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SUMMARY

The objective of this PhD research is to improve the methodology used to interpret the
diffusive radial particle flux and the conductive radial heat flux from the experimentally
inferred total radial particle and energy fluxes, respectively, in order to more accurately
infer experimental values for the heat conductivity and particle diffusion coefficients, respectively.
The difficulty lies in the fact that the experimental radial particle, momentum, and energy
fluxes are determined by phenomena other than diffusion, viscosity, and conduction, respectively.
The contributions of these “other phenomena” must be subtracted from the “experimental”
radial fluxes to obtain diffusive radial particle fluxes that can be used to interpret particle
diffusivities and conductive radial energy fluxes, which can be used to interpret thermal
conductivities.

The improved methodology is employed to interpret particle diffusion and heat conductivity
coefficients in several DIII-D shots in different confinement regimes and compare with
theoretical models.

The Georgia Tech GTEDGE2 transport interpretation code, with improved lon Orbit
Loss (IOL) models for neutral beam and thermalized ions in the edge plasma, and the
GTNEUTPY neutral particle transport code, are applied to several DIII-D shots to enable
comparisons of various theoretical particle diffusion coefficient and thermal conductivity
models with experiment in multiple operating regimes (L-mode, H-mode, RMP, QH-mode,
and SH-mode). GTEDGE?2 corrects for non-diffusive radial particle flux contributions
and non-conductive radial heat flux contributions (including IOL, the convective outflow
of plasma energy, viscous heating, transport of rotational energy, and work done by the
flowing plasma against the pressure tensor) when determining the experimental radial particle
and heat fluxes.

This code is used in this research to examine differences in these particle diffusion and

heat conductivity coefficients among shots in different operating regimes when correcting

XV



for the various non-diffusive and non-conductive phenomena. The experimental results
are compared with various theoretical models for particle and energy transport, including
neoclassical, ion temperature gradient (ITG) modes, drift-Alfven transport, and gyro-Bohm
transport. This research also obtains a toroidal viscous drag and a pinch velocity using
IOL-corrected radial particle fluxes, therein demonstrating the importance of non-diffusive
particle transport.

We find that the effects of IOL on the interpretation of the radial ion heat flux are
significant in the edge plasma. Furthermore, correcting for convective heating and work
done by the plasma on the pressure tensor is seen to in general substantially reduce the
inferred radial ion conductive heat flux. Importantly, we also find that viscous heating,
which is driven by asymmetries in the toroidal and poloidal rotation velocities, can be
an important heat transfer mechanism that must be corrected for when inferring transport
coefficients. We find that, upon correcting for these non-conductive heat transport mechanisms,
some combination of neoclassical and ITG transport may be able to explain ion heat
transport in the edge plasma. We also show that the particle pinch is an important driver of
transport in the edge plasma. We hope that future research will apply the IOL methodology
found in the GTEDGE?2 code while also correcting for the above-described non-conductive
heat transport phenomena and taking measures to estimate rotational asymmetries to determine

the viscous heating, which we believe is an important non-conductive heat transport mechanism.
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CHAPTER 1

FUSION OVERVIEW

1.1 Fusion Program

Fusion reactors have the potential to generate large amounts of clean, safe energy
from a relatively replenishable source: heavy hydrogen. Einstein’s famous formula £’ =
mc? describes the amount of energy that can be released through, among other things,
nuclear fusion. In current fusion research, deuterium and tritium (hydrogen ions with
I neutron and 2 neutrons, respectively) are the expected fuels for power reactors. For
the case of a deuterium ion fusing with a tritium ion to form an alpha particle and a
neutron (a “D-T reaction”), the amount of energy released is 17.6 MeV. Of this energy,
3.5 MeV is in the form of kinetic energy of the resulting alpha particle (a helium nucleus
with 2 neutrons), and 14.1 MeV is in the form of kinetic energy of the neutron. As
shown in Figure 1.1[1], the fusion cross section of the D-T fusion reaction is significantly
higher than other potential fusion reactions at temperatures currently achievable (< 20
keV or approximately 200, 000, 000°C"). As a result, all fusion reactors currently under

development plan to generate fusion primarily via the D-T reaction.
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Figure 1.1: Fusion Reactivity, (0v) ;,,, (m®s~"). Note that the D-T reaction is the easiest to
achieve. Reproduced with permission from [1].

1.2 Tokamaks

This research focuses on the leading rokamak reactor concept, in which a heavy hydrogen
plasma is confined in the shape of a torus using strong magnetic fields. The term fokamak
was coined by Igor Golovin [2] and is a transliteration of the russian acronym that stands
for either “toroidal chamber with magnetic coils” or “toroidal chamber with axial magnetic
fields”. Figure 1.2 is a diagram of the important aspects of a tokamak reactor.

Tokamak reactors confine a plasma in a vacuum vessel using magnetic fields. Since
the ions and electrons in a plasma are by definition disassociated, they strongly respond
to externally applied electric and magnetic fields. In addition, charged particles attempt to

follow magnetic field lines. Multiple types of magnetic fields are thus applied to confine



inner polgidal ;
toroidal magnetic field coits <™ CUrTent outer poloidal
magnetic field coils magnetic field coils

Figure 1.2: Diagram of a tokamak reactor and the important systems, coils, and currents.
Reproduced with permission from [3].

the plasma. The strongest of these magnetic fields (on the order of 1 ~ 10 T) is the toroidal
magnetic field (green arrows in Figure 1.2), which is generated by the toroidal magnetic
field coils. This strong toroidal magnetic field guides the plasma to remain within the
vessel. If these toroidal magnetic field lines were straight, the plasma could be confined
indefinitely. However, since the vessel must close on itself, the toroidal field lines must
curve following the vessel. From Maxwell’s equations, this causes a drifting of the plasma
ions and electrons, which ultimately would result in the plasma losing confinement (i.e.,
plasma ions and electrons impinging on the vessel wall).

This, along with other types of “drifts”, necessitates other magnetic fields to improve

confinement and performance. As an example, a current is created in the plasma (red arrows



within the plasma in Figure 1.2) by a central solenoid that flows along the plasma. This
solenoid-induced current produces a poloidal magnetic field that is superimposed over the
toroidal magnetic field. This resulting spiraling magnetic field (yellow arrows in Figure 1.2)

confines the plasma within the vessel.

1.3 Plasma Shaping, ELMs, H-mode, and Beyond

It turns out that shaping the plasma can increase the performance of the reactor. Additional
outer poloidal magnetic field coils, along with auxilary coils (not picured), are used to
position and shape the plasma. It has been found that shaping the plasma in the form of a
D can produce improved confinement of the plasma. The shaping can be defined by two
parameters: the plasma elongation ~ and the (upper and lower) triangularity §“PPe" /§tower,

In the early 1980s, a new regime of tokamak operation was discovered at ASDEX [4].
This new regime, termed H-mode or high-performance/high-confinement mode, in contrast
to low-performance/low-confinement mode (L-mode), demonstrated improved plasma confinement
and was accessed using high neutral-beam-injected (NBI) ! power and sufficient densities
and temperatures. A key feature of H-mode plasmas is the formation of a “pedestal” near
the separatrix, as shown in Figure 1.3. It has been realized that the pedestal structure
essentially represents the boundary condition for overall plasma performance and has been

the subject of intense research [5]. However, with this improved confinement regime

'Neutral beam injectors, abbreviated NBI, accelerate charged atomic and molecular hydrogen (H2+, H3+,
H2+) to high energies (> 70keV at DIII-D) through a so-called “neutralizer” and into the vessel to both
fuel and heat the plasma.



comes the problem of edge localized modes (ELMs). A review of ELMs can be found
in [6]. Briefly, ELMs are instabilities that result in losses of particles and energy to the
tokamak vessel wall, with the greatest heat loads being directed to the divertor plates. Type-
I ELMs are characterized by the sudden radial transport of a substantial amount of plasma
particles and energy, constituting up to 10-15% of the plasma energy and density. These
ELMs are detrimental to prolonged operation, as the divertor plates are unable to withstand
such transient heatloads for the timescales required for long-term power reactor operation
(divertor plates incapable of being utilized for many years would render commercial fusion
plants uneconomical). Type-II ELMs, or “grassy” ELMs, are ELMs that occur at much
higher frequencies than Type-1 ELMs but produce far lower transport into the so-called
scrape-off layer’>. Grassy ELMs are thus not as detrimental to quasi-steady-state reactor
operation and can be beneficial due to their ability to provide a small level of transport
out of the plasma if controlled properly [7]. Type-III ELMs are similar to type-II ELMs
in terms of their frequency and produce a modest amount of transport out of the plasma.
In contrast to Type-I ELMs, however, their frequency decreases with increasing heating
power.

In the late 1990s, DIII-D discovered a new operating regime that is free of ELMs: QH-
mode or Quiescent H-mode [8]. This regime was initially accessed with NBI injection

counter to the direction of the plasma current as well as cryopumping to reduce the plasma

2The scrape-off layer, or SOL, is the next-furthest layer out of the plasma radially from the core and edge.
Particles that find themselves in the SOL are often swept into the divertor region. The border between the
confined plasma and the SOL is called the “separatrix”.
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Figure 1.3: Electron temperature for shot 144977 in H-mode and L-mode at an instance
of time (data collected temporally around an instance in time is referred to as data for a
“timeslice”). Note the characteristic “pedestal” structure seen in the electron temperature
in the last few centimeters of the plasma for the H-mode timeslice.



density. The term ‘quiescent’ describes the lack of ELMs in QH-mode plasmas: in initial
testing, ELMs would be produced as the plasma was heated up using NBI; however, they
would suddenly disappear, leaving only an edge harmonic oscillation (EHO) initially only
picked up by magnetic pickup probes but with the plasma otherwise continuing to demonstrate
H-mode-like performance. Additional experiments helped further characterize QH-mode.
The work in [9] helped characterize the operational boundaries of QH-mode at DIII-D. It
was also found that the edge density and temperature profiles seemed to saturate (i.e., they
did not increase in magnitude or in terms of the gradient characterizing the pedestal) with
increasing NBI power. It was also noted that the duration of the NBI was the limiting factor
for the duration of QH-mode and that there did not appear to be a physics constraint on how
long a discharge could remain in steady state.

Subsequent work (see, e.g., [10] [11]) on QH-mode at DIII-D demonstrated that this
regime could be accessed and maintained at high densities, high enough to approach the
Greenwald density fractions to be seen at the International Thermonuclear Experimental
Reactor (ITER). Strong plasma shaping allowed access to these higher densities and allowed
ITER-relevant parameters to be obtained. That work also helped validate the EPED model,
which is a reduced physics model that predicts the pressure at the top of the pedestal (see,
e.g., [12] [13] [14]).

The EPED model also predicted a new regime accessible through QH-mode: Super-H

mode, or SH-mode. SH-mode is an improved operating regime accessed via the QH-mode



edge pathway and is characterized by substantially higher, ITER-relevant pedestal height
and density [15]. A high pedestal pressure of 80k Pa was obtained at Alcator C-Mod in
SH-mode [16]. SH-mode is also characterized by ELMs, although it has been found that
steady-state operation exhibits ELMs carrying only a modest amount of energy out of the
plasma [17]. Recent work in [18] has demonstrated that SH-mode is also compatible with
radiative divertors, which are beneficial in that they spread the heat loads on the divertor
plates to larger surface areas, reducing the material and component stresses on the divertors.
Although much progress has been made, tokamaks still face several fundamental challenges.

