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Abstract

With climate change effects on the rise, the global energy infrastructure requires re

vision. We first provide a brief review of common energy resources as well as their safety 

and climate effects. We then compare and contrast nuclear fission and fusion based en

ergy schemes. Difficulties based on the requirements of the fusion triple product, as well as 

the fast neutrons from the deuterium and tritium reaction are also discussed. The lack of 

sufficient experimental controls in enhanced confinement modes like the I-mode and the H- 

mode, lead to difficulties satisfying the restrictions imposed by the Greenwald density limit. 

These combined with several operational needs like ash and impurity removal, enhanced 

density control, the ability to access other confinement modes at reduced energy thresholds, 

motivates the search for a barrier capable of variable energy and density confinement.

Self consistent models suggest that unique phase relationships exist between different 

turbulent instabilities and plasma profiles like temperature and density, that determine the 

turbulent transport of the quantity. Two common instabilities, driven by the electron and 

ion temperature gradient, and their unique phase relations are used to arrive at a net phase 

relation for temperature and for density. Then, using electron and ion radio frequency 

heating, the difference in phase of the turbulent transport may be locally changed, altering 

transport dynamics.

Methods to increase core temperature while simultaneously increasing density transport, 

thereby avoiding the Greenwald limit, are discussed. The proposed transport controls are 

based upon characteristics of the localized radio frequency heating including amplitude, 

location, and duration. These parameters determine the power deposited in the plasma, and 

therefore the local ratios of the electron and ion temperature driven instabilities. Aspects of 

each parameter's effect on radial transport are summarized, with the strongest phase barrier 

allowing for a ~ 15% increase of core ion temperature and ~ 30% decrease of core density.
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Chapter 1: Introduction

In 2019 the average American residential consumer required 10,650 kW h [EIA, 2021]. 

Across the US this added up to 98 quadrillion BTU, about 2.9 × 1013 kW h, or about 17% of 

the global energy consumption [EIA, 2021]. Ice core samples provide a measure of the amount 

of carbon dioxide deposited in Earth's atmosphere throughout the past several hundreds of 

thousand of years. The amount of carbon in Earth's atmosphere in the 1950s was the 

highest it had been in 300,000 years. This increase in C O2 has persisted, leading to the most 

greenhouse gas in the atmosphere in the last 800,000 years Figure 1.1.

Figure 1.1: The carbon dioxide levels in parts per million vs time, illustrate the perturbation greenhouse 
emissions have made on Earth's carbon cycle. Original image by NASA [2021].

The accumulation of these green house gasses, GHG, is correlated with increased average 

global temperatures, shrinking ice sheets, larger tropic storms and hurricanes, and other 

changes to weather patterns inland. If we consider the global energy consumption over time, 

energy demands have nearly tripled since the 1950s and are expected to double again by 

2050 [NASA, 2021]. This is why we must source our energy with extreme consideration and 

stewardship towards our environment.

1.1 Existing Energy Resources

Unfortunately our choices of existing energy production methods are limited. We require 

low variability in power supply and maintain a large energy demand. American energy 
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demands are met by several fossil fuels, assorted renewable energy sources, and nuclear 

power accounting for approximately 63%, 17%, and 20% respectively in 2019 [EIA, 2021]. 

Most markets of the global energy infrastructure have similar fuel compositions. There 

are several reasons to motivate reducing the use of fossil fuel in global energy production, 

with GHG emissions ranking high on the list. To get energy out of a fossil fuel, it must 

be burnt. These fuels are always composed of hydrocarbon chains. Burning these chains 

generate H2O vapor from the hydrogen, a greenhouse gas, C O2 for example, from its carbon, 

and heat. The C O2 emissions released into the atmosphere per person in America during 

2019 was almost 16 metric tons [EIA, 2021]. The sum of these emissions around the globe 

are largely responsible for the rise in C O2 discussed earlier. Carbon free energy resources 

continue to grow, with large developments in solar, tidal, wind, geothermal, and many other 

energy sources. However, these sources are based on the energy available in their local 

environment, often resulting in high variability [Newman , 2018]. Capturing and using this 

energy locally, can be advantageous for the energy market when the renewable energy is 

available, by reducing distance and risk of transport. However, grid stability can suffer, and 

essential functions like operating hospitals cannot risk any variability in their energy supply. 

This base load energy demand will always exist, requiring stable energy sources.

Nuclear fusion is currently in use and is both clean and reliable. Fission power production 

occurs in large unstable elements, like the isotope uranium 235. Fission occurs when the 

uranium nucleus is perturbed by a neutron, allowing the uranium nucleus to split into smaller 

nuclei. This reaction produces lighter elements, more neutrons, and energy. The mass deficit 

between the uranium and the sum of the daughter elements produces the energy in the 

reaction, according to Einstein's equation relating mass and energy. The remaining neutrons 

are free to continue in a chain of fission reactions. This process generates radioactive waste 

that must be contained. The waste is broken down into three categories. Low level waste like 

tools and clothing account for about 90% of the volume of waste generated, and accounts 

for about 1% of the radioactivity in the waste. In contrast, about 3% of the volume is spent 
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fuel cores, and is highly radioactive accounting for about 95% of the radioactivity. The 

remaining 7% of waste is composed of reactor filters and byproducts from reprocessing spent 

cores [WNA, 2021]. For an average American consumer in 2019 if all energy were generated 

by fission, the highly radioactive waste's mass requiring long term storage would be about 

8 grams, similar to a piece of paper [WNA, 2021]. With this production method, each person 

would produce one two millionth of the toxic waste by mass that would have been produced 

by fossil fuels. Furthermore, unlike other energy producing schema, all of the toxic waste 

is captured and controlled in a functioning fission reactor. Ideally, this would allow for the 

complete management and long term storage of nuclear waste in active facilities, like the 

Waste Isolation Pilot Plant in America, as well as facilities under development in Canada, 

Finland, France, Sweden, and the UK [WNA, 2021]. However, long term storage and waste 

management, on the order of tens to hundreds of thousands of years, remains an unsolved 

challenge for the industry.

In addition to the challenge of long term storage, the danger posed when these reac

tors fail is a large reason fission is not the main energy resource currently in use. There 

have been three ma jor nuclear fission disasters: Chernobyl 1986, Three Mile Island 1979, 

and Fukushima 2011. Analysis shows that between the years of 1971-2010 there were ap

proximately 28.67 and 0.074 deaths per TWh to produce energy though coal and fission 

respectively. This calculation considers fatal incidents from all stages of the fuel cycle, in

cluding cancers from fallout [Kharecha and Hansen , 2013]. Using this metric, fission is about 

387 times safer to generate power with then the predominant energy production methods 

used today. Not included in this metric are illnesses like nonfatal cancers, respiratory ill

nesses, cardiovascular illnesses, and heredity effects. These rates are estimated to be 10 

and 3 times larger than the mortality rates of the respective fossil and fission based energy 

sources [Kharecha and Hansen , 2013]. It is too soon for this analysis to be performed for 

the Fukushima event [Kharecha and Hansen , 2013]. To date, a single plant worker's death 

has been attributed to radiation from the disaster. Fortunately, there have been no civilian 
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deaths at Fukushima, and no deaths from the Three Mile Island event, caused by exposure 

to radiation [Kharecha and Hansen , 2013]. Unfortunately, fission lost a large portion of its 

public support. As a result, in America there has only been one new reactor built since 1996 

and there have been 17 decommissioned in 2020 alone [EIA, 2021].

1.2 Nuclear Fusion

Nuclear fusion was first observed in the lab during the 1920's between collisions of proton 

and deuteron beams with light nuclei [Kenro , 2011]. This nuclear process involves combining 

two light nuclei to form a more massive nucleus. The sum of masses is larger before the 

reaction takes place, and energy is produced through the mass deficit. The amount of energy 

available in both fusion and fission based reactions depends on the nuclear binding energy 

curve. Binding energy per nuclide reaches its maximum at 56 nuclides for iron, see Figure 

1.2. This makes reactions exothermic for nuclei smaller than iron for fusion and greater 

than iron for fission. Energy is released between the discrete steps along this curve. The 

largest step size in binding energy occurs in the lightest nuclei, where fusion is the exothermic 

reaction, allowing for greater yields than comparable fission reactions. Lastly, light elements 

make up nearly 98% of the mass in the visible universe, while elements like uranium and 

plutonium only account for a small fraction of a percent, because the universe is relatively 

young compared to the timescales needed for fusion reactions to change this composition. 

