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The Human Development Index (HDI) [5] is a value that considers three
parameters: 1) a long-healthy life, 2) being knowledgeable, and 3) standard
of living. There is a strong positive correlation between energy use per person
and HDI (panel a). However, CO, emissions similarly increase and cause harm
to the planet (panel b). Figures are adapted from [6]. . . . . . ... ... ..
The binding energy curve demonstrates energetically favorable regions for
fusion and fission reactions on the left and right of the nuclear stability region
(blue dashed column), respectively. Since deuterium, H?, and tritium, H?, are
low on this curve, relatively larger amounts of energy can be produced from
fusion reactions between these two nuclei. Figure is adapted from [7].

Reactivities for the three most promising fusion reactions calculated using
Table VII of [11]. D-T fusion can be 1-2 orders of magnitude higher than the
other two reactions. . . . . . . . . ...
A diagram of the toroidal coordinate system (R, ¢, Z) commonly used to de-
scribe tokamak plasmas. The poloidal radius and angle are denoted by r and
0. Also, Ry is the location of the torus axis (usually aligns with the magnetic
axis in fusion research). Figure is from [14] . . . . . . .. ... ... ... ..
A schematic design of the fields and currents of a fusion device. An array of
coils produces the toroidal field. The center stack and poloidal coils drive a
plasma current that produces a poloidal magnetic field. Both fields create a
net helical field that wraps around the device in the toroidal direction. Figure
isfrom [15] . . . .
A cutaway 3D view of the DIII-D tokamak. The toroidal and poloidal field
coils are located outside the walls of the vessel. The divertor region safely
extracts lost particles. Figure is from [21] . . . . . . ... ... ...
An example fast-ion distribution function for an actual Mega Amp Spherical
Tokamak (MAST) discharge #29908, which is studied in greater detail in
section 2.6. Since the distribution function is multi-dimensional, projections
are plotted here for visualization purposes. Panel (a) shows integration over
spatial coordinates R and Z and projection onto (E, p)-space. Panel (b) shows
the fast-ion density (integration over velocity space). . . . . ... ... ...
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Elevation (left) and plan (right) views of 3.03 MeV proton orbits (colors)
that reach the four MAST proton detectors in a particular equilibrium. The
thickness of the lines is proportional to the effective transmission 7. The
black lines in the elevation represent flux surfaces (thin lines) and the inner
wall of the vacuum vessel (thick line). The directions of plasma current I,
and toroidal field By are also indicated. . . . . . . . . . ... ... ... 21
(a) Schematic diagram of a cylindrical collimator. For a given orientation of
the incident proton velocity, some orbits reach the detector (red), while others
do not (blue). (b) For a given incident velocity vector, only the red portion
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(R, z) projection of orbits that enter the detector with the same orientation
for energies of 2730 (brown), 3030 (red), and 3330 keV (blue). The orbit shifts
a few centimeters. . . . . . . ..o 24
The overall transmission of the collimator increases with energy because the
incident orbits are straighter. A variety of different incident velocity vectors
are shown. The curves are normalized to the transmission of the maximum
velocity vector for F3 =3.03 MeV. . . . . . ... ... . 25
Dependence of (a) the absolute value of the normalized gyroangle |y|/m and
(b) the probability of gyroangles in a specified energy range pg,,, on proton
energy for E; = 50 keV and a rotation velocity of 2 x 10° m/s. Solid curves:
lab-frame angle ¢ = 7/2 and fast ion pitch vj/v = 0.5. Dashed curves:
¢ = —m/4 and v /v = 0.95. Dot-dashed curves: ¢ = 7/2 and v|/v = 0. In
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3.10 Beam-plasma proton spectra integrated over pitch for the four detector ports.