These include

Materials-related challenges

Disruption avoidance, detection, and mitigation

Transport & rotation understanding

Instabilities and their control

The subject of this thesis research falls into the third category. Transport in plasmas can be
understood from 3 aspects: short-range forces, long-range forces, and anomalous transport.
Short-range forces give rise to diffusive/conductive transport, which is the result of particle
collisions and other short-range forces that produce radial particle and heat fluxes that
are proportional to density and temperature gradients, respectively. Long-range forces
are those produced by electromagnetic and ' x B forces. Anomalous transport generally
refers to non-classical transport caused by density and temperature fluctuations (turbulence)

and other poorly understood phenomena. Current research generally does not consider
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multiple factors that find importance in the edge plasma: ion orbit loss, non-conductive heat
transfer other than convective heat transfer, and the pinch velocity. This research will show
how these non-diffusive and non-conductive aspects can be corrected for and how they
change the interpreted conductivity and diffusion coefficients. In the literature, theoretical
calculations of Y, ; are made and compared to X, ; inferred from experiment; however, the
effects of IOL and other non-conductive transport mechanisms are not generally corrected
for in these inferred x;,. ;. In other words, theoretical calculations of ;. ; are being compared
against inferred .. ; that have not been corrected for non-conductive transport mechanisms.
This research attempts to show why these corrections to the experimentally inferred x,. ; are

important to make.

1.4 Summary

Over the last six decades, many hard-fought scientific accomplishments in fusion science
have been realized, and, as a result, the tokamak, with its shaped plasma, is generally seen
as the most likely design to result in a functional power reactor. In this section, a brief
overview of the underlying fusion reaction sought for use in nuclear fusion reactors was
provided. Tokamaks, the main candidate and most heavily researched reactor variant, were
discussed, and the challenges involved in perfecting them were enumerated. The various
operating regimes that this thesis will look at were also briefly discussed. This research

will focus on transport in the edge plasma, specifically on interpreting the conductive



heat and diffusive particle transport in the edge plasma, therein carefully accounting for
non-conductive and non-diffusive transport mechanisms. The next chapter will present the

specific objectives of this research.
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CHAPTER 2

THESIS OBJECTIVES

2.1 Primary Objectives

The primary objectives of this doctoral thesis are as follows:

1. We will present an improved methodology for the interpretation, from experimental
measurements and input conditions, of the particle diffusion coefficient, the thermal
conductivity and the toroidal viscosity coefficient, therein taking into account that
the experimental radial particle and energy fluxes are also determined by processes

other than diffusion, conduction and viscosity, respectively.

2. We will apply this methodology to interpret transport coefficients for DIII-D shots in

different confinement regimes.

3. We will present a comparison of the interpreted diffusion and thermal conduction
coefficients to different theoretical models to demonstrate the significant differences
in the comparisons and show that such comparisons must correct the inferred transport
coefficients for phenomena such as IOL and other non-conductive and non-diffusive

phenomena.

The main problem that we will attempt to address is the following. Experimentally
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determined total radial energy and particle fluxes are due to many mechanisms other than
short-range energy conduction and particle diffusion mechanisms (i.e., long-range forces,

such as IOL, long-range electromagnetic forces, work done by the flowing plasma on the
stress tensor, the outward flow of rotational energy, etc.). These other non-diffusive/non-
conductive contributions must be determined theoretically and subtracted from the experimentally
determined total radial particle and energy fluxes in order to obtain the radial conductive
energy flux and diffusive particle flux, which can be used to evaluate the heat conductivity

and particle diffusion coefficients for comparison with theory.

In chapter 5, we will use the particle and momentum balance equations to show that we
can use experimentally obtained values to calculate a composite momentum loss frequency
due to viscosity, inertia, charge exchange, and ionization, written v, ; = V;isc+u§”e” + U5+
V;O”, for the main plasma ions j (the impurities are indicated with the subscript k), which
will allow us to write the total radial particle flux as the sum of a diffusive component and

a non-diffusive component proportional to the “pinch velocity”:

Fﬁj =< T Ur >= nijj (L;; + Lil]) — TLijk (L;}€ + L;}k) + N;iVp, ; (21)

in which n; is the ion density; v, ; is the radial ion velocity; D;; and D, are the ion

diffusion coefficients; L, = —% /n;) and Lilj = (—% /T;) are the inverse ion density
and temperature scale lengths, respectively; L;}g = (—%LT’“ /ny) and Lilk = (—% /Ty)

are the inverse impurity density and temperature scale lengths, respectively; and the pinch
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velocity is given by

NjUpj = —

A * —1

=r , * Voo s — Vs 29
e;j By By e; By By e;j By ((V]k+yd’])ve’] ikvok) (2.

where My ; is the external toroidal momentum input (e.g., from neutral beam injection), By
is the poloidal magnetic field, E;;‘ is the toroidal electrostatic potential, m; is the ion mass,
v, ; 1s the above-mentioned composite momentum loss frequency, ¢; is the ion charge, E,
is the radial electric field, f, = By/Biotal, Vi is the ion-impurity collision frequency, vy ; is
the ion poloidal velocity, and vy, is the impurity poloidal velocity. It can be shown that the

total energy flow out of the plasma can be written

- 1 N S -
Qj = §njmj(vj . Uj)Uj + ijvj -+ Uj . 7Tj + Qj (23)

— —

where @; is the total heat flux, snym;(U; - U;)0; is the flow of inertial energy, 2p;v; =
3n;Tjv;r + n;Tjv;, is the convective heat flux plus the work done by the flowing plasma
against the pressure tensor, U; - 7; is the viscous heat flux, and ¢ is the conductive heat
flux. As we will show in section 5.2, we will subtract off the non-conductive radial heat
flux components (i.e., the convective, inertial, pressure tensor work and viscous heat fluxes)
from the radial component of the total heat flux to determine the experimentally interpreted
radial conductive heat flux g, ;.

Given the above, the interpretation of the experimental x,. and D, will be performed as

follows. First, we use the experimental data from DIII-D to infer the total radial particle

13



flux (') and the total radial heat flux (Q'*") to identify the radial particle and heat flux

components that are not diffusive or conductive, respectively, in nature, i.e.,

diff __ ptot non-diff
[dff — ot o 2.4)
cond tot non-cond
Gr = ir = Wi 2:5)

cond

where ¢;%

is the radial conductive heat flux, through the use of particle, momentum, and
energy balance equations. This involves correcting for the above non-diffusive and non-
conductive transport mechanisms (IOL, convective heat flux, etc.). Once we know these

non-diffusive and non-conductive components and given that the experimental diffusive

particle flux and conductive heat flux are given by

pdiffexp _ _ Dygpexp (2.6)

qcond, exp _ _XneXPVTeXP (27)

with n°? and T°* being the experimental ion/electron densities and ion/electron temperatures,
respectively, we can correctly calculate experimental particle diffusion and heat conductivity

coefficients

tot __ 7 non-diff
IRV

D = 2.8

Vnexp (2.8)

exp qcond - Q;ot _ Q?on—cond (2 9)
X - nexpVTexp - nexpVTexp .
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To obtain the radial components of [, Tmon-diff ()0t and Qnon-cond e take moments of the
particle, momentum, and energy balance equations on the plasma for the ions and electrons,
as shown in the next section.

We are performing this analysis in this manner to obtain more accurate evaluations
of diffusive and conductive transport in plasmas, as well as determine the magnitude of
the non-diffusive and non-conductive effects. With these values of x and D, we will
compare the various theoretical models to said values in an effort to identify the underlying
transport mechanisms in various regimes (L-mode, H-mode, RMP, etc.). This would not be
consistent using x and D values obtained using radial particle and heat fluxes that are not
corrected for non-diffusive and non-conductive mechanisms, as is presently done in many
interpretations. This work essentially extends the work in [19] to a variety of operating
regimes and compares with theoretical formulations for heat transport coefficients. In
[19], it was shown that it is necessary to correct the total experimental radial heat flux
to subtract out the effects of other non-conductive mechanisms such as thermal convection,
the convection of rotational energy and ion orbit loss in order to reduce the total experimentally
determined heat flux to the heat flux attributable to thermal conduction, which can be used
to infer the thermal conductivity.

To address the first objective of this thesis, the GTEDGE2 code! has been updated

to improve the interpretations of the experimental radial particle diffusion (D),.) and heat

'The GTEDGE2 code can be found at https://github.com/gt-frc/gt3
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conductivity () coefficients by correcting for non-diffusive and non-conductive phenomena.
In contrast to GTEDGE, GTEDGE?2 directly solves the particle, momentum, and energy
balance equations in a 1-D slab geometry (in contrast to the power balance methodology of
GTEDGE) for the full plasma (0 < p < 1.0). GTEDGE?2 applies an Ion Orbit Loss (IOL)
calculation to each species of ion injected via neutral beam injector (NBI) as well. Coupling
to a neutrals recycling code is achieved with integration of GTNEUTPY, a parallelized
Python port of the GTNEUT code based on the transmission-escape probability method[20].
This allows us to obtain particle and heat sources for calculating the particle and heat fluxes.
Note that the GTEDGE2 code can run on a standard laptop computer in less than a minute
if neutral recycling is not calculated (or has been previously calculated). GTNEUTPY can
be run on the order of minutes if ionization rates and neutral densities are to be calculated.
To reiterate our task, when a given particle or heat flux is caused by a combination
of several transport and non-transport mechanisms, say, A, B, and C, and one wishes to
determine a transport coefficient for mechanism C, one must determine the contributions
to the total flux due to mechanisms A and B and subtract them from the total transport flux
in order to determine the transport flux due solely to mechanism C. To this end, we use
the GTEDGE?2 code to correct for IOL, which is a non-diffusive transport mechanism that
affects the total radial particle flux and neutral beam heating; the convective radial heat
flux; work done by the plasma on the confining pressure tensor; viscous heating; and the

transport of rotational energy. These corrections for non-conductive mechanisms on the
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experimentally inferred total radial heat flux allow us to obtain correct experimental radial
heat conductivity coefficients.

Figure 2.1 provides an example of this; note that this type of graph will be used
throughout this thesis. This graph shows the inferred heat fluxes for a moment in time for
shot 163477, an upper single-null QH-mode shot. The top plot, given as @, is the inferred
total radial ion heat flux solved from energy balance without our IOL correction. It is
common, although not always the case, to assume that this heat flux is equal to qﬁf}”d, ie.,
all energy flowing out of the plasma from thermalized ions is conductive in nature and thus
satisfies Fourier’s law. This thesis demonstrates that this is not the case, i.e., a substantial
amount of heat is transporting out in a non-conductive manner. The next plot, marked with
%, is the inferred total radial ion heat flux from energy balance but with the IOL correction
for both thermal ions and for ions from NBI heating. We see that the IOL correction
significantly reduces the total radial ion heat flux in the edge. We also want to present the
other heat fluxes that we infer in this research for comparison. Ultimately, these other heat
fluxes, which are non-conductive in nature, will be subtracted from the IOL-corrected total
radial ion heat flux to determine the conductive heat flux: qﬁf’;‘d. The next plot, marked
with +, is the inferred radial ion convective heat flux. The next plot, marked with @, is the
heat flux resulting from the work done by the plasma on the pressure tensor. The next plot,
marked with V, is the heat flux from the work done by the flowing plasma on the pressure

tensor. The final plot, marked with A, is the heat flux from viscous heating. We see here
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Figure 2.1: Inferred heat fluxes for shot 163477, an upper single-null QH-mode shot.

that the non-conductive heat fluxes are significant and should be subtracted from Qt"t SO
that the actual conductive heat flux, i.e., g©"d = Qtot — Qeonv — QI — Qheatin _ (yuisc capn
be used to infer Y, ;. Note that we will also find that in certain shots, these non-conductive
heat fluxes are not significant.

We also calculate a composite momentum loss frequency (v4). To this end, we utilize
the Stacey-Sigmar extension of the Braginskii gyroviscosity to toroidal field line geometry.
This extension allows us to calculate a composite momentum loss frequency v, ; = V;isc +
y}”er+yj‘”+yj‘m due to viscosity, inertia, charge exchange, and ionization. This allows us to
calculate a corrected experimental diffusive radial particle flux and thus a particle diffusion

coefficient, also corrected for IOL. We are able to show that correcting for these non-
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diffusive and non-conductive phenomena produces a significant difference in the inferred
experimental diffusion and conductivity coefficients.

To address the second objective of this thesis, we will analyze various DIII-D shots
using the GTEDGE2 code. These shots represent various operating regimes (L.-mode, H-
mode, RMP, reverse triangularity, QH-Mode, and SH-mode), and we will demonstrate the
substantial effects of these non-diffusive and non-conductive phenomena on the inferred
particle diffusion and heat conduction coefficients.