This gives a considerable advantage to nuclear fusion for advanced or long ranged technology 

that may wish to refuel in transit through space.

The reaction under consideration for most fusion devices, occurs between isotopes of 

Hydrogen: Tritium, (T), and Deuterium, (D), to form Helium and a neutron. In the reaction, 

T13 + D12 → He24+n1, the helium particle has (3.52 MeV), while the neutron has (14.06 MeV), 

about 80% of the total.

This nuclear reaction releases a million times more energy than comparable chemical 

reactions that fossil fuels rely on. Better yet, this reaction produces about four times the
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Figure 1.2: Binding energy in MeV per nuclear particle is plotted by number of nuclides. Original image by 
Ghahramany et al. [2011].

energy of comparable fission based reactions, without producing long lived radioactive waste 

directly in the nuclear reaction. However, radioactive waste can be created by the energetic 

neutrons released during this process. The kinetic energy of these neutrons is not contained 

magnetically, resulting in several challenges related to neutron capture and activation. When 

a neutron is captured by a nuclide, the excess energy makes the nuclei unstable, and it may 

undergo alpha or beta decay. Both alpha and beta particles have charge and can be readily 

shielded by an aluminum plate, if the reaction occurs outside of the body. Fusion based 

waste belongs to the low level radioactive waste category discussed earlier with fission based 

energy. While still toxic, fusion based waste has a significantly shorter half life than fission 

based waste, allowing radioactivity to decay over 100 years, to levels low enough to recycle 

the material [Aymar et al., 2002]. This greatly reduces the requirements for the long term 

storage of nuclear waste associated with nuclear fission. Neutron capture and its effects 

remain active areas of research in the field, and are revisited in more depth later on.

There are several energy producing configurations designed to produce self sustained 

fusion reactions. These reactions require the production rate of energy by the fuel to be 
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greater than the rate it is radiated to the environment. Unfortunately, only about a fifth 

of the energy is released as the kinetic energy of the helium nucleus. This energy can be 

contained using magnetic fields, and is used to heat the plasma through alpha heating. The 

Lawson criterion, LC, was developed in 1955, is met when alpha heating is sufficient to 

maintain a self sustained fusion reaction in a uniform plasma. The LC sets a minimum 

theoretical value for the triple product of the energy confinement time, τ , density, N, and 

temperature of the plasma, T, needed for sustained fusion [Lawson, 1957],

LC < NTτ. (1.1)

Since the ideal fusion temperature is set by the reactants collisional cross section, the LC 

essentially states that density and confinement time are inversely proportional. Confinement 

time is defined as the ratio of energy density per volume to rate of energy loss per volume. 

When density is large, confinement time is short. In part, this is due to an increase in radiated 

power, when density is increased. Plasma inside of a tokamak is not uniform, allowing for core 

temperatures to decrease to tolerable levels for the hardware. These gradients are the source 

of energy for turbulent instabilities, and allow the LC to be met at specific radial locations. 

The turbulent dynamics studied throughout, are caused in part by the nonuniformity of the 

plasma.

Methods to maintain plasma under these conditions include inertial confinement devices, 

as well as magnetic confinement devices like stellarators and tokamaks. Inertial confinement 

devices often rapidly heat fuel canisters using x-rays. This compresses fuel at the center of 

a canister, increasing temperature and pressure of the remaining fuel, bringing it to fusion 

conditions. Magnetic confinement devices use the geometry of the system and magnetic 

fields to confine a burning plasma. The vacuum vessels containing plasma in stellarators are 

specially shaped so that the plasma does not generate a plasma current. All magnetic fields 

confining the plasma are external. Tokamaks confine plasma in a toroidal shaped vacuum 
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vessel. This requires the plasma to have a current with interesting magnetic and confinement 

properties.

This variety of methods allows devices to satisfy the LC over a large range of temperatures 

and densities to explore fusion plasmas. For the remainder of this discussion we will focus on 

tokamaks, like ITER, JET, and others. The geometry of the D-IIID reactor was used in all 

following simulations. A wide range of pressures can be maintained in tokamaks, achieving 

a wide range of particle number densities in the device. Accelerating charges emit radiation, 

since all charges in a tokamak have angular acceleration they all produce bremsstrahlung 

radiation [Haug and Nakel , 2004]. This process can become so dominant that it may cool 

the plasma, so ideal fusion densities depend on system geometry and particle temperatures. 

Limitations of bremsstrahlung and ITER's geometry set the optimal particle density on the 

order of a million times less dense than air at STP [Aymar et al., 2002]. The time that 

particles have to fuse is also important, which is set by the collisional cross-section of the 

particles. The cross-section depends on the speed and therefore the kinetic energy that the 

particles travel with. This defines a goldilocks operational temperature range that depends 

on the fuel species. ITER's optimal temperature range for DT fusion will be between 100 

and 200 million Kelvin, an order of magnitude greater than the core of the sun [Aymar 

et al., 2002].

To satisfy the triple product, several practical challenges arise. As discussed earlier, 

four fifths of the energy from the fusion reaction leave the plasma as fast neutrons, forming 

their own energy spectrum. Depending on a particular neutron's energy and its trajectory 

inside the reactor, it may strike and embed at different depths in parts of the tokamak. 

Plasma facing materials include iron, beryllium, and tungsten, specifically for their high 

melting points, high specific heat capacities, and structural properties . When these materials 

absorb a neutron they often release hydrogen or helium particles, reducing the material 

by the corresponding mass, to a new element in the transmutation process [Gilbert et al., 

2012]. These materials originally are composed of “grains” of metal. When defects occur 
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in a grain, the helium or hydrogen atom produced can migrate to, and accumulate on, 

the boundary of the grain. This process is known as helium embrittlement under neutron 

irradiation. Depending on the material it occurs in and the physical location inside of 

the reactor, embrittlement decreases the functional lifetime of the components. The extent 

of these effects constitute several active areas of research including engineering, materials 

science, and computer based modeling. Further more, the reduced lifetime of components 

and the radiation levels of activated materials require substantial automated or fully remote 

maintenance, another challenge of its own [Gilbert et al., 2012].

On top of withstanding the neutron flux, plasma facing blankets need to generate tritium 

fuel, produce electricity, and reduce the neutron flux to safe levels outside of the reactor. 

Tritium breeding materials like lithium are used to form blankets lining critical portions of the 

reactor [Gilbert et al., 2012]. Methods to get blanket bred tritium and the un-burnt exhaust 

tritium back into the fuel cycle are still being investigated, as well as thermal extraction from 

these blankets. Capturing the remaining energetic neutrons to make the proximity outside 

of the reactor live-able, remains a daunting task. Neutron flux simulations have been carried 

out for devices similar to ITER, with first wall armor and blanket materials on the scale of 

50-60cm. By the outer edge of the vacuum vessel on these devices neutron flux was reduced 

by an order of magnitude, about 95%. However for a burning DT plasma, the remaining 

5% accounts for near 4 × 1013 neutrons per square centimeter per second, with an energy 

spectra reaching the order of MeV [Gilbert et al., 2012].

Many of these challenges are still in the developmental stage, in part because there are no 

readily available neutron sources to test the theories, until a materials testing facility with 

the proper neutron energy spectrum is built. These challenges are all caused by the ener

getic neutron, which cannot be confined magnetically. Another challenge must be addressed 

before further experimental advancements. Plasma inside of a tokamak is not uniform. The 

core plasma, at the center of a tokamak, must reach much higher temperatures and densities 

than the edge plasma for practical designs. The non uniformity requires the LC to be met at 
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certain locations and not others, forming gradients that may lead to turbulent instabilities. 

These system gradients including temperature and pressure are actually energy gradients. 

