneut
rad + P imp

rad , wherePneut
rad is the

summed radiated power due to neutral ionization and recombination, andP imp
rad is the radiated

power due to impurity radiation, in this case estimated only for Ne.

The scans are restricted to the solution space in which the divertor remains in a state

of detachment similar to that of the main operating point - that is, the inner legs detach,

while the outer legs remain partially attached. This is a practical limit, due to di�culty in

achieving stable convergence when transitioning between attached/detached target solutions.

Higher nsep, lower PSOL , and higher f Ne detaches the outer legs. The opposite reattaches the

inner legs. For simplicity,D and � are kept constant in these scans.

A.1.2.1 Scan of upstream density and power at �xed impurity fraction

The �rst scan takes the impurity fraction of neon to be �xed at f Ne = 0:35%. This impurity

fraction is somewhat higher than that required to just barely meet divertor tolerances as shown

in Section A.1.1.2, which provides considerable margin for the basecase input parameters

parameters listed in TableA.2. With this �xed, scans in nsep and PSOL are performed. While

neither of these can be controlled with absolute certainty, they represent fairly good proxies

for two of the main control room actuators, fueling and heating, respectively. The scan in

density is particularly useful because uncertainty in predictive capabilities fornsep given a

particular fueling scheme renders it vital to scan about a value extrapolated from current

experiments. On the other hand, even if predictions for the point value ofnsep are correct,

it may still be desirable from a performance point of view to increase the density in an

attempt to access larger fusion gain. Core modeling of MANTA shows that for a �xed value

of PSOL , MANTA can generate more fusion power simply by increasing the line-averaged

density, �n, [198], which might also raisensep. Varying the density also opens the possibility

of a larger upper limit for PSOL because of the ability to dissipate more power at higher

nsep. Furthermore, heating in a burning plasma will be dominated byP� , and so fueling is

expected to be an even more important actuator in a reactor thanPaux . Higher nsep may then
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Figure A.8: 2D scan ofnsep and PSOL at �xed f Ne = 0:35%. The color bars showqsurf at the
outer target surface (top) andf rad (bottom). Contours of �xed qsurf ;OT and f rad are shown at
top and bottom respectively.

o�er a higher margin for error for PSOL , inspiring more con�dence in an integrated core-edge

solution.

To vary nsep, the density boundary condition at the innermost radial �ux surface is varied.

At di�ering values of this boundary condition, the power entering the simulation domain at

this same boundary is varied. Robust divertor operation is found forPSOL > 25 MW, so long

as nsep remains su�ciently high. Figure A.8 shows a scan innsep from 0:7 � 1:2 � 1020m� 3

and a scan inPSOL from 25 � 50 MW. Regardless, it is found that past� 40 MW, increases

in nsep do not help considerably with power dissipation. Higher values ofPSOL may require

additional impurity seeding, as described below.

A.1.2.2 Scan of power and impurity fraction at �xed upstream density

A second set of scans explores how MANTA's operators may need to adjust the level of injected

neon in order to maintain acceptable heat �uxes in the divertor in the event that the upstream

value for PSOL varies. Or conversely, it may inform leniency in the allowable level ofPSOL if
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MANTA can reliably regulate the Ne content in its divertor. Sincensep remains uncertain,

scans are performed at both a lower density and a higher density,nsep = 0:8 � 1020m� 3 and

nsep = 1:1 � 1020m� 3. These correspond to separatrix Greenwald fractions,nsep=nG, of 0.36

and 0.5 respectively. Taking�n = 2nsep would give overall Greenwald fractions for these two

operating points off G � 0:72 and f G � 1 respectively. Of coursef G at unity is nominally an

unstable operating point. Recent results in DIII-D's NT campaign, however, show operation

even at f G � 2, even though its edge remained belownG [109], implying greater density

peaking than the assumption made here of�n = 2nsep. If MANTA can achieve this level of

peaking, it is conceivable that MANTA may also be able to operate at this density. This high

density scan presents a potential, if optimistic, expansion to MANTA's operational space if

robust high density operation in NT is successful.

These scans varyPSOL between25� 50 MW and f Ne between0� 1%. As with the previous

set, they demonstrate a very �exible operational space for MANTA's divertor. The left panel

of Figure A.9 shows that even at low density, it remains within 10 MW/m2 for PSOL up to 50

MW with f Ne < 1%. The qsurf line is linear throughout most of the scan and perhaps becomes

quadratic only at high PSOL . It is a good rule of thumb then, that the amount of additional

impurity needed should scale as the amount of additional power crossing the separatrix.

