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Abstract

The diverted tokamak redirects extreme heat and particles to targets, a plasma-
facing component designed for such loads. Here, the local fluxes produce strong
particle recycling and sputtering. Recycled neutrals can “leak” into the region
between the core and wall, the scrape-off-layer (SOL), impacting plasma performance.
Increasing divertor closure can reduce leakage by containing neutrals within the
divertor. However, there exists a need to quantify divertor baffle restrictions and
understand closure directly from empirical data as opposed to indirectly through
modeling.

Our study introduces the Geometric Restriction Parameter (GRP) based on
simplifying neutral transport to ballistic pathways. Specifically, it considers the angle
subtended between the strike point and target, as well as the outboard baffling.
The GRP serves as an indicator of neutral retention in attached conditions, with
lower values corresponding to reduced restrictions and increased leakage. Leveraging
data from 12 DIII-D discharges characterized by different divertor geometries, plasma
conditions, and drift orientations, we utilize Window-Frame Analysis (WFA) and a
modeling tool, OEDGE, to gain insights into neutral dynamics in the SOL.

Our analysis shows DIII-D divertor configurations can access a full range of GRP
values. Furthermore, we quantitatively assess main chamber fluxes in relation to
calculated divertor restriction. Our findings indicate increased neutral leakage with
lower divertor restrictions and underscore the impact of drift on neutral particle

transport in L-mode. An inverse correlation between structural closure and main
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chamber flux magnitude shows the significance of divertor restrictions in H-mode.
While our empirical values align with OEDGE modeling, it is imperative to note that
the model’s validity pertains solely to attached plasma conditions.

In summary, our study shows the divertor closure’s impact on main chamber
and divertor fluxes, emphasizing the importance of SOL opacity on closure. In L-
mode favorable drift conditions, divertor recycling emerge as the dominant factor
with increased restrictions and neutral compression. The WFA exhibits a decreasing
flux trend as the GRP increases, contrasting with the lack of discernible trend in
unfavorable drift conditions. Additionally, divertor compression estimates, influenced
by varying opacity, have implications for GRP estimation, highlighting the need to

consider the SOL operating regime.
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Chapter 1

Introduction to Thesis Topic &
Fusion Energy

1.1 Thesis goals and outline

The purpose of this thesis is to understand the impact of divertor design on neutral
transport and its magnitude in the divertor and main chamber region. In this work,
divertor restriction is calculated based on simplified neutral transport to ballistic
pathways while considering the magnetic plasma equilibrium and the baffling , i.e.,
the angle subtended between the strike point and the divertor target and the physical
baffling present outboard of at the target and we term it as Geometric Restriction
Parameter (GRP). Here, divertor restriction is scanned to correlate the magnitude
of particle flux in the main chamber and divertor target in DIII-D for L-mode and
H-mode discharges.

This helps to understand the mechanism of neutral leakage (via proxy estimation
of neutral flux in different regions) due to different divertor geometry and plasma
configuration, potentially leading to understanding in the following tokamak divertor

physics areas/topics:

e Impact of target design on the SOL neutral dynamics



e Impact of particle sourcing due to divertor design

e Effect of closure on SOL fluxes

This document introduces the following hypothesis questions to address the topics

mentioned above:
e How does neutral leakage pathway correlate with divertor closure?
e [s divertor closure driven by baffling alone?

Specifically, we aim to determine if there are noticeable changes: with the extent
to which neutrals reclaimed from the divertor target can exit the divertor region,
called the divertor closure, with target geometry (open, closed, and vertical target);
and, with favorable and unfavorable drift conditions. This range of parameters allows
us to obtain data to build a data set to compute different divertor operating points.

This thesis comprises six chapters. The initial sections of Chapter 1 introduce
nuclear fusion and its fundamental concepts. The terminology employed in the
hypothesis questions is explicated in Chapter 1. Next, Chapter 2 conducts
an extensive literature review on tokamak neutral dynamics, including its core
principles, measurement techniques, and modeling foundations.  Subsequently,
Chapter 3 delineates the methodological approach adopted, utilizing both empirical
and modeling frameworks to address the thesis’s hypothesis questions. Chapter 4
presents analysis of the methodology with results. Following this, Chapter 5 delves
into the physics underpinning the obtained results and draws overall conclusions.
Lastly, Chapter 6 outlines future work, identifying areas that warrant further
investigation to provide a more comprehensive understanding of the hypothesis

questions.



1.2 World Energy Consumption today

The advent of the industrial revolution marked a profound shift in human society,
transitioning it from primarily agricultural to industrialized Editors [2009]. During
this period, the steam engine played a pivotal role in the establishment of cotton mills
Hopley [2020], iron works, waterworks, and paper mills Editors [2009]. Operating
on coal, the steam engine triggered an unprecedented surge in the demand for
this fuel. Subsequent technological advancements, including the development of
railroads, further fueled the escalating need for coal Rosen [2010]. Since the mid-18th
century, coal has consistently ranked as the most extensively utilized fuel to meet the
requirements of a growing population Group [2019]. The escalating consumption of
energy, predominantly in the form of electricity IEA [2020, 2019b], continues to be a
prominent trend, as illustrated in Figure 1.1 IEA [2018c¢, 2019b, 2018b].