The change in energy that accrues along the gradients initiates transport and turbulence in 

the plasma. Magnetically confining the fusion plasma and suppressing both turbulence and 

turbulent transport are the focus of both experimental and theoretical studies today. Exper

imental studies are being performed safely using an analogous reaction in DD plasma. This 

reaction is used because it doesn't produce the fast neutrons, allowing for the advancement 

of magnetic confinement. With these experimental observations in hand, theoretical models 

of turbulence and turbulent transport have been made to describe different profiles of the 

plasma.

1.3 Enhanced Confinement Regimes

Studies of tokamak plasmas have established several types of enhanced confinement 

regimes. The enhanced confinement regimes are characterized by a reduction in turbulence 

as transport barriers are established. Transport barriers form when turbulent transport is 

suppressed at a particular radial location. External to the barrier, turbulent diffusion is the 

primary transport for the given quantity. Depending on the strength of the barrier that is 

formed and how the reactor is being fueled, the input rates for the system and barrier for

mation may lead to an accumulation of the transported quantity. For example, if a thermal 

transport barrier is created, and if this barrier decreases the thermal transport below the 

rate that the plasma is heated, the plasma inside the barrier will increase in temperature. 

Barrier formation can alter profile gradients, leading to characteristic pedestal shaped steady 

state profiles and their associated instabilities [Newman et al., 1998].

1.3.1 High Confinement, H-mode

The H-mode has been studied since the 1980's, for use as an operational confinement 

regime in tokamaks. The H-mode is generally accessed when magnetically confined plasma 
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in the base confinement regime, L-mode, is strongly heated. Triggers for transitions to H- 

mode are still an active area of research. Some transitions to I-mode have been triggered and 

observed in C-Mod, and most other devices. The L-H transition can occur after surpassing 

either a threshold heating power, threshold line averaged density, or combination of the 

two. Transitions in C-Mod have been observed while increasing heating power, and while 

decreasing heating power but increasing density through edge fueling [Hubbard et al., 2007]. 

During the L-H transition, strong transport barriers form near the maximum shear in the 

radial electric field, Er . The H-mode, unlike the L-mode, has strong barriers in both thermal 

and particle transport.

Transitions from the L-mode can be made to favor either the H-mode or a different 

confinement regime, the I-mode. Transitions depend on the direction of the B × V|B| drift 

relative the the reactors' X-point. The X-point is defined by the location that the poloidal 

magnetic field is zero, and belongs to the last closed flux surface, determined in part by 

the reactor's geometry. If the drift is towards the active X-point, transitions will favor the 

H-mode, and vice-versa for the I-mode [Hubbard et al., 2007]. Later on we will use this 

magnetic drift to avoid dominating the turbulent transport, in simulation, with the strong 

shear barriers present in H-mode. The transport barriers formed in H-mode are largely set 

during the transition to the H-mode. These barriers are minimally responsive to existing 

temperature and density controls. This leads to stiff transport dynamics and an accumulation 

of density, the major limitation of the H-mode.

Unfortunately, the density transport barrier formed in the H-mode can often lead to 

instabilities from reaching the Greenwald density limit or gradient driven instabilities. The 

Greenwald limit relates the maximum stable density, n, a plasma can have for a given total 

plasma current, IP [Tokar , 2009]. The Greenwald limit,

10



requires increased energy to maintain large IP , when density transport is reduced in H-mode. 

The relation between the current density required to magnetically confine the plasma and 

its density is not well understood. The limit is based upon the balance of deposited and 

radiated power throughout the plasma. Recent investigations developed several factors that 

may contribute to the disruption. The critical density may depend on the accumulation of 

either light or heavy impurities, as the reaction takes place. The threshold also depends on 

the type of heating used, axillary or ohmic, and its location [Morozov , 2017].

Macroscopic MHD instabilities of this type are capable of releasing confined energy in the 

tokamak in a burst of pressure and temperature. For reactors the scale of ITER, the energy 

released in a single burst will be capable of ruining hardware that has taken decades and 

substantial funding to build. This motivates the search for a regime with a variable density 

control mechanism, unlike the H-mode, while retaining its favorable energy confinement.

1.3.2 Improved Confinement, I-mode

The “improved L-mode,” or I-mode, has been observed in multiple fusion devices includ

ing C-Mod, AUG, and DIII-D. The I-mode is characterized by a strong energy transport bar

rier, with a weak density transport barrier [Hubbard et al., 2007]. This leads to edge pedestal 

formation in the ion and electron temperature profiles, while maintaining L-mode like den

sity profiles. The I-mode can be accessed from the L-mode by establishing an B × V|B| 

drift that is away from the active X-point [Hubbard et al., 2007]. This drift is chosen because 

it is “unfavorable” for the formation of H-modes. With this condition, it has been shown 

that the I-mode regime can be extended through a large range of heating powers without 

transition to an H-mode. For C-Mod, this was twice the threshold power, PLH , required to 

trigger the L-H transition with “favorable” drift [Hubbard et al., 2007].

Experiments at DIII-D, AUG, and C-Mod, have also shown that the threshold power, 

PIH , for transitions from the I-mode to the H-mode, can be increased by increasing the 

toroidal magnetic field, Bφ. This further increases the range of powers that are accessible to 
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the I-mode without the H-mode transition. These findings motivated later high Bφ I-mode 

experiments. The increase in the Bφ increases the thermal transport barrier, enhancing the 

temperature pedestal and energy confinement time. Changes to the density profile are mostly 

due to the external radio frequency (RF) heating, meaning that density profiles remain fairly 

constant between the transition from low to high Bφ I-mode [Whyte et al., 2010]. The I- 

mode's weak particle transport barrier allows for greater stability at lower plasma currents 

in relation to the Greenwald density limit.

There are many active studies involving the I-mode and the conditions necessary to 

maintain steady state fusion. Control of transport through the I-mode is crucial for profile 

control. As the tokamak is fueled and the plasma burns, He ash accumulates, which can also 

lead to confinement instabilities. For this and other practical reasons, the ideal confinement 

mode should include barriers that form and respond to localized control mechanisms in 

a continuous manner, like a “faucet”. The faucet in our barrier, ideally, will decouple the 

transport of particles, ions and electron, and the transport of their heat, Ti and Te. The ideal 

faucet should act in a continuous manner, allowing for a controlled increase and decrease in 

density transport. This would provide a method to dramatically increase the temperature 

of the plasma to reach fusion conditions, like the H-mode and I-mode. However, the faucet 

would allow for enhanced density control by periodic ashing of the core, to avoid large density 

driven instabilities, unlike the H-mode .
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1.4 Turbulent Transport and Radial Fields Model

The I-mode and H-mode regimes both develop edge transport barriers, which can result 

in large gradients near the outer radius of the plasma. In H-mode transport barriers particle 

transport is limited, leading to an accumulation of density surpassing the Greenwald limit, 

generating macroscopic magnetohydrodynamic MHD instabilities, and reducing confinement. 

This issue led to further investigation in the I-mode regime, because of the strong energy and 

weak density transport barriers that it forms. Interest in these confinement regimes drove 

further investigation in these edge barrier regimes and their transport control mechanisms for 

ion temperature and particle density. For ideal magnetic confinement the search continues 

for variable strength edge barrier controls in both the L-mode and the I-mode. According 

to results form the GENE linear simulations, the amount of transport for these profiles is 

dependent on the phase of the turbulent oscillations. Implying that it may be possible to 

inhibit transport in one profile while increasing it in the other. It's been proposed that 

the transport mechanism is due to density and temperature transport mechanisms' having 

independent phase relations with the underlying turbulent fluctuations. The net phase of 

these fluctuations can be altered by changing the ratio of electron and ion temperature 

gradient driven instabilities, ETG and ITG, due to the differences in their phases from their 

linear drive mechanism and physical size [Newman , 2018]. Either the ITG or ETG can be 

made dominant by locally heating the corresponding particles using radio frequency heating, 

(ERF and IRF). Our goal in this work is to control aspects of the local heating including 

RF beam magnitude, location, spread, separation, and period, to select a specific ratio of 

ETG and ITG instabilities. In doing so, choosing a local net phase. This phase could then 

ideally be chosen to inhibit the transport of energy, through Ti transport reduction, while 

allowing the transport of density from the core of the tokamak, from the independent phase 

relationships of their transport mechanisms.