(a) Plasma current I,, (b) injected deuterium beam power P,,;, (c) line-
average density n., (d) normalized beta Sy, and (e) central ion temperature
T;(0) for two existing DIII-D discharges with 7; far in excess of 10 keV. . . .
Assumed plasma profiles for the thermonuclear (solid lines) and beam-target
(dashed) scenarios. (a) Ion (no symbol) and electron (symbols) temperatures;
(b) Electron (no symbol), thermal deuterium (*), and thermal *He (diamond)
densities; (c) toroidal rotation; (d) D-*He emissivity. The abscissa is the
square root of the normalized toroidal flux p. . . . . . . . . ... ...
J S dl vs. pitch v, /v at the detector for (a) 14.7 MeV protons and (b) 3.6 MeV
alphas measured at the midplane port for enhanced, isotropic, and suppressed
differential cross sections (solid lines) in the thermonuclear scenario. The
dashed curves are the variation that would occur if the pitch stayed constant
on its orbit. The symbols indicate the values of pitch for the four orbits
plotted on the right. (c) Elevation of DIII-D. The thin black curves are flux
surfaces; the thick black curve represents the vacuum vessel wall. The overlaid
nearly circular orbits are 14.7 MeV proton orbits with values of pitch of 0.2
(red) and 0.8 (cyan); the 3.6 MeV alpha orbits have pitch of 0.6 (yellow)
and 0.8 (green). The diamond symbols indicate the locations of the four
ports examined in this study. . . . . .. ..o
(a-d) f S dl vs. pitch for enhanced, isotropic, and suppressed differential cross
sections for 14.7 MeV proton detection at four different ports for the ther-
monuclear scenario. (e) Dependence of the flux for the enhanced (solid) and
suppressed (dashed) differential cross sections relative to the isotropic depen-
dence for the same four ports. The curves have been normalized so that the
total flux in both cases are equal. (f) Relative flux after integration over pitch
vs. port location for the enhanced, isotropic, and suppressed differential cross
SECHIONS. . . . . . .
Same as Fig. 3.4 but for 3.6 MeV alphas. . . . . . . ... ... ... .. ...
(a) Projection of a pair of 14.7 MeV proton orbits that are very sensitive to
the differential cross section in the 1.1 MA thermonuclear equilibrium; these
are the proton orbits with pitch of 0.4 and 0.8 in Figure 3.4b. (b) Projection
of three 3.6 MeV alpha orbits whose ratio is very sensitive to the differential
cross section; these are the alpha orbits with the largest values of [ Sdl in
Figure 3.5b-d. . . . . . . . .
(a-d) Flux vs. pitch for the three differential cross sections of Equation 3.7
for 14.7 MeV proton detection at four different ports for the beam-plasma
scenario. The signals are integrated over energy. Panels (e) and (f) are in the
same format as Figure 3.4 e&f, where red, green, blue, and cyan are —100’,
—77, =56 and 0 in panel (e), respectively. . . . . ... ... ... .....
Same as Figure 3.7 but for alphas. . . . . . . . .. ... ...
FIDASIM calculated energy distributions for 14.7 MeV proton detection in
the beam-plasma scenario for the four ports. All three polarization cases are
shown. Signals are integrated over successive intervals of pitch ~ 0.25. . . . .
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(a) Projection of two 14.7 MeV proton orbits with pitch of 0.2 and 0.9 in the
beam-target equilibrium. (b) Projection of four 3.6 MeV alpha orbits. Pitch
at the detector is different for all four ports and orbits pass near the magnetic
AXIS.  + . e e e e e e e
Comparison of the ideal differential cross sections (solid lines) used in sec-
tion 3.3 with the realistic differential cross sections (dashed lines) employed
in section 3.4 for the (a) thermonuclear and (b) beam-plasma cases. (c) Sen-
sitivity of the thermonuclear D-3He emissivity profile S to 5% uncertainty in
T; and 10% uncertainties in np and nzy.. The error bars show one-sigma un-
certainties at selected locations. The solid curves show the baseline emissivity
profile computed by TRANSP, together with wider and narrower profiles em-
ployed in Figure 3.13 and Figure 3.14 to test the sensitivity of the calculations
to the emissivity profile. (d) Emissivity profiles employed in analysis of the
realistic beam-plasma case. . . . . . . . .. ... L
Realistic synthetic thermonuclear data for enhanced (P} Psy. = 0.26, P =
0.12), unpolarized (P} Psg. = P}, = 0), and suppressed (P} Psg. = —0.26,
PL = 0.12) polarizations for a 14.7 MeV proton detector at the —56° port.
The calculations assume pitch angle resolution of 5°, gyroangle resolution of
15° and temporal resolution of 50 ms. Both (a) raw counts and (b) signals
after normalization by the total detected flux (b) are shown. For each polar-
ization case, the four curves represent calculations with the baseline emissivity
profile and equilibrium (thick lines with triangles), the narrow emissivity pro-
file of Figure 3.12(c) and baseline equilibrium (dash-dot lines with diamonds),
the wide emissivity profile of Figure 3.12(c) and baseline equilibrium (dashed
lines with *), and the baseline emissivity profile but different equilibrium re-
construction (dotted lines with X symbols). Note: Some error bars are smaller
than the symbol size. . . . . . . . . . . . ..
Realistic synthetic thermonuclear data for detection of the 3.6 MeV alpha
flux with detectors at three different poloidal angles. The calculations assume
50-ms temporal resolution, 15° gyroangle resolution, and measurement of all

significant escaping pitch angles. The figure format is the same as Figure 3.13. 73

