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Abstract

Elements for nondiffusive transport have been identified in a plasma turbulence
model based on the slab drift-wave model. Motivated by the self-organized criticality
paradigm, a standard set of drift-wave equations in doubly-periodic spatial domain has
been elevated to include a flux-driven background profile with critical gradients. The pro-
file is maintained by the turbulence induced flux from the source to the sink. Tracers that
follow the Lagrangian trajectories are the primary transport characterization technique.
The competition between down-gradient relaxations and self-generated flows highlights the
dual reactions to local steepening of profile gradients, which leads to different transport
regimes. An additional external sheared flow further inhibits down-gradient transfer and
acts as another critical threshold condition that can lead to flow-driven instabilities.

Superdiffusive transport is observed primarily when radial relaxation events domi-
nate while subdiffusive character become more prominent with self-generated and external
poloidal flows. Diffusive transport exists when the superdiffusive and subdiffusive compo-
nents are in balance. The interplay between turbulent relaxation and self-generated sheared
poloidal flows, that form the basis for the transport explored in this model, is absent unless
a flux-driven setup is used. Most of the rich dynamics were not present when running the
simplified model without an equation for background profile evolution.

Nondiffusive transport characteristics can also be recovered from a passive scalar
field that is advected by the turbulent flow with an inherent diffusivity. The spread of a
highly localized cloud of tracers and a passive scalar field reasserts the equivalence between
the Lagrangian and quasi-Lagrangian frames. The coincidence between the passive scalar
field with the tracers provide a regime of validity where existing experimental technique can
be used to characterize transport from two-dimensional experimental data.

The results from this work highlight the key features of flux-driven turbulent trans-
port leading to nondiffusive transport. Specifically, the dual reactions to the local steepening
of profile gradients exposes the multiscale feature of turbulent transport that becomes more
apparent under a flux-driven profile. The quantification of nondiffusive transport charac-
teristics from the evolution of a passive scalar can have important implication towards the
fundamental understanding of fluid turbulence and turbulent transport.
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Chapter 1 Introduction

Tokamak design for terrestrial nuclear fusion becomes unstable under relevant fu-
sion conditions due to the required and unavoidable density and temperature gradients.
To put this in perspective, the challenge of the next generation tokamak ITER is one
of the greatest engineering tasks of all time[!l. The central magnet of ITER must with-
stand a force of about 6 x 10” N, which is twice the peak thrust of a Saturn V rocket at
3.3 x 10" N, The core temperature must reach above 2.3 x 10® K, which is an order of
magnitude hotter than the center of the Sun at 1.5 x 107 K. Large disruption events can
rapidly quench plasma confinement by expelling energy to the containment vessel, which
becomes detrimental to the material and structural integrity of a fusion device. Sustained
confinement is also another key issue that limits the feasibility of nuclear fusion in a toka-
mak configuration®®. Due to turbulence, the transport rates for prolonged operation can
be greater than particle collision, which tends to effectively relax density and temperature
gradients required for sustained nuclear fusion conditions. Hence, there is a need to un-
derstand plasma turbulence and, more importantly, transport due to plasma turbulence in
order to improve plasma confinement under fusion conditions. The existing complexity of
interactions in confined plasma makes the task of simulating every single particle and its
interaction for practical applications computationally expensive and often intractable. Ac-
curate and precise predictions based on fundamental plasma equations seldom yield timely
results such as transport fluxes in order to guide device operation. Hence, there is a strong
interest in developing reduced transport models or low-dimensional models that can explore
dynamics to understand turbulent transport in the context of plasma prediction and con-
trol. The limited success of existing transport models is due primarily to their reliance on
the diffusive paradigm, which does not include the lack of extended correlations between
disparate scales. In addition, experimental results suggest that transport in regimes suit-
able for plasma confinement exhibit characteristics that are not in the standard classical
diffusive paradigm. This has motivated a complimentary approach allows the construction
of effective transport models based on the self-organized criticality (SOC) paradigm. The
SOC approach applied to nonequilibrium systems represents a more feasible and practical
approach towards constructing effective transport models.

