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ABSTRACT

The transport of heat and particles in the boundary of a tokamak is not sufficiently
understood for the purposes of constructing a pilot nuclear reactor. Improving numerical
and theoretical understanding is inhibited by traditional boundary diagnostics that pro-
vide sparse and inflexible spatial coverage. In this thesis, multi-spectral imaging of helium
line ratios (HeMSI) was used to create 2D poloidal maps of 7, and n. in the TCV divertor.
These are the first plasma boundary measurements to provide continuous 2D coverage of
T, and n, for arbitrary magnetic geometries. These measurements were validated against
co-local Thomson scattering measurements in diverted plasmas. HeMSI showed good
agreement with Thomson scattering in the common flux region (CFR) of ionizing plasma
for both majority helium and majority deuterium plasmas. Having validated this pow-
erful new tool, HeMSI was used to investigate the effects of flux expansion in the TCV
divertor for plasmas in the conduction limited regime. Increasing poloidal flux expansion
is expected to lower the temperature of the divertor target by increasing the plasma vol-
ume and connection length of the magnetic field line between the core and target. These
benefits are observed in the conduction limited regime but not in the partially detached
regime. The 2D poloidal maps of T, and n,, in concert with other measurements, were
used to calculate the ionization rate of He and D, the E x B drift velocity, Spitzer heat
conduction, and parallel flow in 2D. This allowed for heat transport to be locally resolved
into conduction, parallel convection, and drift convection components. Similarly, particle
transport was categorized into drift and parallel components. These calculations demon-
strate that in relatively cool plasmas (7, < 30eV), drifts compose a significant amount of
the heat and particle transport. This violates the assumptions of simple two-point mod-
eling and demonstrates the importance of accounting for drifts in modeling. Drifts may
explain the boundary’s lack of sensitivity to poloidal flux expansion in the partially de-
tached regime. Lastly, the anomalous heat and particle transport coefficients, y, and D |,
were calculated by enforcing local power and particle balance. Values of x, close to the
separatrix (p < 1.005), and values of D, were consistent with standard modeling prac-
tices. However, x| measurements sufficiently far into the CFR (p > 1.005) exceeded typical
modeling assumptions by two orders of magnitude. This implies that boundary codes will
underestimate the radial temperature falloff length. This is shown to be true in a compari-
son of T, measurement to simulations performed with the SOLPS-ITER code. This brings
into question the validity of the assumption of diffusive heat transport in the far CFR.
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The impediment to action advances action.

What stands in the way becomes the way.

- Marcus Aurelius
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Chapter 1

Introduction

1.1 Thermonuclear Fusion

The last 200 years of human existence have witnessed an unprecedented technological
boom. While 800,000 years passed between humanity’s first campfire [ 1] and Thomas Sav-
ery’s invention of the commercial steam engine in 1698, in the last 100 years, humanity has
gone from the first electric power plant to the mass adoption of smartphones. These tech-
nological leaps are a cornerstone of modern civilization. However, these advancements
have spurned anthropogenic climate change. The byproducts of carbon-based energy
sources pollute the atmosphere, trapping heat and raising the global temperature. These
trends can be seen in Figure 1.1 which shows the global average of the CO, mole fraction
in the atmosphere as measured by the National Oceanic and Atmospheric Administra-
tion (NOAA) [2][3], and the variation in the yearly average temperature as measured by
NASA’s Goddard Institute for Space Studies (NASA/GISS) [4][5]. The existential threat
posed by climate change demands the development of new carbon-free energy sources.
One candidate energy source and the topic of this thesis is nuclear fusion.
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Figure 1.1: Left) The difference in the yearly average global surface temperature from the
long-term average taken from 1951 to 1980 [4][5]. Right) The global average of the mole
fraction of CO; in the atmosphere since NOAA began making measurements in 1958.

Nuclear fusion denotes the process of combining atomic nuclei into new assortments
of nuclei and neutrons. In these reactions, while energy is conserved, mass is not. The
difference in mass, mass deficit, is converted into kinetic energy in accordance with the
mass-energy equivalency principle, i.e., AE = Amc?. Therefore, kinetic energy is gained
when the total mass of the reaction’s products is less than the mass of the reactants. For
example, deuterium and tritium have masses of (2 — 0.000994)m,, and (3 — 0.006284)m,,,
respectively, where m,, = 1.67 x 10~?"kg is the mass of the proton. When fused, as shown
in Figure 1.2, they produce an alpha particle, ;He’, with mass (4 — 0.027404)m,, and a
neutron with mass (1 +.001378)m, [6].

1D? + T = He! + n' + 17.6MeV (1.1)

The result is a mass deficit of 0.01875 m,, which is equivalent to 17.6 MeV. This energy
manifests as kinetic energy; the alpha particle carries 3.5 MeV and the neutron 14.1 MeV.
The distribution of the energy between neutron and alpha particle is set by conservation
of momentum.
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Figure 1.2: Deuterium-Tritium fusion diagram by n.d. Public domain, via Wikimedia
Commons, https://commons.wikimedia.org/wiki/File:D-t-fusion.png

The goal of nuclear fusion research is to regulate this deuterium and tritium reaction so
that the released kinetic energy may be converted to electricity. The conversion is accom-
plished by stopping the released 14 MeV neutrons in a "blanket" material that surrounds
the tokamak’s vessel. The neutrons transfer their energy to the blanket which is used to
heat water, generate steam, and turn a turbine [6], [7]. However, positively charged nuclei
repel one another via the long-range Coulomb force, and nuclei will not begin to attract
each other via the nuclear strong force until they are within several femtometers (10~
m) of each other. Even if two nuclei have sufficient energy to overcome the Coulomb po-
tential, the probability of a fusion collision, as opposed to a glancing Coulomb collision,
is extremely small. Thus, producing fusion energy at a scale relevant to energy produc-
tion requires confining the nuclei within an environment in which they undergo frequent
collisions with sufficient energy to fuse. These requirements demand that the nuclei be
suspended in a quasineutral ionized gas, a plasma, at extremely high temperatures and
pressures, greater than 15 keV (200 million °C) and 7 atmospheres.

Extraordinary countermeasures are required to confine plasma at the pressures rel-
evant to fusion production. In nature, these conditions and sustained fusion power are
achieved only within stars. Stars are confined by their own gravitational pull as they un-
dergo a continuous fusion reaction. The energy released from the fusion reaction main-
tains a star’s temperature while it continuously emits blackbody (electromagnetic) radia-
tion, which in turn supports life on Earth.

Lacking the ability to manufacture a solar mass, controlled nuclear fusion power poses
a considerable and ongoing challenge for human engineering. There are two primary
methods for accomplishing it: heating and confining a plasma within a magnetic field,
known as magnetic confinement fusion (MCF), or compressing a plasma with lasers,
known as inertial confinement. This thesis focuses exclusively on MCF and its implemen-
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tation with a device known as a tokamak.

1.2 Magnetic Confinement

In a magnetic field, charged particles execute gyro-orbits as a result of the magnetic force:

F=m—=qixB (1.2)

For a constant magnetic field of B(r) = B,é, a charged particle’s trajectory with initial
velocity v, = v, é, + v)é; is:

vy cos(wyt) 0
o(t) = —% sin(wgt)| + | 0 (1.3)
0 Y|
pg sin(wgt) Ly
(t) = | pgcos(wgt) | + | yg (1.4)
0 UHt
qB
wy = |— (1.5)
m
v
pg = — (1.6)
Wy

The quantities w, and p, are known as the gyrofrequency and gyroradius, respectively.
Tge
The center of an orbit, known as the guiding center, is 7. = |y,.|. The appropriateness
vt
of the term "guiding center" should be clear from Eqs 1.3 and 2.4. As seen in the equa-
tions, the charged particles freely stream along the magnetic field lines, while the motion
perpendicular to the magnetic field line, i.e., the guiding center, averages to zero over the
period of the orbit. Of course, this terminology would be of little relevance if this were only
the case for a constant magnetic field. It is the fact that charged particles follow guiding
centers for the complicated magnetic fields produced in confinement devices that merits
the terminology and allows magnetic fields to confine plasmas effectively.
For the conditions of a magnetic confinement device, it can be assumed that

py|V B 1dB

5 << 1EE << Wy (1.7)
1 0B



Egs 1.7 and 1.8 state that a charged particle observes little variation in the magnetic
tield over the diameter and period of its gyro-orbit. Thus, even though a magnetic field
may be changing as a particle moves in space, the magnetic field will appear constant to
an individual charged particle on the timescale of the gyrofrequency, and the orbits will
have plenty of time to recenter themselves to the new local magnetic field and continue
to freestream along the field’s new direction. Consequently, it should be expected that
the charged particles will follow the magnetic field lines to the lowest order. The crucial
question is then to calculate the first-order corrections to the guiding centers, so that the
trajectory of a charged particle may be expressed as:

R(t) = Rao(t) + epy(t) (1.9)
V(t) = Vac(t) + 7,(t) (1.10)
(1.11)

Where égc(t) and Vgc(t) represent the movement of the particle’s guiding center re-
sulting from averaging the particle motion over several gyro-orbits, and p,(t) and v,(t) are
the gyrating radius and velocity. It is required when averaged over one gyro-orbit that
< py(t) >=0and < vy(t) >= 0.

As a simple, but non-trivial, example of guiding center analysis, suppose a force is
applied to a charged particle in a magnetic field such that:

F=md=qix B+ F.yy (1.12)

To solve for the trajectory, define u = v — PZ EQE . Then, by substitution into Eq 1.12:

mgz(F é,)é,+ux B = mdt =(F-¢,) (1.13)
du =
md—; =qu, X B (1.14)

Eq 1.13 is now of the same form as Eq 1.2. Thus, Eq 1.15 and 1.4 becomes:

vy cos(w,t) 0 - =
FxB
0(t) = |~ Lsin(wyt) | +| 0 |+ B (1.15)
0 F.ét q
pgsin(wgt) Lg FxB
7(t) = | pgcos(wyt)| + Yg + 52 t (1.16)
0 vt + g . ézt2 q

InEq 1.15, Voo = (F - 6,)é.t + F; EQE . The component of the guiding center velocity per-

pendicular to the magnetic field is termed the drift velocity, VGC | . Such drifts are the result
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of electric fields perpendicular to the magnetic field lines, or can be viewed as spawning
from the centrifugal force observed when following a curved magnetic field line in a non-
inertial frame. Drifts also result from spatial variations in the magnetic field or temporal
variations in the magnetic field and perpendicular forces. The net result is that:

Voor = Vixs + Vos + Vi + V, (1.17)
ExB
Vixs = — 53 (1.18)
v? ~
Vo m vk By, - "4 p (1.20)
T B P T yBdt '

In Eq 1.17, Vixp (read "E cross B drift") is the result of a perpendicular electric force,
Vy s (grad B drift) is the result of variations in the magnetic field’s strength, V,; (curvature
drift) is the result of curving magnetic field lines, and v, is the result of temporal variations.

While a magnetic field constrains the movements of charged particles in the directions
perpendicular to the field, movements parallel to the field are unaffected. Consequently,
plasmas are very good conductors of heat in the direction parallel to the magnetic field,
so the temperature gradients along a magnetic field line in steady-state conditions will be
small. This has a great practical consequence for designing a MCF reactor. The reactor
must sustain a fusion reaction at temperatures around 200 million °C, while the temper-
ature of the device’s surface is kept below its materials” melting points. Tungsten has the
highest melting point of any solid at 3422 °C. Therefore, the parallel heat conductivity of
plasma and material limitations require that the portion of the plasma undergoing fusion
must not be confined to field lines that intersect any part of the MCF device.

The intuitive response for closing the field lines is to confine the plasma in the circular
magnetic field of a toroid, i.e.:

B(R) = ’;;I]Z% — (1.21)
B(R) = B(g)a% (1.22)

Where n is the number of turns, [ is the current, a is some arbitrary radial position and
R is the radial position inside the torus. While intuitive, this approach is unsuccessful.
The V B and curvature drifts cause electrons and ions to drift in opposite directions which
induces an electric field. The E x B drift then causes both electrons and ions to drift radially
outward. This outward drift prevents a purely toroidal field from confining a plasma.

To achieve confinement, the magnetic field must have both a toroidal and poloidal
component. This is the basis of the tokamak’s design.

A tokamak is a torus-shaped MCF device that confines the plasma in a toroidally sym-
metric magnetic field that has both a toroidal and poloidal component. The toroidal com-
ponent is driven by electromagnetic toroidal field coils. The poloidal component is driven
by the plasma’s own current. The plasma current is initially produced via induction from
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the increasing current run through a solenoid transformer at the center of the torus, and
can be sustained with radio waves after the period of induction. These essential elements
of a tokamak are illustrated in Figure 1.4.

Combining the toroidal and poloidal fields produces magnetic field lines that orbit
both the major and minor axes of the torus. The orbits in the poloidal plane (around the
minor axis) reside on toroidally symmetric two-dimensional surfaces known as flux sur-
faces. As required by toroidal symmetry, these surfaces are nested about the center of the
plasma in the poloidal plane. An example of such a magnetic field line’s trajectory and
the contour of its flux surface in the poloidal plane is shown in Figure 1.3. The poloidal
orbit of the particles assuages the effects of the drifts directed along the major radial di-
rection, éz. To understand this result, consider two points on the same flux surface: one at
the position of maximum major radius and the other at the minimum. The drifts moving
outward in major radius push the particle at the position of the maximum major radius
away from the plasma center, but the drifts at the minimum major radius push the parti-
cle toward the center of the plasma. Thus, as a particle undergoes an orbit in the poloidal
plane it is pushed both towards and away from the plasma center. In this way, the effects
of drifts in major radial position “cancel” over the orbit of the particle.
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Figure 1.3: Left) 3D path of magnetic field line in a tokamak. Right) The projection of the
magnetic field line’s trajectory into the poloidal plane.
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Figure 1.4: Schematic of a tokamak. The toroidal field coils are shown in blue, and the
toroidal field they produce is represented by the blue arrow. The volume of the plasma
is outlined in purple, and the green arrow within it represents the electric current. The
current is driven by the central solenoid, which acts as a transformer in accordance with
Faraday’s law. The plasma current creates a poloidal magnetic field, which is represented
in the figure by the green arrows outside the purple plasma. Image taken from [8] licensed
under CC BY 4.0 and available at https://commons.wikimedia.org/wiki/File:Schematic-
of-a-tokamak-chamber-and-magnetic-profile.jpg

1.3 Tokamak Boundary Research and Motivation

The performance of tokamaks has improved steadily over several decades. However, sev-
eral challenges still must be overcome if commercial electric power from tokamaks is to be
realized. One such challenge, and central to this thesis, is the power and particle exhaust
problem facing tokamaks. The anatomy of a tokamak can be parsed into two regions:
the core and the boundary. The core refers to the flux surfaces with magnetic field lines
that close without intersecting the vessel, and the boundary describes the flux surfaces
with field lines that do intersect the vessel. In the core, the plasma is heated to the tem-
perature and pressure needed to produce fusion energy. The magnetic force confines the
plasma, counteracting the pressure force of the plasma. However, this confinement is im-
perfect. Drifts and collisions cause the plasma to diffuse into the boundary. These open
field lines transport both the plasma and heat to the vessel’s surface. The heat transport
perpendicular to the flux surfaces is signifcantly less than that from parallel transport.
Thus, the boundary plasma is much cooler than that of the core where the fusion energy
is produced, so it is feasible to mitigate its interaction with the reactor surface to be within
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material constraints.

A future tokamak reactor will employ a diverted magnetic configuration to accomplish
heat and particle exhaust. In this configuration, the magnetic field lines transition from
closed to open at a separatrix. The open field lines divert the plasma and heat escaping the
core to target plates in the divertor chamber, which are spatially removed from the core
(see Figure 1.5). Unabated, the parallel heat flux reaching the plates in a tokamak reactor
will exceed 1 GWm™2 [9] [10]. However, material limitations require that the heat flux
be less than 10 MW m~2. Consequently, the divertor chamber conditions must be manip-
ulated to ensure that the heat exhaust is dispersed onto a wider area of the vessel through
atomic radiation, interactions with neutrals, and cross-field transport. This mitigation of
the heat must be achieved while maintaining sufficient particle exhaust.

0.6

Core

Separatrix

Boundary

NN
(\O) -~

Figure 1.5: The magnetic geometry of diverted plasma in a tokamak. The red flux surface
denotes the plasma core where the fusion energy is produced. These field lines are closed.
The black flux surface denotes the magnetic separatrix where the field lines transition from

closed to open. The plasma boundary, the region of open field lines, is represented by the
blue flux surfaces.



To design a future solution to this problem, the dynamics of the plasma must be ac-
curately understood and predicted by numerical models. However, despite the classical
nature of plasma physics, current understanding and modeling are insufficient for con-
fidentally projecting out a heat exhaust solution. For this reason, experimental tokamak
reactors are employed across the world to further progress and validate plasma theoretical
and computational research.

Accurate and comprehensive measurements are critical to advancing this research. Un-
fortunately, mechanical constraints limit the spatial coverage of traditional tokamak diag-
nostics in the plasma boundary. For example, the electron temperature, 7¢, and electron
density, n., are two critical plasma parameters. However, the diagnostic coverage of 7, and
ne in the plasma boundary is limited to a relatively sparse collection of Thomson scatter-
ing or Langmuir probe measurements. Thomson scattering measurements are confined
to the one-dimensional path of their lasers, and Langmuir probe measurements (when
non-invasive) occur at the surface of the vessel. This is particularly problematic for ex-
haust research because the magnetic geometry of the plasma boundary plays a key role
in the exhaust performance and can be extensively shaped. Figure 1.6 demonstrates this
shortcoming by showing three different magnetic configurations studied at the Tokamak a
Configuration Variable (TCV) [11]-[14] and the spatial coverage of the Thomson scattering
and Langmuir probe measurements.