At high density, shown in the panel on the right of FigureA.9 the operational space is

somewhat reduced. This is a result of the imposition that the state of detachment remain

the same as in the standard operating scenario, i.e. inner leg detached, outer leg partially

detached. Whether or not this might be an actual requirement of this plasma or is a physical

result is outside the scope of this paper. In some sense, the fact that partially detached

solutions exist only at fairly moderate impurity fractions is a testament to the relative

ease with which an NT plasma may detach. If full detachment does not compromise core

performance, then this regime might be easily reached. Regardless, even with the requirement

of partial detachment it is found that very little impurity seeding is required. At Pnet up to

� 35 MW, f Ne < 0:2% is su�cient to keep qsurf < 10 MW/m 2.

In these scansf rad does not vary signi�cantly, less than 10% across the range ofPSOL ,

nsep, and f Ne in each scan. In FigureA.8 in particular, the variation in f rad is not monotonic

and unintuitively, not strongly related to nsep, as would be expected from the Lengyel model

[234]. In these scans, the density and temperature throughout the divertor vary considerably,

and so the dependence between upstreamnsep and f rad , calculated from the Ne cooling curves

(which are themselves non-monotonic with temperature [235]) is not straightforward. On

the other hand, in FigureA.9, f rad does vary fairly monotonically and withf Ne, as expected

from the Lengyel model. The scans at at lowernsep are at largerTsep and require largerf Ne

to access partial detachment. Hence, they have largerf rad when compared to the scans at
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Figure A.9: 2D scan ofPnet and f Ne at �xed nsep = 0:8� 1020m� 3 (left) and nsep = 1:1� 1020m� 3

(right). These two points represent slightly higher and slightly lower densities than the
nominal operating nsep = 0:96 � 1020m� 3. The color bars showsqsurf at the outer target
surface (top) andf rad (bottom). Contours of �xed qsurf ;OT and f rad are shown at top and
bottom respectively.

higher nsep. These plots also show contours of constantf rad . Considering the contour off rad

= 0.77, present in both scans, it is evident that at similar impurity fractions, the highnsep

scan can access partial detachment at higher values ofPSOL . This initial scoping implores

further analysis of the operational space to optimizef rad given a set of inputf PSOL , nsep, and

f Neg.
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Appendix B

An examination of L-mode con�nement

as a function of separatrix density

As has been introduced in earlier sections, a number of multi-machine activities have been

organized to understand global properties of H-modes, such as power thresholds for the

transition [83], the minimum density at which the transition occurs [143], scalings for the

near-SOL heat �ux width [128], among many others. Given the realization made in the last

few decades that the H-mode would be required to reach performance targets of next-step

devices and eventually fusion plants, the L-mode has received less and less attention. Recently,

concerns over the ability to ensure compatibility of the standard Type-I ELMy H-mode with

a dissipative edge, other regimes, including the L-mode have received renewed attention. A

reactor concept based on operating in a pulsed L-mode scenario with a highly-radiative core

has been recently introduced [236]. Furthermore, SPARC aims to achieve its Q > 1 mission

in its �rst campaign without entering H-mode. And generally, any device seeking operation

in an advanced con�nement scenario will need to transition to it from the L-mode. Better

understanding of the L-mode edge would thus help develop even these advanced scenarios

and perhaps even contribute to improved understanding of the dynamics involved in the

transition to an H-mode edge.

A step towards building collective understanding of the L-mode pro�le, in particular as

it relates to con�nement, has begun through the International Tokamak Physics Activity

in Transport & Con�nement (ITPA T&C). Led by researchers at CEA Cadarache and

IPP-Garching, this activity seeks to combine databases from a number of machines under

a similar analysis framework. It has collated data from WEST [237], AUG, JET, and now

also C-Mod, in an attempt to understand how the edge density a�ects core properties in the

L-mode. In particular, it seeks to quantify both thermal con�nement and density peaking

as a function of the separatrix density,nsep
e . The aggregate of the data from these four
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Figure B.1: Typical L-mode pro�les measured by ETS. Blue circles show rawne (top) and
Te (bottom) measurements. Solid black lines denote mtanh �ts, and dashed vertical red and
yellow lines denote separatrix location via the Brunner scaling and the Spitzer-Härm relation,
respectively.

machines, and potentially others, is currently under analysis and will be the subject of a

future publication, but in this appendix, only the dataset from C-Mod and initial analysis of

the data will be included.