In fusion plasmas, turbulence is a natural consequence of the steep gradients sup-
ported by the magnetic topology required to maintain hot plasmas far from equilibrium.
Due to the efficient mixing induced by turbulence that tends to restore the plasma to
equilibrium, plasma turbulence generally degrades plasma confinement where the transport
associated with turbulence limits the performance of tokamak devices in most operating
regimes (9. In order to achieve sustainable fusion conditions, a significant understanding of
turbulence and turbulent transport is required to predict, mitigate, and control transport

due to turbulence. There is a trend towards understanding plasma turbulence globally in



contrast to previous analyses that focused on linear instabilities. A paradigm that allows
probing into nonequilibrium systems is the SOC perspective, which embodies a group of
properties for driven nonequilibrium systems near marginal stability. The nonlinear inter-
action between the input power and the turbulence naturally causes the plasma profiles to
be close to marginal. Under the SOC paradigm for turbulent transport, the nondiffusive
transport framework has been developed to account for the transport properties evident
in SOC systems. The trend towards a more general approach is supported by observation
throughout nuclear fusion history that transport measurements deviate from the funda-
mental paradigm for conventional diffusive transport!”. Although this thesis is focused on
tokamak fusion plasmas, the interpretation has broader applications due to the inference of
SOC dynamics.

This thesis is based on several paradigms with the ultimate goal of achieving sustain-
able terrestrial nuclear fusion. The following sections motivate the work performed in this
thesis by introducing the relevant paradigms beginning with a brief summary of the toka-
mak design for nuclear fusion in Sec. 1.1, which then leads into the required computational
challenge and the need for low-dimensional transport models in Sec. 1.1.1. The turbulent
transport paradigm is then introduced in Sec. 1.2 with a subsection on the commonly used
drift-wave paradigm in Sec. 1.2.1. The SOC paradigm is then introduced as a complimen-
tary approach towards understanding turbulent transport in Sec. 1.3 with an emphasis on
the nondiffusive transport framework in Sec. 1.3.1. The nondiffusive framework then leads
into a discussion about transport diagnostics pertaining to this thesis using the tracers in
Sec. 1.3.2 and a passive scalar in Sec. 1.3.3. The introduction then ends with an outline of
the following chapters in Sec. 1.4.

1.1  Nuclear fusion basics

Nuclear fusion promises to provide an almost limitless supply of power that can
theoretically fuel societal growth. The energy production process resembles the nuclear
reaction that naturally occurs in the core of stars. Nuclear fusion energy comes from the
fusing of light nuclei. Several competing approaches and devices have been built to harness
atomic energy for power generation. Due to the relatively high reaction cross-section at
somewhat attainable average temperatures, the most common nuclear reaction of interest

for sustainable nuclear fusion is the deuterium and tritium (D-T) reaction;
(20 keV) + 3H(20keV) — 3He(3.5MeV) + $n(14.1 MeV).

The attractive aspect of this reaction is the energy amplification on the order of ~ 700 from
the initial energy investment. The D-T reaction is favored due to the relatively high fusion
reactivity (ov) and a broad maximum at about 60 keV (Fig. 1.1). The averaged reactivity
is generally defined as (ov) = [;° o(v)vf(v) dv, which is the integral over the cross-section
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Figure 1.1: The average fusion reactivity (ov) for D-T reaction peaks at smaller thermal
energy compared to other fusion reactions such as D-D or D-2Hel®],

of the reaction o(v) for all relative velocities v and over the distribution of particles f(v)®.
The particle distribution f(v) is usually modeled as the Maxwell-Boltzmann distribution
function. The average reactivity provides a measure of the probability of reaction per unit
time and per unit density. The next most probable fusion reaction is the deuterium and
deuterium (D-D) reaction at temperatures less than 25 keV (Fig. 1.1). The deuterium
and Helium-3 reaction (D-?He) is the second most probable reaction at moderately large
temperatures 25 keV < T' < 250 keV (Fig. 1.1). The D-T reaction may become less favorable
at higher fuel temperatures due to the decrease in {(ocv) compared to other reactions that
increase with higher temperatures.

With the average fuel temperatures reach around 20keV, the state of matter be-
comes plasma where the bulk medium is ionized. Exploiting the property that charged
particles, momentum and heat move more rapidly along a magnetic field, fusion is achieved
using the magnetic confinement concept. A common measure for the success of sustained
nuclear fusion is the “ignition” concept, which is interpreted from Lawson’s criterion!®.
Ignition occurs when the plasma is self-heated by the byproduct « particles. Using a zeroth
order estimate, the alpha heating rate exceeds the plasma energy loss rate for ignition to
occur. This provides a rough estimate for the necessary ion density n;, ion temperature
T;, and confinement time 7. The combination of these quantities n;1;7r must be larger
than a critical value of around 3 x 102! keV - s/m?[1%. The trend in the triple product nat-
urally coincides with the increasing computational capabilities as shown in Fig. 1.2. The
confinement time 7g is intrinsically associated with the thermal relaxations time, which is



primarily determined by losses through turbulent transport.
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Figure 1.2: The fusion power performance measure or the triple product (n;7;7g) highlights
the performance from various tokamak device naturally linked to the increase in computa-
tional capabilities. The next generation tokamak, ITER, aims to have a performance that
gives n; Tyt ~ 3 x 102 keV - s/m?’[”].