To address the third objective of this thesis, these inferred coefficients from the above
operating regimes will be compared with theoretical models in order to demonstrate the
substantial differences that may exist in the inferred transport coefficients when comparing
to theoretical models. The theoretical models that will be analyzed include neoclassical,

ion temperature gradient (ITG), and others.

2.2 Summary

This section reviewed the primary objectives of this research. The primary objectives
of this research are to 1) obtain an improved interpretation of radial particle diffusion and
heat conductivity coefficients in the edge plasma, therein correcting for non-diffusive and
non-conductive mechanisms, which requires the development of a methodology for the
interpretation of experimental viscosity coefficients from experimental data; 2) perform a

comparison of various DIII-D shots in various regimes to study the effects of correcting
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for the above non-conductive and non-diffusive mechanisms; and 3) use these improved
energy conductivity coefficients in comparisons with theoretical models of conductive heat
transport in tokamaks. It was noted that this research uses a composite momentum loss
frequency to account for all sources of momentum loss of the plasma ions, allowing us
to write the total particle flux as the sum of a diffusive component and a non-diffusive
component, i.e., a component proportional to the pinch velocity. It was also shown that
the total heat flux can be written as the sum of conductive and non-conductive terms,
and an overview was provided on how the experimental data will be interpreted such that
an experimental heat conductivity coefficient could be calculated. In the next section, a

literature review of select research applicable to the work done here will be provided.
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CHAPTER 3

LITERATURE REVIEW

3.1 Experimental Interpretation of Plasma Transport

Substantial work has been done to attempt to explain transport in tokamak plasmas.
Importantly, research has focused on attempting to explain transport in the edge pedestal
region of H-mode and other plasmas[21]. It has become clear that the edge pedestal
region of H-mode plasmas dictates the boundary conditions of overall plasma performance;
therefore, it is important to understand the heat and particle transport in the edge plasma
[5][22] [23] [24]. The work in [25] investigated the use of various transport interpretation
codes to infer ion and electron heat conduction coefficients and particle diffusion coefficients.
That work looked at multiple interpretive codes and found that interpretive codes such as
the one the current research is based on are appropriate for interpreting heat conduction
coefficients and particle diffusion coefficients in most of the edge plasma. The work also
demonstrated that the recycling thermal neutral density in the “X-point” region and the
ionization are two of the greatest uncertainties in this type of research.

[26] inferred diffusive heat conduction coefficients for various splits of the electron
and ion heat fluxes, which are experimentally uncertain values. [27] derived a generalized

pinch-diffusion relation based on momentum conservation for ion transport during ELM-
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free, steady-state operation. [28] interpretted radial ion and electron heat conduction on
data from two DIII-D, matched resonant magnetic perturbation (RMP) shots before and
after ELMs occurred. That work hypothesized that the increased radial electron transport
seen when these magnetic perturbations were applied was not the cause of the ELM suppression
and that another transport mechanism must underly the ELM suppression seen; increased
Xe was found in both RMP and no-RMP cases during the build up to the ELM crash.
In addition, that work was unable to find a good match between theoretical calculations
of x; and the experimentally inferred values. The ITG predictions were closest to the
experimentally inferred values, although a good match was not obtained for the entire edge
plasma. The paleoclassical model of electron transport was found to be in good agreement
at certain times. [29] investigated transport in an L-mode and two H-mode shots from
DIII-D. For the L-mode shot, ETG and paleoclassical predictions achieved good agreement
with the inferred y.. However, again, experimentally inferred values of x; did not match
theoretical predictions except for a matching with thermal instability theory at the very far
edge. For the H-mode shots, clear agreement was not obtained for any theory, although
ITG transport achieved the best agreement out of the theoretical calculations.

Various efforts have been devoted to interpretting heat and particle transport as it relates
to plasma rotation, the radial electric field, and ion orbit loss, the latter being a form of
non-diffusive transport [30] [31] [32] [33] [34] [35] [36]. A recent overview of such work

can be found in [37] and [38]. [39] and [40] showed that ion orbit loss (including X-
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transport) and the particle “pinch” constitute two non-diffusive mechanisms for transport
that are important in the edge plasma. That work looked at multiple DIII-D discharges to
demonstrate the importance of these transport mechanisms. [41] developed a formalism for
correcting the total ion radial heat flux for viscous heating based on Braginskii’s formalism.
The formalism utilized a Fourier expansion in # of the poloidal and toroidal rotation velocities.
Note that such asymmetries in the rotation velocities are difficult to measure experimentally
but can be modeled (see, e.g., [42]). That formalism was applied to a DIII-D H-mode
discharge. Calculations for up-down rotation velocity asymmetries of 1% - 10% were
performed, and it was shown that such rotation velocity asymmetries can have a substantial
effect on the inferred ion heat conductivity.

[31] utilized main ion toroidal velocity measurements to demonstrate a peaking of so-
called “intrinsic rotation” ascribable to ion orbit loss near the separatrix, which confirmed
predicted co-current rotation caused by ion orbit loss. The inclusion of ion orbit loss,
which is a kinetic effect, into fluid theory to obtain the above result was demonstrated in
[43]. These results were further supported by XGCO, a particle-in-cell drift-kinetic solver,
simulations applied to a DIII-D shot in [44] as well as by XGC1 in [45]. Application of
ion orbit loss into a fluid model for the edge plasma profile in [46] was used to provide a
constraint for an equilibrium edge pressure profile found in H-mode plasmas. The above
concepts have been applied to non-DIII-D plasmas as well. A geometric approach was used

and applied to shots at ASDEX-Upgrade to model the ion orbit loss at the L-to-H transition
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[47].

Heat and particle transport have been investigated in ASDEX-Upgrade. [48] investigated
ion heat transport between ELMs. In that work, electron-cyclotron resonant heating deposition
locations were varied to observe the effects on the ion heat transport. Their transport
analysis using the ASTRA 1.5D transport code found that, when compared with calculations
from the NEOART, NEO, and NCLASS codes, neoclassical predictions were close to
inferred y; , in the edge plasma and in good agreement in the edge transport barrier region.
Their results also demonstrated the validity of the general assumption that conductive ion
heat transport in the edge plasma is a local phenomenon, i.e., it is not affected by the
core. Later, [49] looked at heat conductivity in the edge across an ELM cycle. They found
that their experimentally inferred heat conductivity matched neoclassical predictions within
their uncertainties in the edge plasma. However, transport appeared to be substantially
higher than neoclassical theory would predict immediately following the ELM in the steep-

gradient region of the pedestal.

3.2 Ion Radial Heat and Particle Transport

An early review and work on neoclassical transport in axisymmetric, toroidal reactors
were conducted in [50] using a variational principle with the Fokker-Planck collision operator
in the banana regime. This work took an approximation at lowest order in the inverse aspect

ratio to derive ion and electron heat and particle fluxes. [51] extended the neoclassical
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theory to collisional plasmas. Using a large aspect ratio approximation, the radial ion

particle flux and radial ion and electron heat fluxes were given as

2 2
np: 8m 1 (dpe ~ dp; 0.27dT,
T, 12 { Pe (dr+dr T. dr

Grj = L (SWQ) dT;

5\ )

neT.p? (8712) {0.98 dT, 0.27 <dpe N dpz)]
Gre = ———¢ (=5 -

Te [2 T. dr P, \ dr dr

(3.1

(3.2)

(3.3)

where p? = 2m.c’T,/e’B§ and p5 = 2m;c*T;/e*Bj. This work was later modified in

[52] by considering a finite aspect ratio and extended to include impurity species in [53] to

obtain the Chang-Hinton neoclassical ion conductivity

neo

1
X; = eépieyi,i[algl + a2(gl - 92)]

(3.4)

where impurities, collisional and finite inverse aspect ratio effects are accounted for by the

as, and the effect of the Shavranov shift is accounted for by the gs. These coefficients are

given by
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We will use Equation 3.4 in this thesis for one of our comparisons with our inferred X, ;.

[

Experimental results have shown that heat and particle transport cannot be fully explained
by neoclassical effects in the core (see [54][55]), although there are indications that neoclassical

transport might not fully explain ion transport in DIII-D[56].

3.3 Turbulent Ion Transport

Transport above the neoclassical level is termed anomalous transport and is generally
considered to be a result of turbulent fluctuations in magnetic fields, electric fields, and
particle densities. Most of the effort in the study of such transport begins by considering
electrostatic drift waves and the resulting E x B drifts. These drift waves are essentially ion
acoustic waves in nonhomogenous plasmas, with ion pressure gradients and electrostatic
potentials acting as the restoring forces.

Ion temperature gradient (ITG) modes represent a drift wave instability that is believed
to be likely responsible for anomalous ion thermal transport. The toroidal ITG modes

become unstable for R/Ly, > (R/Lr;)cric and produce thermal ion transport. Early work

26



showed that, in the presence of large (but not excessive) magnetic shear, ion temperature
gradients create unstable modes that lead to transport that is not damped out by Landau
dampening [57]. Later computational work found the dominant nonlinear saturation mechanism
to be nonlinear £ x B convection of the ion pressure [58]. The authors also provided an
approximation of X]I-TG. In more recent work, the GKS code was applied to DIII-D shots
to study ITG and TEM modes [59]. That work found that, in L-mode plasmas, the GKS
code predicted ITG modes in agreement with experimentally inferred ion heat diffusivity
in the sense that increased transport was inferred when the critical gradient was surpassed.
Additional work on ITG in DIII-D plasmas was done in [60]. In that work, evidence of a
critical gradient in L- and H-mode plasmas at DIII-D was provided. It was shown that, in
much of the plasma, the ion heat diffusivity rapidly increased at approximately the location
corresponding to the critical gradient calculated by the IFS-PPPL model. The authors
also scanned various parameters to find the most important parameters in determining
this critical gradient in DIII-D discharges. It is important to note that much of this work
is focused on the core plasma and is performed using highly complex, computationally
expensive simulations such as in gyrokinetic codes. In contrast, the GTEDGE?2 code, which
focuses on the edge plasma (0.85 < p < 1.0) utilized in this thesis can be run on a standard
consumer laptop on time scales of minutes.

Two other types of instabilities giving rise to ion transport are the drift Alfven modes

and thermal instabilities. Drift Alfven instabilities are important in collsional edge plasma.
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[61] showed that E x B sheer alone cannot stabilize these modes. An analytical model was

developed in [62]:

Xi = X" /i (3.6)

where the gyro-Bohm heat conductivity is be = p2cs/Ly,, 1 & —%1 /Z—?ﬁ and

1/2
1+ 80) % + v,
XL = ( ) 4 (37)
L+ 62+ v
1/2 1/4 /
in which 3, = (:Z—) 52—5, 8= —2“‘};2‘3%, Up = (;Z—) —(qRL/\’Z)l 2, and A\, — Ve /Ve,i-

We will compare this theoretical model to our inferred ., ; as part of the main results of

this thesis.

3.4 Paleoclassical Electron Transport

For completeness, we touch briefly upon electron transport. Early work to explain
electron transport provided the paleoclassical model of electron transport [63]. In the
paleoclassical model, magnetic field diffusion on the scale of the electron collision time
induced by Coulomb collisions causes radial transport of electrons. In the collisionless
regime, which is more relevant to current and future reactors, the electron heat conduction

coefficient can be approximated as

3 1 1/2 nnc
paleo ~ = _ l (3 8)
Xe 2 <7rf5@!q’|) o
where 0, is a normalized diffusive radial step, ¢ = %, and nﬁc/ 1Mo 1s the neoclassical
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parallel plasma resistivity. In the collisional regime,

paleo ~_
e

nc
3N vy,

T2 WRQTU_;Q)

(3.9)

where vy, = (2T,/m,.)"/? and R ~ R.

The paleoclassical model was tested on numerous DIII-D shots in [64]. That work
developed what the authors termed the paleoclassical-based pedestal model (PCBMP). In
the model, paleoclassical transport was assumed to be the dominant transport mechanism
in the edge pedestal, and values of x?%*° were calculated. These values were then used to
predict electron temperature and density gradients, which were compared to the experimentally
measured gradients. The authors utilized the results to show that paleoclassical transport
represented the minimum transport for electrons. The electron temperature gradients were
not in agreement with those predicted by paleoclassical theory; additionally, the electron
densities were sometimes greatly underpredicted (by as much as a factor of 2), implying

another transport mechanism at play or further refinement of the theory being necessary.