Investigations into turbulent transport barriers suggest mechanisms to control turbulent 

transport through sheared radial electric field, Er. The model used is a one dimensional 
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radial transport model coupled with a turbulent transport model,

to evolve turbulent amplitudes on the ion and electron scales, ej∙, see equation (1.3) [Newman 

et al., 1998]. The relations between the plasma parameters, nonlinearities, and transport 

parameters are discussed in the next section. At a glance parameters γ(r), α, and ω(r)

represent the turbulent linear growth rate, saturation, and shear rates respectively, while 

the remaining term represents self diffusion present in the system. Lastly, the turbulent

fluctuation level,

is a RMS value that must be greater than or equal to zero. The model used throughout,

evolves electron and ion scale turbulence in time. This requires two sets of equation (1.3).

In one the turbulence, saturation, and linear growth rates pertain to the scale of ions and 

the second to electrons.

1.5 Negative Magnetic Shear and Phase Effect

Sheared flows provide a great deal of interesting fluid dynamics. A vortex in a stream 

of water generally is transported along seams where the fluid's current is sheared. If the 

chirality of the sheared flow and the vortex are opposed, for the vortex to pass through the 

boundary, the underlying flow slows the rotational flow of the turbulence and decorrelates 

the package. Ignoring classical and neoclassical diffusion, the steady state solutions for the 

model, in equation (1.3), are e = 0 and e = (γ2 — ω2)∕αγ. Since e is a RMS value, the

only physical steady state solutions are e = 0 when ω > γ or e > 0 otherwise.

This bifurcation often begins at the radius, rmin where the condition ω ~ γ is met. 

This is because the instability growth rate is reduced where the magnetic shear is greatest, 

corresponding to the minimum in qmin = Bθ(rmin)/Bφ(rmin). Since turbulence is reduced 
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at rmin, the turbulent diffusion is reduced, so much of the transport through this region is 

collisional. The core at r < rmin, accumulates quantities in its plasma profiles as fueling 

continues, increasing profile gradients. This cycle of increased gradients, causing increased 

shear, causing decreased turbulence, defines a positive feedback supporting the transition to 

suppressed turbulence within the qmin surface [Lopez-Bruna et al., 1999]. Since transport in 

this region is suppressed, fewer particles need to be deposited in the core to maintain steady 

state. Transport barriers can be maintained at a much lower input power than the threshold 

powers needed to access the barrier. This hysteresis is responsible for the abrupt transitions 

into H-mode, as well as the H-mode's resilience against transport controls. For this reason, 

we will be considering transport dynamics in a plasma with weak or no shear suppression, 

where the H-mode has not formed. To summarize: the conditions met throughout are ω < γ 

and the magnetic drift is unfavorable for transitioning to H-mode.

The shear term in the transport model, in equation (1.3), couples temperature, poloidal 

and toroidal velocities, density, and the phase of the turbulent transport, through the shear 

in the radial electric field. To incorporate the shearing effect, the Hahm Burrell extension 

of the BDT criterion is used to quantify the geometry of the magnetic fields, reactor, and 

relevant radial plasma profiles in the shear term [Newman et al., 1998],

The reactor geometry is captured here by ∆r and ∆θ, the radial and poloidal correlation 

lengths. The safety factor q(r) is the ratio of the toroidal and poloidal magnetic fields, Bψ 

and B^. The minor radius of the reactor is the radius of a poloidal cross section, r. Lastly, 

the radial electric field Er is only dependent on the ion temperature , and therefore the ITG 

driven fluctuations [Newman et al., 1998],
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We find that the shear term is proportional to (∂dr )2 and -∂dr2 for both the ion temperature 

and the particle density profiles. Since power is deposited in the plasma with each particle, 

the electric field is proportional to the square of the deposited power. This defines a critical 

deposited power threshold, above (below) which turbulence is suppressed (enhanced) [New

man et al., 1998]. Lastly, Er is proportional to the gradients of ion temperature and density 

gradients, by the ion force balance equations (1.6) [Lopez-Bruna et al., 1999]. Depending 

on the magnitude of the shear, the transport can be altered by the balance and deposition 

of the neutral beam injection, suggesting a possible control mechanism for ω. The other 

transport parameters, α and γ(r), depend on plasma profiles by the transport equations and 

the instability under consideration, these parameters are outlined in [Newman et al., 1998] 

and [Loopez-Bruna et al., 1999].

For the I-mode large 3D self consistent models, like the GENE simulation, have shown 

that the velocity field of the plasma, and transport mechanisms for density and temperature, 

have distinct phase relations for each instability [ Gorler et al., 2011]. Different instabilities 

have unique growth rate profiles, γ(r), which depend on the modified temperature gradients 

from localized heating. These instabilities each come with distinct phase relations between 

transport mechanisms for temperature and density, with the background turbulent velocity 

field [Gorler et al., 2011]. Several types of MHD instabilities like the ITG and ETG may 

coexist at a given time in the tokamak. The goal of this work is to choose the ratio of 

dominant instabilities through localized RF heating, leading to changes in the net phase 

relation for the density and the temperature, with the underlying turbulent velocity field 

[Newman, 2018]. The net phase effect, φT , quantifies the difference in transport for density 

and temperature, and is modeled by
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with density transport when ITG dominates the system, to fully up gradient temperature 

transport when ETG dominates the system, causing temperature and density transport to 

be completely out of phase. This phase multiplier is applied to the thermal conductivity 

portion of the transport model, 

where the subscript, j, defines the energy transport equation as either ion or electron. The 

first term on the right defines the conductive temperature transport, and includes a phase 

effect suggested by self consistent models. This term depends on the radial location, r, 

phase multiplier, φT, thermal conductivity, χT, particle density, n, and temperature profiles, 

Tj(r). The remaining terms in order are the advective density transport, mixed transport, 

NBI energy input, and energy exchanged between the charges. In addition, these terms 

depend on the neoclassical diffusion Dn, heat deposited by neutral beam injection, and heat 

transferred between the ions and electrons. The evolution of the ion temperature is used to 

determine the shear component of the fluctuation equation, completing the portions of the 

transport model that are directly effected by the phase multiplier. We wish to study the 

transport dynamics when the phase effect is the dominant transport mechanism. For this 

reason we avoid generating shear barriers. However, large profile gradients still indicated 

transport reduction.

Since many different instabilities may coexist in the tokamak at a time, the net phase 

relation between the temperature and density will depend on an averaging of the phases 

of the instabilities present. To explore this mechanism first start with the plasma in the 

L-mode, with low density and energy confinement. NBI is used to heat the plasma until 

the dominant MHD instability is ITG. Using RF heating to heat the electrons, increases the 

ratio of ETG to ITG instabilities. If the net phase multiplier can be manipulated throughout 

its entire range, transport in density may be unaffected or increased while thermal transport 
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is suppressed. The phase effect has no obvious feedback mechanisms. This behavior is unlike 

the unresponsive barriers found in shear suppression methods of the H-mode. Ideally, the 

phase effect decouples density and temperature transport, leading to a continuous control 

mechanism for density transport for a more stable steady state operation. If flow favors 

transition to H-mode, the phase effect is not seen. If the flow is then made unfavorable 

for the transition, core thermal transport decreases and density transport increases remains 

constant [Whyte et al., 2010]. The lack of hysteresis in this mechanism will hopefully allow 

for a continuous faucet like control mechanism for core density at the barrier, allowing for 

continuous operation maintained under the Greenwald density limit [Newman , 2018].

The remaining transport model evolves profiles of the density, linear growth rates, and 

conductivity in time. Density evolution, 

depends on source and sink terms from NBI, gas puffing, and fusion, as well as diffusion. 

Using the energy evolution equation, (1.8), and (1.9) it is possible to determine the ion 

and electron temperature profiles. The density and temperature profiles are used to find 

characteristic lengths, Ln = n(dn/dr)-1 and LT = Ti(dTi/dr)-1, that relate the deposition 

of a temperature source f (S'), minor radius a, and other plasma constants, to determine the 

linear growth rate of the temperature driven instabilities,

The ion thermal conductivity, 

has a similar scaling related to the turbulent fluctuations. Since the phase multiplier depends
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The sum of a parameterized resistive ballooning thermal conductivity and χi with χe de

termines how the total thermal conductivity, governing energy transport, evolves in time. 