Spectrally filtered cameras have the advantage of being able to view entire large areas
of the plasma boundary. With the assumption of toroidal symmetry, these spectral images
can be tomographically inverted into measurements of the emissivity in the poloidal plane.
However, the quantitative insights that can be drawn from a single emissivity profile are
limited due to the sensitivity of the emission to several factors. Boundary plasmas do not
exist in local thermal equilibrium (LTE), so, in theory, the temperatures and densities of
all species involved in the creation of the emission need to be modeled. For the emission
discussed in this work, the amount of emissivity is sensitive to three factors: the density
of the emitting atom, the density of the bombarding electrons, and the temperature of the
electrons. Consequently, while spectral emission can be resolved over a large spatial area
with one camera, its interpretation requires equally large diagnostic coverage of 7, and 7.
This has historically limited the efficacy of spectral imaging diagnostics.

The creation of measurement methodologies that exceed the spatial limitations of tra-
ditional diagnostics motivates this work. This thesis centers on the development and
implementation of multi-spectral imaging techniques using systems with a novel poly-
chromator design, TCV’s Multispectral Advanced Narrowband Tokamak Imaging System
(MANTIS) diagnostics [15]. These MANTIS cameras’ polychromator design allows them
to image up to 10 individual spectral lines simultaneously over the same tangential view
of the divertor chamber of a tokamak. The images are absolutely calibrated, and by as-
suming toroidal symmetry, the images are tomographically inverted to create 2D poloidal
emissivity maps.

This thesis work leveraged these MANTIS cameras to create the first 2D poloidal maps
of T, and n, in the divertor. For this work, three He I lines, 728.2 nm (3 'S — 2 'P),
667.8nm (3'D — 2'P),and 706.5 nm (33S — 2 3P ), were imaged. These images were
inverted into poloidal emissivity profiles. Then, the ratios of emissivities at each point in
the poloidal grid were independently regressed to 7, and n. values using a collisional-
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radiative model (CRM) for He I emission. This diagnostic process will be referred to as
helium multi-spectral imaging (HeMSI) throughout the rest of this thesis. These HeMSI
measurements were validated in experiments against co-local measurements of 7, and n.
via Thomson scattering.

In the second part of this thesis work, these powerful new measurements were used
in experiments on TCV studying the effects of magnetic geometry on heat exhaust per-
formance. The poloidal field strength was varied for several single-null L-mode plasmas
resulting in a scan of poloidal flux expansion (defined in Chapter 4). With the ability
to resolve T; and n. throughout the poloidal plane, several conclusions could be drawn.
First, the neutral densities and ionization rates of He, He", and D were resolved from their
spectral images of atomic emission, which were all simultaneously captured with MAN-
TIS. Furthermore, drift velocities were calculated in 2D with the assistance of floating po-
tential measurements from the Langmuir probes at the vessel’s surface. These auxiliary
calculations allowed for 2D calculations of heat and particle transport throughout the di-
vertor volume and demonstrated the current shortcomings of simple 1D plasma boundary
models and transport assumptions in modeling.

In all, this thesis work has added a powerful new diagnostic tool to the field of plasma
exhaust research and used that tool to perform a novel analysis of the effects of magnetic
geometry on plasma exhaust. These results benefit the field and serve as a template for
future analysis.
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Figure 1.6: Magnetic reconstructions from three TCV discharges. These images illustrate
the wide range of magnetic geometries explored at TCV and the amount of plasma volume
in the boundary that lacks 7, and n. diagnostic coverage from Thomson scattering and
Langmuir probes.

1.4 Thesis Outline

The presentation of this thesis will proceed as follows. Chapter 2 focuses on the implemen-
tation and hardware of the polychromator-based multi-spectral imaging systems used in
this thesis. The chapter discusses:

e The work done to improve the optics of these systems
e The calibration methodology

e The tomographic inversion methodology

Chapter 3 reports on the HeMSI methodology and the results of the validation exper-
iments. The results are:

e HeMSI showed good agreement with Thomson scattering when employing the Goto
atomic rates in a collisional radiative model (CRM) but not the ADAS atomic rates.

e HeMSI is accurate for the case of an ionizing plasma, 7. > 10eV.
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HeMSI measurements for 7, < 10eV cannot be reconciled with current atomic mod-
els. The inability to make measurements at 7, < 10eV is attributed to a lack of phys-
ical understanding and not the uncertainties of the HeMSI measurements.

Chapter 4 reports on the application of HeMSI to experiments in which the poloidal
flux expansion of the divertor was varied. The results of this experiment are:

Poloidal flux expansion does not benefit the plasma exhaust performance as ex-
pected from simple 1D modeling in the detached regime. However, it does produce
lower temperatures at the divertor plate prior to detachment while in the conduction-
limited regime. This demonstrates that the onset of detachment is a non-linear pro-
cess.

The drift fluxes are calculated in 2D. The poloidal drifts are shown to be much larger
for smaller flux expansion, but cross-field drifts are shown to be more important in
the cases of larger flux expansion.

The direction of the toroidal field has a significant impact on the 7 and n. profile
shapes.

The anomalous cross-field heat transport coefficient x| is shown to be much larger
than what is customarily used in modeling and assumed to be unphysical. This
implies that the assumption of cross-field heat transport being diffusive is incorrect.

T, and n, profiles from the Scrape-Off Layer Plasma Simulation code (SOLPS) are
compared to HeMSI measurements. The simulated 7; profiles are shown to have
a significantly smaller fall-off length than that of the measurements. This discrep-
ancy is consistent with anomalously large values of x| calculated in the poloidal flux
expansion experiments.

Finally, Chapter 5 reflects on how multi-spectral imaging and HeMSI can be leveraged
in future work, and on how the diagnostic can be improved in the future.
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Chapter 2
MSI and MANTIS Diagnostics

2.1 History of Spectral Cameras in Tokamaks

As described in Chapter 1.1, the development of a plasma exhaust solution requires ex-
perimental measurements to validate plasma therotical and numerical models. However,
many traditional diagnostics, e.g., Langmuir probes, Thomson scattering, and spectrome-
ters, offer limited coverage. Spectral cameras offer the ability to observe spectral emission
over a large portion of the plasma. Assuming toroidal symmetry, these spectral images
can be tomographically inverted into local emissivity measurements in the poloidal plane.

Researchers have utilized spectral images and produced emissivity maps from these
images since the 1990s [16]-[21]. However, the earliest such measurements were limited
to one filtered camera per diagnostic port [17]-[19]. Thus, repeated shots were required
in order to analyze different spectral lines for the same scenario. This is unideal because it
requires more discharges, which are quite expensive, and because it requires the further
assumption that repeated discharges remain similar. This is a strong assumption due to
the differences in wall-conditioning over time and fluctuations in the magnetic equilib-
rium. Furthermore, the quantitative insight that can be gathered from a single emissivity
profile is limited. Spectral emission is sensitive to at least the temperature and density
of the emitting species and the species with which it is colliding. Therefore, extracting
2D quantitative information on the background plasma from the emission requires more
than one 2D emissivity profile. More recently, beam splitters have been utilized as a way
of producing multiple spectral images through one viewing pupil [16]. However, by de-
sign, beam splitters “throw away” light, so they are inherently limited by their inefficient
use of light.

2.2 Polychromator Multi-Spectral Imaging Systems

In this thesis work, a polychromator-based multi-spectral imaging system was used for
the first time which circumvented previous limitations of spectral camera diagnostics.
Polychromators filter light via the repeated reflection of light off of bandpass filters and
mirrors. Light enters the optical system and is relayed to a dielectric filter where a se-
lect wavelength is passed through to a detector. The out-of-band light is reflected back
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into the system and relayed again, in an identical manner. This process repeats itself for
each filter in the system. The optical layout is illustrated in Figure 2.2. The advantage
of this design is that it creates multiple simultaneous images from a single view without
splitting the light. The design of the polychromator imaging systems used in this thesis
originated from the polychromator system used for the Thomson scattering diagnostic on
DIII-D [22]. Later, it was adapted for the motional stark effect (MSE) diagnostic on Alca-
tor C-MOD [23]. In these previous works, only the total intensity of the light arriving at
the detector was recorded. During his Ph.D. thesis work on MSE diagnostics, Bob Mum-
gaard proposed that the MSE polychromator be outfitted with cameras and converted into
a visible imaging system. This thesis work began with this proposal.

As the first part of this thesis work, a four-channel MSE polychromator was repurposed
for the imaging of visible light along the plasma boundary. This system, known as the
multi-spectral imaging system (MSI), was tested on Alcator C-MOD and then installed
on TCV in 2017. This was the first instance of a polychromator system being operated on
tokamaks and was reported in Linehan 2018 [24]. Figure 2.1 shows examples of images
taken with the MSI on TCV and C-MOD.

The multispectral imaging research was conducted within a collaboration between
MIT, the Swiss Plasma Center at Ecole Polytechnique Fédérale de Lausanne (EPFL), where
TCV is located, and the Dutch Institute for Fundamental Energy Research (DIFFER). As
part of the collaboration, DIFFER contributed a 10-channel Multispectral Advanced Nar-
rowband Tokamak Imaging System (MANTIS) diagnostic [15]. The initial MANTIS sys-
tem replaced the MSI in 2018. The design of the MANTIS system was reported on in Perek
2018 [15]. In 2020, MIT and DIFFER both contributed 6-channel MANTIS systems, which
allowed for coverage of the whole vessel. The data analysis presented in the following
chapters focuses on data collected with the 10-channel MANTIS system. MANTIS’s cam-
era detectors operated at 200 frames per second with 12 bits of dynamic range and the
pixels were square in shape. The gain and exposure times were adjusted dynamically to
avoid overexposure. However, work to improve the polychromator design began with the
MSI diagnostic. This is discussed in the next section.

2.3 Ghosting and Filter Quality

At the beginning of this thesis work, the images suffered from an artifact known as ghost-
ing. Ghosting refers to a detector seeing multiple instances of the same image. This artifact
was immediately observed in the original MSI system. However, the appearance of the ar-
tifact was dependent not only on the wavelength of the light but also the optical filters
preceding the ghosting image’s filter. Testing on the optical bench revealed that the arti-
fact vanished when specific optical filters were replaced by mirrors. This demonstrated
that the optical filters were reflecting the light at multiple planes rather than only on the
surface of the filter. This is a shortcoming of soft-coated dielectrics which reflect light at
multiple planes within the filter’s width. The soft-coated dielectric filters were replaced
with hard-coated filters which reflected all the light at the surface of the filter. This re-
moved the ghosting artifacts. Hard-coated filters also had a transmission efficiency of 95%
which was twice that of soft-coated filters. The bandpass of these filters were 1.2 nm and
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Figure 2.1: Example images from MSI on C-MOD and TCV. On C-MOD the light was
relayed to polychromator with a coherent fiber bundle.
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Figure 2.2: Optical layout for polychromator-based imaging system. Figure used with
permission from [23]

they had OD6 blocking. Figure 2.4 shows examples of images taken with the 10-channel
MANTIS system using final filter specifications.

2.4 System Calibration

The absolute brightnesses of the images are calibrated using an integrating sphere cou-
pled to a broadband lamp. The spectral radiance of the broadband light at the output of
the integrating sphere, the transmission of the band-pass filters, and their respective un-
certainties are assumed to be known from the data provided by their manufacturers. The
uncertainty in the radiance of the lamp was given as 3%. The filters” transmission profiles
were provided at 0.05 - 0.1 nm increments about their band-passes with each transmission
having an uncertainty of < 1%.

When observing a brightness source with MANTIS, the counts per second measured
by a pixel, p;, is related to the radiance of the source by:

// /az v)dvdadw = Q; A; /al B(v)f(v)dv (2.1)

Where A, is the area of the sphere viewed by the pixel, 2; is the solid angle subtended
by the aperture of the optics about the area being viewed, «;(v) is an efficiency coefficient
incorporating the quantum-efficiency of the detector and transmission of the optical sys-
tem, f(v) is the transmission of the band-pass filter, and B(v) is the radiance of the source.
B(v) and «;(v) are assumed to be constant about the center-wavelength, v,, of the 1.2 nm
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Figure 2.3: Example of ghosting viewed by MSI system with soft-coated filters. The center
wavelengths of filter order 1 are, in order: 397 nm, 656 nm, 458 nm, and 465 nm. For filter
order 2 they are: 397 nm, 434 nm, 458 nm, and 465 nm. Thus, the introduction of the 434
nm filter is producing a ghost artifact to the filters down the line.
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Figure 2.4: Example of a single capture by the 10-channel MANTIS system.
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Figure 2.5: Red crosses show the point matching done between vessel and image to per-
form registration. The blue crosses show the location of the real points from the fitted
camera model. The image’s exposure and contrast were altered to better show in print;
this is the cause of the saturated pixels at the top of the image.
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wide band-pass of the filter. Therefore:

b = ai(VO)B(Vo)QiAiF (22)
F= j Fw)dv (2.3)

The calibration factor +; for the pixel is then defined as:

1 Di
1 — Ay (v, 24
7@' B(VO)F Q (V ) ( )

Now, instead of a broadband source, assume a monochromatic source of light, L™(v,),
is input into the system. The signal per second on the pixel, p;", is then:

pi" = (Vo)L AL (vo) f (vo) (2.5)

(2.6)

This permits the measurement of L™ (,) via the calibration factor, +;, i.e.:

fg;'o)pz" = L"(v,) (2.7)

2.5 Inversion of the Images

The emissivity of a plasma, €(7"), has dimensions of (229 The counts per second recorded
by a pixel, ¢;, is related to the emissivity, which is assumed constant in time, by:

P = fw)a() [ [ [ [e)/amaedad = fw)aw)A; [ d@d o (@28)

Where [ is the length along the pixel’s line-of-sight. In integrating over df2 and da it has
been implicitly assumed that plasma emission is isotropic, and that the rays are pencil
thin, i.e., €(7) is constant for a given value of [. Applying the system calibration:

fg;o>pz” = [ e@a (2.9)

When inverting the images, € is assumed to be toroidally symmetric, i.e., €(7) = €(r, z).
By discretizing in the poloidal plane, Eq 2.9 becomes

Vi
f(l/o) zj: (4,5)¢5
Sb=K-¢ (2.11)

where K(; ;) = ds(;; is the geometric transfer matrix. This matrix represents the length
of the ith ray subtending the jth voxel. For the tomographic inversions performed in this
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work, the images were down-sampled by a factor of 4 (factor of 2 along the detectors’
rows and columns). The software Calcam was used to register the cameras’ positions and
create the geometric transfer matrices [25]. The down-sampled images each contained
approximately 10° pixels, whereas the inversion grid contained 14549 or 50000 polygons.
Therefore, the reconstruction problem was over-determined and no external regulariza-
tion was required to reconstruct the emissivities. As the K; ;)’s were large and non-sparse
matrices, calculating the pseudo-inverse of the K’s for the purpose of inverting the images
was unfeasible. Instead of using the pseudo-inverse, the SART algorithm [26] was used
to iteratively solve for €.

2.6 Camera Registration

In this thesis, each pixel’s line of sight is assumed to be represented by a pencil thin ray.
The brightness measured by each pixel represents a line integrated measurement through
the plasma as discussed in the previous section (2.5). Thus, to interpret these images
quantitatively, the trajectory of each pixel’s line of sight must be known. To determine each
pixel’s trajectory, several features within an image are matched to their real-world points
in order to determine a camera model. The fitting of this camera model then determines
each pixel’s line of sight. This fitting process is performed by the calcam tool box [25].
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Chapter 3
HeMSI Diagnostic

This chapter describes the measurement of 2D poloidal profiles of 7, and n. via multi-
spectral imaging of helium lines (HeMSI) at TCV and the experiments performed to vali-
date the profiles against co-local divertor Thomson scattering measurements. The content
of this chapter was published in Linehan 2023 [27].

3.1 Helium Plasma Spectroscopy History

The application of helium line-ratios as a 7, and n. diagnostic was first proposed by Cun-
ningham in 1955 [28]. Helium line-ratio spectroscopy (HLRS) has since become an effec-
tive plasma diagnostic and has been utilized in multiple plasma experiments including:
AUG [29], [30], Magnum [31], PISCES-A [32], W7X [33], [34], TEXTOR [35], LHD [36],
MAP-II [37], [38], H-1 [39], TJ-II [40], MAST [41], Nagdis-II [42], RFX [43], COMPASS
[44], JT-60 [45], and JET [46].

The work presented here is innovative in that it was the first application of HLRS in
a tokamak that incorporated 2D poloidal emissivity profiles. Traditional HLRS method-
ologies in tokamaks have utilized a localized He gas puff. The advantage of the gas puft
methodology is that it requires neither the inversion of images nor the consideration of
recombination processes. However, the methodology is limited in its spatial coverage and
is inherently perturbative. While HeMSI requires image inversions and consideration of
recombination processes, this innovative approach produces 2D T; and n, profiles with
unprecedented spatial coverage. Furthermore, HeMSI requires viewing multiple lines si-
multaneously with sufficient resolution to permit inversion. Thus, HeMSI has only now
been made feasible for a tokamak experiment with the introduction of the MANTIS diag-
nostics at TCV.

3.2 Helium Collisional-Radiative Model

A collisional-radiative model (CRM) describes the evolution of atomic or molecular state
populations within a background plasma. In diagnostic applications, CRMs are used to
forward-model atomic emissions from plasma parameters, including 7. and n., so that
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they may be determined by fitting the predictions to spectroscopic measurements. Collisional-
radiative modeling originated in Bates 1962 [47], and has since been thoroughly described

in several works. The general theory of CRMs is presented in Fujimoto 2004 [48] and Sum-
mers 2006 [49]. The original derivation of metastable resolved He CRMs was first given

in Fujimoto 1979 [50]. More recent explanations of the helium CRMs can be found in Goto
2003 [51], Mufioz-Burgos 2012 [52], and Zholobenko 2018 [33], [34].