1.2.1 Current Energy Sources for electricity production

Figure 1.1 describes the present-day energy sources employed for electricity gener-
ation. Subfigure 1.1(b) reveals that fossil fuels account for 63% of the total global
production whereas subfigure 1.1(a) further breaks down the contribution of various
energy sources, including biofuels and waste (2.4%), solar energy (2.6%), wind energy
(5.3%), geothermal, tidal, and other sources (0.5%), hydro (16%), and nuclear fuels
(10.3%) IEA [2019b]. Considering that coal stands out as the predominant energy
source at 36.7%, it holds significant implications for climate change and global
warming [EA [2019a]. The combustion of coal releases carbon dioxide, a greenhouse
gas that contributes to the formation of a layer in the Earth’s atmosphere, trapping
heat and resulting in elevated surface temperatures, rising sea levels, and biodiversity
loss blogpost [2019].

Natural gas contributes almost a quarter of the world’s energy demand, making it
the fastest-growing fossil fuel market [EA [2018a]. Hydro-power, the world’s largest

source of renewable energy production, has the capacity to produces over 1307 GW
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Figure 1.1: (a) Gross world electricity production by source in percentage. (b)

Pie chart depicting the percentage of fossil fuels out of the total production. Image
produced from [EA [2019b]



of energy, globally. This plays a critical role in decarbonizing the power system in
today’s world IEA [2019¢]. As far as nuclear fission energy is concerned, there were
452 nuclear fission reactors worldwide, generating around 2.6 PWh of electricity in
total TEA [2018e]. Since its inception, electricity produced using nuclear energy has
been the largest contributor to carbon-free electricity generation [EA [2018¢], and
around 20% of electricity is generated in the United States is by nuclear energy EIA
[2020].

There are many advantages to nuclear energy. It is competitive in operating a
nuclear reactor compared to operating coal or a gas power plant in terms of fuel cost
Lane [2020]. Nuclear fuel has a high energy density — for example, the energy released
from six grams of uranium is equivalent to a ton of coal, 17,000 cubic feet of natural
gas Sen [2019], and 149 gallons of oil. Lastly, nuclear energy is climate-friendly, i.e.,
there is very low pollution associated with nuclear energy. It has avoided 55 Gt of
carbon dioxide emission over the past 50 years, which is nearly the same amount of
carbon dioxide emitted by fossil fuels every two years TEA [2018d].

The years of fossil fuel reserves left are numbered. For example, data from 2016
suggests that global estimated coal reserves will deplete in 114 years. The estimated
reserve for both natural gas and oil will last only for the next 50 years BP [2016].
Also, the other energy sources — solar, wind, batteries, etc. are still not efficient in
supporting the global electricity needs. Since the effects of greenhouse gas emissions
on global warming and climate change are visible and increasing — these become clear
indicators that there is a need for a green, alternative, sustainable, carbon—emission-

free energy source — Fusion.

1.3 Introduction to Fusion Energy Concepts

The process of fusing two or more lighter atoms to form a heavier atom is termed
nuclear fusion, and the energy produced from the fusion of lighter atoms that is net-

positive based on triple product (See Section 1.3.1) is called nuclear fusion energy



ANS [2018]. Fusion reactions were discovered in the 1920s and were soon applied
to make the first hydrogen bomb in 1952. However, more than 50 years after the
implementation of the hydrogen bomb, the controlled fusion is still in the research
and developmental stage because of engineering and physics challenges faced in order
to confine plasma that can be sustained for a longer duration of time Miyamoto [2005].

All the matter in the universe consists of at least 75% hydrogen, and the abundance
of hydrogen leads to the formation of stars. These stars are working fusion reactors
as they constantly fuse the already abundant hydrogen by utilizing the gravitational
force in space Kikuchi [2011]. On Earth fusion technology holds the promise of
producing energy at a rate four times greater per kilogram of fuel compared to
conventional fission, commonly employed in nuclear power plants. Furthermore, its
energy output potential is estimated to be nearly four million times higher than that
achieved through the combustion of oil or coal.

Contemporary fusion reactor designs, currently in development, predominantly
involve the fusion of deuterium and tritium, both isotopes of hydrogen possessing
additional neutrons as seen in Equations 1.2, 1.1, 1.3, 1.4. Theoretically, a minute
quantity of these reactants— measured in grams — has the potential to yield a
terajoule of energy. To put this in perspective, such an energy yield is approximately
equivalent to the energy consumption of an individual in a developed country over a
period of around sixty years Barbarino [2023].

The following equations show four different ways fusion takes place using
deuterium, tritium, and their byproduct Helium. Equation 1.2 shows the fusion of
two deuterium atoms forming tritium along with an energetic proton with an energy
of 3.03 MeV. Two deuterium atoms can also make the next heaviest element in the
periodic table — Helium (but with one less neutron, i.e., Helium 3) with an energetic
neutron of energy 2.45 MeV as shown in Equation 1.1. This Helium 3 reacts with a
deuterium atom to create a ‘stable’ helium atom (i.e., with two neutrons, two protons,
and two electrons: helium 4) along with an energetic proton with energy 14.67 MeV

as shown in Equation 1.4. Lastly, the fusion of deuterium and tritium can also form



Helium four along with an energetic neutron with energy 14.06 MeV, as shown in

Equation 1.3 Miyamoto [2005].