Realistic synthetic data for detection of 14.7 MeV protons at the —56° port
for unpolarized and tensor polarized deuterium pellets with PL = 0.41. The
calculations assume pitch angle resolution of 5°, 15° gyroangle resolution, and
50-ms temporal resolution. The figure format is the same as Figure 3.13(b). .
Time evolution of the fitted vector polarization P}, Py for hypothetical pitch-
resolved 14.7 MeV proton data from the —56° port. The P} Py, coefficient
is inferred from data similar to Figure 3.13, assuming that P} is given by
Equation 3.10. Each symbol and error bar is from an ensemble of trials with
randomly generated counting statistics. The lines are from subsequent ex-
ponential fits to the P} Py, coefficients. The hypothetical data assumed a
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3.17 Angular dependence W (0) of the differential cross section for gamma emission
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to the ground and first excited state for D and *He nuclei with parallel or anti-
parallel spins. These distributions assume the ideal case of 100% polarization
of the initial D and 3He spins. . . . . . . . . . . . . ... ... ... ...

The elevation view of the CO, interferometer installed on DIII-D for shot
#178631. Three vertical chords are located at R, of 1.48m, 1.94m and
2.10m, and the radial chord is horizontal on the midplane. The black curves
are the magnetic flux surfaces (the last closed flux surface is in blue). The
magnetic axis is denoted by the blue x symbol. . . . . .. . ... ... ...
The presence of AE label vs. shot number shows TAE and RSAE are labelled
frequently across many experimental campaigns. LFM, BAE and EAE have
relatively sparse representation in the database. . . . . . . .. .. ... ...
The occurrence of labels for the training set (801 shots) and validation set (268
shots) are skewed towards TAE and RSAE. The sets are randomly shuffled
to preserve distribution shape. In comparision, there are barely any LFM or
EAE instances throughout the database. . . . . . . . . ... ... ... ...
Schematic of the stacked 2-layer RCN used to classify AEs trained with simple
and crosspower spectrograms. The input layer of the first RCN is connected
to a reservoir of nonlinear neurons and gets mapped to a higher dimensional
space, where the data are more separable. The readout layer of the first
RCN is trained using linear regression and processed as inputs for the second
RCN. The second reservoir consists of less neurons since less model capacity
is needed to rectify the mistakes of the first layer. The final outputs are AE
SCOTES. + t v v v v e e e e e
A comparison of the raw RCN and LSTM predictions using simple magnitude
(panel a) and advanced crosspower (panel b) spectrograms for shot #178631.
The simple spectrogram is calculated for chord V2 and the crosspower is be-
tween chords V2 and R0O. The red vertical ticks and horizontal strikethroughs
indicate the curated time stamp and label, respectively. The purple pixels are
raw predictions for the RCN and LSTM models. Regions where the purple
pixels overlap the red strikethroughs are considered good agreement. The dot-
ted regions are times where the curated database doesn’t indicate anything,
yet the model is robust enough to capture the AE activity observed in the
Spectrograms. . . . . ... L. oL e e e e

X

78

104



4.6

4.7

4.8

4.9

AE labels, thresholded predictions and simple magnitude spectrograms for
shot #170669. The colored predictions are denoted as follows: TP = green,
FP = orange, FN = red, and TP = black. White vertical lines in the spec-
trograms indicate the original timestamp. Error type 1 is due to effects from
overfitting, since the model could be triggering scores for LFM due to the
overall pattern of the discharge. Error type 2 occurs due to noise in the spec-
trograms. Error type 3 is attributed to time delays for predictions. FError
type 4 is categorized as a general Al error, where the model failed to predict
correctly. Letter A indicates an incorrectly assigned error since there is still
activity but the At extension of the label is too short. Letter C also indicates
an incorrectly assigned error due to ambiguity in the discharge. . . . . . ..
LFM and EAE predictions using the RCN model for shots 178636 and 175985
for CO5 chord V2. A second reservoir recitifies the mistakes made by the
first layer and produces better predictions for the least common modes in the
database. . . . .. L
F2 scores for the crosspower (upper diagonal), stacked chords (lower diago-
nal) and single chord (right vertical bar) comparison using the RCN model.
Stacking chords can perform better than crosspower, and chord V2 performs
slightly better than the other three chords. . . . . . . . .. ... ... .. ..
Points for the strongest Pearson correlation coefficient, r, in the comparison
between AE metrics (TPR & FPR) and metadata are shown here. In panel
a, the pitch-angle scattering (PAS) time is the 90-degree scattering time in
the NRL Formulary [131]. The r between PAS and TPR is 0.20. In panel b,
the BAE frequency is from Eq. (1) of [132], and the r with FPR is —0.17.
Since most of the analysis shows low correlation values, concerns regarding
the RCN model failing to predict AEs at the limits of the parameter range
are alleviated. . . . . . . .
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Spin Polarized Fuel and Artificial Intelligence in Fusion Energy at DIII-D
By
Alvin V. Garcia
Doctor of Philosophy in Physics
University of California, Irvine, 2023