3.5 Turbulent Electron Transport

The paleoclassical model does not sufficiently explain electron transport in tokamaks.
One such transport mechanism is transport from electron temperature gradient (ETG) modes.
A review of ETG modes and results on DIII-D shots can be found in [65]. Unlike other

transport mechanisms, ETG modes are not believed to be greatly suppressed by E x B
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shear. In addition, ETG turbulence only produces electron heat transport. Early work in
[66] used gyrokinetic simulations in the core to show that ETG turbulence could produce
levels of anomalous transport seen experimentally and is associated with radially extended
“streamers”. However, [67] was unable to find evidence of a critical gradient in DIII-D
discharges in two experiments probing the region p < 0.6. The experiments varied the
electron heat flux and electron temperature inverse scale lengths at two radial locations
using electron cyclotron heating. That work put upper limits on the relative scale length
that were almost half of the plasma radius. On the other hand, [68] found evidence for

ETG-driven transport in Tore Supra.

3.6 Summary

In this section, a literature review of relevant research on ion and electron transport in
DIII-D and similar tokamaks was provided. Substantial work has been done to explain
ion and electron transport in tokamak plasmas. Neoclassical transport has been found to
be the minimum transport experienced in the plasma. On the other hand, it is clear that
turbulence in the plasma can play an important role in transport, especially in the core, and
various, sometimes conflicting results have been found. In the next chapter, we will begin
the discussion of mechanisms that can be responsible for non-diffusive and non-conductive

transport by presenting the physics behind ion orbit loss.
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CHAPTER 4

ION ORBIT LOSS

4.1 Ion Orbit Loss

IOL is one mechanism whereby ions can be transported out of the plasma on loss orbits
in a non-diffusive manner, i.e., these ions and their energy are transporting out of the plasma
due to long-range, electromagnetic forces. Following [69], we use the conservation of

canonical toroidal angular momentum

RmV) fy + etp = RomV]jo feo + €tbo 4.1)

to define an orbit on which an ion introduced at location “0” on flux surface 1), with parallel
velocity V| is constrained. Here, f, = %, R is the major radius, and v is the flux surface.

Conservation of energy and poloidal angular momentum give

1 1 1
§m(VH2 + V2) +ep = const = §m(VH20 + Vi) =epo = §m\/02 + egy 4.2)
mV? mV?3,
= t = —=29 4.3
oB " T 9B, (4-3)

We also require from the above conservation equations that
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B
V=t |- |5

, 9% 1/2
Be (1-&)+ m—vog(ﬁb - ¢o)] (4.4)

in which ¢ is the electrostatic potential and &, = Vj;o/ V4 is the cosine of the initial guiding
center velocity relative to the toroidal magnetic field direction. Plugging Equation 4.4 into
Equation 4.2, squaring, and noting that vy = , /vﬁo + v? . leads to a quadratic equation in

the initial ion velocity:

2
Vo

2e(tpo — ) (| B
o [ Rmf, ('EO

i) -ra-al o)

(’Bo I o) 1+ (1-¢&) By f¢€0 +

(e(wo - w>)2 ~ 2¢(¢o — ¢)
Rmf, m

4.5)

=0

Solving for v, dictates the velocity on a flux surface required for an ion to reach
the LCFS! or “separatrix”. A non-trivial number of particles in the edge plasma find
themselves with sufficient energy (i.e., velocity) to reach the LCFS. We determine this
portion of ions by sampling distributions of ions on flux surfaces and calculate how many
ions are able to reach the LCFS. These ions, along with their energy and momentum, are
presumed to be “ion orbit lost” to the plasma (actually, approximately 50% of ions that
reach the LCFS will ultimately re-enter the plasma on banana orbits[70]).

Herein, the loss fractions for particles, energy, and momentum (i.e., what fraction of ions
on that flux surface have sufficient energy to reach the LCFS) are given by F(p), E(p),
OF 9E

and M (p), and the corresponding differential loss fractions are given by 9 o

oM

, and 9

The Last Closed Flux Surface, or LCFS, is the last flux surface whereby poloidal field lines close upon
themselves and do not intersect the vessel wall.
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respectively.

4.2 1OL Effects

In the next chapter, we will discuss the plasma balance equations. For now, we note
that IOL enters the toroidal momentum balance in Equation 5.2 as corrections to the v x B
term and the external (NBI) momentum input M, and it comes into the energy balance
equation in Equation 5.18 as corrections to the NBI heat flux (¢,;;) and the convective heat

flux (Q°°™). In the slab (1D) approximation, we have the following:

oFoL

8Fm o _3711 Fr,i (46)
or

- Nni1_2i01 eion_2
dr 8t+ i )+ mev

nbi

aQr,i 0 3 i c 3 ¢
“dr ot <§anz) + (1= Q) = Gie =115 < OV >4y §(Tz —15) -

DE™OL
— @i

4.7)
where we are solving for the IOL-corrected total radial particle and energy fluxes (denoted

I'and Q). Here, 2 ‘ol is the fraction of beam ions lost via IOL and is, in contrast to thermal-

particle IOL, calculated assuming monoenergetic, monodirectional particles given that this
is representative of neutral beam ions. The factor of 2 represents an inward-directed ion

2ol
nbi>

replacing an ion lost via ion orbit loss to maintain charge neutrality®. ¢, the fraction of
the radial heat flux from beam ions lost to IOL, is calculated similarly, and & = 1 in a

collisionless plasma.

ZRecall that the radial particle flux is directional; therefore, an ion lost radially outward is replaced by an ion
transporting inward, resulting in the factor of 2
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4.3 1IOL Sensitivity Scan

Here, we will attempt to show what parameters impact the IOL calculation and indicate
what levers may be pulled to affect the IOL calculation. Ions will find themselves on loss
orbits if their thermal velocity is greater than the velocity calculated in Equation 4.5°. We
use a reference shot and separately vary the toroidal magnetic field B, the radial electric
field E,., and the ion temperature 7;. Figure 4.1(a) shows the loss fractions for a reference
shot with the toroidal magnetic field varied between 1.75 T and 2.5 T, the loss fractions
when the radial electric field is varied by shifting the radial electric field in magnitude,
and the loss fractions when we vary the ion temperature by uniformly scaling it. We see
that varying the toroidal magnetic field does not substantially change the IOL profiles. In
contrast, the radial electric field and ion temperature strongly affect the ion orbit loss. This
is to be expected given the higher thermal velocity of particles at higher temperatures.

We want to provide the caveat that IOL theory is independent of collisionality and is
based purely on conservation of energy and momentum. An ion that finds itself on a loss
orbit is assumed to follow that orbit across the separatrix and into the scrape-off layer.
However, a collision may put that ion onto a different orbit that is not a loss orbit. At lower
collisionality, as what will be seen at ITER, this caveat concerning collisions will become

less relevant as ions experience fewer collisions on average as they transport out of the

3 Actually, since the particle velocities are assumed Maxwellian on a given flux surface, only a fraction of the
particles on that flux surface will be on a loss orbit.
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Figure 4.1: Reference IOL data with (a) By varied, (b) £, varied, and (c) 7; varied. Note
that the toroidal magnetic field does not substantially affect the loss fractions, whereas the
radial electric field and ion temperature do.
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plasma.

4.4 1IOL In Various Shot Regimes

In this section, we will observe the effects of IOL in the various regimes under study.
First, we look at shot 144977 in L-mode and H-mode. The important plasma profiles for
this shot are given in Figure 4.2. Note the characteristic pedestal structure in the ion density
in H-mode and the dip in the electric field (or “FE, well”) in H-mode. Figure 4.3 presents
the particle, energy, and momentum loss fractions in L- vs. H-mode. Note that IOL more
readily occurs toward the core in L-mode, e.g., at p = 0.95, approximately 2% of ions
are on loss orbits in H-mode, whereas 6% are in L-mode. Given that the escape velocity,
which determines the fraction of ions on a flux surface that are lost, is given by the solution
to a complex quadratic equation involving, among other things, the radial electric field
and ion temperature, it is not immediately clear what causes losses occurring closer to the
core despite the higher ion pedestal temperature in the H-mode shot; however, given the
sensitivity study in section 4.3, it is likely that this is driven by FE,. Figure 4.4 shows the
heat and particle fluxes for shot 144977 in H-mode with and without the IOL corrections.

We want to note the important implications IOL has for our analysis. These loss
fractions essentially act as particle and energy sinks in the balance equations discussed
previously. This results in substantially reduced total radial ion heat and particle fluxes

in the edge (= 50% from p > 0.98), as seen in Figure 4.4 using shot 144977 in H-mode
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Figure 4.2: Plasma profiles for shot 144977 in L- and H-modes. (a) Plasma ion temperature.
(b) Plasma ion density in the edge. Note that characteristic pedestal shape. (c) Radial
electric field. Note the characteristic dip in the radial electric field in H-mode.
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Figure 4.3: Ton Orbit Loss (IOL) profiles for shot 144977 in L- and H-modes. (a) Ion loss
fraction. (b) Energy loss fraction. (¢) Momentum loss fraction.

as an example. We ultimately are looking to explore the diffusive particle and conductive

heat fluxes; thus, we must use these corrected total fluxes given that IOL is a non-diffusive
phenomenon, i.e., it is a kinetic effect.
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Figure 4.4: Inferred radial heat flux (Left) and total radial ion particle flux (Right) with and
without the IOL corrections for shot 144977 in H-mode.

38



Next, we look at the effects of IOL on two so-called resonant magnetic perturbation
(RMP) shots. DIII-D shots 123301 and 123302 are low-collisionality, matched RMP shots
(see Refs. [71],[72],[73]). These perturbations in the magnetic field lines are achieved
via so-called “I-coils” in order to increase the chaotic nature of magnetic field lines in the
edge plasma, enhancing radial electron heat transport. These two shots were produced
to be as identical as possible, except shot 123302 has these I-coils turned off. Previous
work in [74] applied ion orbit loss to these matched RMP shots to demonstrate differential
ion orbit losses between the two machine configurations. A comparison of toroidal rotation

velocities as well as a methodology for estimating main ion toroidal rotation using perturbation

theory were also provided.
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Figure 4.5: Plasma profiles for shot 123301 (RMP) and 123302 (Reference H-mode) at

approximately 2800 ms. (a) Plasma ion temperature. (b) Plasma ion density in the edge.
(c) Radial electric field.

We note that the RMP shot sees IOL occurring closer to the core than in the reference
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Figure 4.6: Ion Orbit Loss (IOL) profiles for shot 144977 in L- and H-modes. (a) Ion loss

fraction. (b) Energy loss fraction. (¢) Momentum loss fraction.

H-mode shot. This is likely due to the increased edge ion temperature seen in the RMP
shot.
We will next observe the effects of IOL on a handful of QH-mode shots. Quiescent
H-mode plasmas are of interest because this operating regime achieves H-mode levels
of plasma performance, including high confinement. Importantly, QH-mode operation
does not produce ELMs, thereby reducing transient spikes in heat and particle fluxes at
the divertors. Figure 4.7 provides the plasma profiles for shots 163477 at 1800ms and
163518 at 2350ms. Shot 163477 is a standard QH-mode shot, while 163518 at 2350 ms is
a wide-pedestal QH-mode shot. QH-mode shots at DIII-D are generally run in a reverse
I,, (plasma current) mode and have a generally negative radial electric field. Figure 4.8
presents the IOL profiles for these two timeslices. Note the interesting results of shot
163518 in Figure 4.8. This shot has a relatively weak toroidal magnetic field and high

40



~
~

pedestal temperature

3.5keV at p = 0.9. Ions rather close to the core are finding

themselves on loss orbits according to this analysis, likely due to the very high pedestal

ion temperature.
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Figure 4.7: Plasma profiles for shots 163477 at 1800 ms and 163518 at 2350 ms. (a) Plasma

ion temperature. (b) Plasma ion density in the edge. (c) Radial electric field.
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Figure 4.8: Ion Orbit Loss (IOL) profiles for shots 163477 at 1800 ms and 163518 at 2350

ms. (a) Ion loss fraction. (b) Energy loss fraction. (¢) Momentum loss fraction.
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Finally, we will observe IOL on a Super H-mode shot. Figure 4.9 shows the plasma
profiles for shot 174783, a double-null plasma, during SH-mode operation at 2100 m:s.
Figure 4.10 shows that, despite the rather high ion temperature seen in Figure 4.9, IOL

does not occur significantly deep into the core.
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Figure 4.9: Plasma profiles for shot 174783 at 2100 ms. (a) Plasma ion temperature. (b)
Plasma ion density in the edge. (c) Radial electric field.
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Figure 4.10: Ion Orbit Loss (IOL) profiles for shot 174783 at 2100 ms. (a) Ion loss fraction.
(b) Energy loss fraction. (¢) Momentum loss fraction.