In this way, the one dimensional turbulent transport model tracks how profiles of turbulent 

fluctuations, (1.4), temperature, (1.8) and (1.9), thermal conductivity, (1.11) and (1.12), 

and density (1.9) evolve in time. A complete parameterization for this transport model is 

discussed in depth in works by Newman et al. [1998] and Lopez-Bruna et al. [1999]. The 

nonlinearities present in these transport equations allow the phase multiplier to indirectly 

alter different transport characteristics for all of the plasma profiles. Throughout this work 

we develop methods to use the phase multiplier's direct effect on temperature transport, 

while limiting the indirect effects of these nonlinearities.

These transport equations complete an explicit algorithm, which is sensitive to the spatial 

and temporal spacing of the simulation. In order to resolve transport in the plasma, the 

spatial and temporal grid sizes must be small compared than characteristic transport and 

diffusion velocities. Using several mesh sizes, solutions were allowed to reach steady states. 

By decreasing temporal step sizes, the grid ratio increases, and the steady state solutions 

converge to a single solution. After solutions converge, a fixed permissible ratio is established 

between the grid sizes, allowing the desired time step to dictate the necessary spatial grid. 

After achieving convergence, the simulation was verified by comparing the basic transport 

dynamics of internal transport barriers and H-modes across a suite of devices, including 

TFTR, D-III D, and CMod.

It is the goal of this work to develop transport control mechanisms for the I-mode en

hanced magnetic confinement regime, using this transport model. The GENE simulations
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evolves according to the temperature and density profiles,



have shown that instabilities with different linear drive mechanisms have different phase re

lations between the transport mechanisms of density and temperature, with the underlying 

velocity field [Goorler et al., 2011]. It has been proposed that the net phase of the thermal 

transport may be changed from that of the density transport using the phase multiplier, 

which relates the amplitudes of the instabilities [Loopez-Bruna et al., 1999]. The ion and elec

tron temperature gradient driven instabilities are linearly driven by IRF and ERF beams, 

in a localized continuous manner. The over all goal of this work is to use these RF beams 

to alter the net ratio of ETG and ITG, selecting a given phase multiplier, directly effecting 

the thermal conductivity, to continuously control the thermal transport barrier's strength, 

while density transport is unaltered and indirect effects of the model's nonlinearities are 

minimized.

20



Chapter 2: Findings

To study the phase multiplier on temperature and density transport and understand the 

control mechanisms for the I-mode, we first established a base case heated only by NBI. 

Profiles are plotted when they achieve steady state, Figure 2.1, as seen in the time series of 

Figure 2.2. In Figure 2.1 the profiles of density, N and ion temperature, Ti are plotted along 

with the total thermal conductivity, χτ, particle diffusivity, D, and the phase multiplier φτ. 

From this base case we wish to alter χτ and D, by changing the phase multiplier of the 

thermal transport at given radial locations.

Figure 2.1: These diagnostic profiles for the NBI base case were plotted once the system reached steady 
state. The profiles of N and Ti are normalized to 5 × 1013 n/m3 and 5 × 103 kelvin respectively, while χT
and D are measured in W∕(mk) and m2∕s.

Ideally, transport dynamics could be controlled by the use of two alternating RF heating
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Figure 2.2: The profiles of N, Ti, and ϕ all converge to steady state over the course of the simulation. These 
time series establish the base case core ion temperatures and densities, as well as edge thermal transport 
characteristics.

scenarios. One altering profile gradients to increase χT through ϕτ, while the other acts 

to decrease the phase a moment later. Increasing and decreasing transport characteristics 

through these modulations leads to a controllable mean transport, eventually achieving new 

steady states for important profiles like density, ion and electron temperature, and shear 

suppression. However, challenges arise when, long duration, constant RF heating is used.
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2.1 Increasing the Difference Between Phase Multiplier Profiles

Recall that the ratio of ETG to ITG instabilities quantifies the phase multiplier's affect 

on thermal transport, see equations 1.7 and 1.8. Model parameters that effect this ratio 

include ERF and IRF heating power (MW), location (r/a), and duration (s). Using only 

IRF heating to change the phase multiplier results in a steady state maximum of ϕτ at the 

IRF heating location, limiting the magnitude of the transport effect. On the other hand, 

using only ERF heating aggressively decreases ϕτ to negative values near the edge of the 

plasma. This results in the up-gradient transport of Ti, and results in the sudden formation 

of a shear barrier from increased gradients, similar to H-mode transitions Figure 2.3. The 

sudden formation of a shear barrier dominates phase control mechanism taking over the 

transport.

Figure 2.3: Using only one type of RF heating limits the effect on Ti transport. When IRF is used a maximum 
steady state phase multiplier is reached, and constant ERF heating leads to H-mode like transition due to 
negative phase multiplier. Profiles are plotted every 1.5 × 10-3 s, initially in red and converging to darker 
purples, as the simulation evolves in time. IRF heating causes phase to reach steady state over the course 
of 300 of these periods, while the ERF case fails from grid separation due to the shear barrier in only 12 
periods.

To better control the dynamics of the phase multiplier, we chose to use pulse modulations 
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of ERF and IRF heating over the same time period at separate locations Figures 2.4a and 

2.4b. This keeps the edge phase multiplier positive allowing for continuous controllable 

transport dynamics. The IRF beam also acts as an outer termination point for the region 

of decreased phase from the ERF beam, causing its effects to propagate further inwards, 

across the desired reduced transport region Figure 2.4. A moment later a second solo IRF 

pulse is used to increase the net phase over the duration of a modulation Figure 2.4a. These 

modulations are chosen so that the phase multiplier is positive throughout the plasma profile. 

The periods of these modulations may be chosen to allow the phase to decrease to near zero 

for a given ERF heating power, and then increased from that minimum by IRF heating. 

Choosing ERF modulation periods that reduce phase to near zero, allows for a greater 

difference in phase between modulations, allowing for better control and confinement Figure 

2.4c. As the phase profiles evolve from one modulation to the next a net transport is achieved 

that is less sensitive to changes in the ERF heating period, allowing for a more continuous 

control mechanism.

In order to modify the phase multiplier in a reliable manner, we adopt a standard RF 

beam configuration for the two pulses or modulations. Even modulations consist of a single 

IRF beam, located inside the desired phase barrier location, (r/a) ~ 0.90 Figure 2.4c. This 

beam acts to increase the ion temperature, which in turn increases the gradient from the 

beam location to the edge of the plasma. To have an increased thermal flux in steady 

state requires the ion thermal conductivity, Xηi, from turbulence to increase. The electron 

temperature remains largely unchanged at this time, and its conductivity, Xηe, remains fairly 

constant through the phase barrier region. The sum of these results, XT , is a net increase 

through the phase barrier region. As the phase multiplier approaches one, the thermal 

transport is brought in phase with the density transport, see equation 1.8, meaning that the 

barrier is lowered. Both diffusivity and conductivity increase because the phase multiplier is 

larger, due to the increased ITG amplitude from the IRF heating. Odd modulations consist 

of an ERF and IRF beam located just inside and outside of the phase barrier respectively.
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Figure 2.4: Ion and electron RF heating power over periods of 1.5 × 10 -3 s are used to increase or decrease 
the phase multiplier in edge plasma.

Since the IRF beam is now located outside of the barrier, and core temperatures do not 

change dramatically over the time scale of a single modulation, the ion temperature gradient 

is reduced across the phase barrier region, decreasing the ITG turbulent amplitude and 

increasing the ETG turbulent amplitudes. Ultimately, this results in a decrease in the 

phase multiplier, and depending on beam locations and where the local extremum in χτ is, 

because χτ is directly related to ϕτ. The last few phase barrier modulations undergoing 

stable oscillations are plotted in Figure 2.5.
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Figure 2.5: Stable oscillations between modulations of the phase barrier at (r/a) = 0.95 change characteristics 
of the thermal transport channel. Here we find that the power deposited by RF heating when both beams are 
on, decreases the phase multiplier and thermal conductivity, while the solo IRF beam increases both during 
every other modulation. When both the phase multiplier and thermal conductivity are reduced thermal 
transport is reduced near the edge of the plasma. The 400 modulations necessary to reach these stable 
oscillations are plotted in Figure 2.7.