Professor William W. Heidbrink, Chair

This thesis presents advances in computational modelling, analysis and techniques that can
be used to study mission critical topics in fusion. Energetic particles is an important field of
research since information about the plasma state can be encoded in the fast-ion distribution
function. Energetic ions can resonate with plasma waves in a fusion device, degrade plasma
performance or confinement, and damage the inner walls of the vessel. There is a need
in the community to better understand the fast-ion distribution function, improve plasma

performance, and mitigate unwanted impacts from wave-particle interactions.

In chapter 2, the weight function for 3-MeV protons produced in d(d,p)t fusion reactions
between a fast ion and a thermal deuteron is developed. The weight function W(X) is a
diagnostic sensitivity to phase-space variables X that relates the measured signal C' to the
distribution function F(X) through the equation C' = [W/(X)F(X)dX. The algorithm
developed here accounts for the complications associated with the curved “sightline” tra-
jectories of the escaping protons. Time-reversed orbits are initially calculated to get the
effective solid angles and sightlines for the range of incident proton velocity vectors. Syn-
thetic diagnostic code FIDASIM [Plasma Phys. Cont. Fusion 62 (2020) 105008] is upgraded
to accept these inputs, then calculate the reactivity averaged over the thermal distribution

of the “target” deuterons and the probability that a fast ion of specified energy and pitch has
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a gyroangle that is consistent with the kinematic equations along each of the sightlines. The
outputs of this upgraded version of FIDADSIM are verified using independent calculations

on the Mega Amp Spherical Tokamak.

In chapter 3, a conceptual design to diagnose the lifetime of spin polarized fusion experiments
using existing port geometries is developed at DIII-D. The cross sections for the D-T and
D-3He fusion reactions are increased by as much as 50% if the fuel remains spin polarized
parallel to the magnetic field in magnetically confined fusion experiments. The goal in this
chapter is to assess the feasibility of lifetime measurements of spin polarization, in magnetic
fusion relevant conditions, on the DIII-D tokamak using relative changes in charged fusion
product (CFP) loss measurements that depend upon the differential fusion cross section
do/dQ. Relative measurements that capture changes in the escaping CFP pitch, poloidal,
and energy distributions are studied in two realistic TRANSP calculated plasma scenarios
(high T; and beam-plasma). Ideal CFP detection, a realistic assessment of CFP signals and
reduced chi-squared y? calculations show polarization lifetime measurements are feasible for

the thermonuclear (high T;) scenario.

In chapter 4, Machine Learning (ML) models are developed to automatically detect Alfvén
eigenmodes (AE) and these models achieve high performance (True Positive Rate = 90%
and False Positive Rate = 14%). ML-based models can be useful for real-time detection and
control of AEs in steady-state plasma scenarios. These ML systems can be implemented into
control algorithms that drive actuators for mitigation of unwanted AE impacts. Using labels
created from a curated database [Heidbrink, et al., Nucl. Fusion ‘20], Machine Learning-
based systems are trained using single chord and crosspower spectrograms to predict the
presence of 5 AEs (EAE, TAE, RSAE, BAE and LFM). The advantages of using the CO4
interferometer to detect AEs, and the results from a comparison between inputs (single chord
and crosspower spectrograms) and another comparison between two different ML models

(Reservoir Computing Network and Long Short-Term Memory Network) are covered here.
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Chapter 1