Quantitatively, a CRM is a system of first-order differential rate equations. The he-
lium collisional model utilized in this work accounts for: radiative decay (A;_,;), electron
impact excitation and deexcitation (¢; ,,), electron impact ionization (S7), three-body re-
combination (o), radiative recombination (;), and dielectronic recombination (5¢). The
three recombination processes will be referred to collectively as electron-ion recombina-
tion (EIR). The system of equations defining the He CRM is given in Eq 3.1, and a descrip-
tion of each term in Eq 3.1 is given in Table 3.1.

Ne electron density

Te electron temperature

NHe He™ neutral He, or He™ density

n; density of the i*" He atomic state

g, (Te) electron impact (de-)excitation rate coefficient from n; to n;

S¢(Te) electron impact ionization rate coefficient from n; to He*

ai(Te,ne), Bi(Te), BY(T,) | three-body, radiative, and dielectronic recombination rate coefficients
Aisyj Einstein spontaneous emission coefficients (A;_,; = 0 for i > j5)

Table 3.1: Description of parameters included in Eq 3.1

dnl € € €
a > (Ajoi+ Ned5_yi)15 — (D Ay + Z”eqmj +neSP)ni + nyerne(es + B; + B7)
JF J<i JF

(3.1)

A key result of collisional-radiative modeling is that the populations of many excited states
can be approximated as residing in a quasi-static equilibrium (QSE) with the background
plasma, i.e., % = 0. In regards to Eq 3.1, QSE means that the population of such an
excited state becomes solely a function of 7, ne, ny.+, and the populations of ground and
metastable helium states. The timescale, relaxation time, for an atomic state of helium to

reach QSE is given by [53]:

4 1
Trelax = (32)
l (Xjci Aisj + Xy neGfy; + neSE)
In this work, all excited states including metastables will be assumed to be in QSE. The
metastable state 2°S cannot decay through a radiative dipole transition and is the slowest

to relax. Therefore, 7,ax, Which is defined here as the relaxation time for all states, is given
by

: 1
238
Trelax = T, = 3.3
rela: relax (nqug o Ne 5535) ( )
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In regards to HeMSI and following from Eq 3.3, the criterion for QSE to be applicable
to neutral helium traversing the divertor is:

pol

[Eeme) Trolax (3.4)
VUHe

)\ng,ne) is the length scale in the poloidal plane over which 7, and n. vary, and vy, is the
velocity of the helium atoms. In this work, helium atoms are assumed to be at the tempera-
ture of the walls, ~ 300 K. Figure 3.1a depicts the relaxation time and the average distance
traveled in the poloidal plane by helium atoms at 300 K in one 7c1.x interval. In the con-
text of TCV, A(p%’ne) ~ 2 cm, and ne > 2 x 10" m™? along the leg of an L-mode plasma.
Therefore, looking at Figure 3.1a, an assumption of QSE for the metastable helium states
is justified for the plasmas analyzed in this work.

Setting % = 0 for all but the 1'S state, Eq 3.1 simplifies to:

n(p) = 1o(p)nengge+ + 11(p)nen(1'S) (3.5)

Where p indexes an excited state of helium, the ro(p) and 1, (p) are coefficients deter-
mined by 7, and n., and n(X) denotes the number density of species X.

otons
s-m*

The emissivity produced from the n; — n; transition (with units 2%9%%) js given by:
€ij(t) = Aisjni(t) (3.6)

Combining Egs 3.5 and 3.6 yields:

He

€55 = A1 (D) npe(119)Ne + Aijro (i) Npget e (3.7)

Adjusting the notation going forward, the A;;r(¢) terms are relabeled as photon emissiv-
ity coefficients (PEC) in accordance with the terminology of Summers 2006 [49], and it is
assumed that ng. ~ nye1s). Thus, Eq 3.7 becomes:

el = nuen PECE Y, + ner 0 PECR? (3.8)

1—J Recom

Eq 3.8 shows that Helium emission is driven by two processes, electron impact excita-
tion (EIE) which corresponds to the ng.n,PECS.;, term and electron ion recombination
(EIR) which corresponds to the n(HeﬂnePECgiom term. In this work, it will be assumed
the EIE emission dominates. Motivation for this assumption is seen in Figure 3.1b wherein
it can be seen that:

PE C Recom

RO <<l (T>24V) (3.9)

It is assumed in this work that ny.+ is not large enough to overcome the disparity between
PECRecom and PECg,.ii. Therefore, the emissivity of He I line can be approximated as:

e~ npen PECH, (3.10)

i—]
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3.2.1 Fitting Data to Forward Model

Measurements of 7, and n. are inferred by matching the observed relative intensities of
He I lines to CRM predictions. Using Eq 3.10, the line-ratios can be expressed as

€a  PECh.
ry LBt (3.11)

Tab = —
3 PECExcit

In these HeMSI validation experiments, 4 He I lines, 728 nm, 706 nm, 668 nm, and 587
nm were observed. The fitted 7. and n. were determined by performing a least squares
regression between the measured He I line ratios and the predictions of the CRM being
scanned over the T, and n. parameter space, i.e.:

rqbs

(T%, ne )y = argmin ;(1 — mf (3.12)

Recom
PEC o at n. =5 x 10¥m =3

Excit
T us (A mm) 5 PEC™ N o

102 relax relax 10 I T "CHel 728 nm
L L I L] I L I I L I L I I: (l

0.022 (0.03) 1 —He I 706 nm
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Figure 3.1: 3.1a): Relaxation time, T;c1.x, and the average distance traveled in the poloidal
plane during that time, A.cl.x, by neutral helium atoms at 300K and in a 1.4 T magnetic
field. 3.1b): Ratio of PECRecom t0 PECE,i; as a function of T, at 5 x 10¥m 3.
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3.2.2 Sources of Atomic Rates

G-CRM A-CRM
References describing CRM [33], [34], [51] [52]
A,_,; source [54] [55]
q;,;(Te) source [33], [34], [56] [57]
S¢(Te) source [33], [34], [56] [56], [58]
ai(Te, ne), Bi(Te), BL(T:) source See Ref. within [50] | [57], [59]
Includes effects of magnetic field | Yes No

Table 3.2: References to the two CRMs and the rates they employ.

The efficacy of collisional radiative modeling is constrained by the accuracy of the atomic
rates. Two different helium CRM codes which utilize different sources of atomic data
were used in the analysis of the HeMSI measurements. The first code [33], [34], [51] has
been dubbed the Goto code (in reference to Goto 2003 [51]) in the literature and will be
denoted as G-CRM. The second code [52] makes use of cross-sections and computational
routines available from the Atomic Data Analysis Structure (ADAS) database and will be
denoted as A-CRM. Table 3.2 summarizes the data sources implemented by these codes.
G-CRM uses electron impact excitation and ionization cross-sections from Ralchenko et al
[56] for states n < 4, uses scaling laws for 5 < n < 20 [33], [34], and assumes that states
21 < n < 26 are described by a Saha-Boltzmann equilibrium. A-CRM implements electron
impact excitation cross-sections from Ballance et al. [57] but ionization cross-sections from
Ralchenko et al [56]. For completeness, it is noted that G-CRM accounts for the mixing of
singlet and triplet atomic states by a finite magnetic field and A-CRM does not account
for a magnetic field. However, the effects of the magnetic field at TCV’s 1.4 T field are
negligible.

The predicted line ratios of excitation-driven emission for ::’11 =2 11‘;, ie., Lrt(23) and
?‘f ‘[9):22 ?l;, ie., Lrt(ggggﬁ), by G-CRM at B = 1.4T and by A-CRM are shown in Figure 3.2.
Direct comparisons of G-CRM at B = 1.4T to A-CRM and to G-CRM at B = 0 are shown
in Figure 3.3. As will be discussed in Section 3.6, G-CRM was found to produced 7, and
n. measurements in good agreement with those of Thomson scattering, whereas A-CRM
was found to systematically overestimate the temperature. The root of this overestimation
by A-CRM is that A-CRM predicts Lrt (2322 )’s that are ~ 15% smaller for a given 7 than
what is observed and predicted by G-CRM. Due to this disparity in performance, only
HeMSI measurements produced with G-CRM are presented in Section 3.6 and are the
focus of this work. Both codes are noted here as both are still employed frequently in
plasma research. For works employing and related to G-CRM, see [33], [34], [36]-[39],
[42], [45], [50], [51], [60]-[80] and for those employing, and related to A-CRM, see [29],
[30], [52], [57], [81]-[86].
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Figure 3.2: Contour plots of Lrt(Zs2) and Lrt(£="2) for EIE driven emission for G-CRM
at B = 1.4T and A-CRM.

3.3 A Qualitative Description of the Multi-spectral Images
and Emissivities

In order to better contextualize the HeMSI measurements, a montage of He I, He II (468
nm), and C III (465 nm) images (all simultaneously imaged with MANTIS) and their
inversions over the course of a density ramp are shown in Figure 3.4. The C III line is
displayed because it is a low-temperature indicator. It sharply transitions from emitting to
non-emitting for TCV densities, n. ~ 1 x 10, at T, ~ 8¢V [14], [87]. In Section 3.6, it will
be shown that HeMSI produces accurate measurements for ionizing plasma conditions.
The C III line can be used to validate this criterion when HeMSI is applied independent of
Thomson scattering in the future. Note that the plasma equilibrium in Figure 3.4 differs
from that used in the validation experiments (See Figure 3.5), and was chosen for this
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Figure 3.3: Ratio of predicted line-ratios from G-CRM at B = 1.4 to A-CRM and G-CRM
at B = 0.

qualitative description because it shows a larger portion of the plasma boundary.

During the start of the density ramp in Figure 3.4, 0.7s < t < 1.1s, all lines emit along
the whole length of the divertor leg with emission concentrated along the separatrix and
common flux region. As the density is increased, the helium emission in the common flux
region progressively diminishes downstream. This change coincides with the retraction
of the C III and He II emission fronts from the outer target towards the X-point, implying
T: is falling downstream. While the emission of the He I lines in the common flux region
recedes with falling 7,, He I begins to emit within the private flux region. From ¢ > 1.3
s, a new He II emission front emerges from the target moving towards the X-point, while
the emergent He I emission front in the private flux region travels cross-field towards the
separatrix. The disappearance and reemergence of emission fronts suggest that different
atomic processes are producing each front.
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As will be shown in Section 3.6, HeMSI gives good agreement with Thomson scattering
measurements for the He I emission produced during 0.7s < ¢t < 1.1s when the plasma
can still be described as ionizing. However, when 7, < 10eV in deuterium plasmas, as it is
for t > 1.3, the helium CRM’s predictions of the 728nm to 706nm line-ratio diverge from
the observed line ratios. In Section 3.6, it is shown that this emission at low 7. cannot be
explained by EIE or EIR indicating the existence of competing processes outside the CRM.
Note that non-ionizing majority helium plasmas were not observed as the helium plasmas
would disrupt before a sufficiently low 7; could be reached. If a scenario with significant
EIR were reached, the 468 nm He II line would have been used to constrain the amount of
He I emission driven by EIR.
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Figure 3.4: Montage of He I, He II, and C IIl images and emissivities during a density
ramp of deuterium plasma. See Section 3.3.
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3.4 Experimental Setup

A series of L-mode plasmas with the same single-null magnetic geometry (see Table 3.3)
was performed to compare HeMSI measurements to divertor Thomson scattering mea-
surements. See [88] for information on the divertor Thomson scattering system. In or-
der to maximize the spatial cross-coverage of both diagnostics, the plasma geometry was
shaped such that the outer divertor leg of the separatrix was nearly parallel to the Thom-
son scattering laser’s path. During a discharge, the plasma was brought to a specified
value of line-averaged density. While maintaining this specified density, the position of
the outer target was moved between discreet points about the Thomson scattering laser’s
path. This sweep produced 2D profiles of Thomson scattering 7, and n. measurements.
The 2D HeMSI measurements were acquired during the entire shot. The cameras oper-
ated at 200 Hz with exposure times dynamically adjusting between 0.2 ms to 5.0 ms to
prevent saturation. Divertor spectrometers which viewed the divertor leg were utilized
for the purpose of cross-checking the MANTIS measurements [89]. The emissivity pro-
tiles measured by MANTIS were found to accurately predict the brightness observations
of the divertor spectrometers. Furthermore, the divertor spectrometers confirmed that
there was negligible spectral contamination within the MANTIS filters” spectral bands.
A poloidal cross-section displaying the magnetic equilibrium and diagnostic coverage is
shown in Figure 3.5.

Discharges were conducted for majority deuterium and majority helium plasmas. In
deuterium plasmas at TCV, there is sufficient He emission for HeMSI due to the use of
a helium glow between shots to clean the vessel. Nevertheless, for the validation experi-
ments, additional helium was seeded during the ramp to the target density to increase the
signal strength. Observing plasmas of both species was important for investigating the im-
portance of different atomic mechanisms. Several works have reported photon-excitation,
which is not accounted for in this work, as a factor in observed discrepancies between
measurements and He CRMs’ predictions [29], [36], [64], [67]-[69], [71], [90]. A ma-
jority helium plasma should exacerbate this effect if it is significant in the TCV divertor.
It was found that HeMSI gave similar results for ionizing deuterium and helium plasmas
supporting the decision to neglect photon-excitation.

Benchmarking discharges were performed for both toroidal field directions. The two
field-directions engender distinct n. and 7 profile shapes about the separatrix [91], [92].
Observing plasmas in both field-directions tested whether HeMSI could resolve the changes
in profiles. In this work, ‘forward field” refers to a discharge in which B; is directed clock-
wise when looking from above (V-B drift favorable to H-mode), and ‘reverse field” refers to
a discharge in which B, is directed counter-clockwise (V-B drift unfavorable to H-mode).

During the experimental campaign, divertor baffles were installed and removed peri-
odically [12], [93], [94]. The change to the vessel’s poloidal cross-section due to the ‘long’
low-field-side baffles is shown in Figure 3.5. The presence of baffles increased the neutral
compression within the divertor [12], [93], [94]. A gas injection system was also installed
into the low-field-side baffle, and used to produce a localized gas puff of helium into deu-
terium plasmas. Localized gas puffs allowed the application of the HeMSI technique un-
der conditions in which the need for an inversion was removed. The results from this
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methodology are reviewed in Section 3.6.4. As expected, the puff and inversion method-
ologies produced similar agreement with Thomson scattering. A difference in the results
of the two methodologies would have implied an error in the application of HeMSI. Thus,
the results from both methodologies are shown to demonstrate that the two applications
are consistent with each other.
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a) Magnetic Geometry of Plasmas
used in this work and diagnostic coverage

b) Drawing of TCV and MANTIS Cameras
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Figure 3.5: a) Display of the poloidal cross-sections of the magnetic configuration used in
the experiments and the TCV vessel. The top plot displays the whole vessel cross-section,
while a magnification of the divertor region is shown below it. The dotted black lines in
the magnified divertor drawing indicate the different positions through which the outer
divertor leg was swept. The modification of the vessel’s profile due to the baffle is shown
in blue. Also indicated on the cross-section are the poloidal locations of the MANTIS
cameras, Thomson scattering volumes, and spectrometer lines of sight. b) Drawing of
TCV and the MANTIS cameras. c) Example images, which have been normalized, from
three helium lines taken during the experiments, and a synthetic view produced from the
calcam software [25]. d) Number of pixels whose line of sight intersects a given triangle

of the inversion grid.
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3.5 Comparison Methodology

To facilitate the comparison between the 7, and n, measurements from HeMSI and Thom-
son scattering, all measurements were parsed into a discrete (p, Z) bin with p defined as:

i) =1~ (3.13)

1 denotes the poloidal magnetic flux such that ¢ = 0 at the separatrix and 1), is the flux
at the magnetic axis. Both sets of measurements were spatially and temporally averaged
within these (p, Z) bins. Each co-temporal set of HeMSI images generates a set of 7, and n.
measurements spanning the whole (p, Z) space of interest. However, successive Thomson
scattering measurements were required to discern 7, and n. profiles for comparison with
the inherently 2-D HeMSI results. Therefore, only the time-averaged Thomson scattering
and HeMSI measurements were compared. The data were averaged over time intervals
in which n, was held constant. The temporal variations within the HeMSI measurements
were driven primarily by sawtooth oscillations in the core plasma. This variation was
negligible compared to the spatial gradients of 7, and n.. The binned profiles were used
to compare the two measurements. In order to present these comparisons, the HeMSI and
Thomson scattering measurements are presented together in 1-D plots versus a p axis. In
these plots, the error bars assigned to the HeMSI measurements correspond to the average
absolute deviation within each (p, Z) bin such that the width of the error bar is 2 standard
deviations of the average value.