D+ D — He* (0.82MeV) +n (2.45MeV) (1.1)
D+ D — T(1.01MeV) + p(3.03MeV) (1.2)
T+ D — He*(3.52MeV) +n (14.06MeV) (1.3)
D+ He* — He*(3.67TMeV) + p(14.67MeV) (1.4)

Note that the energy produced in the above equations is in MeV — Mega Electron
Volts. In the plasma physics community, Electron-Volt (eV) is used as the unit of
energy. It is defined as the energy needed to move an electron with charge ‘e’ (e =
1.602 x 1071 Coulomb) against 1 Volt of potential difference, i.e., 1 eV = 1.602 x
1071 J and/or 1eV = 1.1610*K which is obtained as energy, can also be expressed
by using the Boltzmann constant to give eV to K. Comparing energy released in the
above equations, one can say that Equations 1.3 and 1.4 produce the most energy
between the four equations. However, it is the D-T reaction (equation 1.3) that is
preferred to achieve fusion as it has a large cross-section (a measure of the probability
of the reaction in terms of the kinetic energy between the two fusing nuclei) at a lower
temperature as seen in Figure 1.2 Christian [2018]. Tt depicts the fusion cross sections
‘o’ (y-axis) for the energy of the center of masses (CofM) of the fusion reactant species
over keV of temperature (bottom x-axis). Comparing all the three common fusion
reactors, it can be seen that the D — T curve achieves the highest cross-section at
the lowest temperature and the input energy, and therefore future fusion reactors will

most likely operate with D — T reaction I'TER [2023].
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Figure 1.2: Fusion cross sections ‘o’ (y-axis) plotted versus the energy of the center
of masses (CofM) of the fusion reactant species over keV of temperature. Image
produced from Christian [2018]



1.3.1 Fusion triple product and gain

A material changes its state from solid to liquid to gas as the temperature rises.
However, when the temperature is raised even further, the atoms in the gaseous state
are ionized while the charge between the electrons and ions remains the same. This
state of free-flowing electrons and ions in space is called plasma Miyamoto [2005]. A
fusion plasma starts by ionizing deuterium and tritium gas into plasma, where the
behavior of the plasma is governed by long-range electric and magnetic fields, making
it a great conductor of electricity that is 40 times better than copper Freidberg [2007].

To create nuclear fusion one must heat and confine the plasma, which produces
energy that can be extracted to generate electricity. Just as coal, natural gas, and/or
nuclear fission power plants work, the nuclear fusion power plant is also expected to
have a net positive energy output. While there are many ways to confine plasma
(see Section 1.3.2 for details), Triple product is a single metric that tells us how
close we are to net-positive energy output in a fusion reactor irrespective of the
confinement method by indicating the approach to thermo-dynamic nuclear fusion.
It is the product of three parameters: n, T and 7gz; where ‘n’ represents the density
of the ions in the plasma [ions/m3], “T” is the temperature of the ions [keV] and ‘rg’
is the energy confinement time [seconds] Wurzel [2019].

The value of the triple product for a D-T fusion plasma reactor should be >3 x
10*! keVm ™3 s with temperature ranging from 10 — 20 keV Wesson [2011]. It was
Lawson who showed that the product of confinement time and ion density determined
the minimum conditions for productive fusion Lawson [1957]. Hence this criterion is
now famously known as the Lawson’s criteria , and the Triple product is derived from
the Lawson Criteria that states that the triple product combines the three critical
parameters (n, T, 7x) that are needed to make fusion possible Pitts et al. [2006].

Figure 1.3 displays various fusion experiments, showcasing experimentally derived

Lawson’s criteria plotted against ion temperature in keV. Additionally, the fusion

MCF

sci

experiments are presented in relation to the fusion power gain ( ), representing
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Figure 1.3: The experimentally derived Lawson parameters (n;7; for MCF and nr
for ICF) from fusion experiments are compared to T;y for MCF and (T;),, for ICF. The
colored contours in the figure represent the Lawson parameters and ion temperatures
necessary to achieve specified scientific gain values (QMCF for MCF). The black curve,

identified as (nT)iIgc}f;, corresponds to the Lawson parameters and ion temperatures

required for achieving hot-spot ignition in ICF. Wurzel and Hsu [2022]
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the ratio of fusion power output to the power required for plasma heating Wurzel and

Hsu [2022].

MCF

sct

Specifically focusing on @ , the plot on the right axis depicts its variation

concerning ion temperature and Lawson’s criteria. Notably, several experiments

MCF

sei - of at least

exhibit QMCF > 107, and the collective objective is to attain
10. This target implies achieving ten times more output energy compared to the
input energy. Figure 1.3 suggests that ITER and SPARC are anticipated to reach
this benchmark. As of 2022, the National Ignition Facility (NIF) is the only facility
that has achieved QMY > 1. In other magnetic confinement experiments such as

sct

JET and JT-60U, equivalent QMCF values of 1 have been reached Pitts et al. [2006],
Wurzel and Hsu [2022].

ITER aims to achieve a fusion power gain (Q) of 10 — indicative of reactor-level
conditions — by 2035, generating 400 MW of energy for a few minutes with a plasma
volume of 800 m3 Aymar et al. [2002], Pitts et al. [2006], Mlynar [2007]. This signifies
that the output from the ITER experiment would be ten times greater than the input
power. Theoretically, in the future, a nuclear fusion-powered plant could achieve
MOF — o Pitts et al. [2006].

sct

1.3.2 Types and Modes of Plasma Confinement

To achieve a nuclear fusion-powered plant, one main focus is to improve the
confinement time in the triple product. There are six different ways to confine plasma:
confinement by Radio Frequency (RF) fields, electrostatic fields, solid walls, gravity,
inertia, and magnetic fields Dolan [1982].