The necessary high temperature for nuclear fusion presents an immediate challenge
for confinement. Plasma interacts with the confining electromagnetic fields that can then
lead to unstable behaviors where the plasma tend to rearrange and relax to a lower energy
state. Naturally, nuclear fusion reaction is extinguished as the plasma achieves a lower
energy thermodynamically favored state. In effect, more external energy is required to
maintain the plasma at a high temperature, which consequently fuels more instabilities.
The instabilities act as potential energy channels for the plasma to lower its energy state.

The tokamak configuration is one of the several competing device designs used to

achieve sustainable nuclear fusion [12:13],

Historically, the preference for the tokamak design
for magnetic confinement over stellerators and magnetic mirrors has historical roots in the
1970’s M. Electromagnets are used to generate magnetic fields to confine ionized gas or
plasma in a vacuum vessel that resembles a large donut. Initially, a gas such as D-T mix is
injected in a vacuum on the order of 10~'2 Torr. The plasma is heated to high temperatures
(~ 10keV), initially by a current and then by auxiliary heating schemes such as microwave
heating and neutral particle injection. External heating methods such as wave heating or
neutral beams are required because of the inverse dependence of plasma resistivity on its
temperature 1 o« 773/2. The shape of the machine creates a large magnetic trap where
magnetic field lines form a set of nested surfaces called magnetic flux surfaces (Fig. 1.3).
The magnetic field lines are usually described according to the spatial coordinates: the
toroidal direction ¢ around the torus, the angular coordinate poloidal direction # in a plane
perpendicular to ¢, and the coordinate for radial direction r as shown schematically in

Fig. 1.3. The radial outward direction is usually referred to as the radial direction increasing



from the major radius R towards the larger torus radius R+ a. The minor radius is usually
denoted by a, and the major radius is R. The toroidal magnetic field By is generated by
external poloidal electromagnets while the poloidal field By comes from the plasma current.
The combined magnetic fields create a helical twist of nested magnetic surfaces with different
winding number of the field lines that depend on the safety factor ¢(r) = B -V¢/B - V6.
The helical twist in the magnetic fields also compensate for particle drifts outwards towards
the vacuum vessel wall. Without the twisted field lines, the particle drifts would generate
a vertical electric field, which would then cause a net outward radial velocity due to the
strong axial symmetric magnetic field ™. Due to this magnetic configuration, the inboard
side of the torus R —a < r < R is stable while the outboard side R > r > R+ a is
susceptible to instabilities that tend to yield radially outward transport. The radial profile
of q(r) creates a magnetic field topology that aids plasma confinement. At the edge of the
device, the magnetic field lines terminate by plasma facing components. The region where

the magnetic field lines transition from closed to open is referred to as the separatrix.
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Figure 1.3: Tokamak magnetic field topology generated by electro-magnets creates a helical
twist of magnetic surfaces (left). Typical toroidal coordinates define ¢ as the toroidal angle,

6 as the poloidal angle, and r as the minor radius (right) [15],

Sufficiently heated plasmas reach a regime called the low-confinement regime or

(3], However, the confine-

“L-mode”, which is characterized by stiff temperature profiles
ment empirically degrades with increasing heating power 7z o< P~%5 where P is measured
in MW A better confinement operational regime known as the high confinement or
“H-mode” is achieved when a large enough heating power is deposited in the tokamak

16,17]

plasmal This regime of improved confinement almost doubles the confinement time

and has been attributed to power thresholds and strongly associated with divertor toka-

maks that has a magnetic separatrix[*®!