Examples of HeMSI profiles compared to Thomson profiles are shown in the bottom
two panels of Figure 3.6. The steps of averaging the data for the comparison are illustrated
in Figure 3.7. The top two plots in Figure 3.6 display the time-averaged 2D HeMSI mea-
surements. In Section 3.6, the results from other discharges will be presented in the same
format as Figure 3.6.
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HeMSI measurements
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Figure 3.6: Discharge #1. Reverse field helium plasma with n, = 8 x 10" m™® and an
unbaffled divertor. HeMSI evaluations are shown with and without inclusion of 587 nm
line. 53
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Figure 3.7: Depiction of data shown in Figure 3.6 before and after averaging. The top row
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Thomson scattering measurements acquired during the entire leg sweep in this spatial
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binned onto a single p axis with bin sizes of jp = .001. The error bars were estimated from
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3.6 Results and Discussion

The principal conclusions of this work are as follows. First, when employing G-CRM,
HeMSI demonstrated consistently good agreement with Thomson scattering at the sepa-
ratrix and in the common flux region, but intermittent agreement in the private flux region
for:

e majority helium plasmas

o 5eV < T, <60eV

02x10®¥m™3 <n.<3x10°m3
e majority deuterium plasmas

o 10eV < T, <40eV

02x10¥m3<n,<3x10¥m3

For deuterium plasmas with 7, < 10 eV, HeMSI overestimated 7; with respect to Thomson
scattering. This overestimation was due to the measurements of Lrt( Zggﬁﬁ ywhich were 2 to
3 times larger than would be expected for 7T, < 10 eV. However, in this colder regime, the
HeMSI measurements of n, remained in good agreement with those of Thomson scatter-
ing. Disagreements in the private flux region were characterized primarily by an overes-
timation of n. by HeMSL. This overestimation was driven by measurements of Lrt(zs>2)
being 2 to 3 times lower than expected.

To elaborate on these results, HeMSI and Thomson scattering measurements from six
individual discharges are presented (see Table 3.3). The discussion of these discharges
follows in Sections 3.6.1 - 3.6.1 with each emphasizing a salient feature of the HeMSI mea-
surements. After presenting these individual discharges, the HeMSI measurements will
be shown in aggregate as functions of 7, and n. Thomson scattering measurements. This
method reveals how the accuracy of HeMSI changes with local plasma conditions. Lastly,
the HeMSI measurements from a localized gas puff into a majority deuterium plasma are
demonstrated to be consistent with the measurements produced by inverting entire im-

ages.

3.6.1 Individual HeMSI Poloidal Maps Compared to Thomson Scatter-
ing

Two types of figures will be referenced in the following discussion of individual dis-
charges. The first, which was described in Section 3.5, directly compares 2D profiles of
Te and n, from HeMSI and Thomson scattering. The second compares observed line ratio
profiles Lrt (22321 and Lrt (2321 aoainst synthetic profiles constructed by forward mod-
eling the Thomson scattering measurements with G-CRM. This comparison is shown for

—0.5m < z < —0.4m for five discharges in Figure 3.15.
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| Ref# Fuel 16 (109m=3) w 587nm By direction Divertor Type Figure |

#1 helium 8 yes rf unbaffled 3.6

#2 deuterium 2 no rf unbaffled 3.8

#3 helium 2.5 (with X2 heating) yes rf unbaffled 3.9-3.11
#4 helium 7 no ff unbaffled 3.12

#5 deuterium 3 yes rf baffled 8.13

#6 deuterium 6.5 no rf baffled 3.14

Table 3.3: Description of the discharges that are individually presented in this paper. rf
denotes that By is in the reverse field direction (unfavorable to H-mode access), and ff
denotes that By is in the forward field direction (favorable to H-mode access). Note that
these are different shots than those considered in Chapter 4.

HeMSI accurately reproduces Thomson scattering measurements for both deuterium
and helium ionizing plasmas

Discharges #1 and #2 were majority helium and majority deuterium discharges, respec-
tively. Although the species differed, both discharges were performed in the reverse field
configuration, without baffles, and had similar 7; and n. profiles. In Figures 3.6 and 3.8,
the HeMSI measurements from both discharges are seen to be in excellent agreement with
the Thomson scattering measurements. In discharge #2, Thomson scattering and HeMSI
agree in both the common and private flux regions over the ranges of 10 eV < T, < 40 eV
and 2 x 10"® m™ < n, <5 x 10" m™®. Similar agreement is also observed in #1 over the
ranges of 10eV < T, < 20eVand 1 x 10 m™® < n, < 1.5 x 10" m~3. However, in #1, the
Thomson scattering measurements were only collected in the common flux region.

Figure 3.15's first two rows contain the measured and synthetic Lrt (22322 ) and Lt £2222 )
profiles from discharges #1 and #2. As would be expected from the similar 7; and n.
measurements, the two sets of observed ratios are similar to each other across the two
discharges and both sets are in agreement with their synthetic counterparts. This gives
confidence that the CRM correctly describes helium emission in the boundary of an ion-
izing plasma.
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Discharge #2 HeMSI measurements
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Figure 3.8: Discharge #2. Reverse field deuterium plasma with 1, = 2 x 10"?m* and an
unbaffled divertor. HeMSI evaluations did not include the 587 nm line.
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HeMSI'’s sensitivity to T,

The sensitivity of HeMSI to changes in 7; will be highlighted here. During discharge #3,
X2 electron cyclotron heating (ECH) was applied to the plasma at three different levels
of input power, 1800 kW, 1200kW, and 600 kW. Accounting for the Ohmic heating, the
resultant total heating powers were 1890 kW, 1290kW, and 820 kW, respectively. This is
the only discharge discussed here that utilized auxiliary heating. For reference, the shots
without auxiliary heating featured approximately 300 kW of Ohmic heating power. The
HeMSI and Thomson measurements for the three levels of ECH input power are shown
in Figures 3.9 (1800 kW), 3.10 (1200kW), and 3.11 (600kW).

The discreet modulation of the X2 input power gives a clear demonstration of HeMSI’s
T, sensitivity because the HeMSI and Thomson scattering measurements move in uni-
son with the changing heating power. For example, the peak temperature drops for both
measurements from ~ 60eV to ~ 40eV when the X2 power is decreased from 1800 kW
to 1200 kW. Furthermore, the 7T, profile is much broader for the 1800 kW and 1200 kW
levels of input power than it is for the 600 kW level and the other Ohmic discharges. The
—0.6 < z < —0.5 region in Figure 3.10 (1200kW) clearly illustrates this broadening. In
all, the HeMSI measurements accurately resolve the T; profiles about the separatrix for
ionizing plasmas.
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#Discharge 3 HeMSI measurements
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Figure 3.9: Discharge #3. Reverse field helium plasma with 1, = 2.5 x 10*m~* with 1800
kW of X2. HeMSI evaluations are shown with and without inclusion of 587 nm line.
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Discharge #3 ~ HeMSI measurements
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Figure 3.10: Discharge #3. Reverse field helium plasma with 1, = 2.5 x 10 m~? with 1200
kW of X2. HeMSI evaluations are shown with and without inclusion of 587 nm line.
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Discharge #3 HeMSI measurements
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Figure 3.11: Discharge #3. Reverse field helium plasma with n, = 2.5 x 10" m~* with 600

kW of X2. HeMSI evaluations are shown with and without inclusion of 587 nm line.
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HeMSI resolves the effects of changing the B; direction on the T, and n. profiles

In the section above, HeMSI was shown to capture the changes in the 7, profile caused
by application of X2 heating. In this subsection, HeMSI is shown to resolve changes to
the n, and 7, profiles resulting from different B, directions. The reverse field direction
of B, produces a distinct n. and T, profile shape from the forward field direction for suf-
ficiently low temperature [91], [92]. Forward field discharges have n. profiles that peak
at the separatrix, p = 1.0, and their 7, profiles fall off in a nearly linear manner going
from the separatrix into the common flux region. For sufficiently low temperature, re-
verse field discharges have n. peaks well into the common flux region at p > 1.01, and
their 7, profiles are concave. The two Ohmic reverse field shots previously described, #1,
and #2 (Figures 3.6, 3.8), exemplify these reverse field characteristics. Discharge #4 was
performed in forward field. As shown in Figure 3.12, HeMSI resolves the translation of
the n. profile while remaining in excellent agreement with the Thomson scattering mea-
surements in the common flux region. The change in the 7T, profile is also resolved by
HeMSI, and HeMSI matches the 7, measurement from Thomson scattering in the private
and common flux regions.

Comparing the Lrt(£23"2 ) and Lrt ({2222 ) profiles for both field directions in Figure 3.15
reveals stark differences. In the forward field case (row 3 and discharge #4), Lrt ({2322 ]in-
early increases from the separatrix into the common flux region while Lrt(Z2322) decreases
linearly in the common flux region. In the reverse field cases (all other rows), Lrt(zs22)
has a local minimum in the common flux and a concave Lrt(£222) profile going from the
separatrix into the common flux region. These subtle but resolved changes in the emission
profiles and in the 7, and n. profiles establish confidence in the inversion methodology
and spatial resolution of HeMSI.
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Discharge #4 HeMSI measurements
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Figure 3.12: Discharge #4. Forward field helium plasma with n, = 7 x 10" m™* and an
unbaffled divertor. HeMSI evaluations do not include 587 nm line.
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HeMSI measurements with baffled divertor

The presence of a divertor baffle increases the neutral density within the divertor volume
[93]. Nonetheless, HeMSI and Thomson scattering measurements compared similarly for
baffled and unbaffled conditions. The measurements from discharge #5, a baffled dis-
charge, are an example of this result. As depicted in Figure 3.13, HeMSI and Thomson
scattering maintain good agreement in the common flux region and inconsistent agree-
ment in the private flux region in this baffled discharge. This is consistent with the non-
baffled results.
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Figure 3.13: Discharge #5. Reverse field deuterium plasma with n, = 3 x 10" m™® and a
baffled divertor. HeMSI evaluations are shown with and without inclusion of 587 nm line.
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Disagreement between n, measurements in the private flux region

Inconsistent agreement was observed between HeMSI and Thomson scattering measure-
ments of n, in the private flux region. The disagreement was observed in all forward field
shots but not all reverse field discharges. For example, discharges #4 (Figure 3.12) and #5
(Figure 3.13), forward field and reverse field, respectively, exhibited this disagreement.
Like all forward field discharges, the disagreement was seen throughout the whole pri-
vate flux region in discharge #4; in the reverse field case, #5 , the disagreement is present
in the private flux for z < —0.4 m. On the other hand, discharge #2 (Figure 3.8) manifests
good agreement throughout the private flux for both 7; and n. measurements.

The line-ratio profiles of discharges #4 and #5 are shown in rows 3 and 4 of Figure
3.15, respectively. Therein, the measurements of Lrt(222) are seen to be the source of

668nm
the disagreement. For both discharges, the synthetic Lrt(22) profiles increase as they
728nm)

cross the separatrix going into the private flux region. Hogffgen\][;ler, the observed Lrt (g

profile in the forward field discharge is decreasing at this junction while that of the reverse
field discharge is flat. Note that the synthetic and observed Lrt(Z3%2) profiles in both
discharges are in fair agreement. The intermittent agreement in the reverse field cases
and no agreement in the forward field cases for the private flux region is not currently

understood.

Deuterium plasmas for T, < 10eV

Discharge #6 demonstrates the disagreement observed between HeMSI and Thomson
scattering for deuterium plasmas with T, < 10eV. As displayed in Figure 3.14, HeMSI
greatly overestimates Thomson scattering’s measurements of 7 in the region where 7, <
10, i.e, z < —0.4m. However, T, = 10eV for —0.4m < z < —0.3m and in this region,
Thomson and HeMSI agree for both measurements. The ratio profiles within the region
of disagreement for discharge #6 are shown in row 5 of Figure 3.15. These profiles reveal
thatin the T, < 10 eV regime the measurements of Lrt (222 ) are three times larger than the

706nm

synthetic ratio. The larger Lrt(23"2) ratios cause the fitted 7.’s to be much higher than the

actual 7¢. This behavior was observed in all deuterium plasmas with 7, < 10. Curiously,
while the CRM fails to produce agreement with 7, for 7, < 10eV, the n. measurements
compare favorably to those of Thomson scattering. This is because the fit of 7. is strongly
dependent on Lrt(22322) and only weakly dependent on Lrt(Z2522) for n, > 1 x 10m=2.
This discrepancy will further be discussed in the next section.
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Discharge #6 HeMSI measurements
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Figure 3.14: Discharge #6. Reverse field deuterium plasma with n, = 6.5 x 10 m~® and
an unbaffled divertor. HeMSI evaluations do not include 587 nm line.
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3.6.2 Empirical Trends

In this section, the HeMSI measurements in the common flux region are presented in ag-
gregate. For each discharge, the HeMSI and Thomson scattering measurements in the
common flux region were binned then averaged on (p, z). For each averaged HeMSI mea-
surement, a corresponding Thomson scattering measurement was produced by linearly
interpolating on the averaged Thomson scattering profile. In this section, the line-ratio
measurements and HeMSI 7, and n. measurements are presented as a function of these
interpolated 7. and n. Thomson scattering values. Measurements in the private flux re-
gion are omitted because HeMSI has poor precision in this region. All figures discussed
in this section are segmented into majority helium and majority deuterium cases.

Beginning this overview, Figure 3.16 presents the Lrt(Z222) and Lrt(Z23"2) measure-
ments versus the Thomson scattering measured 7;. and n.. As expected, the measured
Lrt(22320)’s are primarily a function of 7, and the measured Lrt(£5*2)’s are primarily a
function of n.. Note that the two ratios change smoothly over the parameter space.

Next, Figure 3.17 presents the average fractional differences between HeMSI and Thom-
son scattering 7. and n. measurements. As seen in Figure 3.17, the HeMSI measurements
of T, are in strikingly good agreement with those of Thomson scattering for 7, > 10eV.
Moreover, for majority helium plasmas, this good agreement continues for 7, < 10eV.
The HeMSI measurements of n. are in generally good agreement with Thomson scatter-
ing for 10eV < T, < 20eV and ne < 1.75 x 10"m3. For 21eV < T, < 26¢V, there is a 20%
systematic difference in the n, measurements between HeMSI and Thomson scattering for
both helium and deuterium plasmas.

Similar to Figure 3.17, Figure 3.18 displays the average fractional difference between the
measured Lrt(Z22222) and Lrt({2™2) ratios and those synthetically produced via Thomson
scattering. The disagreements in n, from Figure 3.17 are seen in Figure 3.18 to correspond
to observations of Lrt(Z2"2) that are 20% smaller than what would be expected from G-
CRM. The disagreement in Lrt(Z22322) measurements for deuterium plasmas with 7, <
10eV correspond to Lrt(123%2) observations that are 2 to 3 times smaller than what are
expected.

The discrepancies at 7, < 10eV are further explored in Figure 3.19 which displays 1D
box plots of Lrt(232) and Lrt (2 ) measurements versus the parameter to which they

706nm 668nm
are most sensitive. On top of these box plots, the Lrt(Z2322) and Lrt (2222 predictions by

G-CRM are plotted for constant n.'sand 7;.’s, respectivgig;fn”lfhe solid ligfggrghow predictions
of the ratios for emission that is completely EIE driven, while the dashed lines correspond
to emission that is driven entirely by EIR. These box plots contain the same data that was
shown in Figure 3.18, but allow for trends to be more easily inferred. In particular, they
highlight the disagreement observed for deuterium plasmas with 7, < 10eV.

Prior to viewing Figure 3.19, it could have been reasonably suspected that the disagree-
ment for deuterium plasmas at 7. < 10¢V is caused by the omission of EIR in the fitting.
However, assuming only EIR and EIE contribute to the emission, any Lrt(Z23%2) measure-
ment must fall between what would be produced by fully EIE or fully EIR emission, i.e.,
between the solid and dashed lines in in Figure 3.19. However, in Figure 3.19, the observed
Lrt (2220 js not only outside these bounds, but outside these bound on the side of the EIE

706nm

bound, i.e., Lrt(22322) > Lrt(Z820 )pp > Lrt(£2322 )gg. Thus, including EIR emission
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would only make the discrepancy between HeMSI and Thomson scattering worse.

3.6.3 Further Discussion of Deuterium Plasmas with 7, < 10eV

The results for deuterium plasmas with 7, < 10eV demonstrate that a physical process
outside the current He CRM (Eq 3.1) is perturbing the atomic populations of helium.
This is consistent with the results from other He-H plasma experiments [37], [64], [66],
[76], [95], [96]. In these reports, it was concluded or conjectured that molecular assisted
recombination (MAR) or molecular assisted dissociation (MAD) processes were signifi-
cantly affecting the He emission. It was shown in [66], [95] that deuterium can completely
quench He™ EIR processes for 1 eV < T S 6€V. In [37] and [76], the addition of H, into a
helium plasma was observed to perturb the ratios of singlet to triplet states, i.e., Lrt (22322 )
but not greatly perturb singlet-singlet or triplet-triplet ratios. These results are consistent
with the measurements reported here. Extending the CRM to this regime is beyond the
scope of this work. However, note the sharp increase in Lrt(Z2522) as 7, falls below 10eV
in Figure 3.19 demonstrating that Lrt(Z5*2) remains sensitive to 7, for 7. < 10eV. This
observation suggests that a more complete CRM would facilitate HeMSI measurements
of T, and n,. in this regime.

Irrespective of 7. and n. diagnostic applications, understanding the helium spectral
measurements in this regime may be of general interest to boundary physics. For exam-
ple, the missing mechanism for helium emission could imply a collisional process that
affects the transport of helium ash in the boundary. Furthermore, understanding molec-
ular processes is key to understanding detachment in TCV [97]. HeMSI measurement
may assist with this understanding should molecular processes prove to be the missing

components of the CRM.
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Figure 3.16: Average Lrt(23"2) and Lrt (23" ) measured at a given Thomson scattering

value of 7, and n.. Measurements restricted to the separatrix and common flux region.
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3.6.4 Gas Puff Images

| Ref# Fuel 1n.(10°m™%) w587nm dyp-Z Divertor Type Figure |
#7 deuterium 2 yes rf baffled 3.20
#8 deuterium 3 no rf baffled 3.21

Table 3.4: Description of discharges that are presented in this paper which applied HeMSI
to a localized helium puff sent into a deuterium plasma.