4.5 Summary

This section discussed Ion Orbit Loss (IOL). IOL is a non-diffusive particle loss mechanism

whereby ions can find themselves on loss orbits, i.e., orbits with sufficient energy to escape
the plasma. IOL is calculated using conservation of energy and poloidal angular momentum.
This phenomenon is found to be important in the edge of the plasma and represents a non-
trivial particle and heat loss mechanism. At the very edge, approximately 50% of particles
are lost to the plasma, thus representing an important correction in the calculations of the
diffusive particle and conductive heat fluxes performed in this research. Specifically, it
is clear that a large fraction of particles and energy in the edge plasma are transporting

out non-diffusively, thereby affecting the accounting between diffusive vs. non-diffusive

transport. In the next chapter, we will go over the basic plasma balance equations that

43



define the bulk of this thesis work.
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CHAPTER 5

BALANCE EQUATIONS

5.1 Particle and Momentum Balance

This research is based on the use of particle and energy balance equations that conserve
particle number and canonical angular momentum. The time-independent particle continuity

equation for ion species j is

aF1iol
or

V.F]' = v'njvj :Sj+neycx+5’nbi_nj 5.1

and the momentum balance equation is

V- (nymjvjv;) + Vp; + V- mj = nje;(; x B)+nje; B+ Fy+ My —njm;vl,, v; (5.2)

where I'; is the total particle flux of species j; n; is the particle density of species j; v; is the
velocity of species j; S; is the particle source term, defined as S; (7, 0) = n.(r, 0)n;o(r,0) <
TV >ion= Ne (T, 0)Vion (1, #), in which n; is the local concentration of neutrals of species
J, and n. is the electron density; E is the electric field; F; represents interspecies collisions;
Mj is external momentum input corrected for IOL, and the last term represent momentum
loss due to elastic scattering and charge exchange with neutrals.

To leading order, the radial component of Equation 5.2 can be written as
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1 opY
Dy 0, By~ o}

By (5.3)

J
To obtain the radial flux surface averaged (FSA) toroidal component of Equation 5.2, we
must evaluate the FSA toroidal viscous torque and inertial terms in the equation (see [27]).
The neoclassical viscous torqu e can be written as the sum of “parallel”, “gyroviscous” and
“perpendicular” components. The FSA parallel component vanishes identically. Therefore,
using the Stacey-Sigmar extension of the Braginskii gyroviscosity (see [75][76][77][78])
in a right-handed (¢, 0,¢) toroidal flux surface coordinate system, the FSA toroidal viscous

torque can be written as follows:

<RV¢ -V -1l >=< R*V¢ -V -1l >, + < R°V¢-V- 11 >, (5.4)
where
<R*WV¢- V-1 > :—<Li R?’hni(v/R) > (5.5)
9 Rh,, 0l TR ‘
<RQV¢-V-H>——<Li R*h i(fu /R) ) > (5.6)
ST S R o, Vo, '

Here, o = nT7/(Q7)%, ny ~ (Q7)ne =~ (103 — 10Y) e, Q@ = ZeB/m, and 7 is the
collision time. Thus, the gyroviscous toroidal torque is in general a couple of orders
of magnitude larger than the perpendicular toroidal viscous torque. Making a low-order
Fourier expansion X (r,60) = X°(r)[1 + X¢cosf + X*sinf) after approximating the flux

surface geometry by a toroidal geometry allows Equation 5.5 and Equation 5.6 to be written
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for species j as

1 r — - - ~c\ S ~ s ~c
<RV¢-V - >g;~ 57743'?0([%1 + Lyt + Ly )[4+ 75)05 5 + 15 (1 — 0 ;)]vs,

= Ronm;vg, jvg
(5.7)

and

1 3 1 00y,
< R2V¢-VTI > i~ Rona ;[ L ! (; — L 1) - d)’y]vw = RongmjuLjvd,,j (5.8)

e ") vy Or?

The poloidal asymmetry coefficients (7 = nj/e, etc.) can be determined by solving the
low-order Fourier moments of the poloidal component of Equation 5.2.

The turbulent, or “anomalous”, toroidal viscous torque is usually assumed to be of the

form of Equation 5.6 with an enhanced viscosity coefficient 74,0,,, glving

_ 1 _ 1 822]@'
< R2V¢ . V -1 >anom,j ~ Rnnanom,j |:LU¢1 (; - L'/]Ql) - U_ 87,2]:| /qu),j
&3
(5.9
= Ronjm Vanom,jVs.5

To obtain the inertial term in the FSA toroidal component of Equation 5.2, we use Equation 5.1

and obtain
< R*V¢-V- (njm;vyv;) >=< R*V¢ - nym;(vy - V)vy > +Ron;m;vion jvs,; (5.10)
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The same set of approximations can be used to write the first term on the right as follows:

< R*V¢ - nym;(vy - V)vj >= Ronjm vy jvy (5.11)

The above can be used to write the FSA toroidal component of Equation 5.2 as

V .

0 0 dj 0 0 y_,0 A 0 0

nam v (1 + V_%U¢’j —vgr) = njes By + e Byl + My (5.12)
J

where v4; = V"¢ + V" 4 v5* 4 11" is a composite momentum loss frequency due to

viscosity, inertia, charge exchange, and ionization.

Combining Equation 5.3 with Equation 5.12 yields a generalized pinch-diffusion relation

for the radial particle flux of ion species j with impurity species k.

Tyj =< njon; >=n;Dj; (L + L7}) —n;Dje (L), + Lyy) + 150y, (5.13)
with diffusion coefficients given by

*
mTj (Vi, + Vi) _ mTivsk

D, = , Dy =
v (ejBg)? T ejen(By)?

(5.14)

where the pinch velocity is given by

Md%j B n]Ef njmjl/gjj & n njmjfp’l
€ng Bg eng Bg Eng

njvpj = — ((l/jk“_V;,j)'UQ,j—ijUQ,k) (5.15)

If we assume that there is only one impurity species in local thermal equilibrium with the

ion species, the effective main ion diffusion coefficient can be written

48



D, = _J27J7»% 1y 4“4 2 5.16
7 (e;By)? { " Vjk Zz} 610

5.2 Energy Balance

In the remainder of this chapter, we will focus on a single-species plasma and use the
subscript 1 to refer to the ions.

The Fourier heat conduction relation can be written

¢ = —xn (8_T) (5.17)
or

The total radial heat flux, ', can be written as a conductive component and a non-
conductive component: Q' = geond 4 @non-cond,
To obtain the total radial heat flux, taking the third velocity moments of Equation 5.2,

the energy balance on the plasma for the ions and electrons can be written as

oQ 9 (3 3 _—
o = 5 §niTi + Gnbi — 5( i = T5)Inng < ov >cptel —Gie (5.18)
00" (3 T. ) + + <0V >in E L (5.19)
=5 | sNele nbe ie — Nell OV Zion Lijon — NeNzLiy .
or ot \ 2 (nbe T4 0

where Q°'(Q") is the total radial ion (electron, respectively) heat flux, ¢,;; represents
neutral beam injector (NBI) ion heating, q,;. represents the NBI electron heating term,

ie(Qei) 1s the collisional heat exchange from ions to electrons (electrons to ions, respectively),
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the cx + el subscript represents charge-exchange plus elastic scattering, and the superscript

c represents cold (uncollided) neutrals. Equation 5.17 can be re-written

-1
ot (3 .
i T, or @™ L
P = == 5.20
X n;T; n;T; ( )

where ; is the heat conductivity coefficient. A similar equation holds for the electrons.

Generally, the non-conductive component is simply written as Q""" = Qo —
%FTT, where Q" is the convective radial heat flux. This formulation ignores other non-
diffusive mechanisms that become important in the edge plasma.

The fully corrected ¢°°"¢, where Q“" is corrected for IOL, can be written as follows:

qcond _ Qtot — Qe — QH . Qheatin . Qvisc (5.21)
where
Q™ = SFT" (5.22)
Q' =T, 17" (5.23)
Q?eaﬁn = %nzmz (‘7@ : ‘Z) Vm‘ = %fr,imj172 (5.24)

To obtain the viscous heating term, we do a Fourier expansion V(r,0) ~ VO(r)(1 +

V*sinf 4+ V°cosfl) and obtain
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visc 1 s 1 1 s 1
Q™ ~ ﬁovqgiv¢,i[770fpvr?i - 774,1'(2‘/(;9,@' + 5‘/90@] - 5‘/0?i‘/9,i[770,i‘/r?i + 774,2‘(V<;?,i + Qveoz)]
(5.25)

where f, = By/Bg, and 1y, 1, are Braginskii’s parallel and gyroviscosity coefficients,

respectively, the former being extended to the banana-plateau regime,

nimi%yiqRe*?’/Qi/f

i = A e 1+ ) (5.26)
n;1;
Nay; = Q. (5.27)

in which Qz = ZieB/mZ-, V¥ = V90qR0,a/Wh,ia and € = G/Ro.

5.3 Summary

This chapter demonstrated how the particle and momentum balance equations could be
used to solve for the total radial particle flux in a form that explicitly shows a diffusive
and non-diffusive component. The non-diffusive component is proportional to the pinch
velocity, a term that can be solved for using experimental data. The diffusion coefficients
are given by Equation 5.14. This chapter also demonstrated that the energy balance equation
could be used to solve for the total radial heat flux. Then, the non-conductive terms
(convective heating, inertial heating, etc.) were presented. The non-conductive radial
heat fluxes can be subtracted from the total radial heat flux to obtain the radial conductive

heat flux, which allows one to interpret a radial heat conductivity coefficient: x,. In the
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next chapter, we will discuss the framework used in GTEDGE?2 to calculate the transport

coefficients discussed in this chapter.
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CHAPTER 6

INTERPRETATION METHODOLOGY

6.1 Interpretation of DIII-D Data

This work utilizes data from the DIII-D tokamak. Briefly, the data from DIII-D are

processed using various automated and manual processes. Subsequently, data users can

utilize these reduced data for interpretive work. This PhD research utilizes the GTEDGE2

code from the Fusion Research Center at Georgia Tech to perform interpretive work on

DIII-D data. This code utilizes radial profiles of the ion/electron density and temperature

distributions, the toroidal and poloidal carbon velocity distributions, and various 0-D parameters

such as the toroidal magnetic field at the magnetic axis, the NBI power, the plasma radius,

etc. The GTEDGE2 code is available for use with Python 2.7 and Python 3.8. NBI

deposition profiles are generated using a Python port of the NBEAMS code [79], also

developed previously at the Fusion Research Center.

6.2 Background Plasma

To generate the background plasma, the GTEDGE?2 code takes in 2- and 3-column (p,
val and R,Z,val) data of the ion and electron densities and temperatures, the radial electric

field, 2D ) data, and toroidal and poloidal ion velocities of the impurity and/or main ions.
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The R,Z coordinates of the vessel wall are also required. GTEDGE? can also utilize profiles
of ¢ and of densities and temperatures for impurities such as C, Ne, W, and Be. Note that
GTEDGE?2 is meant to be reactor agnostic and could theoretically be used for any tokamak.
The Shapely' and matplotlib packages are used to generate the flux surfaces from
the ¢ data and find the x-point(s), strike points, magnetic and geometric axes, elongation,
triangularities, g, and the separatrix, as shown in Figure 6.1. GTEDGE?2 is also able to
utilize 2D data for the plasma profiles, although the work in this dissertation utilized 1D
data.