The only requirement for the dataset compiled for this e�ort was that it include high

quality data ETS data, similarly to the dataset shown in Chapter4. Indeed, there is signi�cant

overlap between the dataset shown in this appendix and the dataset of L-modes from Chapter

4. Figure B.1 shows examplene and Te L-mode pro�les used in this appendix. It includes the

raw points measured by the ETS system, as well as an mtanh �t, using the same �t function

introduced in Section2.1.1.1. It also includes two independent estimates for the position

of the separatrix, in red using the Brunner scaling, i.e. the technique from Chapter3, and

in yellow using theTe pro�le gradient scale length from an exponential decay �t, i.e. the

technique from Chapter4. As shown by the pro�le at left, these can di�er by over 5 mm,

which will have some impact on the predicted value ofnsep
e , one of the key quantities of this

activity (as well as Tsep
e , as this quantity will also be important for calculating � � and � t

for example). Note that for these pro�les, both proposed separatrix locations coincide with

regions of large� n , such that the actual di�erence in predictednsep
e is not large. One could

imagine that for pro�les with small � n at the separatrix, these di�erences will matter more.

Undervaluing Tsep
e would likely have a bigger e�ect in underestimatingnsep

e than overvaluing
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Figure B.2: hnei plotted against nsep
e for a wide range inI P (color variable). Data is �t with

a linear �t (left) and a powerlaw �t (right).

it, as the pro�le is steeper just outside the separatrix than just inside. One �nal observation

to make about these pro�les is the quality of the mtanh �t, shown in black. For thene pro�le,

one might be convinced that a change in� n occurs somewhere in the edge, such that an

mtanh �t would accurately capture the change in gradient across the edge, as is the case

for H-mode pro�les. For Te, however, this is certainly not the case. Pro�les appear almost

linear near the edge, and it is likely that the mtanh is not the ideal �t function for these

pro�les. As a result, in this appendix, an exponential �t is used to estimatensep
e . The mtanh

is only used to extract values for the core density pro�le and also as an aide to computing

the volume-averaged values ofne and Te.

A large subject of this thesis is particle transport and fueling in the edge. While gas

fueling is uniquely an edge phenomenon since the ionization source inside the pedestal is

minimal, particle transport is not and it is also di�cult to characterize in the core, though it

is facilitated by the source-free assumption which is valid in the core but not in the edge.

Indeed, particle transport and associated density peaking, whereby an inward velocity, known

as a �pinch�, pulls particles from the top of the pedestal into the core, are topics of active

study [238, 239]. The presence of such a transport channel in the pedestal is also a hotly

debated topic, and experiments like those mentioned in Chapter2 [44, 58], among others

[240] have been performed to answer the question of its existence. In the source-free core,

density peaking is bene�cial, as it increases the particle inventory in the core for a �xed

height of the pedestal (or edge pro�le more generally). Early work studying density peaking

found correlation between increased peaking and lower e�ective collisionality,� e� [238]. This
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Figure B.3: Ratio of centralne, n0
e, normalized byhnei plotted against nsep

e for a range ofI P

(color variable).

is a global quantity computed from volume-averagedne and Te pro�les. One of the aims of

this activity is to determine its dependence on the separatrix density speci�cally.

In order to make progress on understanding on this topic, it is interesting to consider how

the shape of the density pro�le changes withnsep
e . Figure B.2 shows the volume-averaged

density, hnei plotted against nsep
e . Given relatively low scatter in the ne measurements,

hnei is calculated from the raw points themselves, usinghnei = 1
V

RVsep

V0
ne(r )dV, i.e. only

considering points inside of the separatrix. These values were found to generally match those

using the mtanh �ts mentioned earlier across the whole pro�le but were found more robust

given occasional issues with �ts with high residuals and nonphysical gradients in the core.

Furthermore, Figure B.2 highlights any dependence onI P using the color variable. Indeed,

in line with expectations from the Greenwald scaling [111], hnei increases withI P . From the

plot at left, it appears that the separatrix density is generally1
3 the volume-averaged value

for C-Mod L-modes, if a linear dependence between the two is assumed. The plot on the

right �ts the data with a power law, however, and �nds that an approximately square root

dependence is more appropriate. In other words, asnsep
e increases,hnei begins to plateau,

implying �attening of the density pro�le at high edge density.

Figure B.3 shows this phenomenon more clearly. This �gure now directly utilizes the

mtanh �ts mentioned above. It characterizes density peaking by normalizing the value of

ne in the core, i.e. at� p = 0, by the volume-averaged density,hnei , calculated from ETS as
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Figure B.4: Normalized con�nement, using an L-mode scaling (red triangles) and an H-mode
scaling (purple circles) againstnsep

e .

explained above. Once again,I P is shown as the color variable to identify its dependence. At

low nsep
e , peaking is strong, and core values can be almost twice the average density. Asnsep

e

increases, however,ne at � p = 0 approaches the volume-averaged value, implying a �attened

pro�le. Note that some peaking dependence onI P may be present, whereby peaked pro�les

are facilitated at low I P , but for any I P > 0:6 MA, it appears that pro�les may be either

very peaked or unpeaked, independent ofI P . As is expected,n0
e=hnei > 1 for all selected

discharges, implying that pro�les are all strictly decreasing, i.e. pro�les are not hollow, and

presumably, some pinch is active in all these discharges.