Introduction

Energy is important to the livelihood of developed and developing nations. Basic needs such
as warm food, clean water and safe shelter all require energy. In the case of an emergency,
a charged mobile phone or medical device can save one’s life. Generally speaking, the
quality of life substantially improves with more energy worldwide, see Panel (a) of Figure 1.1.
However, energy produced by burning oil, coal, and gas directly exacerbates extreme climate
change since large quantities of emitted carbon dioxide (COsz) get trapped in our atmosphere.
Global warming, ice melt and rising sea levels are hindering the natural development of our
ecosystems. Panel (b) of Figure 1.1 shows that the Human Development Index increases at
the cost of more pollution to the earth’s atmosphere. Alternative energy sources like solar,
wind or hydroelectric are better, but these all depend upon environmental stimulus and
intermittent weather conditions. There is a need for a fundamentally new source of energy

that is clean, abundant and sustainable.
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Figure 1.1: The Human Development Index (HDI) [5] is a value that considers three param-
eters: 1) a long-healthy life, 2) being knowledgeable, and 3) standard of living. There is a
strong positive correlation between energy use per person and HDI (panel a). However, CO,

emissions similarly increase and cause harm to the planet (panel b). Figures are adapted
from [6].



1.1 Fusion Energy

Nuclear power can be produced from fission or fusion reactions. Although naming looks a
bit similar and both reactions are exothermic, the two processes are very different from each
other. In a fission reaction, a heavy and unstable nucleus is split into two lighter nuclei and
can release energy in the process. The oppositie scenario takes place in a fusion reaction,
where two light nuclei combine to form a larger nucleus and release energy. Naturally
occurring fusion happens in the sun, where large gravitational fields pull nuclei into the core.
The nuclei have large amounts of kinetic energy to overcome the electrostatic repulsion and
get close enough such that the nuclear strong force activates a fusion reaction. The mass
difference between the reactants and products is converted into kinetic energy according to

Einstein’s formula:
FE = mcz (1 . 1)

where the speed of light ¢ = 3 x 108m/s. This mass difference is significantly larger for
fusion reactions than it is for fission reactions, see Figure 1.2. Although fission power
plants currently contribute to electricity grids throughout the world, they are dangerous
since harmful weapons-grade radioactive waste is produced in the fuel rods. On the other
hand, the anticipated amount of activation in the materials is substantially less for fusion
power plants. The fusion fuel comes from water and abundantly safe materials found in
nature. Also, there is no risk of nuclear weapons proliferation or a power plant meltdown for
a fusion device. In a future where nuclear power plays an important role in the production

of clean energy, controlled nuclear fusion is the most promising candidate.
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Figure 1.2: The binding energy curve demonstrates energetically favorable regions for fusion
and fission reactions on the left and right of the nuclear stability region (blue dashed column),
respectively. Since deuterium, H?, and tritium, H?, are low on this curve, relatively larger
amounts of energy can be produced from fusion reactions between these two nuclei. Figure
is adapted from [7].



There are many nuclear reactions that are useful for the production of fusion energy, and

the most promising three for magnetic confinement fusion are the following:

D+ D — T (1.01 MeV) + p (3.02 MeV)

50%

(1.2)

g *He (0.82 MeV) + n (2.45 MeV)
D+T— a(3.5MeV) + n (14.1 MeV) (1.3)
D + *He — (3.6 MeV) + p (14.7 MeV), (1.4)

where D is deuterium (“heavy” hydrogen 2H), T is tritium ( “heavier” hydrogen ?H), « is 3He,
n is a neutron, and p is a proton. From these equations, the most favorable is D-T fusion
(Equation 1.3) since it has the largest cross section at low energy and can produce large
amounts of energy. Figure 1.3 shows the reactivity averaged over a Maxwellian distribution

function for all three reactions.

The triple product is a useful metric of success in magnetic confinement fusion that indicates
the necessary conditions to reach “ignition” (self-sustaining plasma), and for a D-T plasma

it is defined as follows:

nT1g > 3 x 102 m*keVs, (1.5)

where n is the ion density, 7" is the ion temperature and and 7z is the energy confinement
time [8]. In an ignited state, the plasma temperature is sustained against energy losses by
the internal alpha self heating produced from the fusion reactions. Energetic lasers were
recently used to compress a small pellet of D-T fuel to the high temperatures and pressures
needed to achieve “ignition” at the National Ignition Facility [9]. The planned International
Thermonuclear Experimental Reactor (ITER) is a magnetic confinement fusion device and
projected to achieve ignition within the 10-20 keV range [10]. Parts of this thesis contributed

to the overall goal of reaching ignition in magnetic confinement fusion energy research.
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Figure 1.3: Reactivities for the three most promising fusion reactions calculated using Table
VII of [11]. D-T fusion can be 1-2 orders of magnitude higher than the other two reactions.