In these odd modulations, driven by the phase effect and change in thermal flux, the 

thermal conductivity acts to inhibit thermal transport. This means that the phase barrier 

is raised and the plasma is in I-mode. This decreased transport then causes the original 

ion and electron temperature profiles to increase. This increases the local density of ITG 

instabilities, increasing the phase multiplier. This causes damped oscillation like behavior 

in transport. Inhibited Ti transport increases the ITG amplitude and increases the phase 
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multiplier. This leads to increased transport , decreased Ti, and decreased phase multiplier, 

allowing for net transport to eventually reach steady state. In this model it is also possible 

to make ϵe > ϵi, resulting in a negative phase multiplier, meaning that thermal transport is 

up gradient and towards the core plasma. While this may be possible in reality for short 

times, in practicality this behavior would result in the accumulation of energy that would 

result in the formation of a shear barrier and a macroscopic MHD instability large enough to 

reduce confinement. In simulations this behavior results in large enough gradients that grid 

separation occurs and the set of modulations fails to reach stable oscillations. We therefore 

avoid parameters leading to this behavior.

Using these modulation configurations, we then modified the following model parameters: 

RF amplitudes and locations, to maximize the difference in phase multiplier between the 

modulations near the edge of the plasma. Modulations reach “stable oscillations,” when the 

phase converges to an extremum at the last time step of the modulation. Stable oscillations 

converge around a fixed mean value over the course of many modulations. Throughout 

this scan, both even and odd modulation periods were held fixed at 3 × 104 steps, with 

dt = 5 × 10-7 s, and achieved stable oscillations after a total of 400 modulations Figure 2.7. 

This scan resulted in two promising cases for a variable phase barrier, see table 2.1. Both 

cases in Table 2.1 the inner and outer RF beam locations are separated by (r/a) = 0.05. 

Using the same beam separation and RF magnitudes for beams allows for comparisons 

between the trials. However, by shifting the beam locations inward towards the core more 

RF power is deposited throughout the plasma along the beam path. In order to compare 

trials with similar RF power deposition, we limit our investigation to the phase barriers in 

this table.

The largest ∆φT occurs in the trial with the outer beam location at r/a = 0.95 Figures 

2.6. The density profile does not significantly change from one modulation to the next. This 

is expected, since the phase multiplier directly scales XT and not D, which affects the density 

transport. This effect can bee seen by the magnitude of the difference in the local minima
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Table 2.1: Phase barrier candidates are chosen by maximizing the separation in phase profiles in Figures
2.7c and 2.6e. Radio frequency heating parameters are listed for two barriers that are compared throughout.

IRF Odd Mod ERF Odd Mod IRF Even Mod
Trial Name MW r/a MW r/a MW r/a
Phase 95 70×10-5 0.95 50×10-5 0.90 25×10-5 0.90
Phase 85 70×10-5 0.85 50×10-5 0.80 25×10-5 0.80

of the profiles external to (r/a) ~ 0.80 in Figures 2.6c. As the simulation evolves in time 

it eventually reaches a point where the profiles oscillate between these minima in a stable 

manner Figure 2.7. While transport reaches a steady state for density and temperature, the 

phase and thermal conductivity continue to oscillate near the edge of the plasma due to the 

RF forcing.

Figure 2.6: Diagnostic profiles for the phase barrier at (r/a) = 0.85 case with solo IRF(80) = 25 W and 
NBI=0.7 MW. The profiles of N and Ti are normalized to 5 × 1013 n/m3 and 5 × 103 kelvin respectively, 
while χT and D are measured in W∕(mk) and m2∕s.
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Figure 2.7: Stable oscillations were achieved by the phase barrier at (r/a) = 0.85 with NBI=0.70 MW, see 
table 2.1. The last few moments of this complete simulation are plotted in Figure 2.5.

To explore the full parameter range, the steady state of each of the phase candidates 

from the previous section is used as the initial conditions to begin the experiments in the 

next section for the remainder of the discussion. This is because incremental changes to the 

plasma profile gradients help to avoid shear barriers, that may form if the RF power were 

large enough to suddenly make changes to the profile.
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2.2 Modulation Duration

The phase barriers in Table 2.1 were further optimized by scanning over modulation 

period lengths. Throughout each modulation all of the profiles evolve in time. This leads 

to a maximum stable period, after which the two beam modulation decreases the minima 

of the phase profile to less than or equal to zero. If modulations are allowed to evolve 

past this point, heat is accumulated inside the barrier. As gradients trend towards vertical, 

discontinuities in profiles like χ and D form, leading to grid seperation and failure to reach 

steady state. The results of scans over modulation periods are plotted in Figure 2.8, starting 

at the approximate maximum period for model parameters. In this plot the steady state core 

ion temperature is plotted for each trial with markers that are color coded by the number 

of time steps per modulation. When reading the trial labels along the x-axis, the first row 

gives the number of time steps for odd and even modulations respectively. The second row 

contains the RF location and heating power in Watts for the IRF and ERF beams during 

odd modulations. Similarly, the third row contains the RF location and magnitude for the 

solo IRF beam. The results of parameter scans used throughout are all sorted from lowest 

to highest core ion steady state temperatures.

The scan shows that for both phase barrier candidates the shorter the individual mod

ulations times are, the higher the core ion and electron temperatures tend to be, as well 

as the slightly lower core densities. This is likely in part due to the balance between the 

periodically enhanced and periodically reduced transport in regions of the plasma. Consider 

the thermal transport throughout one cycle. At the beginning of an even modulation, the 

phase multiplier is reduced between (r/a) ~ 0.70 and (r/a) ~ 0.85. The thermal conduc

tivity is then also reduced at the same location at this time, decreasing thermal transport. 

A moment later, an odd modulation increases transport for the region. The next region 

between (r/a) ~ 0.85 and (r/a) ~ 0.95 displays similar characteristics, but out of phase by 

one modulation. The thermal transport in the remaining edge of the plasma is often dom

inated by resistive ballooning, χRB, leading to similar behavior in χT and φT during both 
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modulations. This transport is like “stop and go traffic”, leading to accumulation along the 

profiles near the modulation changes, 2.6b.

In Figures 2.6a and 2.6c, we find that neither modulation significantly changes the density 

profile, consistent with I-mode characteristics. The lack of particle transport barriers from 

density gradients lead to similar transport characteristics in both modulations. However, 

the diffusivity profile enhances transport from (r/a) ~ 0.80 to 0.90 during even, and from 

(r/a) ~ 0.90 to 1.00 during odd modulations. Transport from one region to the next is 

increased when the period of the “stop light” is decreased. Further scans over modulation

Figure 2.8: Scanning modulation period times as a paired set for both trials.

time show that the time taken to reach stable oscillations were within an order of magnitude, 

regardless the period of the modulation cycle.

2.3 Modulation Ratios

Since negative phase values near the edge usually results in failing simulations, we next 

consider individual modulation times. The goal being to keep the minima in the two beam 
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modulations as close to zero as possible, while possibly allowing more time for the solo IRF 

beam to increase the maxima in phase to generate the greatest ∆φT possible Figure 2.9.

The results of these scans are plotted in Figures 2.10a and 2.10b, for the phase barriers 

at (r/a) = 0.95 and 0.85 respectively. The results of this scan are again ordered according 

to the core steady state ion temperature in both the ion temperature and density scans, as 

well as the same labeling convention used in Figure 2.8. Here, we find that there is both 

an ideal period for two beam modulation, as well as a trend to increase core temperatures 

while decreasing density when the ratio of modulation times odd/even is greater than one, 

the markers in Figure 2.10a are colored according to this ratio. This is most likely due to the 

fact that the ion temperature gradient is increased near the edge during odd modulations, 

leading to reduced transport in ion temperature. However, this effect is an order of magnitude 

smaller than the adjustments made on the pair of modulation times. This implies that the 

magnitude of the periods effects the density transport rate. Consider the locations where the 

diffusivity profiles are equal, transport is increased from the core and near the edge during 

odd modulations, and from the intermediate region during even modulations, see Figure 2.11. 