We note that this work utilizes flux-surface averaging (FSA) of various quantities. In

general, on a flux surface 1), the FSA of a quantity A, denoted < A >, is given by

Adl dl
<A>E]{ p/f—p (6.1)
v P Bp P Bp

where dl, is the infinitesimal distance poloidally along the flux surface and B, is the

poloidal magnetic field.

6.3 Ion Orbit Loss

After the background plasma is generated, the TOL module generates the Ion Orbit
Loss (IOL) profiles for the plasma. The module uses a user-defined number of launch
angles off a flux surface and performs the calculations found in chapter 4. Loss profiles

are generated for the particle number, energy, and momentum loss fractions for deuterium,

!The shape 1y Python package is a package for the manipulation and analysis of planar geometric objects.
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trittum, carbon, and alphas. These calculations can be expanded to other ions. The TOL
module performs separate calculations for thermalized (e.g., plasma) ions and monoenergetic
(e.g., neutral-beam-injected) ions, with the latter performed for each molecular species and
beam energy for the beam ions. The TOL module can easily be extended to additional

impurity species, as the IOL calculations are simply a function of the charge-to-mass ratio

G

6.4 Neutral Beam Injection

The BeamDeposition module is a Python port of the neutral beam heating aspect of
the NBEAMS [79] FORTRANO0 neutral beam heating and current drive code. NBEAMS
uses a diffuse-beam model for beam modeling. The BeamDeposition code takes as
input the background plasma as well as an input file containing the beam width, radius of
tangency, ion mass, ion energy, direction (co-current or counter-current w.r.t. the plasma
current) and beam power of each beam. By default, the power fractions (i.e., the fraction
of the beam power constituted by the molecular ions, e.g., D, D,, and Ds) are calculated
assuming deuterium launched at approximately 80 keV using an empirical fit from DIII-
D. Note that these power fractions can be overwritten in the beam data file for use with
different NBI configurations.

The BeamDeposition module attempts to calculate the number of atoms ionized

within a toroidal volume element V' (r)dr:
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Figure 6.2: Typical deposition profile of deuterium ions calculated by GTEDGE?2

[0/6

v H(r)V'(r)dr (6.2)

where [ is the injection current, V,, is the plasma volume, and H (r) is the neutral beam

deposition profile. The fast ion source for the plasma is

Snbi = IOT/eH (7) (6.3)
p

H (r) is calculated and used to provide the beam particle and energy sources in the plasma,
as will be discussed later. An example deposition profile, H(r), is shown in Figure 6.2.
Note that the BeamDeposition module is coupled to the TOL module and applies an

IOL correction to each species of injected ion.
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6.5 Neutral Recycling

An important fueling mechanism for the plasma is neutral particles coming off the
vessel wall and divertor. This neutral recycling creates a particle source as neutral ions
interact with the hot plasma, and it creates an energy sink as these new colder ions enter the
plasma. The Neut rals module utilizes the GTNEUTP Y[3] neutrals package? to calculate
the neutral density and ionization rates for the plasma. GTNEUTPY is a Python port of the
GTNEUT code, which is based on the transmission-and-escape probability (TEP) method.
The Python port can utilize multiple CPUs, greatly reducing the calculation time of the

density on a grid of thousands of cells to a few minutes.

6.6 Radial Transport

The RadialTransport module contains the main calculations for the interpretations
performed in this work. First, the particle flux in the particle balance is calculated by using
the SciPy ODE integrator to solve, in a 1-D (slab) geometry,

drl;
dr

i~ dﬂo
= N (1) Vion () + 16 (r)Ven (1) + Sppi — L o !

(6.4)

where T is the IOL-corrected particle flux of thermalized main ions, n. is the electron
density, v;,, is the ionization rate, v, is the rate of charge exchange, S,;; is the neutral

beam particle source (corrected for IOL), and % is the differential particle loss fraction.

2GTNEUTPY is a Python port of the GTNEUT neutrals code.
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Similarly, the total heat flux for the ions and electrons is calculated from energy balance in

a 1-D (slab) geometry as

d@?ot 3 . . Ato dEiol
dr = Qnb; — é(irz - T(])nino < OV >cptel —Gie — Qf t? (65)
thot
de = Qnbe + Gie — TN < 0V >jon E@'on - nensz (66)
r

where Q'(Q'") is the IOL-corrected total radial ion (electron’, respectively) heat flux,
Gnbi(Gnpe ) Tepresents NBI ion (electron, respectively) heating, g;.(qe;) is the collisional
heat exchange from ions to electrons (electrons to ions, respectively), %;Ol and %ﬁol are
the differential loss fractions for the particle number and energy, n.n, L, is the radiative
energy losses due to impurities, the cx+-el subscript represents charge-exchange plus elastic
scattering, and the superscript c represents cold (uncollided) neutrals.

To correct for non-diffusive and non-conductive phenomena, we calculate various terms.

The convective heating is simply calculated as

3 .
Q™ = Sel'T; (6.7)

where e is the electron charge, [ is the IOL-corrected radial ion particle flux, and 7} is in
units of eV.

The work done by the flowing plasma on the pressure tensor is given by

Q) = eI'T; (6.8)

3electrons do not have an IOL correction, as they are bound too tightly to the plasma to be lost in this manner.
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The viscous heating term is

VISC 1 1 S 1
Q™ ~ —V¢]V¢][770fp i 774,]'(2‘/;8]‘_‘_5%%)]_5%?]‘%,]‘[7707]"/;?]‘+774,j(v¢o,j+5‘/6?]’)] (6.9)

where R is the major radius at the magnetic axis, V<z?, ; and Vg(? ; are the toroidal and poloidal
ion velocity, V7, and V;; jare the levels of asymmetry assumed in V (r,0) ~ V°(r)(1 +
Vesin® + VCcosh), f, = By/Bg, and 1y, n, are Braginskii’s parallel and gyroviscosity

coefficients, respectively,

*

n;m;Vy qRe 3%y
o = T (6.10)
(T+e32u)(1+vy)

n; T}

i = 6.11
N4, Qj ( )
in which Q; = Z;eB/mj, v* = v90qRo.o/Vin ;> and € = a/Ry.
The inertial heating term is simply given by
heatin 1. 2
Qj = §ijjvth (6.12)

With the above, we can then calculate .. ; as

- (Q;ot _ Qconv _ QH _ Qheatin _ QViSC)LTJ’ (6 13)

XT,] n;xpjjjexp .

where L ; = is the gradient scale length, n P is the experimental ion density, and

VTexp

T;™ is the experimental ion temperature.

To calculate an ion particle diffusion coefficient, we first calculate a composite momentum
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loss frequency, v, ;, that satisfies momentum balance (see Equation 5.12):

P njequf + ejBQFT,j + M¢,j + Nym;VKs k — Vg (6.14)
7 MV, :

Assuming one impurity species with the same radial profile and local temperature as the

main ions allows us to write the diffusion coefficient

m‘T‘V‘k . .
) i Ly [ R— 6.15
7 (e;By)? [ i } (1)

and the pinch velocity, v, ;,

M, nEY nom.u,. E, nym; f !
o] ) _|_ j1jvd, g ( )_i_u((y]k—}—]/d,])ve,] —ijvgvk (6.16)

_€ng B Bg €ng gg eng

NjVpj =
In the next chapter, we will present the results obtained for various shots using the
GTEDGE?2 code for our interpretation of the radial transport coefficients. The figures in
the next chapter will present our inferred values of D;, v, ;, as well as the values of x;

using 6 formulations, each progressively correcting for an additional non-conductive heat

transport mechanism:
1. x; calculated assuming ¢ = Q** w/out IOL Correction, i.e., all energy transporting

out of the plasma is conductive, and our IOL corrections are not applied.

2. x; calculated assuming ¢*" = Q"' w/ IOL Correction, i.e., all energy transporting

out of the plasma is conductive, and our IOL corrections are applied.

3. x; calculated assuming ¢°" = Q"' — Q*™, i.e., same as above but also correcting
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for the convective flow of thermal energy.

4. x; calculated assuming ¢ = Q' — Q™ — Q' i.e., same as above but also

correcting for the work done by the flowing plasma on the pressure tensor.

5. x; calculated assuming ¢®™ = Q"' — Q%™ — Q" — Q" j.e., same as above but

also correcting for the outflow of rotational (i.e., inertial) energy.

6. x; calculated assuming ¢*" = Q' — Q™ — QT — Q"M — ¥, j.e., same as above

but also correcting for viscous heating.

Note that the transport of rotational energy, (Q"*"", in the analyzed shots is generally quite
small relative to the other non-diffusive radial heat fluxes, making formulations 4 and 5

fairly indistinguishable in the results.

6.7 Impurities and Limitations

We briefly note the limitations of this model and also discuss how impurities are handled.
In the calculation of the background plasma, GTEDGE2 assumes that impurities enter the
plasma at the separatrix fully stripped of electrons. In general, the electron density data are
used to calculate the main ion densities and carbon densities. If Z data are available, the
carbon density can be calculated assuming fully stripped electrons; otherwise, a constant
density fraction is assumed throughout the plasma. If carbon density data can be provided,

carbon densities can be used directly.
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The calculations of D, ; and X, ; assume one impurity species and that the impurity
species has come into thermal equilibrium with the ions. This means that the calculation of
Xr,; 18 independent of the impurities, as there is no temperature difference to cause energy
transfer between the main ion species and impurity species. The calculation of D, ; that will
be presented in this thesis is the effective ion diffusion coefficient given by Equation 5.16.
However, the model supports multiple impurity species, as discussed in section 5.1. It is
also worth noting that the IOL calculations are estimates that assume a collisionless plasma.
In certain plasmas, such as L-mode plasmas, a potentially significant number of ions may
experience collisions before transporting out of the plasma and thus would be considered

part of a diffusive flux.

6.8 Summary

In this chapter, our interpretation methodology was discussed. This chapter mainly
focused on the interpretation method used by the GTEDGE2 software package. The background
plasma is generated using experimental main ion densities, temperatures, and rotational
velocities, along with various 0-D parameters such as the toroidal magnetic field, as well
as the experimental psi values. The particle and heat sources and sinks are generated by
various modules in GTEDGE2. These sources and sinks allow us to calculate inferred
particle and heat fluxes, which allow us to infer particle diffusion and heat conductivity

coefficients. In the next chapter, the results from GTEDGE?2 using data from various shots
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obtained will be presented. Note that a more detailed manual for GTEDGE?2 can be found

in Appendix B.
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CHAPTER 7

IMPROVED INTERPRETATION

7.1 Non-conductive Heat Fluxes

In this chapter, we will present how the above corrections produce significant differences
in the inferred , compared to the situation where Y, is calculated assuming all heat is
transporting out in a conductive manner. First, we present the heat and particle fluxes
when corrected for IOL. The IOL correction comes into Equation 6.4 and Equation 6.5 as
essentially particle and heat sinks, respectively. We will then present the various heat fluxes
that correspond to the non-conductive heat transport mechanisms. It will be clear that, in
most cases presented, non-conductive heat fluxes are significant; thus, it is clear that the
usual way of thinking of transport, i.e., all particles diffuse and all heat conducts, is not
telling the whole story. We subtract these non-conductive heat fluxes from the total heat
flux so that we can obtain qﬁf}”d, which leads us to ;. ;, the ion heat conductivity coefficient.
These results will be used in chapter 9 to compare with theoretical calculations of ;. ; to
demonstrate that correcting for these non-conductive mechanisms is essential to obtaining
a theoretical understanding of edge conductive heat transport.