. The H-mode advanced operational regime can be
accessed in different confinement devices with different types of heating sources!'. The
confinement in this regime is usually characterized by steep density and temperature gradi-

ents at the plasma edge (Fig. 1.4), which is associated with the creation of an edge transport



barrier with a typical width on the order of e¢m['®l. Fluctuations in the edge region also
decreased significantly as compared to the fluctuations in the L-mode confinement regime
(Fig. 1.4). The transition from L-mode to H-mode is attributed to the generation of poloidal
sheared flow!!#:19 which acts as a mechanism to decorrelate the transport from the core
to the edge. The steepening of the profiles near the edge consequently corresponds to an
increase in the density and temperature in the core, which provides more suitable conditions
for nuclear fusion. However, due to the steeper pressure and current gradients associated
with the H-mode, the free energy becomes sufficiently large enough to drive instabilities
that then transport the energy from the core to the edge of the device in the form of
quasi-periodic oscillations called edge-localized-modes (ELMs) 3. The ELMs can result in

catastrophic heat loads on the divertor and complete loss of plasma confinement.
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Figure 1.4: The plasma pressure profile corresponding to most advanced operational regimes
is associated with transport barriers. H-mode confinement regime shows a peaked core
temperature due to a transport barrier as compared to the L-mode operational regime 2],

The anisotropic background magnetic geometry in the tokamak design creates a
distinguishing feature in tokamak turbulence from neutral fluids, which affects the character
and the evolution of turbulence. Low frequency perturbations that have long wavelength
character occur in the toroidal direction while turbulence in the perpendicular direction
extends to the Larmor radius scale, which is on the order of the gyroradius of a charged
particle in the presence of a uniform magnetic field. In addition, core plasmas tend to
be weakly collisional with typical mean free paths larger than the system size. Waves are
prominent in tokamak plasmas due to the large free-energy sources such as through current
density and pressure gradients. Turbulence is responsible for most of the particle and energy
transport across magnetic field lines. Typically, waves that contribute to turbulence occur



at frequencies below the ion cyclotron frequency and often exhibit electrostatic character.
The broad category of drift-waves is the most prominent area of study due to the excitation
from density and temperature gradients.

In next-generation tokamak facilities such as ITER, plasma disruptions are capable
of producing large heat fluxes that can damage in-vessel components, coils, and the vacuum
vessel. In order to minimize risk in tokamak devices, the ability to predict and mitigate
plasma disruptions will ensure the success of magnetically confined plasma for nuclear fusion.
Since the discovery of the H-mode, other advanced operational regimes have also been
discovered that give better confinement than the L-mode regime. Advanced operational
regimes are usually achieved with the formation of transport barriers!™l, which is also shown
in the cartoon of the plasma profile in Fig. 1.4. Therefore, accurate predictions of plasma
characteristics during device operation is of great interest in order to achieve the desired
ignition condition for sustainable terrestrial nuclear fusion. Although recent computational
advances have enabled numerical simulations to play an increasing role in understanding
fusion plasmas, limitations on computational capabilities still necessitate complimentary

modeling strategies and paradigms of understanding.

1.1.1  Computational challenge in tokamak plasmas

Since the 1950’s, the pursuit for sustainable nuclear fusion has been one of the sci-
entific and technological challenges in the twentieth and twenty-first century. The complex
coupling between the particles and the long-range fields give rise to collective dynamics such
as a variety of waves and instabilities. Relevant physics such as transport of particles and
energy often span over ten decades of space and time scales. Although the fundamental
physics governing these processes such as Maxwell’s equations are well known, the coupling
between various scales limit tractable solutions under realistic conditions. The success of
the magnetic confinement depends on the integrated validation between experiment and
theory with the aid of high-performance computing.

Magnetically confined plasma for nuclear fusion is characterized by a variety of space
and time scales (Fig. 1.5). The spatial scales come from electron orbit (~ 10=°m) to the
distance along magnetic field lines (~ 100 m). The time scale varies from the electron or-
bit (~ 10~'"s) to the diffusion time of electrical current through the plasma (~ 10%s)21.
The most comprehensive approach is to solve the equations of motion for all particles ex-
posed to external and self electromagnetic fields. This method can be categorized as the

Klimontovich-Maxwell or Newton-Maxwell system (22,

The particle dynamics easily become
impossible to evolve when considering a realistic tokamak plasma which usually contains
10?2 — 10?3 particles. This limitation on existing computational ability then leads to ap-
proximations and need for a hierarchal modeling approach. A conventional approach to the
plasma model hierarchy begins with the kinetic model, which derives from the Klimontovich

or Newton description of particles. The kinetic model is a statistical treatment of the single



specie particle phase space fo(r,v,t) at position r with velocity v at time ¢ leading to the
Maxwell-Boltzman system of equations 22/,