The ratios of the areas of increased transport, optimized for ideal Ti transport behavior, may 

help partially determine the optimal ratios for individual modulation times. So far this has 

proven difficult, in Figure 2.10a there is a trial for the phase barrier at (r/a) ~ 0.95 with a 

ratio of 4 that is outperformed by a trial of ratio 1.25.

The largest difference in phase between modulations occurs in these trials. By controlling 

the heating power and duration of the ETG and ITG instability sources the core density and 

ion temperature, decreased by ~ 22.3% and increased by ~ 7.4%. The full profile evolution 

from the NBI base case to the trial in Figure 2.9b, as well as the final profiles of stable 

oscillations are plotted in Figure 2.11f.

The remaining model parameters investigated, even IRF power and location, require 

either increasing the magnitude of the IRF beam, or heating a larger portion of the radius 

of the plasma. This leads to increased IRF power being deposited in the plasma, leading
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Figure 2.9: The profiles of ϕT for the phase barrier at (r/a) ~ 0.85 with modulation period ratios of 6/4 
compared to 6/5 under stable oscillations, increases ∆ϕT(.80).

to other interesting transport dynamics. These dynamics follow the trends of the phase 

mechanism, namely increased core ion temperature and slightly decreased density as more 

power is deposited by the solo IRF beam. Since the following trials require heating ions closer 

to the core plasma and heating them at greater powers, they cannot be directly compared 

to the trials discussed in this section and previous sections.

2.4 Solo IRF Location

In Figure 2.9, we found that the maxima and minima near the phase boundary are not 

aligned at the same (r/a) location. To account for this shift, scans of the solo IRF location 

were used to move the local maxima of the even modulations. Both phase barrier candidates 

trend towards increased ion temperature and decreased density in the core plasma as the 

beam approaches (r/a) = 0.50. Part of this trend can be attributed to heating ions closer to 

the core, as well as power being deposited across a greater percent of the outer (r/a) before 

reaching the targeted location. As the beam is moved towards the core, the phase multiplier 

in even modulations increases and also moves towards the core, see Figure 2.13e. This leads
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Figure 2.10: Increasing the m
odulation period ratio increases the core ion tem

peratures for phase barriers 
in Table 2.1



Figure 2.11: Profiles of largest phase difference are plotted for the modulation period ratio of 3 × 106∕2.0 × 106 

for trials at (r/a) = 0.85. The initial condition of the simulation are plotted in red, as time increases the 
color of the profile diverges to yellow and violet. To complete the simulation a duration of time is allotted 
to achieve steady state in the NBI, 85 phase candidate with ratio 3/3 × 106, and finally 85 phase candidate 
with ratio 3/2.0 × 106 cases. The profiles of N and Ti are normalized to 5 × 1013 n/m3 and 5 × 103 kelvin 
respectively, while χτ and D are measured in W/(mk) and m2/s.

to increased ϕτ and χi from (r/a) ~ 0.50 to (r/a) ~ 0.85, compared to the odd modulations. 

Since the odd modulations remained the same, there is still a local minima in ϕτ and χi near 

(r/a) ~ 0.80, see Figure 2.12. Transport is now increased to this region for a larger portion 

of the radius, and since odd modulations still decrease transport from the region, a stronger 

barrier is formed in the ion thermal channel. This reduces the core transport of Ti for odd 

modulations. With both modulations under constant NBI=0.7 MW, the ion temperature 

increases. Notice that the density profile gradients remain fairly constant between even and 

odd modulations. This implies that core density transport is similar between modulations. 
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Since density transport is not inhibited for a portion of the trial, core density decreases while 

ion temperature slightly increases. The results of this scan are plotted in Figure 2.14 and 

colored according to the outer IRF beam's location.

Figure 2.12: Diagnostic profiles for the phase barrier at r/a = 0.85 case with solo IRF(60) = 25 W and 
NBI=0.7 MW, show the effects of changing the solo IRF beam location. Also, the maximum amplitude and 
location of ϕτ responds well to IRF location. The profiles of N and Ti are normalized to 5 × 1013 n/m3 and 
5 × 103 kelvin respectively, while χτ and D are measured in W∕(mk) and m2∕s.

In Figure 2.14b, we find that that heating with the solo IRF at (r/a) = 0.50 increases 

the core density, which is a step in the direction of violating the Greenwald density limit. 

However, density remained fairly constant throughout the rest of the scan, making the 

location (r/a) = 0.60 the ideal trial in the scan.
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Figure 2.13: Diagnostic profiles for the phase barrier at (r/a) = 0.85 case with solo IRF(60) = 85 W and 
NBI=0.7 MW are plotted. The maximum amplitude of ϕτ responds well to increases in IRF magnitude 
at that location, when compared to profiles in Figure 2.6. The profiles of N and Ti are normalized to 
5 × 1013n/m3 and 5 × 103 kelvin respectively, while χτ and D are measured in W∕(mk) and m2∕s.

2.5 Solo IRF Amplitudes

Last, we performed scans over the magnitudes of the solo IRF beam when located at 

(r/a) = 0.60, see Figure 2.15. In this plot markers are colored by the RF heating power 

in MW. As the magnitude of the solo IRF beam is increased the phase multiplier's effect 

is strengthened. This allows for an increase in the core ion temperature while the density 

decreased as much as 10% and 5% throughout the scan, in the cases (r/a) = 0.95 and 

(r/a) = 0.85 respectively. As the solo IRF beam is increased, the ϕτ and χτ profiles have 

similar characteristics, with increased amplitudes of the maximia in even modulations. This 

leads to greater separation between these profiles in even and odd modulations, and allows
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Figure 2.14: Steady state core values achieved while scanning over the solo IRF beam location. Both phase 
candidates core temperatures increase as the radial location of the solo IRF beam is decreased to half of the 
minor radius.
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for further increased core Ti transport to near the phase barrier (r/a) ~ 0.80. Now when 

odd modulations decrease transport from this region a larger gradient can form, increasing 

shear, see equation 1.5. This increased Ti gradient takes more time to degrade during the 

next even modulation, leading to an increase of the steady state ion temperature.

While interesting from the point of view of understanding transport dynamics, they are 

not useful for the phase multiplier method of controlling the I-mode confinement regime. 

This is because the phase multiplier and therefore the thermal conductivity are not being 

significantly changed in the edge plasma where I-modes are expected to develop.
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Figure 2.15: Steady state values of core temperature and density as the solo IRF beam is increased at 
(r/a) = 0.60. In these Figures the solo IRF beam is in units of MW.
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Chapter 3: Conclusions

With an ever changing climate, we've re-investigated some of the current energy produc

ing methods. In these comparisons we've discussed the relative health, safety, advantages, 

and drawbacks of current energy sectors and potential fusion plants. Some of the drawbacks 

to fusion power stem from the fast neutrons produced in the reaction. This neutron is capa

ble of activating radiation that is potentially harmful to individuals' health, as well as the 

operational lifetime of the reactor. Importantly however, the activated material has a short 

half life, making it fairly easy to store until it is safe. Additionally, the volume of waste is 

relatively small per M W h of energy. The theoretical workarounds to shield and capture the 

fast neutron, producing fuel and energy, cannot be tested until we have another sufficient 

source of neutrons at this energy. For this reason the shielding and breeding blankets will 

need to work the first time. Neutron flux simulations and experiments have shown that 

it is possible to reduce this radiation by orders of magnitude in reactors like ITER. These 

issues are just a few among those that challenge the material scientists, engineers, plasma 

physicists, and remainder of the fusion energy community.

Nuclear fusion has great advantages. Since fusion is a nuclear reaction it is six orders of 

magnitude more energy dense than the chemical reactions that produce the majority of the 

electricity in the world today. One cubic meter of sea water contains ~ 33 g of deuterium, 

which is capable of producing the same amount of energy as 250 metric tons of coal. At 

this rate, the energy contained in a single gallon of sea water is equivalent to 300 gallons of 

gasoline [Friedman et al., 1964]. The majority of the energy infrastructure is built upon non 

renewable resources, while 98% of the visible universe is fuel for fusion reactions, natural or 

human caused. As the field develops, there are more difficult reactions to achieve that do not 

even produce neutrons. Some of the aneutronic reactions with the largest collisional cross 

sections are between D and He, D and Li, as well as Li and p, which are also much more 

readily available than chemical compounds and heavy isotopes. Lastly, since the reaction 
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requires such a high potential energy, if something were to go wrong in a potential fusion 

device, the reaction would halt, cool, and the fuel would return to gases that we breath daily, 

making this intrinsically safe.