Solid wall confinement can be used to confine low-temperature plasma such as
glass discharges in a fluorescent tube light. A disadvantage of this configuration is
that the solid surface is in direct contact with the wall and hence would overheat
the wall and quench the plasma. Confinement by gravity is how the sun in our solar

system sustains plasma. However, laboratory plasma is far too small to create and
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sustain plasma by self-gravitational forces. RF fields and electrostatic fields can both
sustain plasma that has low temperatures. RF field, however, requires an enormous
amount of power to create plasma and cannot reach the desired value of Q = 10 value.
The electrostatic field can create high plasma density at some localized location but
cannot uniformly heat plasma throughout the system and hence is used for small-scale
plasma generators Dolan [1982].

The fusion research community today focuses on two major types of plasma
confinement: inertial confinement (ICF) and magnetic confinement (MCF) LLNL
[2020], Dolan [2013], Wynn [2017]. ICF works on the principle of compressing and
heating the hydrogen isotopes using powerful laser beams to produce fusion. There
are two types of approaches to ICF: direct drive and indirect drive LLNL [2020]. Each
ICF types show some promise to be used as a nuclear fusion energy source. However,
it comes with many technical difficulties, such as the requirement of high density
Dolan [2013], non-uniform heating, asymmetrical implosion, and uniform firing rate
of all the laser at once, to name a few Wynn [2017]. A promising way to confine

plasma is by magnetic fields called the Magnetic Confinement Fusion (MCF).

Magnetic Confinement of Fusion (MCF)

In MCF, a strong magnetic field binds plasma as a result of the Lorentz force. The
charged particle follows a corkscrew / helical path around the magnetic field line.
The motion of the charged particle can be described in two ways: circular and linear.
The circular motion of the charged particle is denoted by its radius of gyration (also
known as Larmor radius), r;, = v, /w. where ‘v, is the perpendicular component of
its velocity and ‘w,’ is the angular cyclotron frequency. w. = ¢,B/m where, ‘g, is
the charge of the particle, ‘B’ is the magnetic field strength, and ‘m’ is the mass of
the charged particle. The linear motion of the charged particle is characterized by
its parallel velocity ‘v)” along the magnetic field line. Since the mass of an electron

is much smaller than an ion, the angular cyclotron frequency of an electron will be
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higher compared to that of an ion, and hence its Larmor radius will be much smaller
Ongena et al. [2016].

The simplest method for plasma confinement involves the utilization of two
magnets to create a ‘magnetic bottle,” also known as a Helmholtz coil. In this
arrangement, the concern arises that the plasma could escape from the ends of the
‘bottle.” To address this issue, two stronger magnets were introduced at the ends
of the ‘bottle’ to effectively retain the plasma inside Dean [2013]. This confinement
setup, known as magnetic mirror confinement, was first developed in the 1950s at
Lawrence Livermore National Laboratory by R. Post and his colleagues Post [1956].
The design of the magnetic mirror aimed to reflect the plasma towards the center
of the magnetic bottle. However, some plasma particles with higher v and elevated
energies would inevitably exit the bottle. Consequently, this approach did not gain
widespread acceptance over the years, primarily due to losses at the bottle’s ends and
the ensuing instabilities Ongena et al. [2016].

The next logical progression in the effort to confine all plasma particles within
the magnetic bottle involves connecting the ends of the bottle to create a toroidal
shape Ongena et al. [2016]. Presently, there are two primary types of toroidal
magnetic confinements: the stellarator and the tokamak. Wendelstein 7-X, the
most successful optimized superconducting stellarator, is designed with high-iota,
low shear, an optimized magnetic field geometry, and a plasma volume of 30 m?. It
aims to demonstrate the steady-state generation and confinement of fusion-relevant
hydrogen and deuterium plasmas. The Wendelstein 7-X has a major radius (R) of
5.5 m, a minor radius (a) of 0.5 m, and a plasma volume of 30 m?, as detailed in
Boozer [2009], Niihrenberg and Zille [1986]

Plasma densities in the stellarator range from 1 to 4.5 x 10* m™3, with central
electron temperatures oscillating between 5 and 10 keV. Through hydrogen pellet
injection and helium gas fueling, the stellarator achieved plasma densities of up to
1.4 x 10?*® m™3 Craig Beidler and Wobig [1990]. Tt exhibits nT;(0)7p = 6.4 x 10

keV s m™3, a peak diamagnetic energy of 1.1 MJ, and a volume-averaged normalized
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plasma pressure (8) = 1.2% Klinger et al. [2016, 2019]. Despite its advantages,
the stellarator faces technological and engineering challenges that have impeded its

success compared to the tokamak.

The Tokamak

The tokamak is a toroidal apparatus symmetrically arranged around its axis ¢ (refer
to Figure 1.4), featuring a substantial toroidal magnetic field, a minor toroidal current,
and a relative plasma pressure. Figure 1.4 illustrates a typical contemporary tokamak
schematic. The tokamak design includes four crucial electromagnet structures vital
for plasma confinement: (1) toroidal field coils (depicted in blue) that generate the
toroidal magnetic field (represented by a blue arrow); (2) inner poloidal field coils,
also known as the ohmic transformer (displayed in green), which induces plasma
electric current (illustrated by a green arrow) essential for ohmic heating and plasma
equilibrium; (3) outer poloidal field coils (shown in gray) utilized are balance coils
for the plasma pressure control. As shown they are the vertical field coils; and (4)
vertical field coils (not depicted) employed to counterbalance toroidal forces. Theiler
[2011], Stangeby [2000], Freidberg [2007].