1.2 Tokamaks

The word Tokamak is Russian and means toroidal apparatus for the production of controlled
nuclear fusion reactions in a high temperature plasma. Originally conceptualized by Soviet
physicists Igor Tamm and Adrei Sakharov in the 1950s [12], these devices are donut-shaped
vessels that produce strong magnetic fields and confine plasma. Some authors maintain
that spherically shaped devices are the leading candidate for a fusion nuclear science facility
(FNSF) [13], but conventional (D-shaped) tokamaks also play an important role in fusion

since they can withstand intense pressures and excel in plasma shaping capabilities.

The toroidal coordinate system (R, ¢, Z) used to describe the plasma inside a tokamak is
shown in Figure 1.4. The major radius and elevation are denoted by R and Z, respectively.
The spatial coordinate (¢) that wraps around the axis of symmetry (R = 0) is positive in
a right-handed (thumbs up) orientation. The 2D coordinate system perpendicular to the
toroidal direction (cross-sections of the plasma) is the poloidal plane and characterized by
minor radius r and poloidal angle §. The “origin” of the poloidal plane (R = Ry) is the

torus axis and usually located in the core of the plasma.

External coils are used to produce the helical magnetic fields of a tokamak, see Figure 1.5.
The center stack and outer poloidal field coils produce an electric field in the plasma that can
drive current in the toroidal direction. This plasma current produces the poloidal magnetic
field. An array of coils that encircle the torus produces the toroidal magnetic field. The

resulting field is helical and winds around the vessel about the machine axis.



Figure 1.4: A diagram of the toroidal coordinate system (R, ¢, Z) commonly used to describe
tokamak plasmas. The poloidal radius and angle are denoted by r and 8. Also, Ry is the
location of the torus axis (usually aligns with the magnetic axis in fusion research). Figure
is from [14]
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Figure 1.5: A schematic design of the fields and currents of a fusion device. An array of coils
produces the toroidal field. The center stack and poloidal coils drive a plasma current that
produces a poloidal magnetic field. Both fields create a net helical field that wraps around
the device in the toroidal direction. Figure is from [15]



To get a burning plasma, inductive and non-inductive methods are used to raise the tem-
perature. For inductive methods, currents are driven through the center stack of coils in the
middle of the device that produce a plasma current and raise the temperature via “ohmic”
heating. Inductive current drive requires a pulsed reactor system and can create issues as-
sociated with thermal cycling of the walls and a pulsing magnetic circuit design [16]. For
non-inductive methods, Neutral Beam Injection (NBI) or radio-frequency (RF) waves are
used to heat the plasma. Injected neutrals can thermalize and impart their energy onto the
bulk plasma. Resonant RF waves can change the cyclotron motion of bulk ions (or electrons)
and raise the temperature. Additionally, these non-inductive heating mechanisms can create
a small population of fast ions (a class of super-thermal particles) that are important to

study. Section 1.3 discusses them in greater detail.

The DIII-D National Fusion Facility is the largest operational tokamak in the United States.
There are eight NBI systems at DIII-D available for heating the plasma. Also, two types
of RF heating are available: ion cyclotron resonance heating (ICRH) and electron cyclotron
resonance heating (ECRH). Fast ion populations can be produced during DIII-D experiments
that utilize these heating mechanisms. DIII-D is a well diagnosed tokamak with several
fluctuation diagnostic systems that can be used to indirectly study the effects of fast-ion
driven instabilities. Diagnostic and plasma information could be relayed to actuators for
real-time control of AEs in DIII-D experiments [17-20]. Figure 1.6 shows a cutaway of the
DIII-D tokamak.

10
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Figure 1.6: A cutaway 3D view of the DIII-D tokamak. The toroidal and poloidal field coils
are located outside the walls of the vessel. The divertor region safely extracts lost particles.
Figure is from [21]
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1.3 Fast Ions

In order to get into the self-sustaining burning plasma regime, NBI and RF heating are
commonly used to raise the temperature of the plasma and produce fusion reactions. Fast
ions are a type of energetic particle born from these processes with the following gyroradius

and speed ordering [22]:

P > pi 2> Pe
(1.6)

Ve > Vp > 05,

where the subscripts f, ¢ and e denote fast ion, thermal ion and thermal electron, respectively.
The energy of thermal ions can be between 1keV to 10keV, and fast ions are commonly
between 50keV to 100keV. In ITER-like burning plasmas, fast ions are expected to have

energies in the MeV range.