While density peaking is intrinsically favorable for an increased triple product and fusion

performance, it is also important to assess its impact on thermal con�nement, as this is an

equally important component of the triple product, as well as on the temperature pro�le itself.

Recent analysis from the WEST database contributing to this activity found that density

peaking was also associated with larger con�nement time,� E [237]. And, even when the

con�nement time was normalized by the power-dependence identi�ed in the ITER Physics

Basis con�nement scaling [241], an inverse dependence was found between con�nement and

density peaking. A similar investigation is carried out and presented here for the C-Mod

database. FigureB.4 shows the normalized con�nement, calculated using the experimental

� E and di�erent scalings for the con�nement time. H98 = � E
� 98

is calculated using the IPB98
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Figure B.5: L-mode normalized con�nement againstnsep
e (left) and � t (right).

scaling [241] and L96 = H96;L = � E
� 96

is calculated from a scaling developed from a similar

activity including only L-modes [242]. The H-mode con�nement factor is calculated to

characterize the di�erence in con�nement for L-modes and H-modes in similar conditions.

From Figure B.4, it is apparent that the L-mode scaling predicts slightly higher normalized

con�nement, to be expected given that con�nement times are generally lower in L-modes than

in H-modes. Regardless, it is clear that as with density peaking, high normalized con�nement

is only present at lownsep
e , whereas at highnsep

e , only low normalized con�nement (H < 1)

appears possible. Note that at lownsep
e , normalized con�nement can also be similarly low,

so a lownsep
e appears a necessary but not su�cient condition to achieve high con�nement.

Given the importance of a largensep
e to allow for adequate power handling, these results may

represent a con�ict between con�nement and power handling.

To try to understand this further, Figure B.5 re-plots the L-mode normalized con�nement

againstnsep
e , but now also against� t , and also using the input RF power as the color variable.

When plotting against � t , the trend becomes even clearer, as does a potential explanation.

As has been shown in previous sections,� t may act to increase interchange-driven turbulence

from the RBM, thereby weakening edge gradients and spoiling con�nement in the core. At

least in the H-mode, the dependence of the core on the edge pro�le, speci�cally the pedestal

height, would lend evidence to� t as being an e�ective agent of weakening core performance.

Any similar dependence on the L-mode core properties on the edge pro�le would similarly

explain such a relation. This of course only considers the separatrix and better correlations

of performance may exist with a parameter like� e� , which considers the shape of the core

pro�les as well and which itself likely has a correlation with a parameter like� t . Additionally,
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Figure B.6: � E plotted against nsep
e normalized byne from the TCI (pink circles) and hnei

from the ETS (gray triangles).

when including auxiliary power as a color variable, which is itself closely related toTsep
e ,

provides additional insight. It appears that turning on auxiliary power reduces� t enough,

even for highnsep
e discharges, such that they may access higher performance. A mid-density

discharge might thus succeed in achieving a large H-factor, as long as there is enough auxiliary

power. This plot may indicate that a high-gas pu�ng, high-power scenario may achieve

reactor relevance with view of both con�nement and power handling, but work must be done

to ensure design of an optimal trajectory to such a scenario without risking reaching either

density limits at too hight ne or sputtering limits at too high Te.

The previous �gures have found a link between highnsep
e and both low density peaking

and poor con�nement. To elucidate this link further, one �nal piece of analysis is presented.

Figure B.6 directly plots � E (unnormalized) against the normalized separatrix density. The

�gure does this normalization with data from two di�erent diagnostics. In gray triangles,

the normalization of nsep
e by hnei is shown, calculated from ETS as explained above. In

pink circles, it also shows a normalization by the line-averaged density,ne, measured by the

two-color interferometer (TCI) diagnostic on C-Mod [243]. Note that generally, ne > hnei , as

the volume-weighted integral will weightne more strongly in the edge, as this is where the

V(r ) is largest but ne(r ) is smallest. Regardless, the trends of con�nement with normalized

density via the two normalizations ofnsep
e are almost identical. Both show that by the

time nsep
e reaches about half of the average pro�le value, it will be di�cult to achieve large
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con�nement times. One might imagine that this coincides with large values� t , or values

of nsep
e close to the LDL boundary from Chapters4 and 5. As noted earlier, this may also

coincide with large values of� sep
? , driven by RBM turbulence, which would undoubtedly

correspond to low particle con�nement times. This �gure, however, implies that there may

be also the additional link with the energy con�nement time, a connection that would be

important to explicate in order to design scenarios involving L-mode phases.
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