The poloidal and toroidal field coils generate a helical magnetic field (shown as
black lines) with each field line being nested on top of each flux surface. Safety factor,
‘q’, is a measure of the safety of a device in terms of magnetohydrodynamic (MHD)
stability and is defined as ¢(r) ~ rB,/RyBy, where ‘r’ is the radius of the plasma,
‘Ry’ is the radius of the device, ‘B, is the toroidal magnetic field, and ‘By’ is the
poloidal magnetic field. Do note; this is safety for the machine in terms of plasma

stability Theiler [2011], Stangeby [2000], Freidberg [2007].
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Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.4: A schematic of a tokamak device showcasing the toroidal and poloidal
magnetic field coils and resulting current and magnetic field
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Modes of Confinement in a Tokamak

One of the main challenges for magnetic confinement is to increase the confinement
time of the tokamak device and to understand and reduce the plasma transport losses.
Before 1982, tokamaks operated in Low confinement mode (L — mode) where the pre-
ionized gas was heated with just ohmic heating Keilhacker [1987] and/or neutral
beams. However, in 1982, a high confinement mode (H-mode) was discovered in
ASDEX Wagner et al. [1982], where the plasma confinement time was 2 — 3 times
higher than the L-mode Keilhacker [1987]. This was later observed in other tokamak
experiments such as JET and DIII-D Tanga et al. [1987].

H-mode plasmas are distinguished by the presence of an edge transport barrier
(ETB) located in a narrow edge region within the last closed flux surface (separatrix).
Within this ETB, ion transport is reduced to levels similar to those predicted
by neoclassical transport, leading to the development of steep gradients in both
temperature and density profiles. Consequently, these profiles rise sharply within
the separatrix, causing a corresponding increase in the plasma core. The resulting
profiles resemble those observed in L-mode (seen for input power below a specific
L—H threshold) but are displaced upward by a pedestal. Figure 1.5 illustrates typical
radial pressure profiles for L-mode and H-mode confinement Lang et al. [2013]. The
pedestal height impacts the fusion power and gain of tokamak devices Kinsey et al.
[2011]. H-mode profiles are characterized by steep gradients at the pedestal, and the
height of this pedestal plays an important on the fusion power gain of plasma devices.
Over the years, fusion scientist has developed theories to better understand H-mode
stability. These have allowed even better than H-mode confinement (Super-H) and
are promising avenues toward building a more efficient tokamak fusion reactor. This

has been successfully implemented on DIII-D Solomon et al. [2014].
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Figure 1.5: Pressure profiles typically observed during L- and H-mode phases reveal
distinctive characteristics. The establishment of a transport barrier just inside the
separatrix introduces a pronounced gradient at the edge leading to a pedestal. Image
from Lang et al. [2013]
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1.3.3 Tokamak Terminology

The tokamak is comprised of nested magnetic surfaces known as closed flux surfaces,
with magnetic field lines (illustrated as black lines in Figure 1.6(a)) situated above
them. The outermost closed flux surface interacts with the first wall in the vacuum
vessel, resulting in elevated heat loads on the wall due to the plasma flow along
the closed flux surface. To mitigate plasma-material interaction (PMI), modern
tokamaks have incorporated two configurations: a limiter configuration and a divertor

configuration.

Limiter versus Divertor Tokamak

In a tokamak with a limiter, a constraining/limiting object is installed within the
plasma chamber, intersecting the enclosed magnetic flux surfaces as illustrated in
figure 1.6(a). This object establishes the outermost closed flux surface, represented
by the dashed line. Consequently, it divides the plasma volume into two distinct
regions: an inner area, characterized by enclosed magnetic flux surfaces (depicted in
dark grey), and the scrape-off layer (SOL, shown in light grey), featuring short open
field lines terminating on the limiter surface.

The transport mechanisms for particles and heat vary fundamentally in these two
regions. Cross-field transport is the primary mode for particles and heat moving from
the plasma core, traversing the Last Closed Flux Surface (LCFS) into the SOL. Within
the SOL, parallel transport along open field lines takes precedence, rapidly directing
particles and heat toward the limiting surfaces. This concentration of plasma-surface
interaction on relatively small surfaces necessitates the ability to withstand localized,
intense thermal fluxes. The sputtering of surface material by impinging plasma
particles results in the contamination of the plasma by the plasma-facing material.
To mitigate excessively high power flux densities on the limiter, the plasma-wetted
area is increased which is achievable through appropriate shaping of the limiter.

Previously, toroidal limiters were employed on fusion experiments with pumps for
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effective helium ash removal. Furthermore, pump limiters facilitate improved control
of plasma density. Due to the presence of a limiter, released impurities and recycled
neutrals (recombined ions and electrons at the wall) may directly enter the main
plasma, limiting the impurity screening capabilities. Therefore, it is advantageous to
relocate the plasma-wall interaction zone as far as possible from the confined volume,
aligning with the basic concept of the divertor configuration Spitzer [1958], Clever
[2010].

A divertor configuration within a tokamak is established by introducing additional
coils into the vacuum vessel. These coils redirect the outermost magnetic field lines
away from the main plasma chamber, guiding them into a separate chamber where
they intersect a material divertor target (refer to fig. 1.6(b)). Toroidal coils, carrying
current in the same direction as the plasma current, create a poloidal divertor by
forming a null in the net poloidal magnetic field, known as the X-point. The magnetic
field lines passing through the X-point define the separatrix (represented by the
dashed line), marking the last closed flux surface. Field lines within the separatrix
remain confined within the plasma, confining particles on them. However, particles
crossing the separatrix are carried along the field lines in the scrape-off layer (SOL)
to the divertor target plates Clever [2010], Stangeby [2000].