Figure 7.1 shows the IOL-corrected radial particle and heat fluxes for DIII-D RMP

reference shot 123302 at 2810 ms in H-mode. These profiles are calculated by solving
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Equation 6.4 and Equation 6.5 for the radial ion particle flux (I'; ;) and ion heat flux
(Qi‘,’})‘ The profiles indicated as “w/ IOL” are obtained with the IOL correction, and the
profiles indicated as“w/out IOL” are obtained without the IOL correction to demonstrate
the importance of this correction. As seen, the IOL correction significantly reduces the
radial conductive heat flux, as well as the diffusive particle flux, in the edge plasma. This
is because IOL is essentially a particle sink, i.e., ions are finding themselves on orbits
that will take them beyond the LCFS and make them be lost to the plasma. The particle
flux calculation is important here for the interpretation of Y, ; because it also drives the
convective heat flux, i.e., Qﬁf’j"” = %anj, and the work done on the pressure tensor, (),
which will be seen to be an important transport mechanism that must be corrected for
when interpreting x, ;. Again, we note that this does not mean that less energy is being
transported out but rather that significant amounts of energy are being transported out in
ways that do not simply satisfy a Fourier-type relation.

We now give the radial ion heat conductivity coefficient, ;. ;, and the various radial ion
heat fluxes, (), ;, in Figure 7.2. In the left panel, we see the total radial heat flux, indicated
by @®; the total radial heat flux when we correct for IOL, indicated by x ; the convective
heat flux (Equation 5.22), indicated by +; work done by the flowing plasma on the pressure
tensor (Equation 5.23), indicated by ¢; the heat flux of rotational energy being transported

out of the plasma (Equation 5.24), indicated by ¥; and the viscous heating (Equation 5.25),

indicated by A. These heat fluxes show that there are multiple significant, non-conductive
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Figure 7.1: Inferred total heat (left) and particle (right) fluxes for shot 123302, the reference
RMP H-mode plasma, corrected and not corrected for IOL.

heat transport mechanisms at work in the plasma. ', the total radial heat flux, is the sum
of conductive and non-conductive heat fluxes. If one were to simply calculate Equation 5.20

fond = Q"!, or the total heat flux, the Xr,; would be incorrect since it is a conductive

using q
transport coefficient being inferred from a heat flux that includes non-conductive transport
mechanisms. Therefore, we have to take the total heat flux, Q*, and correct for IOL
and then subtract the non-conductive transport mechanisms (Q%*¢, Q<"*, Q™ and Q"¢e!").
Only after we have made all these corrections can Equation 5.20 be computed correctly
using a ¢°>* that is representative of only conductive heat flows.

We will present the inferred X, ; by subtracting each non-conductive heat flux from

the total heat flux in successive calculations as follows to show which non-conductive heat

flux mechanisms are the most important contributions. Note that in our calculations, a
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Figure 7.2: Inferred heat fluxes (left) and x, ; (right) for shot 123302, the reference RMP
H-mode plasma discussed previously, with various non-conductive transport mechanisms
corrected for.

2% asymmetry is considered in the rotational velocities to give one an idea about the
potential magnitude of the viscous heat flux. In reality, one would require additional
modeling or data to determine or infer the true asymmetries driving this heat flux. Note
in Equation 7.1 and Equation 7.2 that the total heat flux is being inferred without (Q")
and with (Q;‘“) the IOL correction. Equation 7.3 through Equation 7.6 are the formulations
whereby we subtract off an additional non-conductive radial heat flux from the total (with
IOL correction) heat flux to demonstrate which heat fluxes create the greatest difference in

the inferred . ;.

Q;'OtLT, Vi

Xrj = n;xpTyjexp

(7.1)
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Q7' Lr;

Xr,j = “exprez (7.2)
n; T
. (Q;ot _ QCOHV)LT,J' (7 3)
rj — exprex :
Iy
. (Q;ot _ Qconv _ QH)LTJ (7 4)
LV exprex .
N
o (Q;ot _ Qconv _ QH _ Qheatin)LT’j (7 5)
) T exXprrex .
I
. (Q;ot _ Qconv _ QH _ Qheatin _ QViSC)LTJ' (7 6)
rj — exprex .
n; T

By looking at Figure 7.2, we can see why the corrections made in our framework are
important. The top scatter plot in the left panel is the total radial ion heat flux without any
corrections. The second plot shows the same heat flux but corrected for IOL. In the far
edge, approximately half of all ions are on loss orbits exiting the plasma. Next, we see the
convective heat flux and work done on the pressure tensor being approximately 20% and
14%, respectively, of the total heat flux at p =~ 0.85. The viscous heating at 2% asymmetry
is =~ 5% of the total radial ion heat flux at this flux surface. In other words, these three non-
conductive heat fluxes are significant and must be subtracted from the total radial heat flux
before calculating x, ;. Note that the GTEDGE?2 code, as used in this research, utilizes 1D
radial profiles for the toroidal and poloidal velocities; thus, the asymmetry that drives the
viscous heating is only assumed and is meant to provide an indication of whether viscous

heating may play an important role in ion heat transport. We will show later situations
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Figure 7.3: Inferred total heat (left) and particle (right) fluxes for shot 170672, a double-
null negative-triangularity plasma, corrected and not corrected for IOL.

whereby viscous heating can be insignificant as well as situations whereby it plays an even
more important role than in shot 123302.

As a second example, we do the same calculations for DIII-D shot 170672 at 1900ms.
This shot is a negative triangularity plasma. Figure 7.4 shows our corrections of x;. ; for this
timeslice. Of note is the fact that negative triangularity shots are generally characterized by
improved confinement despite the lack of edge pedestal [80]. Our modeling indicates that
IOL greatly reduces the inferred conductive transport in the very edge (approximately 50%
of the heat flux has been lost via IOL at p > 0.975). This may have important implications
for understanding the mechanism behind the enhanced confinement that characterizes this
shot regime. One may also wonder about sudden changes in particle and/or heat fluxes

near the far edge in our analysis. This is often due to an interplay between IOL and NBI.
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Figure 7.4: Inferred heat fluxes (left) and Y, ; (right) for shot 170672, a double-null
negative-triangularity plasma, with various non-conductive transport mechanisms corrected
for.

Particles entering the plasma via NBI have separate deposition profiles and separate loss
profiles. Specifically, each species of beam ion (or rather, atomic and molecular D/H)
enters the plasma with very different velocities, and the ion velocity is an important factor
in when ions can find themselves on loss orbits. In addition, beam ions are monoenergetic
in the IOL framework; therefore, beam ions born on a given flux surface are either all lost
or none are lost.

In the next chapter, we will apply this methodology to additional shot regimes.
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7.2 Viscous Heating

In this section, we want to focus on the viscous heat flux discussed in the previous
section. When approximating the rotational velocities as V' (r,0) = VO(r)[1 4+ Vcosf +

V*sind] in a low-order Fourier expansion, the ion viscous heat flux is given by

visc 1 s 1 1 s 1
Qj ~ R_Ovd?,jvq&,j [Uofpv;?j - 7]4,j(2v¢?,j + 5‘/9(1]')] - 5‘/0?j‘/9,j [TIO,er(,)j + 7]4,j(vq?,j + 5%?;‘)] (7.7)

To demonstrate the potential effect rotational asymmetries may have, we plot the total radial
ion heat fluxes for shot 144977 in H-mode (left) and L-mode (right) in Figure 7.5. In both

ol as well as the viscous heat

panels, we give the total uncorrected radial ion heat flux, ();”;

flux for 3 different asymmetries. For example, the plot labeled Qxf;c — 2% indicates that
Ve, Ve = 0.02. These plots provide an idea of the magnitude of the viscous heating term
if the Fourier expansion above represents a good approximation. At p = 0.9, 2%, 4%, and
6% asymmetries produce heat fluxes that represent 15%, 30%, and 45% of the total radial
heat flux. We thus see that even a small asymmetry can create a substantial heat flux (which
is non-conductive in nature) that must be corrected for when inferring . ;.

On the other hand, the right panel in Figure 7.5 shows the same comparison for the
same shot in L-mode. We note that the viscous heat flux is at least an order of magnitude
lower in L-mode and thus produces an almost imperceptible difference in the conductive

heat transport. It is noteworthy that, as shown in Figure 7.6, that the H-mode timeslice
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Figure 7.5: Left: Total and viscous heat fluxes for shot 144977 at 3000 ms (H-mode). The
viscous heat fluxes are given for 3 asymmetry values of 2%, 4% and 6%. Right: Total and
viscous heat fluxes for shot 144977 at 925 ms (L-mode). The viscous heat fluxes are given
for 3 asymmetry values of 2%, 4%, and 6%.

has substantially higher rotation velocities than the L-mode timeslice, driving the viscous

heating.

7.3 Pinch-diffusion Interpretation

In this section, we will present a sampling of results of this interpretation methodology
for calculating the ion pinch velocity, vpincn, and the radial ion diffusion coefficient, D;.

From chapter 5, the pinch velocity is given from momentum balance by

n;jUpj = ((Vjk + vaj)ve; — vigver — (7.8)

My miES mgmvag (B namidy!
eng Bg eng Bg Gng

In this formulation, we have to calculate a composite momentum exchange frequency,
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Figure 7.6: Ion toroidal velocity (left) and poloidal velocity (right) for shot 144977 for
L-mode and H-mode timeslices.

Vq,j, using Equation 6.14. v ; is calculated for shot 144977 at 3000 ms and presented
in Figure 7.7(a). Using this, we calculate the pinch velocity for shot 144977 at 3000 ms
and present the results in Figure 7.7(b). In Figure 7.7(c), the radial ion particle diffusion
coefficient for this timeslice is plotted. Recalling that we posited that the total particle
flux for the thermalized ions is given by a combination of diffusive transport plus a pinch
velocity, i.e., Equation 5.13, these results are important because we see that the pinch

velocity is a non-trivial form of non-diffusive transport.

74



j[s71]

Vd

1.00

2000
. 0
1500
E \
¢ <
1000 . 2 %
S °
. S A
0. _5 q
500 /n.
0
0.85 0.90 0.95 1.00 0.85 0.90 0.95
Normalized minor radius, p Normalized minor radius, p
(a) (b)
1.00
0.75
£[20.50
Q
0.25
oy
0.00
0.85 0.90 0.95 1.00
Normalized minor radius, p
(©)

Figure 7.7: vy 5, vPineh and D, ; for shot 144977 in H-mode.

75



CHAPTER 8

APPLICATION TO DIII-D DATA

8.1 DIII-D

This research utilizes data from the DIII-D tokamak located at the General Atomics
facility in San Diego, California [81]. Some of the DIII-D tokamak specifications are

provided in the following table.

Table 8.1: DIII-D Tokamak Specifications

Specification Symbol Value

Major radius R 1.7m

Central ion density no 0.3 —1.5x10*m=3
Plasma current I, 0.4-2MA

Safety factor (95% surface) Qo5 ~2-12

NBI Heating Power Py Up to 20 MW
Electron cyclotron heating P.ch Up to 3 MW
Toroidal magnetic field B, Upto 2.17 T (geom. axis)
Ion/Electron temperatures T;/T. Upto 15 keV

In this chapter, we will explore various shot regimes and see what effect the corrections
discussed in previous chapters have on inferences of experimental quantities such as the
radial particle flux, radial heat flux, and . ;, as well as results for the pinch velocity vpinch,
vq,j, and D,.. The specifications (e.g., plasma radius a, plasma current /,, central ion density
n; o, etc.) for the shots analyzed in this chapter are given in Table A.1. Note that the main

goal here is to demonstrate that the non-diffusive and non-conductive transport phenomena
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discussed in previous chapters are important and should be considered when interpreting
radial transport coefficients. We will present the results for samples of shots in the various
regimes. For each comparison, as in the previous chapter, we will show the various heat
fluxes calculated in GTEDGE2. The legend for the heat flux comparisons indicates the
following.

o Q™ : Q"™ when IOL effects are ignored.

o Qe Qt corrected for IOL.

* ("5 : The viscous heat flux calculated assuming a 2% asymmetry unless otherwise
noted.

e (QMedtin - The heat flux from the transport of rotational energy.
e Q™ : The convective heat flux corrected for IOL.

» Q": The work done by the flowing plasma on the pressure tensor.