Distribution functions are used to describe thermal and fast ions. An arbitrary distribution
function, F', depends on position, r, and velocity, v (plus time, t). The background thermal
plasma is relatively simple since it can be described using a thermal Maxwellian distribution
function. On the other hand, the fast-ion distribution function is anisotropic without a
functional form. The spatial component of the fast-ion distribution function can be expressed
in cylindrical coordinates: radius R, elevation Z, and toroidal angle ¢. Since tokamaks can
be considered an axisymmetric device, the toroidal angle is usually omitted and fast ions can
be described using only R and Z. The velocity component is usually described in the guiding
center coordinate system with respect to the magnetic field: energy E, pitch p = v /v, and
gyroangle . Since the gyroangle is assumed to be uniformly distributed over 0 to 2, this
dimension is omitted and the fast-ion distribution function is reduced to four dimensions
(E,p,R,Z). Figure 1.7 shows an example of a fast-ion distribution function studied in

chapter 2.
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Poorly behaved fast ions can create issues for the prospects of an ignited burning plasma.
Fast ions can resonate with a class of plasma wave instabilities called Alfvén eigenmodes [23].
Resonant fast ions can transfer energy to the wave, drive the plasma unstable and degrade
energy confinement [24, 25]. Also, particle redistribution can expel fast ions from the plasma
[24-30] and damage the inner walls of the vessel [31, 32]. Uncontrolled fast ions transfer
less energy to the thermal plasma and deteriorate fusion performance. Understanding the

distribution of fast ions and their interactions with AEs is an important field of research.

13
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Figure 1.7: An example fast-ion distribution function for an actual Mega Amp Spherical
Tokamak (MAST) discharge #29908, which is studied in greater detail in section 2.6. Since
the distribution function is multi-dimensional, projections are plotted here for visualization
purposes. Panel (a) shows integration over spatial coordinates R and Z and projection onto
(E, p)-space. Panel (b) shows the fast-ion density (integration over velocity space).
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1.4 Outline

This dissertation is a computationally oriented project in energetic particle research primarily

focused on three areas:

e Development of 3 MeV proton weight functions (verified on MAST-U)
e Conceptual design of Spin Polarized Fusion Experiments at DIII-D

e Machine learning-based classification of fast-ion driven instabilities at DIII-D

Chapter 2 discusses the phase-space sensitivity of 3 MeV proton diagnostics and the imple-
mentation of the algorithm into the FIDASIM framework [33-35]. Chapter 3 uses the tools
developed for the 3 MeV proton weight calculations and generalizes them to produce Charged
Fusion Product (CFP) diagnostic signals for the conceptual design of spin polarized fusion
experiments at DIII-D. Chapter 4 builds Artificial Intelligence (AI) to detect AEs using COq
Interferometer data and expert-made labels on DIII-D. The first four appendices provide
supplementary details for chapter 3 and discuss: A) numerical methods used to calculate
CFP signals in the high T; scenario, B) the generalization of the velocity-space probability
factor originally calculated for beam-plasma signals produced from D-D reactions, C) the
implementation of the CFP algorithm in FIDASIM, and D) an alternative method to more
accurately assess uncertainties in the CFP calculations. Appendix E comments on Machine
Learning methods that were initially used to detect AEs prior to the training of Recurrent

Neural Networks discussed in chapter 4.
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Chapter 2

Velocity-space Weight Function of 3
MeV Protons

2.1 Introduction

The weight function plays a key role in Energetic Particle research. The weight function
W(X) describes the sensitivity to phase-space variables X of a diagnostic signal and is
used in forward modeling of expected signals [33], in tomographic inversions to infer the
distribution function [36] and for qualitative interpretation of experimental dependencies
[37]. Mathematically, W determines which portions of the energetic particle distribution

function F'(X) contribute to a measured signal C,
C= /W(X)F(X) dX. (2.1)

Weight functions have already been developed for many fast-ion diagnostics such as fast-ion
D-alpha (FIDA) [38, 39], collective Thomson scattering [40], neutral particle analyzer (NPA)

[33, 41], neutron [42-44], gamma-ray [45, 46] and fast-ion loss detector [47] diagnostics. In the
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present work, an algorithm to calculate W for a 3 MeV proton diagnostic such as the one at
MAST [48] is developed. To date, the majority of these weight functions were developed for
two-dimensional velocity space but recent work [39] utilizes three-dimensional orbit weight

functions.