0 fa 0 fa 0 fa
8ft +v ai‘F—a(E‘F’U B) aiv - zﬁ:o(faafﬁ)"“zo;s(fa) (1'1)

where the particle density is defined as the zeroth moment in velocity space

p(r,t) = an/fa(r,v,t) dv (1.2)

and the current density is the first velocity moment

an/vfa r,v,1) dv. (1.3)

Particle and field interactions are separated into microscopic scales involving particle col-
lisions represented by the collision operator C'(fa, f3) and long-range interaction through

the electromagnetic fields as described by the standard Maxwell equations
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At high temperatures, such as in the core of tokamak plasmas (~ 10keV), particle Coulomb

3/2[12] . Con-

collisions are responsible for momentum and energy exchanges that scale as T~
sequently, collisions provide a smaller contribution to the transport and occur on longer
time scales compared to the plasma at lower temperatures. Charged particles experience
resonant interactions with the electromagnetic field in weakly collisional plasmas, which re-
quires the evolution of the Vlasov equation (Eq. 1.1) coupled to Maxwell equations (Eq. 1.4).
The Vlasov-Maxwell system describes a six-dimensional problem (three spatial directions
and three velocity dimensions) and provides the most fundamental description of a high-
temperature collisionless plasma. Particle collisions involving exchange of momentum and
energy become more prominent when plasma becomes denser and/or colder such as in the
edge regions. Collisional effects tend to attenuate local phase-space singularities. As colli-
sions become important, the Fokker-Plank equation becomes the preferred model. In this
model, a collision operator C'( fa, f3) simulates the small angle Coulomb scattering and can
account for inelastic scattering of impurities such as ionization, recombination, and charge
exchange.

Even though the Vlasov-Maxwell system is a reduced kinetic description compared
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Figure 1.5: Typical space and time scales in magnetically confined plasmas for nuclear
fusion (23

to the Klimontovich-Maxwell system, it still involves a large range of spatial and temporal
scales that need to be resolved (Fig. 1.6). In order to make the problem more tractable,
the six dimensional Vlasov or Fokker-Planck equations for each species are often reduced
to five-dimensional gyrokinetic equations that tracks three spatial gyro-center coordinates,

one parallel velocity, and the adiabatic invariant [24,25]

The gyrokinetic model reduces
the computational cost by gyro-averaging the Vlasov equation; averaging over the high-
frequency contribution due to gyro-motion of particles?l. The model then describes the
evolution of a distribution of particle guiding centers in five dimensional phase space. The
applicability regime of the gyrokinetic model compared to other approaches is shown in
Fig. 1.6. The intrinsic nonlinear character still imposes a larger number of grid points,
which requires the most robust high performance computing environment.

Fluid equations are more suitable to describe interactions on large spatial scales and
at low frequencies. The fluid model is derived by averaging the kinetic equations over the
velocity space and separate the dynamics for different species, particularly ions and elec-
trons. A hierarchy of fluid equations emerge as velocity moments of the kinetic equations,
which leads to an ongoing discussion in modeling with connections to the study of neutral
fluids. The magnetohydrodynamic (MHD) equations describe a single fluid macroscopic
model and is obtained by further approximations on the fluid equations. The MHD model
is useful in studying plasma equilibrium and stability. An example of the range of validity
for corresponding simulation models is shown in Fig. 1.7.

According to the report on Integrated Simulations submitted at the request of U.S.
Department of Energy (DOE) Office of Fusion Energy Sciences (FES) in 201526 the U S.
nuclear fusion community has assessed the recent progress in magnetic fusion design and
identified outstanding challenges in integrated modeling: (1) disruption physics, (2) plasma
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Figure 1.6: Spatial and temporal applicability of the gyrokinetic model as compared to the
Vlasov model and the MHD model 24

boundary physics, and (3) whole device modeling. Disruption physics addresses the poten-
tial catastrophic damage to a fusion reactor due to large disruption events. Mitigation and
control of large disruptions would provide stability and retain the structural integrity of
the vessel walls due to large heat loads. Plasma boundary physics deals with wall degrada-
tion due to prolonged nuclear fusion operation and maintaining heat fluxes within material
limits. Whole device modeling investigates reactor performance, which provide future pre-
dictions for future machine operations. Simulations have been used extensively in order
to manage current challenges to the magnetic fusion scheme. Proposed thrusts in high-
performance computing are: (1) multiphysics and multiscale coupling, (2) numerical opti-
mization and uncertainty quantification, (3) data analysis, management, and assimilation,
and (4) software integration and performance. The scope of this thesis pertains to the
multiscale coupling category where novel algorithms and computing solutions are needed to
investigate the dynamics that span disparate orders of magnitude in spatio-temporal scales.