HeMSI measurements were also performed for localized gas puffs made into deu-
terium plasmas. Using a localized puff removed the need for an image inversion because
the emission could be approximated as local. The results of the gas puff analysis were con-
sistent with that from the inverted data. Good agreement was seen in the common flux
region, but the agreement became worse near the separatrix going towards the private
flux region. Two examples are shown in Figures 3.20 and 3.21. The consistency between
HLRS methodologies further bolsters confidence in the measurements made via inversion
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Figure 3.20: Comparison of HeMSI data collected from a localized puff into a reverse field
deuterium plasma at 7, = 2 x 10"m 3. HeMSI fits include 587 nm line.
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Figure 3.21: Comparison of HeMSI data collected from a localized puff into a reverse field
deuterium plasma at 7, = 3 x 10"m~3. HeMSI fits include 587 nm line.

In conclusion, these innovative measurements provide unprecedented diagnostic cov-
erage of 7; and n, in the divertor. In the next chapter, this powerful tool is used to perform
a novel analysis of the effects of flux expansion in a tokamaks divertor.
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Chapter 4

Flux Expansion Study

This chapter describes the first application of HeMSI to the study of the effect divertor
magnetic geometries have on the divertor plasma. HeMSI is applied to 7 lower single-
null Ohmically heated L-mode plasmas. Four are in forward field and three are in reverse
field. Forward (reverse) field denotes that the ion V B drift is directed from the core to
(away from) the active x-point. All the discharges were designed to maintain a consistent
separatrix shape. At the same time, the strength of the poloidal field was varied, result-
ing in a scan of poloidal flux expansion (defined in Section 4.2) along the outer divertor
leg. Two-point modeling (2PM) [98] indicates that increasing poloidal flux expansion
should lower the target temperature, facilitating detachment along the outer leg. How-
ever, in Theiler 2017 [14], poloidal flux expansion was shown not to affect the detachment
threshold of L-mode reverse field plasmas. This work aims to expand upon these previous
results by applying HeMSI to L-mode plasmas residing in the conduction-limited regime
immediately before partial divertor detachment for both field directions.

In this work, the 2D T; and n. maps from HeMSI along the outer divertor leg are cou-
pled with plasma potential measurements from Langmuir probes at the vessel floor to
calculate the electric potential and, by corollary, the E x B drift velocities in 2D. Then,
by estimating the upstream velocity from measurements reported in Tsui 2022 [99] and
measurements of the neutral ionization rate in 2D, the plasma’s parallel velocities are cal-
culated along individual flux surfaces. Thus, particle and power transport are quantified
into drift, convection, and conduction components in 2D. Transport resolved in 2D was
recently reported in [100] using a vertical reciprocating probe. Unique to this work is the
performance of the analysis with HeMSI and the variation in magnetic geometry.

This chapter is organized as follows. Section 4.1 defines flux expansion and intro-
duces the 2PM. Section 4.2 describes the plasma discharges and the diagnostics. Then,
Section 4.3 reviews the local conservation equations applied to each flux tube to calculate
the plasma potential and transport properties from the HeMSI measurements. Section
4.4 presents the methodologies used to fit the 2D HeMSI profiles and resolve the local
derivatives.

The results are presented in Section 4.5 over several subsections. Section 4.5.1 shows
that poloidal flux expansion does not affect the C-III emission front or the ion flux to the
plate. These measurements are typical indicators of detachment. This is in agreement with
previous TCV results [14]. Section 4.5.2 discusses the 2D T, and n, measured during the
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conduction-limited regime. In the conduction-limited regime, increasing poloidal flux
expansion lowers the temperature at the outer target as expected qualitatively from the
2PM. The effects of both toroidal field direction and poloidal flux expansion are observed
to influence the 7, and n. profiles. Double-peaked density profiles are also observed and
their appearance is shown to be sensitive to both poloidal flux expansion and the toroidal
field direction. In Section 4.5.3, the calculated parallel flows and drifts are presented. In
Section 4.5.4, the total power flux through an annulus within the outer divertor plasma is
found to be constant along the outer leg, i.e., not dependent upon the height of the annulus.
However, a significant portion of the power flux is relayed through convection. Bolometric
losses are shown to increase with poloidal flux expansion. Section 4.5.4 discusses the
power and particle balances in 2D. Large power losses along the separatrix are balanced
by the large influx of power observed farther into the common flux region (CFR). Section
4.5.4 reports the calculated particle and heat transport coefficients (D, and x, ) assuming
D, and y, are constant in the SOL. The calculations of D, fall within the usual values
used by modelers, but the values of y, in the far CFR exceed expectations by two orders
of magnitude. Finally, Section 4.6 discusses the results and concludes the chapter.

4.1 Poloidal Flux Expansion

The definition of poloidal flux expansion arises from the conservation of poloidal flux,
which states:

(BodA)onp = Bo (p; s) dA (p, 5) (41)
(BsRdr)opp = Ba (p, s) R (. ) dr (p, s) (42)

where OMP refers to the outer-midplane, By is the poloidal field, p is a flux coordinate,
s is an arclength parameter along the flux surface, R is the major radial position, and dr
is the distance between neighboring flux surfaces in the poloidal plane. By definition,
poloidal flux expansion, f,, is the ratio of the infinitesimal distance between neighboring

flux surfaces at a specific point along a flux contour and the infinitesimal distance at the
OMP, i.e.:

dr(p,s) _ By omp Romp (4.3)
drome  Bo(p, s)R(p, s) '

f=(p, )

Both the length of the magnetic field line between the OMP and the vessel and the plasma
volume of the divertor are functions of f,. To see these effects, define s, to be the arclength
traversed along a flux surface away from the OMP towards the target. Then, the length of
a flux tube and the volume between two flux surfaces are:

s» B Sp R(p,s¢)B
)= [ dsy = / AP 56)T 4.4
s(p Sp) o By %0 0 f By omp Romp %0 ( )
RB sp
PR — =(p, sg)ds 45
B ) Joleso)dso (4.5)
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target target
S & S g

avip) = ./0 ’ 21 R(s)dr(s)dsg = dromp /0 ’ 21 R(s) f+(p, so)ds (4.6)

In the above, it was assumed that RB ~ RB,. Figure 4.1 illustrates the effect of f, on
the plasma volume, while Figure 4.2 shows the connection length between the target and
OMP, L(p), for each of the four magnetic geometries in Figure 4.1. Figure 4.2 also shows
how f, varies along the separatrix.

The SOL of a reactor will need to reside in a partially detached regime. This requires
lowering the SOL’s temperature below 5 eV so that a substantial amount of the SOL’s mo-
mentum and power can be dispersed via elastic collisions with neutral atoms in the diver-
tor chamber [98]. As can be observed in Eq 4.6, increasing flux expansion facilitates this
by increasing the plasma volume which increases the amount of neutrals with the SOL.
The benefit of increasing the length of the magnetic field line is expected from the two-
point model (2PM) [98]. The 2PM assumes that election heat conduction as described by
Spitzer conductivty is the dominant form of heat transport and ignores variations in the
strength of the magnetic field. From these assumptions, it follows that:

s dT,
= — oTe2ie 4.7
q Kol - (4.7)
L T(s)h =Tk - T (48)
2 Ky

Where T, is the temperature at the OMP and s specifies a distance from the OMP to a
position along the field line. Thus, Eqs 4.4 and 4.8 show that increasing flux expansion
also benefits the SOL’s exhaust performance by increasing the length over which the heat
is conducted.

4.2 Experiment

The effects of changing the connection length and the divertor plasma volume were inves-
tigated in seven Ohmically heated L-mode discharges: four in forward field and three in
reverse field. The magnitudes of B, and I, were 1.4 T and 170 kA, respectively. The tar-
geted shape of the separatrix was identical for each shot, but the strength of the poloidal
tield varied, resulting in different values of poloidal flux expansion.

Four lower single-null magnetic geometries were explored. The values of poloidal flux
expansion on the separatrix at the target for these four shapes were 2.5, 4, 6, and 11 (see
Figure 4.1).
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Figure 4.2: Left: Connection length from outer mid-plane (OMP) to outer strike point
(OST) target versus normalized flux value for each magnetic equilibrium examined.
Right: Flux expansion at the separatrix for each magnetic equilibrium as a function of
height in the vessel.

Each discharge is partitioned into two periods. First, a density plateau of n. = 3.5 x
10'9m =3 was reached for a period of 150 ms. During this period, all discharges exhibited
significant V| T, along the divertor leg. Consequently, the plasmas reside in the conduction-
limited regime (the high-recycling regime) [98]. Then, a density ramp was performed
over 0.8 s, leading to a partially-detached state. Figure 4.3 shows time traces of 1, and the
Ohmic heating power.

The HeMSI analysis was validated for ionizing plasmas in the CFR [27]. Therefore,
the HeMSI analysis is confined to the conduction-limited phase of the discharges. The
detachment phase is investigated using ion flux measured by the probes at the plate and
the temperature-sensitive C-III front. Increasing f, lowers the temperature at the target in
the conduction-limited regime. However, during detachment, the C-III front and Lang-
muir probe measurements are insensitive to variations in f,. The lack of variation during
detachment is consistent with previous TCV studies [14].

A list of the discharges can be viewed in Table 4.1, and a list of plasma parameters
during the conduction-limited regime for those shots can be viewed in Table 4.2. The
shots considered in this chapter are different from those reported in Chapter 3.
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Figure 4.3: Time traces of Ohmic heating power and n, for each discharge discussed.

I, = 170k A| P, =~ 200 kW |11, & 3.5 x 10"m ™3
Forward Field B, =-1.4T
Ref# f,atOT TCV ref #

1 11 72016
2 6 72014
3 4 72020
4 2.5 71969

Reverse Field B, =1.4T
Ref# f,atOT TCV ref#

5 6 71975
6 4 72022
7 2.5 71973

Table 4.1: Details of discharges used in flux expansion study. Note that these are different
shots than those considered in Chapter 3.
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Parameter  Range

T, 5-35eV

Ne 2-10 (x10' m™3)
In A 10-13.5

V= 9-26 (x10°m)

T 4m
Vs 2-4(x10%%)

Aee~ 25 0029m
Aii ~ 0.03-12m
VSOLe = Aie 12-20 (for A.. ~ 2m at the separatrix)

Table 4.2: Ranges of plasma parameters on the outer divertor leg during the time of density
plateau at 1, ~ 3.5 x 10"9m 3.

The diagnostics used to assess the power and particle transport along the outer divertor
leg are listed in Table 4.3. Section 4.4 describes the data analysis unique to this work.

Diagnostic Measurement Ref

HeMSI / MANTIS 2D profiles of T, ne, and ion densities [15], [27], [101]
Thomson scattering Upstream T¢, ne [88]

Wall mounted Langmuir probes Downstream T, ne, jj [102]
Bolometery 2D profiles of radiated power [103]

IR thermography q radial profile along the outer target [104]

Table 4.3: List of diagnostics used in this study.

4.3 Theory

This work is concerned with plasma transport in the outer divertor volume and how it is
affected by flux expansion and toroidal field direction. The aim is to quantify the transport
into parallel, drift, and anomalous components. The measurements used to accomplish
this task are the 2D measurements of T, n., np, nye, radiated power (Qaq), and the 1D
floor probe measurements of floating potential (Vjo.t), and parallel current when V = 0
( j(‘)‘ ). The spatial coverage of the 2D 7, and n, from HeMSI maps allows the calculation
of the first and second derivatives of 7; and n.. Section 4.4 discusses the methodology of
extracting derivatives from the maps.
This analysis makes the following simplifying assumptions:

e the plasma resides in an equilibrium 2 =0
[ ] TE g ﬂ = T
® Ne="n;="n

e B~ B¢
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e cross-field momentum losses are negligible

It is assumed that plasma transport along the outer leg is determined by the steady-
state Braginskii fluid equations [105]. There are five equations to consider: conservation
of charge, Ohm’s law, conservation of parallel ion momentum, particle continuity, and
conservation of energy. These equations are solved in the order listed in Table 4.4. Each
equation is discussed individually below.

Step | Equation | Requires | Result
0 Measurements - T/n, np He, j(u Moat,Qrad
1 Charge Continuity 7 A
2 Ohm’s Law Tn,50, Vitoat V,E
3 Ion Momentum Conservation E,Tn V)|
4 Continuity E v, T n,np ne D,
5 Energy Conservation E v, Tn, X1

Table 4.4: Analysis Steps

4.3.1 Step 1: Charge Continuity Equation

Conservation of charge requires that:

V.ji=0 (4.9)
V.jy=-V-jL (4.10)

O (i . 9.
Bas (B) - _Gzh (4.11)

The perpendicular current can be expressed as [106]

. BxVB
jr=V XK+ (py +po+ mff) =g (4.12)
where K = —25B and p. + pi = 2pe = p
. BxVB
(4.14)

Only the divergence of j is relevant to this analysis. Thus, V X K can be ignored, and the
effective current, j , can be approximated as:

QELZQ (4.15)

jL= <2p + mnuj| R

Now the assumption B ~ B¢ = £l jsapplied to Eq 4.15. The quantity RB? is constant
throughout the vessel, and this is emphasized via the ‘o’ subscript in R, 5,. Consequently:
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VB~V 7 - R:_ER (4.16)
—V.j~ _(‘ijl ~ 1R0882 (4p + mmvﬁ) (4.18)
Baas <Jg) BlR aa (4106 + m; m)H) (4.19)

]g = jBOlO' /t:rget ;BlR 88 (410e +my; an) ds (4.20)

InEq4.20, v)| is yet unknown. Reciprocating probe measurements presented in [99] showed
parallel Mach numbers of approximately M = 0.5 in the divertor leg for plasma configu-

rations similar to those of this work, so vft is approximated as v ~ lE Consequently:
I _ Joll _ / Tl L9 s ds 4.21
B BO target B B R 82 ( pe) ( ' )

We assume that parallel flows are below the sound speed, 0 < mmvﬁ < 2vupe. The follow-
ing analysis is only concerned with the quantity = ﬂ which makes a ~ 10% contribution

to the parallel electric field. Thus, the appr0x1mat10n that v ~ : Te will only affect the
parallel electric field calculation by at most a few percent.

4.3.2 Step 2: Ohm’s Law

Ohm’s law states that the parallel electric field is given by

O718T 1 Ope ]
1 Ope i

Ey =
i e Os ene 0s 0o

(4.22)

Assuming no cross-field current, the voltage along a field line a parallel distance / from
the target is
!
Vip.) == | Ey(p.s)ds+V(p,0) (4.23)

oor

The voltage at the entrance to the sheath at the floor, V' (p, 0), is given from sheath theory
[98]:
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0.5T, .
V(p.0) = Viow =~ In <47Tm) (4.24)

Where Vi, and 7, are taken from measurements made by Langmuir probes embedded
in the outer target. As a result,

: T e
Vio) == [ Bi(p,)ds + Views = = In (4772 (4.25)
floor € m;

4.3.3 Step 3: Single Fluid Paralle]l Momentum

This section follows similar discussions given in [107], [108]. The plasma is treated as a
single fluid with isotropic pressure, and neutral friction is ignored. However, specific to
this work, the cross-field velocity will be assumed to be zero. Thus, the total pressure,
static plus dynamic, is assumed to be constant along each flux surface, so solving for the
fluid velocity is a one-dimensional problem. Beginning at the most general relation and
assuming equilibrium, momentum conservation of a single fluid states that:

—Vp=m;V + (nevv) =m; (nev - V) v+ v (V - nev) (4.27)

To reduce Eq 4.27, covariant and contravariant notation will be used. Since pressure
balance is assumed to be satisfied along each flux surface, a specific coordinate system will
be defined for each flux surface with {y, z, ¢} where y is an arclength parameter of a flux
surface, z is a cross-field coordinate, and ¢ is the toroidal angle. This is a Frenet-Serret
coordinate system, further described in Apendix .1. Its metric is given by:

(1—ryx)*> 0 0
0 0 R?

Of course, x = 0 along each flux surface for which y is specifically defined. Expanding Eq
4.27 with these conventions yields:

—Vp=mne (vyvy + U¢V¢) v+ v(V-nev) (4.29)

A

To solve for parallel momentum balance, the assumption shall be made that ¢ = ¢ =
<. Now expanding the covariant derivatives in Eq 4.29:

0 ov®
——pe¢ = m;nv¥—— + minevyrzyvy + mmevaiyv‘z’

o dy
+ minev‘bfz(bvy + Fi(bv‘b + v® (V - nev)
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Where I'j, are the Christoffel symbols of the second kind. Their values are

1dR

¢ _ 1 —
P =Tw=%ay (4.30)
I, =0 (4.31)
re, =0 (4.32)

The plasma fluid velocity is the sum of its parallel velocity and three drift components:
the E x B drift, the ion V B drift, and the ion curvature drift.