The legend for the comparisons of . ; has the same meaning as in the previous chapter.
We will also present the inferred drag coefficient (vg ;), D, ;, and vpincn for these shots

using the formalism described in previous chapters with IOL corrections applied.
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8.2 Matched RMP

For the first set of shots, we look at DIII-D shot 123301 and shot 123302, which are low-
collisionality, matched RMP shots (that is, shot 123301 utilizes RMP, while shot 123302
is run identically but without RMP). These perturbations in the magnetic field lines are
applied via so-called “I-coils” in order to increase the chaotic nature of magnetic field lines
in the edge plasma, enhancing radial electron heat transport. This is done to reduce the
plasma pressure gradient below the threshold whereby edge localized modes (ELMs) can
occur (see references within Ref. [71] for additional details on ELMs). The specifications
for the data for shots 123301 and 123302 are given in Table A.1 for the timeslices analyzed.
Shot 123301 is the RMP shot, and shot 123302 is the reference H-mode shot without I-
coils.

Figure 8.1 and Figure 8.2 show the ion heat fluxes and Y, ; for the RMP and non-
RMP H-mode shots, respectively. Of interest is the magnitude of the corrections that we
make to the total ion heat flux. At the far edge, we see the difference between the total
heat flux calculated without (red dots) and with (blue crosses) the IOL correction. As
expected, approximately half of the energy is being lost in a non-conductive manner at the
separatrix. We also notice that the convective heat flux and work done on the pressure tensor
represent substantial heat fluxes, as does the viscous heating, even when only assuming

a small asymmetry. We also see that both shots have fairly similar non-conductive heat
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Figure 8.1: Left: Radial heat fluxes for RMP H-mode shot 123301 at 2810 ms.
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fluxes; however, the total heat flux of the RMP shot is greatly reduced. It is of interest that
it appears that the I-coil activation does not have a significant effect on the non-conductive
heat fluxes even when a much higher total heat flux is inferred. Also of note in both shots
is that the viscous heating term can greatly alter the inferred x, ; and therefore should be

considered when performing these types of interpretations.
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Figure 8.3: From left to right, comparisons of the ion pinch velocity, composite momentum
transfer frequency, and effective diffusion coefficient for the RMP and reference H-mode
shots 123301 and 123302 in the edge plasma at approximately 2800 ms.

Next, we present the results for the inferred particle diffusion coefficient and the pinch
velocity. Figure 8.3 presents a comparison of the composite drag frequency, v ;; pinch
pinch.,

velocity, v’;

PR and effective radial ion diffusion coefficient, D, ;, between the two shots at

approximately 2800 ms. Interestingly, we see a higher outward pinch velocity but similar
diffusion coefficient in the edge plasma for the RMP shot, i.e., shot 123302, compared to

its reference comparison shot 123302. This may have implications for the role RMP has
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in these types of shots in so far as helping to explain the reduction in ELMs seen in RMP
shots, but that is beyond the scope of this work. We also note the significant increase in
the reference shot’s drag frequency, v, ;, in Figure 8.3(a) corresponding to a decrease in
the toroidal ion rotation velocity (see Appendix A), whereas RMP shot 123301 maintains
a fairly flat toroidal ion rotation velocity up until p ~ 0.98. This drives an increase in the

diffusive particle transport in the reference shot seen in Figure 8.3(c).
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8.3 L-mode vs. H-mode

Shot 144977 is a DIII-D H-mode discharge characterized by Type-1 ELMs. This shot
has been studied previously in [82]. Table A.1 provides the specifications for this shot
during L-mode at 925 ms and during H-mode at 3000 ms. This H-mode timeslice consists
of data collected between ELMs centered about 3000 ms. The L-mode timeslice was
obtained during the initial power step while in steady state significantly before the L-to-
H transition.

Figure 8.4 presents the radial ion heat fluxes and interpreted X, ; in L-mode for shot
144977. 1t is interesting to note that almost all of the heat is conducting out except for
at the very edge, where IOL plays a more significant role. The right panel of Figure 8.4
shows that the corrections other than the IOL corrections make only minor differences in
the inferred ., ;. As expected, we also note the clear lack of transport barrier in this L-mode
shot. Figure 8.5 presents the radial ion heat fluxes and interpreted Y, ; in H-mode for the
same shot. A more significant amount of heat is being transported out in a non-conductive
manner, yet the total heat flux appears to be fairly similar. Of additional interest is the
substantially increased H-mode viscous heating relative to L-mode. The H-mode timeslice
has a higher rotational velocity in the edge compared to the L-mode timeslice; thus, this is
to be expected.

We note that the convective and viscous heating, as well as the work done on the
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pressure tensor, are significant heat fluxes to be corrected for, at least in this H-mode

timeslice. Figure 8.6 presents a comparison of the two timeslices in terms of the interpreted

pinch velocity, v; pinch, and the radial ion diffusion coefficient, D, ;. We note that the pinch

velocity and diffusion coefficient are significantly reduced in the H-mode shot, as expected.
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Figure 8.6: From left to right, comparisons of the ion pinch velocity, composite momentum
transfer frequency, and effective diffusion coefficient for shot 144977 in L-mode and H-

mode in the edge plasma.

8.4 QH-Mode

In this section, we will investigate the effects of our corrections on a few QH-mode

shot timeslices. The specifications of shot 163477 at 1800 ms, around which the data are

centered, are given in Table A.1. Shot 163477 is a highly shaped (6*'¢ = 0.5) plasma with

counter-current neutral beam injection. This shaping and injection direction unlocks an

operating regime characterized by H-mode-like confinement and edge pedestal but a lack
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Inferred Y, ; for shot 163477 at 1800 ms.

of ELMs, making it a potential important operating regime for future reactors.

Figure 8.7 shows the radial ion heat fluxes and . ; calculated for shot 163477. We note
that correcting for the convective heat flux and and work done by the plasma on the pressure
tensor substantially decrease Y. ;, and the viscous heating further reduces this value closer
to the core, although it becomes negligible in the pedestal.

Figure 8.8 presents the radial ion heat fluxes and . ; for shot 163518, a wide-pedestal
QH-mode shot, at 2350 ms. One of the very interesting aspects of this shot is that the
IOL occurs further into the core than in other shots analyzed. This shot is of very low
collisionality in the edge; therefore, the implication from these results that a substantial
amount of transport further toward the core (relative to most of the other shots, where we

see IOL only beginning at p > 0.9 ~ 0.95) is occurring in a non-diffusive manner is quite
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Figure 8.10: From left to right, comparisons of the ion pinch velocity, composite
momentum transfer frequency, and effective diffusion coefficient for shots 163477, 163518,
and 164436 in the edge plasma.

important. More specifically, ions are very likely to transport from closer to the core out
of the plasma without experiencing a collision to put them on a different flux surface and
thus a different orbit. This shot also demonstrates another example of viscous heating not
necessarily being an important factor, as (V% is at least an order of magnitude lower than
the convective and total heat fluxes.

Figure 8.9 presents the radial ion heat fluxes and . ; for shot 164436, another QH-
mode shot, at 3740 ms. In contrast to the other two shots analyzed in QH mode (and
other shots analyzed previously), there is an essentially trivial amount of heat that is being
transported out in a non-conductive (save for IOL) manner. As an example, at p ~ (.85,
only approximately 500 W /m? is being convected out, whereas the total radial ion heat

flux at that flux surface is approximately 21 kW /m?. We also note that IOL does not
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become relatively important until the very edge, accounting for only approximately 25%
of the radial ion heat flux at p ~ 0.98. However, we still see approximately half of the heat
loss being from IOL at the separatrix.

Figure 8.10 presents the inferred vy, vP™", and D, ; for the three QH-mode shots
analyzed. Note that these results are being plotted in the same figures to save space. In the
very far edge of shots 163477 and 163418, the rotational velocities decrease substantially,
resulting in high amounts of drag and thus increased transport via the pinch velocity, being
much higher than what we noticed in shots analyzed earlier in this chapter. In contrast,
shot 164436’s ion toroidal velocity does not decrease much, and the poloidal velocity is
even increasing at the far edge (see Appendix A). This results in a smaller pinch velocity
(vPinch ~ —2.25m/s at p ~ 0.97) and modest D, of 0.065%2 at p ~ 0.95, compared

D, ~ 1%2 at p ~ 0.95 in the wide-pedestal shot (163518).

8.5 SH-Mode

Finally, we investigate an SH-mode shot. Figure 8.11 presents the results for the
heat fluxes and Y, ; for SH-mode shot 174783. We again note substantial IOL seemingly
occurring further inward from the edge, but shot 174783 is relatively collisional, and IOL
is likely overestimated in this analysis, i.e., in reality, significantly less energy is being
transported out via IOL than these calculations may support. This is likely why we observe

the potential for a nearly negative x, ; being inferred in this analysis. Figure 8.12 presents

88



0[]

) Qtot
100 L % étot
+ Qconv
‘ O n ‘\
8 0 v Qheatin
b A Qvisc

60 N

J

m?
s

Xr.j[

0.85 0.90 0.95
Normalized minor radius, p

1.00

1.0

> 49+ X0

Eq. 7.
Eq. 7.
Eq. 7.
Eq.
Eq.
Eq

0.85

0.90 0.95
Normalized minor radius, p

1.00

Figure 8.11: Left: Radial heat fluxes for shot 174783, an SH-mode shot, at 2100 ms. Right:

Inferred Y, ; for shot 174783 at 2100 ms.

the results for v, ;, the pinch velocity and the diffusion coefficient for this timeslice. Note

that the sharp peaking of the pinch velocity, drag frequency, and diffusion coefficient

coincide with a change from decreasing toroidal rotation velocity to slightly increasing

velocity at the very edge of the plasma. It is also important to note that the drag frequency

is seen to be much higher in this shot, likely due to the high ion density in the edge. Given

the expectation that future reactors will have very high temperatures and densities, this

significantly increased pinch velocity may have important implications for edge transport

in such reactors.
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Figure 8.12: From left to right, comparisons of the ion pinch velocity, composite

momentum transfer frequency, and effective diffusion coefficient for shot 174783 in the
edge plasma.

8.6 Summary

This section presented a number of results using this improved framework for inferring
radial diffusive particle and heat conductivity coefficients. Shots from various regimes (L-
mode, H-Mode, RMP, QH-mode, and SH-mode) were presented, and the inferred heat
conductivities were presented. It was demonstrated that correcting for the above non-
conductive heat fluxes makes a significant difference in the inferred heat conductivity
coefficients in the edge plasma. The most important result is that most of the above
non-conductive phenomena significantly affect the interpreted ;. In addition, it is found
that viscous heating also significantly affects the results and will be an important area of

future research. We want to again note briefly important limitations of this work. The IOL
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calculation is an approximation based solely on conservation of energy and momentum and
assumes a collisionless plasma. The calculation of the total heat flux also assumes thermal
equilibrium with the impurity ions.

In the next section, an overview of theoretical models for the heat conductivity coefficient
will be given. We will demonstrate, by analyzing a few of the above shots, that the
interpretation methodology given above, when correcting for IOL and the various non-
conductive heat fluxes, produces transport coefficients that are closer to theoretical estimates

in the edge compared to the same inferred heat transport coefficients when not corrected.
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CHAPTER 9

THEORETICAL COMPARISONS

The work done above is meant to demonstrate that there are multiple phenomena that
must be corrected for when inferring experimental transport coefficients. We want to
now demonstrate how the above inferred heat transport coefficients compare to theoretical
models when we do and do not make the corrections for non-conductive phenomena. First,
we will briefly review the theoretical models that are believed to most likely cause the
majority of heat transport in the edge plasma.

In classical transport, magnetic field lines are assumed to be straight and uniform, and
transport fluxes are assumed to be generated solely from collisions. In toroidal plasmas,
additional parallel currents exist to balance perpendicular particle drifts caused by the
curved magnetic fields. At higher temperatures in toroidal plasmas, i.e., less collisional
plasmas, radial transport becomes dominated by “banana-plateau” transport as a result of
large radial excursions following particle collisions. This transport fits under the category
of “neoclassical” transport. The radial heat conduction obtained in neocla<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>