The region struck by particles at the divertor target plates is termed the divertor
strike point, while the area below the X-point, between the inner and outer divertor
legs, is referred to as the private flux region. This region is isolated from the core
plasma, shielded by the adjacent SOL plasma, which rapidly carries away particles
flowing from the core toward the private flux region. The private flux region is
predominantly populated by neutral particles originating from the divertor target
plates, not bound to the magnetic field, resulting in a low plasma density Clever
[2010], Krasheninnikov and Kukushkin [2017].

The geometry of the poloidal divertor can be more or less open or closed depending
on the fraction of neutrals that can penetrate into the central plasma. Mechanical

baffles near the X-point can stop neutrals, affecting the openness of the configuration.
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Figure 1.6: (a) Tokamak Limiter configuration with LCFS defined by the limiter
structure.  (b) Tokamak divertor configuration schematic depicting the various
tokamak terminology depicting the ions in red arrows forming in the core and moving
radially outwards. Image from Clever [2010]
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Poloidal divertors have a relatively small plasma-wetted area, leading to high lo-
calized particle and heat fluxes. The advantages of the poloidal divertor configuration
over the limiter configuration primarily include improved energy confinement and the
generation of high neutral densities in the divertor region for enhanced pumping

Clever [2010].

1.4 Overview of the DIII-D Tokamak

The DIII-D tokamak, first proposed in 1970s and completed in late 1980s, has the
capacity to achieve plasma with current up to 2 MA. The DIII-D tokamak program
was developed to improve scientific understanding of the high temperature plasmas
that attains high performance and high confinement times (Luxon [2002]) (as of today,
the DIII-D machine can contain high temperature plasmas up to 8 seconds).

A cross-section of the DIII-D tokamak is shown in Figure 1.7. As pointed out in
the figure, there are three types of magnetic coils encompassing the DIII-D tokamak:
the toroidal, ohmic and field shaping coil. (Luxon [2002]). The DIII-D tokamak is
enclosed in a vacuum vessel that is sheathed with water cooled graphite tiles and
divertor baffles. There are neutral beam heating systems that provides 16MW of
deuterium power for at least 5 seconds. There is an Anti-torque structure to support
the tokamak from overturning and twisting and eventually breaking down fur to the
forces generated by the toroidal coils and their interaction with poloidal coil field
and plasma. Overall, there are more than 50 diagnostics implemented on the DIII-D
tokamak that provide temporal and spatial plasma parameter (Luxon [2002]).

DIII-D currently provides up to eight distinct divertor geometries. Among these,
four conventional types include the Lower Single Null (LSN) with high triangularity
on the floor (Figure 1.8(a)), LSN with low triangularity on the shelf (Figure 1.8(b)),
Upper Single Null (USN) with high triangularity on the floor (Figure 1.8(c)), and
USN Small Angled Slot (SAS) divertor Guo et al. [2019] (Figure 1.8(d)).
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Figure 1.7: A cutaway schematic of the DIII-D tokamak.
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Figure 1.8: Types of divertor targets available in DIII-D. (a) LSN Floor, (b) LSN
Shelf, (¢) USN Floor, (d) SAS, (e) Snowflake, (f) X-divertor, (g) vertical right, and
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Three out of the four conventional divertor geometries, excluding SAS, provide
various physical baffling options with accompanying pumping mechanisms designed to
aid in density control and particle inventory control Maingi et al. [1999]. Additionally,
DIII-D can operate in four non-conventional divertor configurations: the snowflake
divertor Ryutov [2007], Kolemen et al. [2018], Cowley et al. [2023] (Figure 1.8(e)),
x-divertor Cowley et al. [2023], Kotschenreuther et al. [2013] in the vertical right
configuration (Figure 1.8(g)), and the vertical right configuration (Figure 1.8(h)).
This is the reason DIII-D is chosen to answer the hypothesis questions with regards
to the divertor closure.

To quantify neutral particle fluxes at the main chamber and at the divertor, there
are three main things that needs to be observed: electron density and temperature
from Thomson Scattering, Langmuir probes and the Deuterium Balmer emission
from atomic spectroscopy - Filterscope. The following subsections will detail out
the diagnostics utilized in this thesis to quantify neutral particle fluxes at the main

chamber and at the divertor region.
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Chapter 2

Tokamak divertor closure:
fundamentals, measurements and

modeling

This chapter delves into the foundational aspects of neutral dynamics within the
tokamak. It comprehensively explores the nature and formation of neutrals, followed
by an intricate examination of neutral measurements, recycling processes in both the
divertor and main chamber regions. Subsequently, it delves into the impact of divertor
design on recycling phenomena. The chapter also provides insights into the models
employed within the fusion community to comprehend the intricate interplay between
neutrals and the edge. Concluding the discussion, it presents a succinct overview
of diagnostic tools employed in the DIII-D tokamak. The knowledge gleaned from
these insights forms the basis for addressing the core thesis question, involving the
analysis of magnitude of fluxes within the window frame and the quantification of
neutral restriction within the divertor region through the utilization of the geometric

restriction parameter.
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2.1 Tokamak Divertor and SOL physics

The Scrape-Off Layer (SOL) as seen in Figure 1.6(b) can be effectively categorized
through two distinct approaches: firstly, by considering particle transport and edge
turbulence, resulting in subdivisions into plasma and sheath regions; and secondly, by
examining density and temperature gradients, leading to a division into near and far
SOL. But before delving into these classification, here the topics that are discussed
in this section: fundamentals of the Simple SOL, The SOL 2-Point Model, the role of
collisionality within the SOL, the significance of drifts in the SOL, physics regimes of
tokamak divertors, and relationship between divertor regimes and SOL collisionality,
offering valuable insights into the interconnected dynamics shaping the behavior of

tokamak SOL and divertor plasma.