V=V|+VExBp+Vvp+ Vi (4.33)

Where the drift terms are given by

ExB
nmiv” B mivﬁ ~

Vi e BxB-V (B) ~ szgn(B)eRB (4.35)

B x Vp

Thus, v¥ is given by
BG
VY :vl|§+v%xg+vyv3+vz (4.37)
It follows then that:
dp yav” vl dR y
—— = mnev’ — Me— — 4.38
s — MMeV a9y —|—manyv (4.38)
I 0 nev!l mivi

ol (| Bo; =5 |+ V nevexs + Vo nevos + Vene—=p 2 (4.39)

The divergences of the fluxes resulting from each velocity are given below. It is as-
sumed B = feleg,

d nevH

V nev) = B& 5 (4.40)
ExB
V « (nevexs) = Ve - VExp + 1V + 5 (4.41)
VR
= Ve - VExB + Ne (R : VE><B> (4.42)

88



To evaluate V - nvyp note that

BxV
V- nevyp =V - ;32 b (4.43)
=V (-vx (IB)+ Enxvpr Lvxn)  @a
2p 2De A) 2 dpe
=Vv.(= ~V . = — 44
v <eB3B VB) v (eBoROZ ¢B,R, dz (4.45)
Finally, the divergence of the flux from the curvature drift is
i QmiUH dS dUH
) _ — 44
V - nevy = sign(B) BB L ds (4.46)
Thus, the relationship for parallel momentum balance becomes
s ( 5 kB 97) e oy (147)
One  nevll OB 1dR
+m; I (U'az - %g +n, R d —Y + V- NeVEXB + V. neVVB> (448)
mve O
ol si Cll e
+m,v (szgn(B) BB 82) (4.49)

Eq 4.47 is solved numerically in this work. This requires choosing a boundary condi-

tion, discussed in Section 4.4.6. It must be noted that Eq 4.47 has a singularity at (vy + ol + 2:;;' gz) =

0 for v); # 0. The curvature term is relatively small, so the parallel velocity at which this
singularity is reached can be approximated by

ol = === (Vs + Vi) (4.50)

4.3.4 Step 4: Particle Continuity

Continuity of particles states:
V- (nv) + nVexs + nvan) = S, (4.51)

where S, is the source of particles given from ionization, and v, is the velocity associated
with anamolous particle transport:

nvp =—D,Vn (4.52)

In this work, the diffusion coefficient, D |, is assumed to be constant in space.
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4.3.5 Step 5: Energy Conservation

Heat fluxes from conduction and convection are considered here. Assuming the plasma
is sufficiently collisional, heat conduction is described by Spitzer conductivity [98]:

dTic 3dT;

g T2
0 KoiT; 0 (4.53)

5
— 2
qsp - "fo,eTe

For T, = T;, 7> =~ 30, so it is assumed that

sdTie
Usp N —Hoeld =58 (4.54)
For T, = T;, the convected heat flux is given by
1 2
Qconv = <5neTe + §minev ) v (455)

Both anomalous heat conduction and convection will also be considered. Anomalous
heat conduction is given by:

qQy = _XLnVTe (456)
And anomalous heat convection by:

1
qp = — <5Te + 2mw2> D,Vn, (4.57)

Note that vp has been ignored in calculating v since parallel flow is assumed to dom-
inate. Accounting for these heat fluxes, energy conservation is given by:

V. q= V. Jsp + V. iconv + V. Janomalous + V. JD = Qrad + QSion (458)
(4.59)

Where the source terms are (),,4, radiation losses, and Qsion, the energy lost due to ioniza-
tions.

4.4 Methodology

The HeMSI analysis is confined to the region defined by —0.45m < z < —0.65m and
1 < p < 1.03 (see Figure 4.4). The parameter p is the square root of the normalized

poloidal magnetic flux, v, given by
o lwaxis - w
p(¢) waxis
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Approximately 30 sets of multi-spectral images were acquired for each discharge dur-
ing the 150 ms conduction-limited period. Apart from minor changes in the magnetic
equilibrium, the plasma conditions are assumed to be constant during this period. Each
polygon in the poloidal map to which HeMSI ascribes a 7;, and n. was mapped to a flux
coordinate and an arclength value at each time to account for small changes in the mag-
netic equilibrium during this interval. The coordinates used here are p and z, which is the
distance from the separatrix following a path normal to the flux surfaces. The arclength
parameters are s, the distance along the magnetic field from the outer-midplane (OMP),
and y, the distance along the flux surface in the poloidal plane from the OMP. The param-
eters s, y, and x have dimensions of length. Figure 4.4 shows the values of parameters
s, p, x for each polygon in the poloidal plane for a given time and discharge, and Figure
4.5 provides a sketch of the coordinates and their directions. Note that y and s are related
by % |ds| = |dy|. The coordinates are listed in Table 4.5.

(s) (p) (z)

Distance from OMP along B Normalized Poloidal Flux Coordinate  Distance from Separatrix along x
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Figure 4.4: Poloidal maps displaying the value of coordinate parameters s,p,x in space at
a given time for Discharge #1 . The region in which the transport equations are solved is
noted in the plot of s.

4.4.1 Coordinates

Coordinates

Distance along a magnetic field line from outer-midplane (OMP) (m)
Distance along poloidal flux surface from OMP (m)

Distance from separatrix following path normal to flux surfaces (m)

Square root of normalized poloidal flux p(y)) = /%%
Major Radius location (m)
Height above vessel floor (m)

NI 8 »

Table 4.5: Coordinates used in analysis
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Figure 4.5: Drawing of the coordinate system used to parameterize the 2D profiles along
and across flux surfaces.

4.4.2 Fitting T,, n., and p, along §

To fit the T, n., and p. profiles along the s coordinate, the data were binned into 15 flux
tubes of width §p = .002 over 1 < p < 1.03 and —0.45m < z < —0.65m (see Figure 4.5).
The data from each flux tube were then fit with a spline. The spline fits for 7, pe, and n.
were constrained with the following criteria:

e T,: A three-knot cubic spline was used to fit 7 (s) along each flux tube, and dee—S(S) <0
was enforced. The Thomson scattering and Langmuir probe p profiles were interpo-
lated to give upstream and downstream constraints on 7, (s). Lastly, T¢(s) was forced
to approach a constant value as s — 0. An example of these fits are shown in Figures
4.6and 4.7.

e n.: A two-knot quadratic spline was used to fit n(s).

e pe: A three-knot quadratic spline was used to fit pe(s). The Thomson scattering pro-

tiles were used to constrain the upstream values. It was assumed that dpg—f') < 0.

Examples of T fits along s are shown in Figures 4.6 and 4.7.
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Figure 4.6: Examples of fits of 7¢(s) for different flux surfaces in two forward field shots.
Blue markers: measurements from HeMSI. Orange line: the spline fit used in this work. Grey
dashed line: location of minimum B’ which approximates the location of the x-point. Black
diamond: interpolated downstream value from Langmuir probes. Green star: interpolated
upstream value from Thomson Scattering.

93



Reverse Field
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Figure 4.7: Examples of fits of T, (s) for different flux tubes in two reverse field shots. Blue
markers: measurements from HeMSI. Orange line: the spline fit used in this work. Grey
dashed line: location of minimum B? which approximates the location of the x-point. Black
diamond: interpolated downstream value from Langmuir probes. Green star: interpolated
upstream value from Thomson Scattering.

4.4.3 Fitting T,, ne, and p. along &

To fit the 7, n, and p. profiles along the = coordinate, the data were binned between two
x-contours that intercepted the separatrix 1 cm apart in 2. The ansatz used to fit the 7¢.(z)
and pe(z) profiles is (see Fig. 6):

—(z—x0) —(z—w0)

F(z) = A (e SRR & ) + B (4.60)

The ansatz used to fit the n.(x) profiles for forward field shots is:
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—(z—=o) —(z—wo)

ne(r) =Ae * 4+ Be *» +C (4.61)

The reverse field discharges exhibited double-peaked density profiles in the volume of
the divertor, so a simple exponential profile would not fit the data. In this case the n.(z)

profile is estimated by taking }Zg; .

03 - , HeMSI T, Measurement
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T, Fit Along x about Z =-0.49 m
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Thomson
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= =
o Zm) T

125 ‘ ‘ ‘ ‘ ‘ ‘
0.01 0.02 0.03 0.04 0.05 0.06
eV s
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1.004 < p < 1.006

© HeMSI

=—Spline Fit
Floor Probes |1
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Q
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0.7 R(m) 0.8 09 " " dwm " °

Figure 4.8: Illustration of how the data were binned and fit. The 7, poloidal map repre-
sents data taken at a specific time during the conduction limited interval of discharge #1
(fz = 11). The gray ribbons show examples of cross-field binning and flux surface-aligned
binning. The fits along  and s are displayed for each highlighted region. The fitted data
utilizes HeMSI data collected over all frames.
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4.4.4 Fitting Calculated Quantities

When derivatives of calculated quantities were needed, such as % for calculating E, or

% for evaluating V -n.v|, the profiles were also fit with splines. The splines where chosen
such that the profiles were smooth when inspected by eye.

4.4.5 Estimating the Electric Potential at the Divertor Plate

Solving for the plasma potential along the leg, as described in Section 4.3, requires the

Langmuir probe measurements of j(‘)l, Vaoat, Te and p. at the plate. Poor spatial resolution
for the lowest flux expansion cases hampered the profile fits. However, as can be seen in

Figures 4.9 and 4.10, j(u and Vi, varied weakly with flux expansion, so a single spline fit

was used to approximate jg and Vjoas for each field direction irrespective of flux expansion.
The quantities 7, and p. from the probes were fit individually for each discharge. The lack
of spatial coverage for the lowest flux expansion in these cases could not be alleviated.
However, only the absolute values of 7, and p, are needed to set the boundary condition,
not their derivatives. Hence, the estimations given by the spline are sufficient for this
analysis.

1 X10* J, for Forward Field 3 x10* J for Reverse Field

25! .
2 <
15 I
11 Sy
W el
05! ;
005"'- m60
ol folm 4.0
-1 m25
. 4 '1'25 m fit
-4 . ‘ ‘ ‘ - ‘ ‘ ‘ ‘
1 1.02p 1.04  1.06 1 102 0104 106

Figure 4.9: The current collected by floor Langmuir probes when the probes are biased

to 0V, ji, for forward and reverse field cases. Each scattered point is color-coded by the
discharge’s flux expansion. The black line denotes the spline fit used in the analysis for all
cases of the noted field direction.
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Figure 4.10: The floating voltage of the Langmuir probes for the forward and reverse field
cases. Each point is color-coded by the the discharge’s flux expansion. The black line
denotes the spline fit used in the analysis for all cases of the noted field direction.

4.4.6 Assumptions of Fluid Mass and Z.;¢

The plasma was fueled with deuterium gas. However, the neutral helium density in the
scrape-off layer was comparable to the density of neutral deuterium in the SOL. To account
for this, a mean ion mass of 3 amu was used in the fluid analysis, and z.;; was assumed
to be 1.5. The rates of deuterium and helium ionization were measured, and an exam-
ple of the data is shown in Figure 4.11. The ionization rates were measured by using 2D
emissivity maps of He I, He II, and Balmer 3 — 2, the HeMSI 77s and n/s, and electron
impact ionization rates from Goto for He and ADAS foror He™ and D. The figure shows
that neutral deuterium and neutral helium are ionized at comparable rates. However,
singly ionized helium, He™, is further ionized at a much slower rate. Thus, the plasma is
composed primarily of singly charged ions.

4.4.7 Choosing a Boundary Value for the Fluid Velocity

In the 2PM, the plasma flow at the OMP is assumed to be zero. However, this is an in-
accurate assumption as Pfirsch-Schiilter flows can be large [109]. Recently, Tsui 2022 [99]
reported parallel mach number profiles for L-mode single-null plasmas in TCV for reverse
and forward field discharge with a f* = 4. It will be assumed here that the profiles for
these shots resemble those reported in Tsui 2022 [99]. However, enforcing these profiles
at the top of the divertor for each discharge results in some flux tubes reaching the singu-
larity at v)*, as discussed in Section 4.3.3. Therefore, the boundary value was found by
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Figure 4.11: Examples of measurements of ionization rates of deuterium, neutral helium,
and singly ionized helium. Note that the plots of He* +e — He®t 4 2e are multiplied by 5.

98



choosing the velocity at the the bottom of the flux tube, v,(p) that projected to the value
at the top of the flux tub nearest to that reported in Tsui 2022 [99]. Values between 0.1 M
and 1 M were checked in increments of 0.05 M. The boundary value was enforced at the
bottom of the divertor to guarantee v/l was directed towards the target and did not exceed
1 M. The profiles that produced the closest match and were used for the calculation are
shown in Figure 4.12.
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Figure 4.12: Mach number profiles calculated for each flux surface in the discharges at the
top and bottom of the analysis region.

4.4.8 Anomalous Transport Ansatzes

Eqgs 4.52 and 4.56 attempt to capture the effects of anomalous transport via simple diffu-
sion ansatzes. The parameters y; and D, are correction factors to the steady-state Brag-
niskii equations weighted by the local derivatives of density and temperature. They are
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intended to capture the time-averaged effects of fast scale turbulent and filamentary trans-
port. Within the current paradigm of edge modeling, the values of x | and D, are typically
set between 0.1%2 - 10%2, and are often chosen to be constant in space [110]. While this
may be the current practice, it must be noted that reciprocating probe measurements in
the main chamber of Alcator C-MOD demonstrated decades ago that D, grew from 0. 1%2
to 10"{%2 when moving from the separatrix into the common flux region [111][112][113].
However, x; was observed to be roughly constant in space.

The continued use of fixed x; and D, seems to be driven primarily by convenience.
In current practice, x| and D, are treated as two scalar parameters that can be tuned to
match upstream or downstream profiles.

This analysis will solve for x; and D, under the assumption that they are constant.
This is done for the purpose of simplifying this analysis and is justified because it mimics
the assumptions of current model implementations. Furthermore, any inference of x ; and
D, will have significantly large uncertainties. This is due to the inherent uncertainty in
approximating derivatives of measurements and the fact that ¢ is not directly measured.
The inferences of x ; and D, should be interpreted with respect to their orders of magni-
tude. Their measurement here is a test if the anomalous transport along the outer leg is of
the same order of magnitude as assumed by current modeling practices for TCV.

4.5 Results

4,51 Detachment Indicators

The C-III Emission Location

Plasma temperatures below 5 eV are needed for neutral ion collisions to remove significant
momentum from exhaust plasma [98], which is required for detachment. The 465 nm C-
III line ceases to emit at a slightly higher temperature, between 8-12 €V [14][114]. Thus,
the presence or absence of C-III emission is a detachment indicator [14]. The distance the
front has retracted from the target is assumed to correlate with lower target temperatures.

Figures 4.13 and 4.14 show the spatial distribution of the C-III emission for forward
and reverse fields, respectively. In both figures, the top row displays the plasmas in a
conduction-limited regime, before the retraction of the C-III front. In contrast, the bottom
rows show the plasmas in a partially detached regime, after the retraction of the C-III front
away from the target.

To calculate the height of the emission front above the target, the grid cells between
1.002 < p < 1.01 were binned and averaged by the cells’ vertical position. The front
was determined to be located at the position at which this average emissivity fell below
8 x 1019Phons  The threshold 8 x 1019221 j5 approximately the value of the emissivity
right below the x-point at the end of the density ramp, at which point the leg has fully
retracted.

Using this criterion, Figure 4.15 shows the height of the C-III front for the discharges
as a function of n.. Increasing poloidal flux expansion does not correlate with a lower 7,
threshold for retraction of the front. This agrees with the previous reports on reverse field
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L-mode discharges [14] and demonstrates that the behavior is the same for forward field
L-modes.

The location of the C-III front is insensitive to the poloidal flux expansion. However, the
shape of the 2D profile of C-III does exhibit sensitivity to flux expansion in the conduction-
limited regime. In the forward field case, the location of the peak C-III emissivity travels
significantly down the leg towards the target with increasing poloidal flux expansion. In
reverse field, the peak is at the target for the case of the smallest value of poloidal flux
expansion but is translated upward for the with increasing poloidal flux expansion.
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Figure 4.13: C-III fronts for forward field cases at two line-average densities. The top row
displays the fronts for n, = 3.5 x 10'?. At this density, the plasma resides in a conduction-
limited regime, and the front has not yet retracted from the target. The bottom row depicts
the fronts for n, = 5.0 x 10'?. The plasma is now partially detached, and the front has

receded from the outer-strike point.
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Figure 4.14: C-III fronts for reverse field cases at two line-average densities. The top row
displays the fronts for 1, = 3.5 x 10*. At this density, the plasma resides in a conduction-
limited regime, and the front has not yet retracted from the target. The bottom row depicts
the fronts for n, = 5.0 x 10'. The plasma is now partially detached, and the front has
receded from the outer-strike point.
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Figure 4.15: The location of the C-III emission fronts versus line-averaged density.

Ion Flux During Detachment

A rollover of the ion flux to the target is typically ascribed to ions being removed from the
plasma bulk by recombination processes, indicating that the plasma has fully detached.
Figure 4.16 shows the ion fluxes to the walls. The ion flux to the target rolls over in the
reverse field cases and plateaus in the forward field cases at n,’s above ~ 5 x 10"9m 3.
However, the key observation regarding the effect of flux expansion is that the 1, threshold
for a plateau or rollover does not correlate with f,. Again, this is consistent with Theiler
2017 [14].

The presence of a rollover in the reverse field cases, but not in the forward field cases,
suggests the poloidal drifts play a significant role in determining the fluxes to the outer
target. In the reverse field cases, the poloidal components of the diamagnetic and E x B
drifts are directed away from the outer target, in the counter-clockwise direction. Thus,
in the reverse field cases, the rollover may occur because the parallel velocity has been
sufficiently dampened by friction such that the drift-driven component dominates. In the
forward field cases, the opposite occurs, as the poloidal drift assists the flow in reaching
the outer target despite the increasing neutral friction.
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Figure 4.16: Ion flux to divertor plate as a function of line-averaged density.

4.5.2 HeMSI T, and n. Profiles During Conduction-Limited Regime

In stark contrast to the partially detached regime, poloidal flux expansion significantly
impacts the outer leg in the conduction-limited regime. This is clear in the 7, and n. pro-
files shown in Figures 4.17 - 4.18. As can be seen within these figures, 7, systematically
falls as /% increases. The largest difference is observed when comparing the forward field
fo =11 case to the fo" = 2.5 forward field case, which exhibit values of 5 eV and 15 eV at
the plate, respectively.