In order to solve the unprecedented challenge towards sustainable nuclear fusion,
current classes of codes already exist. Typically, tokamak plasma simulations have taken
advantage of the separation of scales in order to remain applicable in isolated plasma regimes
(Fig. 1.8). Simulation models are often developed from simplified sets of equations or
reduced equations, which have limits on space and time scales. There is a persistent demand
to increase simulation domains to capture plasma phenomena occurring on different time
and space scales. An integrated simulation is desired as a result of strongly coupled processes
such as during plasma disruptions. A major plasma disruption is one of the most dramatic

events that can occur in tokamak plasmas. It is usually described as a catastrophic global
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Figure 1.7: An example of macroscopic simulations showing the range of complexity and
computational demand with corresponding physics applications 2%

collapse of a plasma discharge that is associated with an almost instantaneous break down of
the magnetic geometry resulting in an immediate loss of plasma confinement 23, The input
plasma energy such as the plasma current and external heating of the plasma is primarily
released as large thermal loads that can cause major structural damage to the device. A
major challenge is to understand the responsible physical mechanism in order to predict
and mitigate such events.

Modern large scale codes are used primarily for first-principles simulations inves-
tigating individual phenomena in realistic three-dimensional geometry. Integrated models
consisting of lower dimensions with significant empirical elements are used for modeling and
designing experiments. According to recent reports on computational requirements for high
fidelity global simulations of tokamak plasma, petascale and larger computational resources
are required ?*?7]. Projected computational time is in excess of 13 x 10° hours and storage
of more than 140PB (PB = 2% bytes) to meet FES research objectives in 201727, Codes
that evolve both the small scale fluctuations and the large scale profile evolutions such as
GYSELA consume, on average, about 10° hours on 10? cores and generating more than
20TB (TB = 2 bytes) of storage (151 Typically, the state-of-the-art codes for plasma in

11



tokamak geometry such as GTS and XCG-family can easily require more than 10* cores to
advance about 10° particles(2"l. The current computational capability progression allows a
qualitative comparison between experimental facilities of varying sizes and computational
requirements (Tab. 1.1). Owing in part to computational advances, fusion power perfor-
mance has followed a somewhat predictable trend (Fig. 1.2). Hence, in order to simulate
the next generation tokamak ITER, the number of computational elements must be in the
exascale (10'"). Together with increased computational requirements, the time required for
a typical simulation increases with increasing complexity. Despite the explosive progress in
expanding computational capabilities measured terms of calculations per second (FLOPS),
there is a compromise between accuracy and time to solution. Higher fidelity models require
more time to complete (Fig. 1.7). Core transport simulations using gyrokinetic codes with
two species in whole device modeling studies consume about tens of thousands of compu-
tational cores while the simulation for an actual device with multi-species - electrons, ions,
deuterium, tritium, alpha particles, helium ash, carbon, tungsten, beryllium - will consume
more that hundreds of thousands cores.

Table 1.1: An example comparing computational elements and experimental devices shows
increasing computational requirement for simulation 26,

giga tera peta exa
Elements 10° 10° 10° 10!
Device CDX-U DIII-D/NSTX DIHI-D/NSTX ITER
Time range | single event single event multiple multiple
Model resistive MHD 2-fluid 2-fluid kinetic-MHD

Historically, modeling strategies have persisted due to the gap between the phys-
ical model and experimental measurements. Conventional theory requires simplifications
in order to discover tractable solutions in special limits, which are often posed in terms of
equilibrium states. However, the feasibility of sustainable nuclear fusion requires analysis
of dynamical processes that usually cannot be approached by conventional theory. Often,
fusion plasmas are maintained far from equilibrium where non-equilibrium techniques are of-
ten supported by numerical simulations. Simulations naturally attempt to connect between
experiment and analytical theory by taking advantage of applied mathematics, computer
science, and high-performance computers. Several types of framework have been developed
in order to support the current FES goals[23].

Apart from the need to model the plasma itself, plasma facing materials also face
challenges such as high heat loads and radiation damage. The high energy flux of 14.1 MeV
neutrons lead to structural damage and modification of thermal properties of plasma facing

[28]

components In turn, this process usually degrades the overall performance of tokamak

type machines. Due to limited experience with such a high neutron flux, simulations are nec-

12






































































































































































































































































































































































