2.1.1 SOL particle transport and edge turbulence

In terms of charged particles and their effect in the tokamak SOL, the SOL can be
divided into two major types: (1) SOL plasma; and (2) Sheath. The SOL plasma
occupies the majority of the space and is quasi-neutral, i.e., n. = n;, the electron
and ion density are the same, making the plasma electrically neutral. Whereas the
sheath is a region of net charge and is usually a thin region closer to the wall surface
where n, < n;. The sheath can be broken down into three parts: (1) Debye Sheath;
(2) Magnetic Pre-Sheath (MPS); and (3) Pre-Sheath Stangeby [2000].

(1) The Debye sheath, or commonly called sheath, is a region where n, < n; with

a width of few Debye lengths

EokTe
e’n

(2.1)

)\Debye =

where, T, is the electron temperature, n is the density of the electron and ions.
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(2) The MPS, or commonly known as Chodura sheath, is quasi-neutral in nature

m;Cs

“i22), where B is the magnetic field,

and has a width of few ion Larmor radii (p; ~

m; is the mass of an ion and ¢, is the sound speed Stangeby [2000]

T. 1 iT,
N L ik (2.2)
my;

(3)The pre-sheath is also known as plasma. As mentioned, it is also quasi-neutral
in nature, just like the Chodura sheath. The E-field is dominated in the Debye sheath
compared to the B — field, as the width of the Debye sheath, is smaller than the ion
Larmor radius. It is to note that ions entering the Chodura sheath has velocities
higher than sound speed c;.

There are three main consequences of the sheath. (1) The sheath cools down
electrons faster than ions making the ion temperature in the SOL higher than the
electron temperature. (2) The sheath increases the solid material sputtering. (3) The
sheath strongly influences the tokamak edge properties as it acts as an electron well

that does not have the electron density the same as the ion density Stangeby [2000].

2.1.2 SOL Density and temperature gradients

The community also divides SOL based off the density and temperature in the SOL.
It can be divided into two regions: (1) near SOL and (2) far SOL. The near SOL
region is characterized by the steep gradient of temperature and density near the
separatrix, and the far SOL is characterized by the flatter temperature and density
profile from the separatrix to the wall. In a schematic form, we can describe the near
SOL region as to be between the LCFS and the red line in Figure 1.6(b) and the far
SOL region is the SOL region between the red line and the wall.

The SOL exhibits turbulence in the form of bursts and has events that carry the
plasma to the first wall with velocities greater than 100 ms~! Loarte et al. [2007]. The
cross-field particle transport increases in the far SOL with increase in density, which

leads to an increase in PMI. The increase in PMI is stronger during transient events
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such as Edge Localized Modes (ELMs) discharge in H — mode operation compared
to L — mode operation. This is due to the fact that ELMs account for 30% — 90% of
particle flux into the main chamber, depending on the discharge conditions and the
cross-field fluxes that travel radially outwards in the far SOL lead to sputtering and

production of neutral species Rudakov et al. [2005].

2.1.3 The Two-Point SOL Model

An intuitively simple model for SOL divides itself between two points: upstream (u)
and target (t) (As seen in Figure 2.1). Upstream (u) refers to the point that is halfway
between the two divertor targets (t) in a single null plasma configuration. The two
points are represented in a flattened-out SOL Figure 10. It is noted that the divertor
was developed to achieve lower temperatures in the SOL near the targets compared
to upstream Stangeby [2000].

The two-point model defines three ‘control parameters’ by assuming particle,
pressure, and power balance, as shown in Equation 2.3, 2.4, and 2.5. The model
assumes that the target acts only as a particle sink, with no volume recombination,
and the power flux density (¢[Wm™?]) is carried by only conduction. The upstream

and target density and temperature follow equation 2.3, as seen:

ny Ty = 21 Ty (2.3)
7 L
q =ynekTicet (2.5)

Here, n;, and n, represents density and 7; and 7, represents the temperature at
the target and upstream respectively. ¢ is the parallel power flux density with units

[(Wm™2] and L, v, and kg, are constants Stangeby [2000].
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Figure 2.1: A flattened-out SOL from target T till the upstream location u. The
length of this flattened SOL is of length L. Image from Stangeby [2000]
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2.1.4 SOL collisionality regimes

Since the mass of an ion and mass of an electron are different, the temperature of ion
(T;) and electron (7,) are different. When the plasma is said to be collisional, the
temperature of ion tends to be similar to that of an electron (7; — T.). The time
taken for this process is called temperature equilibration time (7.,) given by Stangeby

2000]:

[SMII9Y

Te

Teq ~ 4.2X 10"
Ne

(2.6)

As the 7., decreases, the collisionality increases, due to increase in density as

seen by Equation 2.6. It is to note that 7., < 75°, where 759U is the SOL energy

confinement time and is given by

750 3L (2.7)
YCs
Which gives
nrcrsL
—— > 10" (2.8)

TLCFS

There are four different ways where the collisionality can force the transition from
T; — T,: Type A, B, C, and D. These four types of SOL are defined with respect to
the temperature gradient and collisionality: Table 2.1 describes these SOLs Stangeby
[2000].