We then discussed possible ways to confine enough energy for alpha heating to sustain the 

reaction, satisfying the triple product of Lawson's criteria. Enhanced confinement regimes 

such as the H-mode have been used and studied as possible operational confinement modes in 

tokamaks since the 1980's. Its strong transport barriers for energy and density caused much 

excitement. However, its resilience to proposed control mechanisms and steep gradients have 

been its short coming to date. Without the ability to change the density transport , to allow 

for the occasional ashing of impurities and release of density, use of the H-mode often leads 

to instabilities from the Greenwald density limit. In this vein we considered the I-mode 

confinement regime. The I-mode only has a strong energy barrier, making it easier to avoid 

instabilities from the Greenwald limit as the reactor is fueled in steady state. Controlling 

the I-mode is the focus of this work. Because there is little or no hysteresis in the I-mode 

this is easier than for other enhanced confinement regimes and will allow for the control of 

the density and temperature profiles to periodically increase the burn rate, exhaust ash, and 

other operational needs.

The way we alter the transport dynamics depends on the phase relation between tem

perature, density, and the underlying turbulence. Self consistent models have shown that 

instabilities with different drives on different spatial scales, ETG and ITG, have different 

phase relationships for the quantities Ti, N, and the velocity of the turbulent fluctuations. 

It's been proposed by Newman [2018], that a ratio of these different turbulent amplitudes 

should be proportional to the phase effect this mechanism has on temperature transport, see 

Equation (1.7). This implies that it is possible to transport particles without transporting 

their heat in a magnetically confined plasma. To control the strength of this effect through

out the profile of the plasma, radio frequency heating is used to make either electron or ion 

temperature driven instabilities dominant in a region.
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The power deposited by the RF beam is controlled by several parameters in the model, 

including heating power, beam location, duration, and beam width. When an IRF beam 

heats the plasma, the local gradients grow causing some minor shear suppression. With 

decreased temperature transport the gradient must increase to maintain steady state. The 

phase effect causes these transport behaviors, according to the turbulent amplitudes ratios 

in Equation 1.7.

Several methods have been proposed to control the phase effect to increase ion tempera

ture and decrease density at the core of the plasma with varying degrees of success. To begin 

controlling the transport we developed a RF configuration that maximized the separation 

between modulations in their stable oscillations, while avoiding instabilities generated by up 

gradient thermal transport and negative φT . This resulted in a reduction of Ti transport 

near the edge of the plasma during odd modulations. With such low NBI heating we are 

investigating the phase effect in starting in the L-mode, where anomalous transport is un

inhibited. Since there is a constant 0.7MW of NBI heating throughout the trial the weak 

thermal barrier keeps ion temperature fairly constant, while dropping core density by ~ 16% 

from the base case.

We then investigated the effects of the modulation period on transport. Since the ERF 

beam decrease the phase effect moving us into the I-mode regime, thermal transport is 

reduced during odd modulations. Since the periods are the same for both sets of modulations 

during this comparison, the Ti barrier is present half of the time regardless of the period. 

Since density transport is enhanced or unchanged in the core or near the edge, during one 

modulation or the other, transport is increased from the core when the periods are minimized. 

By optimizing the modulation periods as a pair, ion temperature increased by ~ 7% and 

density decreased by ~ 18% in the core plasma from the base case.

In the process of optimizing the modulation periods as a pair, we noticed that the phase 

can in fact be made negative for short amounts of time for points in the plasma. This behavior 

causes up gradient transport in temperature and density, which could lead to macroscopic 
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instabilities by Greenwald's limit, and leads to grid separation in our simulation. For this 

reason we investigated individual modulation periods that avoid shear barrier formation. 

We discovered that transport dynamics are not as simply controlled by modulation periods 

as hoped. This behavior may be related to the radial positions where thermal transport 

is enhanced and inhibited. For example, if core density transport is increased to the point 

where the diffusivity plots intersect, and if the modulation period is long, density can spread 

out though the core leading to the flat density profiles throughout. However the density is 

trapped until the “traffic light” changes with the next modulation. For this reason increasing 

the ratio of odd/even modulation periods, while decreasing the modulation times, increases 

ion temperature by ~ 7% and density decreased by ~ 22% in the core plasma from the NBI 

case. Future work is required to fully understand these dynamics.

Observing that the maxima in the phase profiles were not perfectly aligned, we scanned 

over the solo IRF radial location. We discovered that by moving the beam towards the core, 

the local maximum in the phase profile increases as it moved in. This allows a larger portion 

of the core plasma to have increased Ti transport during even modulations. Ti transport is 

reduced near the edge of the plasma during odd modulations. This allows for the energy 

transported from a larger region to accumulate forming a larger gradient, larger shear rate, 

and further decreased transport. Completing the cycle, the next even modulation then heats 

the ions at (r/a) = 0.60, increasing the gradient to the edge. In stable oscillations this 

appears as a weak and then a slightly stronger barrier oscillating back and fourth. The 

barrier at this point increases core ion temperature by 14% and decreases density by ~ 28%. 

When the solo IRF beam is increased, the local maximum in phase also increases, causing 

a larger separation in the phase profiles. However, if IRF heating is excessive, true internal 

transport barriers may form leading to density driven instabilities. The largest heating 

power allowed under the current parameterization, when starting form the NBI base case, is 

85W. This further increase core temperature and decreased density to ~ 15% and ~ 30% 

respectively from the base case. The evolution of this trial from the base case is plotted 
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for modulations until steady state is achieved in figure 3.1, and the results of the previously

discussed control mechanisms are listed in Table 3.1.

Table 3.1: This table consists of the differences and percent differences within each trial and between the best 
result of a trial with the NBI base case. The core steady state differences in N and Ti values are measured in 
particles per m3 and kelvin. Each trials RF beam configuration is the same as the phase barrier candidate 
at (r/a) = 0.85 in Table 2.1, unless otherwise specified.

Trail at (r/a) = 0.85 Profile ∆Trial %∆Trial ∆NBI %∆NBI
Large Ti[0] 23 0.6% 83 2.0%∆φT N [0] -7.0 × 1011 -4.4% -2.4 × 1012 -15.7%

Modulation Ti[0] 50 1.2% 280 6.8%
Time N [0] -1.1 × 1012 -7.2% -3.1 × 1012 -18.3%

Modulation Ti[0] 75 1.7% 305 7.4%
Ratio N [0] -6 × 1011 -5.0% -3.9 × 1012 -22.3%

Solo IRF(60) Ti[0] 185 4.0% 600 14.6%
Location N [0] -2 × 1011 -1.6% -4.9 × 1011 -28.1%

Solo IRF(60) Ti[0] 175 3.9% 625 15.2%
Magnitude = 85W N [0] -9 × 1011 -6.9% -5.3 × 1012 -30.3%

While none of these control mechanisms have been tried in fusion relevant temperatures, 

the lack of feedback in these mechanisms is likely to keep it relevant at higher temperatures. 

Using radio frequency heating parameters continuous control of density and energy were 

achieved in the ranges of Table 3.1. Future work is required to determine how the phase 

effect scales with increased NBI near transition to I-mode. If this phase effect can be made 

dominant enough to increase temperature and decrease density by 15% and 30% at fusion 

temperatures it will be a useful transport control mechanism for density and energy.
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Figure 3.1: The full profile evolution of the phase barrier at r/a = 0.85 case with solo IRF(60) = 85W and 
NBI=0.7MW is plotted. These profiles show the evolution from the NBI base case to stable oscillations 
between modulations of the greatest core ion temperatures. The profiles of N, Ti, and Te are normalized to 
5 × 1013 n/m3, 5 × 103 kelvin, and 5 × 103 kelvin respectively, while χτ and D are measured in W/(mk) 
and m2/s.
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