The shapes of the n. profiles differ significantly when the field direction is changed.
The forward field discharges have n. profiles peaked at the separatrix, while the reverse
tield discharges have local density peaks farther into the CFR. This result is shown in Fig-
ure 4.19, in which HeMSI measurements of n, and p. are shown along p for -0.50 <z(m)<-
0.49. Note the large scatter in n. at p = 1 observed in Figure 4.19. The density at the
separatrix for the reverse field discharges fluctuates over the 150 ms period of acquisition.
Thus, the existence of a second n. peak at the separatrix fluctuates in the reverse field dis-
charges. While n. exhibits large fluctuations at p = 1, note that there is no such scatter in
the pe profiles. Furthermore, the p. profiles are also translated away from the separatrix
into the CFR in the reverse field cases. As will be shown in the analysis in Section 4.5.3,
the radial shifting of the profiles is consistent with the direction of the radial component
of the E X B drift. In reverse field, it points from the separatrix into the CFR, while in
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forward field it points from the CFR towards the separatrix.

The double-peaked profiles observed in the reverse field plasmas do not extend to the
bottom of the divertor. Probe and HeMSI measurements show this in Figure 4.18. At
the bottom of the divertor, the effects of the radial drifts have pushed the n. peak out to
p = 1.02. Curiously, while HeMSI observes only single peaks in the n. profiles for the
forward field discharges, Langmuir probes observe a double peak at the plate for fo* = 6.
Thus, the existence and location of multiple peaks in the density profiles are sensitive to
both field direction and poloidal flux expansion.
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Figure 4.17: Electron temperature and density profiles from HeMSI, Thomson scattering,
and Langmuir probes for forward field discharges. Langmuir probe density measure-
ments are shown for the assumption of D* ions and He" ions moving at their respective
sound speeds.
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Figure 4.18: Electron temperature and density profiles from HeMSI, Thomson scattering,
and Langmuir probes for reverse field discharges. Langmuir probe density measurements
are shown for the assumption of DT ions and He™ ions moving at their respective sound

speeds.
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Figure 4.19: HeMSI measurements of p. and n. for —0.50 < z(m) < —0.49. The profiles
highlight the effects of the radial drift.

4.5.3 Calculated Parallel and Drift Velocities

The inferred velocities in the poloidal plane are shown as vector plots in Figures 4.20 and
4.22. These total velocities are calculated by summing the drift velocities with the projec-
tion of the parallel velocity into the poloidal plane. As can be observed within the figures,
each discharge has at least one shear layer between 1 < p < 1.03. For the forward field
discharges, the net velocity along the flux surface is away from the plate near the separa-
trix and switches to being towards the plate further out in the common flux region. The
situation is the opposite for the reverse field discharges. Figures 4.21 and 4.23 display the
y component of the total poloidal velocity along with the § component of the parallel and
drift velocities for the regions highlighted in blue in Figures 4.20 and 4.22. These figures
show that the drift velocities near the separatrix dominate the poloidal transport. Further
into the CFR, the drifts and parallel flow are of the same order. The largest drift veloci-
ties, and consequently the largest net total poloidal velocities, are observed for the case of
o = 4 in forward field and [ = 2.5 in reverse field. The discharges with f2 = 11 and
[ = 6 have the smallest drift and net velocities. Thus, poloidal flow along flux surfaces
tends to decrease with increasing flux expansion.
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This result is expected, considering that the floating potential tends to be a function of
flux surface and field direction. To see this, approximate Eq 4.22 as E), = — %™ 9L then Eq
4.23 is approximately

0-71 O'5Te ) oor me
V(.5) % — 2 (T, 4) — Tollp, ttoon)) + Vi + CooeP2Yoor) 1 (47rm> (4.62)

€ €

The separation of neighboring flux surfaces goes as

dT‘(p, y) = fw(pa y)drOMP

Thus, the radial electric field, £%, and v,z go as ~ f— There is also a trend for the £Y and
vE g to increase with flux expansion. These results are shown in Figures 4.24 and 4.25.
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Figure 4.20: Total plasma fluid velocity projected into the poloidal plane for forward field
shots. The blue cross-field lines highlight the data shown in Figure 4.21.
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Velocity along Flux Surface in Forward Field
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Figure 4.21: The parallel velocity projected into the poloidal plane and the § component
of the vyp and vgxp drifts for forward field discharges. The sum of these three terms is
also shown, which is approximately the net plasma velocity along the flux surface since
the curvature drift is negligible. The projection of the local sound speed is also shown for
reference. The poloidal projection is given by multiplying the parallel component by 2.
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Figure 4.22: Total plasma fluid velocity projected into the poloidal plane for reverse field
shots. The blue cross-field lines highlight the data shown in Figure 4.23.
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Velocity along Flux Surface in Reverse Field

ot __ ot __ ot __
5 km 5 km 3 km
4 s 4 S 4 s
= 3 3 3
n 2 2 2
g- 1 1 1
P N
1 Pres:
I 0 0+7a, A\A\A A A‘{*_QM 0
N~ -1 = -1
2 2 -2
1 101 1.02 1.03 1 101 1.02 1.03 1 101 1.02 1.03
5 5 5
4 4 4
- 3 3 3
- 2 2 2
R N N i v 1
(@) P
o A8\ AAraaaaar 0 “BNanannsshzs 0
o “oe _1 L B
N
2 2 2
1 1.01 1.02 1.03 1 101 1.02 1.03 1 1.01 1.02 1.03
5 5 5
4 4 4
g 3 3 3
AR 2 2N
S R IR
A
I o 0 YYYZEy 0 Aaansadanhada
N o’
1 -1 -1
2 101IO 102 103 2 101 p 02 103 7 101IO 102 103
BQ ,U B9 B@
V|— +VvB t+VExB UV B EXB V)| —= Co—
B B B
A E— EEEN

Figure 4.23: The parallel velocity projected into the poloidal plane and the § component
of the vy,.qp and vgyp drifts for reverse field discharges. The sum of these three terms is
also shown, which is approximately the net plasma velocity along the flux surface since
the curvature drift is negligible. The projection of the local sound speed is also shown for
reference. The poloidal projection is given by multiplying the parallel component by 2.
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Electric Potential and Field in Forward Field
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Figure 4.24: The electric potential and electric field for forward field discharges of [ = 11
and f° = 2.5.
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Electric Potential and Field in Reverse Field
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Figure 4.25: The electric potential and electric field for reverse field discharges of [ = 6
and fo = 2.5.

4.5.4 Power and Particle Balance

Total Power Flow Along the Outer Leg

To evaluate the particle and heat transport, the region between 1 < p < 1.03 along the
outer leg is broken up into individual flux surfaces of widths 0.002Ap. The heat and ion
fluxes crossing each annulus of width dz = ﬁ—idp are then calculated. See Figure 4.5 for a
depiction of the z and y coordinates.

The heat fluxes along each flux surface as a function of height in the vessel due to
Spitzer heat conduction are shown in Figures 4.26 and 4.27 for forward and reverse fields,
respectively. In all cases, when going from the top of the divertor to the divertor plate,
the heat carried via electron heat conduction decreases rapidly for the flux tubes imme-
diately outside the separatrix. Farther out into the CFR, the conducted power increases
along several flux surfaces while traversing from x-point to the target. This observation
is consistent with the hypothesis that power from the near-separatrix CFR is spilling out
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away from the separatrix and into the CFR.

The total poloidal heat transport between 1 < p < 1.03 is shown in Figures 4.28 and
4.29 for forward and reverse field discharges, respectively. The power is broken into four
components: Spitzer conductivity, heat convection, recombination potential, and radia-
tion losses. The first three quantities are fluxes integrated across the annulus area, while
radiation losses are integrated over the test volume between the top of the divertor and
the current z position. The sum of all these terms is also shown and is expected to be
constant, assuming cross-field losses to the region outside 1 < p < 1.03 are negligible.
The total power is constant within an estimated uncertainty of 30%. This uncertainty is
calculated by assuming a 20% uncertainty in the measured n. and a 10% uncertainty in 7
[27]. For discharges #2, #3, and #6, the power flux at the plate (z = —0.75) was measured
using IR thermography. In these cases, the power arriving between 1 < p < 1.03 and that
over the whole plate is also shown in Figures 4.28 and 4.29. The total power accounted for
via the HeMSI analysis should always fall between these two values, and the total power
at the top of the divertor should equal all the power arriving at the plate. This relation is
satisfied for all discharges within the estimated uncertainties.

Electron heat conduction is observed to be the largest component of the total poloidal
heat flux in Figures 4.28 and 4.29. However, convection is of the same order of magnitude
in all cases, even though large temperature gradients exist at the separatrix. Therefore,
the two-point modeling as described in Section 4.1 (which assumes very dominant heat
conduction) is not valid.

Radiation losses increase with flux expansion for each field direction. These losses are
typically negligible except in the cases of discharges # 1 and # 5. In both these cases, the
total power loss from radiation between —0.65 < z(m) < —0.45 approaches the flux at the
bottom of the observation region.

The poloidal heat fluxes are further resolved in Figures 4.31 and 4.32 for forward and
reverse fields, respectively. In them, the total power is resolved into both conduction and
convection components, and the convection component is further resolved into convection
via parallel transport and transport via the poloidal E X B drift. In these figures, fluxes
toward the outer target are positive, and those toward the OMP are negative. The figures
show that convection is always comparable to conduction in these TCV discharges and
represents one of the major conclusions from this work. However, near the separatrix, the
E x B drift comprises the majority of the convected heat, while further into the CFR, the
convected power due to the parallel flow is roughly of the same magnitude as that due to
the drift. These differences between transport from parallel flow and E X B flow result in
distinct heat flux profiles between the forward and reverse field cases. In the forward field
cases, the drift is away from the target near the separatrix and towards the target farther
out into the CFR. This flips in the reverse field direction. The heat flux due to conduction
and parallel flow is always towards the target. Therefore, the heat flux near the separatrix
is larger in reverse field than in forward field, but the heat flux farther out into the CFR is
larger in forward field due to the poloidal drift switching directions.

115



Forward Field Conducted Power Along Flux Tubes
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Figure 4.26: Power from electron heat conduction crossing toroidal annulus for forward
field discharge. The z coordinate (abscissa axis) in these figures refers to the point at
which the x coordinate intercepts the y coordinate along the separatrix.
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Reverse Field Conducted Power Along Flux Tubes
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Figure 4.27: Power from electron heat conduction crossing toroidal annulus for reverse
field discharge. The z coordinate (abscissa axis) in these figures refers to the point at
which the x coordinate intercepts the y coordinate along the separatrix.

The net poloidal heat transport between 1 < p < 1.03 is shown in Figures 4.28 and
4.29 for forward and reverse field discharges, respectively. The figures display the total
poloidal heat flux as well as its components. While conduction is the largest heat transport
mechanism, heat convection is still significant. Note that the heat flux calculated from the
HeMSI measurements is consistent with the IR measurements at the divertor plate.
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Forward Field Power Through Annulus 1< 0<1.03
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Figure 4.28: The net heat flux passing through an annulus bound between1 < p < 1.03asa
function of z position for forward field discharges. gy refers to the potential recombination
energy flowing through the annulus recouped when the ions recombine at the plate. The

recombination energy is calculated as n. multiplied by the average recombination energy
of He™ and D*.
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Reverse Field Power Through Annulus 1< 0< 1.03
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Figure 4.29: The net heat flux passing through an annulus bound between1 < p < 1.03asa
function of z position for reverse field discharges. g refers to the potential recombination
energy flowing through the annulus recouped when the ions recombine at the plate.

Poloidal and Radial Heat Transport During Conduction-Limited Regime

Figures 4.31 and 4.32 show the poloidal heat flux along the flux surfaces for the forward
and reverse field discharges, respectively. Both the total heat fluxes are shown, as well

119



as the heat fluxes from individual mechanisms. Positive values indicate fluxes in the di-
rection of the outer target, and negative values indicate fluxes towards the x-point. The
most prominent difference among the different discharges is observed in comparing the
forward and reverse field cases. This is a direct consequence of the different drift direc-
tions. In the forward field cases, the drifts are directed towards the x-point in the region
near the separatrix, and towards the plate farther into the CFR. This scenario flips in the
reverse field case. The heat conveyed through parallel convection and conduction is al-
ways directed toward the target. Consequently, the peak heat flux, which is about the
separatrix, is strongest in the case of the reverse field discharges. This is because the drifts
and parallel heat flux are in the same direction immediately about the separatrix.

Flux expansion has a small effect on the profiles. Increasing flux expansion causes
flux tubes to have greater spatial separation. Since the potential at the plate is nearly a
flux function, this causes the electric field to vary as f% The result is that smaller flux
expansions have larger poloidal drifts.

Increasing poloidal flux expansion increases the amount of cross-field drift transport
at the separatrix, as shown in Figure 4.30.
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Figure 4.30: Magnitudes of power and particle fluxes crossing the separatrix due to the
vpxs drift over the outer leg. The totals are plotted by poloidal flux expansion at the target.
For the forward field cases, the fluxes are directed towards the private flux region. For the
reverse field cases they are directed toward the CFR.
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Forward Field Poloidal Heat Transport
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Figure 4.31: Heat flowing through annuluses with widths of 0.002Ap for the discharges in
the forward field direction.
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Reverse Field Poloidal Heat Transport
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Figure 4.32: Heat flowing through annuluses with widths of 0.002Ap for the discharges in
the reverse field direction.

While the total heat flux along the leg is approximately constant, as seen in Section 4.5.4,
the heat flowing along each flux tube varies significantly. Figures 4.26 and 4.27 show the
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total power conducted in the poloidal direction for individual flux surfaces in the forward
and reverse field cases, respectively. As shown in them, the power is concentrated within
the flux tubes immediately outside the separatrix p < 1.005 at the top of the divertor
(# = 0.45m). However, traversing from the top of the divertor towards the target, the
power conducted along these near separatrix flux tubes falls off dramatically. In contrast,
the power conveyed along flux tubes with p > 1.005 increases. Nonetheless, as observed
in Figures 4.28-4.29, the total power conducted along the leg remains constant. The power
is dispersed from the separatrix outward further into the CFR. Comparing the cases of the
forward field with f% = 11 and fo = 2.5 reveals the effects of poloidal flux expansion.
In the case of larger flux expansion, the power in each flux tube begins to decrease (rolls
over) as it approaches the target. However, in the cases of lower flux expansion, the power
being transported via conduction in regions with p > 1.008 is still rising. Thus, increasing
flux expansion allows for better cross-field heat transport.
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Figure 4.33: Cross-field profiles where the top horizontal axis gives coordinates in p and
the bottom in z(m). a) HeMSI 7, data and fitted profile using Eq 4.60. b) HeMSI n, data

and fitted profile using Eq 4.61. c)
and convected heat flux |G.ony|

dT: A>T
ds and ds

f-g) Inferred value of y, for 1 < p < 1.005 {ﬁﬁl p > 1.005.

. d) Magnitude of conducted heat flux ||
. e) Divergence of conducted and convected heat fluxes.



Calculations of x, and D
Rewriting Eq 4.58, x| can be expressed as
Qrad+QSion_V'qsp_V'%onv_V'iD

= — 4.
AL V -n.VT1, (4.63)

Having calculated T, ne, v, Qrad, Qsion using the HeMSI, bolometry, and Langmuir
probes measurements, x; canbe calculated. However, this calculation produces x; values
inconsistent with the assumption of constant y. Furthermore, the calculations of x, in the
far CFR are two orders of magnitude larger than those in the customary range of 0 < x; <
10, as typically assumed in boundary codes.

Figure 4.33 shows an example of this calculation. Figure 4.33 a) and 4.33 b) show the
fits of 7. and n, along the x coordinate. Figure 4.33 c) displays how 4 and £ vary along
x. Figure 4.33 d) shows ¢, and gcony, While 4.33 e) displays the divergence of both heat
flux terms. Finally, Figure 4.33 f) shows the calculated y, from Eq 4.63 for the p < 1.005
region with the blue markers, and Figure 4.33 g) displays it for p > 1.005. The uncertainty
range assigned to yx, reflects the 10% uncertainty in 7¢, 20% uncertainty in n., and the
uncertainty associated with each of the profiles along « as discussed in Section 4.4.3.

While the values of y, for p < 1.005 are within expectations, the unphysically large
values of x ; in the CFR prompt further review of the assumption of Spitzer conductivity,
and T, = T;. To test the sensitivity of x, to these assumptions, a flux limiter value of
a. = 0.1 was used to modify the electron heat flux given by Spitzer conductivity. The
flux-limited parallel heat flux is given by [98]

1 1 1
— = +— (4.64)
4q) Gelimit  qsp

where Jelimit = (eTleVe thermalTe (465)

Furthermore, it is assumed that the ions heat the electrons, with an effective ion temper-
ature of 37.. The changes to the convection calculations from such an assumption are
ignored. The resultant heating of the electrons is given by [98]

6m,

Qeg = —NelVegTe (4.66)

m;
where v, is the energy exchange collisional time. Accounting for heat flux limiters and
ion heating of the electrons, Eq 4.63 becomes

Qrad + QSion + %neyeqTe -V. q:p -V- q:onv -V. jD
V - n.V1,

X1 = (4.67)

Accounting for these changes, the calculated x* are shown in Figures 4.33 ) and h) by
the orange markers. Despite these changes, x7 > 10 for p > 1.008. Doppler broadening
measurements of 7; along the leg show that 7, ~ Tj, and a flux limiting coefficient of
a. = 0.1 is smaller than values typically used in modeling. Thus, an ansatz of ¢,, =
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Figure 4.34: Calculation of D, for the largest flux expansion case in forward field. Each
marker at a given p was calculated at specific z value between —0.65 < z(m) < —0.45.