In the ~ 0.4 T field of MAST, the 3-MeV proton gyroradius is so large that ions escape
in (approximately) one half of a gyro-orbit. Although we specifically consider the MAST
diagnostic installation, the algorithm developed here applies equally to more complicated
situations, such as the 3-MeV proton orbits that were used to measure d-d spatial profiles
during lower hybrid and neutral beam heating in the 5 T Princeton Large Torus [49]. Tt
should also be noted that the basic algorithm applies to any escaping charged fusion reaction
product, including the 1.0 MeV triton produced in d-d reactions and the 15 MeV proton

produced in d-*He reactions.

The MAST diagnostic measures 3 MeV protons produced in d(d,p)t fusion reactions between
fast ions and thermal deuterons in the plasma core. (As discussed below, protons are also
produced in beam-beam and thermonuclear reactions.) The emitted protons escape the toka-
mak on curved orbits, pass through a collimating structure, and are detected. Conceptually,
the calculation is analogous to calculation of the weight function of a neutron spectrometer
but there are complications. Unlike with neutrons, photons, or neutrals, the “sightlines”
are curved trajectories that depend upon the proton velocity; the orbit curvature also alters
the solid angle accepted by the collimator. A further complication is that the energy of the
emitted proton depends upon the velocities of the reactants and the direction of emission,
so the “sightline” itself depends upon the reaction kinematics, with the consequence that
different proton energies probe different volumes in both velocity and configuration space.
Because the d-d reaction is anisotropic, the reaction probability also depends upon these

velocities.

The presented algorithm takes all of these complications into account. Section 2 provides
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an overview of the approach. Section 2.3 explains how to compute the effective solid angle
of the curved “sightlines” that are accepted by the collimating structure. Calculation of
the rate of relevant d-d reactions involves two steps: the basic reaction rate (Sec. 2.4.1)
and determination of the portion of the fast-ion population that produces a proton with
the measured energy and trajectory (Sec. 2.4.2). The computational approach adopted
to calculate these weight functions is described in Sec. 2.5, followed by verification of the
calculations in Sec. 2.6. Section 2.7 contains formulas for velocity-space and orbit weight

functions and shows an example for a MAST detector. Conclusions appear in Sec. 2.8.

2.2 Formulation of the problem

If the signal-to-noise ratio of the instrument permits, the measured quantity is an energy-
resolved count rate at the detector. We express the d-d reaction in standard nuclear physics
notation 2(1,3)4, where particle 2 is the thermal deuterium, particle 1 is the fast ion, particle 3
is the 3-MeV proton, and particle 4 is the triton. Our concern is the d(d,p)t reaction so
my = mg = 2m,, mz = m, and my = 3m,, with m,, the proton mass. The measured energy-
resolved count rate is C'(E3, AEy;,), where Ej is the proton energy and AFEy,;, is the energy

resolution of the measurement.

A limitation of the present work is that the calculated weight function applies exclusively to
reactions between an energetic “fast-ion” population and a slower, thermal population. In
other words, the fast-ion (particle 1) is the beam, particle 2 is a thermal deuterium reactant,
particle 3 is the measured 3-MeV proton, and particle 4 is undetected. This type of reaction
is customarily called “beam-plasma” in fusion research. In reality, “beam-beam” reactions
between pairs of fast ions and “thermonuclear” reactions between pairs of thermal deuterons
also occur; in both of these situations, the two reacting ions often have comparable speeds.

Since the beam-plasma reaction rate depends linearly on the fast-ion distribution function,

18



its weight function is well-suited for tomographic inversion to infer the distribution function
using standard matrix methods; this is not true for beam-beam reactions. However, on two
devices where 3-MeV proton diagnostics are currently implemented or planned, MAST-U
[48] and NSTX-U [50], beam-plasma reactions predominate. For example, in the L-mode
NSTX-U plasma of [51], beam-beam reactions constitute < 11% and thermonuclear reactions
constitute < 1% of the total rate. Similarly, in the MAST experiments of [52], beam-beam

reactions constituted ~ 10% of the total.

Since the escaping proton orbits are essentially collisionless (fractional energy change <
1079), the phase-space volume accepted by the detector can be related to the phase-space

)

volume traversed by the curved “sightlines,” so the measured count rate is [53]

C(By, ABy) — / / / 4l dAdD S(x, V), (2.2)

where [ dl represents integration over the sightline, [ dA represents integration over the
detector area, [ df) represents integration over the solid angle accepted by the collimating
structure, and S(r, v3) represents the emissivity (in reactions/volume-time) of protons that
are emitted at position r along the sightline with the correct values of F5 and solid angle. As
in the formulation of the weight function for a neutron collimator [42], the emissivity can be
divided into two pieces, one piece that descr