X 1ne VT, with constant y, < 10’”72 is observed to be inconsistent with the data, another
major conclusion of this work.
Calculations of D via

_Sp -V- (TZVH + TLVEXE)

D, =
+ V2n,

yield values of —5 < D L(m;) < 5. Of course, a negative value of D, is unphysical and re-
flects the uncertainty in the measurements of .S, or in the calculations of vgyp or v)|. Unlike
the case for y , the typical assumption of 0.1 < D, < 2 is consistent with the uncertainty
of the measurements presented here. An example of D, calculated for Discharge #1 is
shown in Figure 4.34

4.6 Discussion and Conclusion

4.6.1 Discussiononx,; and D

This discussion begins with the large values of x| calculated for p > 1.008. This result de-
viates from the common assumption used in modeling, i.e. x is of order 1%2 [109][110].
As was shown in Section 4.5.4, this deviation lies outside the conservative estimates of
the uncertainty. The consistency of the heat flux calculations between HeMSI and the IR
thermography, shown in Figures 4.28 and 4.29, bolsters confidence that this result is not
due to errors in the heat flux calculation. Thus, the cross-field heat transport in the far
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SOL cannot be described assuming a constant y ; ~ 1 in L-mode TCV plasmas. However,

X ~ 1%2 for p < 1.005 which is roughly consistent with standard modeling practices.
This result should inform the modeling of L-mode TCV discharges going forward. As

an example, consider SOLPS #166579 for discharge 65477 which uses x., 1 = 0.7%2, D, =

0.1%2, and accounts for drifts. Simulated and measured 7; and n. profiles are shown for
this scenario in Figure 4.35.!

95 -0.7 <z(m)<-0.65 . -0.65 <z(m)<-0.6 -0.55 <z(m)<-0.5

Region #1 Region #2 Region #3 #65477

20
15

>
o

P 105 1 P tos QUL A/
. 0.6 0.8 1
B HeMSI M Thomson Scattering s SOLPS #166579 R(m)

Forward Field [Ipl = 190kA
Me =5 x 10¥9m =3 |B?| = 1.4T

Figure 4.35: Comparison between SOLPS simulation mds#166579 and discharge 65477.

In the figure, the measured 7; falloff length is much longer than what is predicted by
SOLPS. However, the measurements of 7, show good agreement with SOLPS near the
separatrix. This is consistent with the inferences of x, from Section 4.5.4 which showed
X1 ~ 1%2 near the separatrix but x; ~ 100”‘?2 farther into the CFR. In order for the simu-
lation to reproduce the long falloff length of 7;, the anomalous cross-field transport needs
to be increased. How this should be done is a matter for future work.

ISOLPS modeling was not available for the flux expansion discharges reviewed in this report.
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4.6.2 Discussion on the Effects of Poloidal Flux Expansion

Increasing poloidal flux expansion is expected to lower the temperature at the divertor
target because it increases the connection length and the divertor volume as discussed in
Section 4.1. As expected, increasing poloidal flux expansion did produce lower tempera-
tures at the target for plasmas in the conduction-limited regime. However, flux expansion
was shown to have a negligible effect on the evolution of the C-III emission front or ion
flux to the divertor plate during a density ramp. This latter result is surprising but consis-
tent with previous results [14]. To understand these results, the two benefits of poloidal
flux expansion will now be considered separately along with the experimental results.

Increasing the Connection Length

The benefits of increasing the connection length follow from the 2PM. However, the as-
sumptions of the 2PM were shown to be invalid for the plasmas observed here. Drifts
and parallel flow transported heat in amounts comparable to Spitzer conduction. Thus,
while conducting heat over longer flux tubes may contribute to the lowering 7, in the
conduction-limited regime, the effects of poloidal flux expansion on drifts and parallel
convection must be considered as well.

Radiation Losses

In this section, the radiation losses are further examined. As discussed in Section 4.5.4,
Figures 4.28 and 4.29 showed that radiation losses are typically negligible between —0.65 <
z(m) < —0.45 except in the cases of discharges # 1 and # 5. This suggests that radiation
losses may be responsible for the lower temperatures at the plate achieved with larger
poloidal flux expansion. This conjecture is strengthened by further examination of the
bolometry data. Figures 4.36 and 4.37 present the 2D reconstructions of the local radiation
losses measured with bolometric tomography. They highlight that a significant amount
of the radiative losses in the conduction-limited regime occur for z < —0.65m which is
below the region over which HeMSI is applied. Figure 4.38 presents the integration of
these losses between z = —0.5m and the variable floor of the test volume. The integration
in Figure 4.38 is performed over the whole lower divertor volume, i.e., .62 < R(m) < 1.2.
The top of the test volume is adjusted from the previous case of —0.45m to —0.5 in order
to avoid the radiative losses incurred at the inner target. As can be seen in Figure 4.38,
a significant amount of the radiative losses are incurred below Z(m) < —0.65m for the
high poloidal flux expansion cases. This is particularly clear when observing the highest
poloidal flux expansion case in Figure 4.36.

The radiation losses show less variation in the partially detached regime. Figures 4.39,
4.40, and 4.38 show the 2D reconstructions of the bolometry data during the partially de-
tached regime, n, = 5 x 10m 3. Comparing these figures with those of the conduction-
limited regime (Figures 4.36 and 4.37) demonstrates the decrease in radiative losses along
the outer leg. Like in Figure 4.38 for the conduction-limited regime, Figure 4.41 shows the
integration of these losses from z = —0.5m to the floor of a test volume. In all cases, the ra-
diative losses have decreased from the conduction-limited regime. However, the decreases
in radiative losses are most stark for the cases of larger poloidal flux expansion. This may
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explain why the benefits of larger flux expansion are only observed in the conduction-
limited regime. In the colder, partially detached regime, radiative losses decrease, and the
larger plasma volume exhausts power less effectively through radiation.

Ot:6

x

0.7 08 09 1 1.1 0.7 08 09 1 1.1
R(m) R(m)

Figure 4.36: 2D reconstruction of volumetric radiation losses for forward field shots in the
conduction-limited regime.
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Figure 4.37: 2D reconstruction of volumetric radiation losses for reverse field shots in the
conduction-limited regime.
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Figure 4.38: Integration of volumetric radiation losses between —0.75 < z(m) < —0.50
during the conduction-limited regime.
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Figure 4.39: 2D reconstruction of volumetric radiation losses for forward field shots during
partial detachment, n, = 5 x 10"m~>.
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Figure 4.40: 2D reconstruction of volumetric radiation losses for reverse field shots during

partial detachment, 11, = 5 x 10"m~>.
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Figure 4.41: Integration of volumetric radiation losses between —0.75 < z(m) < —0.50
during the conduction-limited regime.

4.6.3 Conclusion

In conclusion, this chapter describes the effects of poloidal flux expansion on lower single-
null L-mode TCV plasmas in both field directions using the HeMSI 2D measurements of
T. and n.. These measurements were used to calculate particle and heat transport in 2D.
These calculations highlighted the shortcomings of the basic two-point model by show-
ing that a significant amount of heat was transported via drift and parallel convection.
Convection prevents the plasma along a flux tubes from falling to the temperature pre-
dicted by the 2PM, which assumes all heat is transported via conduction. This limits the
effectiveness of poloidal flux expansion. Nonetheless, increasing poloidal flux expansion
was shown to lower target temperatures in the conduction-limited regime, but not in the
partially detached regime like in [14]. The difference in behavior may be explained by
the radiation losses as described in Section 4.6.2. Lastly, x ;| and D, were inferred. It was
found that D, was consistent with current modeling practices, but x; was significantly
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larger in the far CFR than what is typically assumed in modeling.
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Chapter 5

Conclusion and Future Work

This thesis work has made several contributions to the field of magnetic confinement fu-
sion through the development and implementation of multi-spectral imaging. First, as dis-
cussed in Chapter 2, this work implemented a polychromator-based multi-spectral imag-
ing system on a tokamak for the first time and improved the diagnostic by removing the
ghosting artifacts. Then, as discussed in Chapter 3, the MANTIS diagnostic was used to
create 2D poloidal maps of 7, and n. via the collisional radiative modeling of 2D helium
line ratios, HeMSI. These measurements were validated against co-local Thomson scat-
tering measurements for the regime of an ionizing plasma when using the atomic rates
from the Goto code. As a corollary, the atomic rates from the ADAS code were shown to
be inaccurate. However, 2D measurements of 7, and n. were shown to be inaccurate in
deuterium plasmas for 7, < 10eV.

The HeMSI measurements are a powerful new tool that allows for 7;, and 7. to be mea-
sured in 2D for arbitrary geometries. Thus, for the final act of this thesis, as discussed in
Chapter 4, HeMSI was applied to a study of flux expansion of L-mode plasmas in TCV.
Poloidal flux expansion is expected to lower the temperature at the divertor target by in-
creasing the connection length and radiating volume of the divertor plasma. Previous
experiments [14] showed that flux expansion did not enhance the cooling of the plasma
in reverse field plasmas in the partially detached regime. This was inferred via the C-III
radiation front. In the experiments performed for this thesis, poloidal flux expansion was
shown to produce lower temperatures at the outer target in the conduction-limited regime
butnot in the partially detached regime for both field directions. HeMSI was used to assess
the local power balance in 2D to understand this behavior better. The analysis highlighted
the effects of drifts, which transport a significant amount of heat and break the assump-
tions of the 2PM. In accord with expectations, measurements of the total radiated power
were found to increase with poloidal flux expansion. This increase was greatest in the case
of the conduction-limited regime. In the partially detached regime, this difference was less
pronounced as the radiated power significantly decreased. The contrast of poloidal flux
expansion being effective in the conduction-limited regime but not the partially detached
regime may be explained by this change in the radiated power. The plasma radiates less
as it cools, so the extra radiating volume gained by increasing the flux expansion is less
efficacious in cooling the plasma.

Finally, the HeMSI measurements, along with measurements from Langmuir probes
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and the 2D reconstructions of the radiated power, were used to infer values of x; and D,
under the assumption that x, and D, were constant in space. D was found to be consis-
tent with current modeling assumptions. However, yx ; in the far common flux region was
found to be two orders of magnitude larger than what is typically assumed. The effect
of this difference was shown to be present when comparing SOLPS temperature profiles
to measurements. SOLPS produced a 7, profile with a much shorter fall-off length than
what was actually measured.

Having developed and applied novel analysis techniques, this thesis work represents
the tip of the spear of what can be done going forward with multi-spectral imaging. There-
fore, this work concludes by discussing suggestions for future work. First, as discussed in
Chapter 3, improving atomic and molecular emission modeling would increase the utility
of multi-spectral imaging devices. This is particularly important for interpreting emission
for T, < 10eV when neutral ion and molecular ion reactions may be important. This is
important not only for interpreting helium emission but also emission from other species,
particularly from atomic and molecular deuterium [115]. While these colder scenarios
are more complicated, they also offer an opportunity to reap the full benefits of imaging
6 or more wavelengths simultaneously. The ability to localize each emitter and reacting
species could be extremely beneficial for improving the understanding of transport pro-
cesses in detached plasmas. However, it is suggested that future testing and verification
of atomic and molecular emission models be performed on smaller tabletop devices with
access to high-resolution spectrometers and laser-induced fluorescence. Such a benchtop
setup would allow for more detailed analysis of atomic populations.

Next, the multi-spectral imaging profiles should be better integrated with computa-
tional modeling. The 2D emission profiles and/or 7, and n. offer an unprecedented wealth
of 2D quantitative data. Adapting 2D boundary codes to fit the 2D data from multi-
spectral imaging actively is one avenue for advancement. More robust and general onion-
skin solvers could also be developed to extract anomalous transport coefficients from the
2D profiles as well. However, such onion-skin solvers would benefit from direct mea-
surements of the parallel velocity. This can be done by incorporating measurements from
reciprocating probes or using coherence imaging. There are currently plans to outfit the
MANTIS diagnostics with coherence imaging in the near future to measure parallel flows
in 2D.

Another option for future work is the improvement of the time resolution of the im-
ages. There is currently one phantom fast camera resolving filaments for the He I 587 nm
line on MANTIS [116]. Resolving multiple lines at such time scales may allow insight into
the fluctuations of local plasma parameters. If emission fluctuations are significantly local-
ized, T and n. fluctuations could possibly be resolved on the level of filaments. Nonethe-
less, understanding the fluctuations in emission will still be important to interpreting the
steady time-averaged emission analyzed in this thesis.

Next, the analysis presented in this thesis and the improvements suggested above
should be applied over the whole plasma edge. This work focused on the outer leg. How-
ever, TCV is now equipped with MANTIS cameras in the main chamber and upper diver-
tor. Such a comprehensive edge analysis would be a substantial benefit to the field, espe-
cially if it is performed with the improved integration of the modeling suggested above.

Lastly, multi-spectral imaging and the analysis discussed here should be extended to
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high-power and metal wall devices. These devices are fundamental to extrapolating the
performance of future reactors, and would benefit from the novel research presented in
this thesis and the suggestions for future work presented above.

In conclusion, this work has made a substantial contribution to the field of tokamak
heat exhaust research and has set the stage for further advancement.
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.1 Divergence In Frenet-Serret Frame

The following derivation was adopted from Appendix of [117].

A Frenet-Serret frame maps space to a curve’s arclength and normal vectors. At a given
point p, two such frames intersect at p are used to calculate the divergence. The first is
from a curve that traverses exclusively along y, and the other excursively along x. These
coordinates will be written as {y, n,}, {x, n,}, respectively, and are illustrated in Figure 1.

First, consider the Frenet-Serret frame generated by the poloidal flux surface, v,(y) =
(Ro(y), Zo(y)), where y is the arclength of the curve. Define n,(y) as the signed perpendic-
ular distance from +, at y such that:

07,

R(Z/u ny) = Ro<y) + ny ay (1)
Z(ymy) = Zo(y) - n%}; @)

Because y is an arc-length parameter, it follows that Eq 1 can be expressed with trigono-
metric functions:

R(y,ny) = Ro(y) — nysin(£(y)) (3)
Z(y,my) = Zo(y) — ny cos(§(y)) (4)

Define x(y) = ¢'(y) and J = 1 — k(y)n,. Then:

dR Jycos(§) —sin(€) 0 dy
dZ | =| —Jysin(§) —cos(&) 0 dn (5)
d¢ 0 0 1 do

For a sufficiently small n,, the mapping of M (v,,n,) — (R, Z) is invertable, so {y, n,, ¢} is

a well-defined coordinate system. From Eq 5 the metric tensor for {y,n,, ¢} coordinates
can be shown from Eq 5 to be
0
0 (6)
RQ

As a 2D Frenet-Serret frame note that along +, the following relationships are satisfied:

Oey

By = ’{y(y)eny (7)
oe,,
Ty = —ry(y)ey (8)
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Next, for a toroidally symmetric scalar field A:

0
10A 0A 10 10A 0A
A=———8+—6, + 5 =26, +-—e, 9
v J@yey—i_@nyey—i_}%??%;d) J@yey+8nyey ©)
The formula for the divergence of a vector field é; (summation implied) is:
v.p_ L 0 |9|Fﬁ (10)
V191925 \ /i3

In {y,n,, ¢} coordinate system /|g| = J, R so V>A becomes
1 9 (ROA 1 0 0A
A= — (228 — L (R 11
v JyR Oy (Jy 8y> * JyR On, < Y any> (1)

1 0°A 1 OROA 1 0J,0A

VA= """+ - Y 12
JZoy T TEROy 0y J3 0y 0y (12)
0’A 1 OR 0A 1 0J, 0A
—t et ——— 13
n2 * Ron, on, 7, 0n, on, (13)
At this point p, e, = % = %’; = e,. Thus, the n, derivatives must be reformatted into

x derivatives. To accomplish this task, note that A can be parameterized as A = A(x,n,)
and apply the chain rule.

dA(z,n,) 0A Ox N 0A on, %ez o 4 %e% . (14)
on, - Ox on,  Ong On, Oz " On, "
0Ae,-e, 0A
=% T + G Cne " Cm, (15)
At the intersection of the two curves:
€n, = €y (16)
e, = —€, (17)
Jy=J, =1 (18)
dJ, 0J, Ok,
pr— = = 1
on, ox e ox 0 (19)
OA(x,n,)  0°A (es-en \> 1 0Ade, 5 9A
_ y el . 9y . 2
on, Ox? < J2 ) * J2 Ox On, Cry J3 Oz Ca " Cny (20)
1 0A de, — 0*A 2
ElihelP N v . 2 : 21
T2z Bn, | on2 (en. - en,) (21)
0A Oe,,, 0A e dey, (22)

* ong Ony 'e”ﬁaTx . ony
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OA(z,n,) A DA de,, _PA A
oy 02 omy on, ST a2 T oy (23)

Now Eq 23 is substituted into 12, and evaulated at p i.e. n, = n, = 0. Thus, % =2

Ox
and J, = J, = 1, yielding

_0’A  9*A  10ROA 0A 1 0R0OA 0A

o "oz TRogoy oy Rarar M War (24)

065 07 075 08 08 09 095

R(m)

Figure 1: [llustration of Frenet-Serret frames about contours used to fit the data. The curves
intersect at at point P where e, = e,, and e, = —e,,.

.1.1 Evaluation of V and V?

the V and V? operators are evaluted via the derivtives from the x and y coordinates. The
coordinates = and y are non-euclidean and require the calculation of a non-standard metric
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tensor. After calculating the metric, it follows, for a scalar function of the form A(z, y), that

the V and V? operators are

0A 0A
VA= — —_—
dy eyt ox Cu

_0A* 0A* 10ROA 10ROA 0A 0A

Vid=— 4+ —— 4+ ————
0%y * 0w *

Rozor " Royoy or oy

(25)

(26)

Where &, , indicates the curvature of either x or y contour (see Figure 4.5). Equations 25
- 26 are derived in .1. Note that in the case where a vector function is fully aligned with

the magnetic field, V = V (s, p)3, the divergence operator simplifies to:

o 0 (V(s,p)
V.- (V(s,p)s) = B% (B)
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