But in order to understand the effect of temperature gradient on collisionality, we

must define SOL collisionality (v3or, ):

L nl

Viore = 5 ~ ”TQ x 10716 (2.9)
L n.lL

Vo = 1 ~ "T? x 10716 (2.10)
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when T; =T,

U L n,L
SOL ~
)\ee i1 Tf

x 1071° (2.11)

where, \;; and A, are the electron and ion self-collisionality lengths defined as

T2

Aee & =% x 1010 (2.12)
n
T2

iy &~ =4 % 106 (2.13)
n

As seen in Table 2.1, Type A SOL is isothermal in nature where T; = T, With no
temperature gradient. With constant L, nypcprs, and Trors, equation 2.8 would give
Vior. > 100 whereas, on the other hand, from equation 2.9 and 2.10, g, . < 10.
This is unlikely to happen, and hence type A SOL is not likely to exist. The other
types of SOL — Type B, C, and D are depicted in Figure 2.2 with respect to the
upstream electron temperature, density, and collisionality.

Type B type of SOL has a significant temperature gradient; however, it has
T; = T.. This is possible only when v§5;, . > 50. Hence type B SOL has strong
collisionality. Type C SOL has no significant temperature gradient V7' = 0 and has
T, < T;. This is opposite to what is seen in Type B, i.e., it has weak collisionality
(V$oL. < 10). Type D SOL has both a significant temperature gradient and has
an unequal electron and ion temperatures. This type of SOL has intermediate
collisionality as 10 < 1o, < 50. In this intermediate collisionality regime, the
electron temperature gradient is significant compared to the ion temperature gradient,
and the ion temperature near the target is greater than electron temperature at the
target near the weak collisionality, whereas the ion and electron temperature at the
target are similar to each other as the collisionality approaches to highly collisionality

regime Stangeby [2000].
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Table 2.1: Four different types of SOL defined with respect to its temperature (T)
gradient and isothermal property

No T-gradient Significant T-gradient

T.=T, Type A Type B
T; # T, Type C Type D
Case C
T| >T&
V”Te,i =0
SIMPLE
i n, L
— 100 SOL u =1.5x1017’ V*SOLH-IO
> T
.9. / ey Case D
3 Weak collisionality . TT“-T ;su ]
a Intermediate collisionality eidl>2or=
50 i Ty>Tgor=Tgy
\.n,L
Case B _I_" 5 =5x10", v'go ~ 50
T,=T, eu
Strong collisionality 19,71 550
' L

n,L [102° m™2]

Figure 2.2: Different SOL collisionality regimes shown in simple SOL, and other

SOL with varying temperatures - Details shown in Table 2.1. Image from Stangeby
2000]
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2.1.5 A simple SOL

The simple SOL is characterized by (1) constant electron, and ion temperatures in
each flux tube in the SOL; (2) electrons and ions are thermally decoupled; (3) No
ionization occurs in the SOL, i.e., all the hydrogenic species are being ionized in the
core plasma; (4) there is no volumetric recombination; (5) There is no neutral friction
present in the SOL; and (6) The sheath acts as particle sink Stangeby [2000]. It is to
note that the aforementioned near and far SOL does not come under the simple SOL
approximation.

The most common way to understand the SOL in a diverted tokamak is by
flattening it out, as shown in Figure 2.1. It neglects the toroidal magnetic curvature
and neo-classical effects to help understand the parallel and perpendicular flows in the
SOL. The flattened SOL has a length of 2L, where L is the connection length (defined
as the length from divertor target to upstream SOL) and terminates at two divertor
targets with width w. The top of the LCFS faces the core plasma, whereas the bottom
of the LCFS faces the tokamak vessel walls. The coordinate w is perpendicular to
the r direction and parallel to the B magnetic direction. The simple SOL attains
particles only through cross-field diffusion, and the number of particles flowing from

the core plasma towards the SOL through the LCFS is given by

d
I, = -Dio & 2L,, [particles s™'] (2.14)
dr |1ops

Where DO is called the cross-field transport coefficient, which is empirically

derived Stangeby [2000].

2.1.6 SOL Drifts

Recall, the toroidal field is denoted by ¢ and the poloidal field is denoted as 6 in
Figure 1.4. There are two main types of nomenclature that is used in tokamak

physics. Normal Grad B X VB, and reverse Grad B X VB, drift. The normal
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VB, drift has the ions move towards the bottom, i.e., towards the target, whereas
in contrast, reverse VB, has the ions move away from the bottom, i.e., towards
the crown/upstream location of the tokamak. Figure 2.3 shows four different
combinations of drift in a tokamak via a poloidal view and a toroidal view. The
‘E X B’ drift is affected by the electric and the magnetic field in the tokamak SOL.
As seen in Figure 2.3, the ion drift because of B, is always on the inside leg of the
divertor and the ion drift because of F, is always on the outside leg of the divertor
Stangeby [2000].

There are two types of E x B drifts: (1) poloidal and (2) radial. The poloidal drift
is due to the radial electric field, while the radial drift is due to the poloidal electric
field along the SOL. The particle fluxes density due to poloidal E x B drift is defined
as shown in Equation 2.15, and the particle fluxes density due to radial E x B drift

is defined as shown in Equation 2.16 Stangeby [2000].

D A, 3kTen

by (2.15)

B nkT,
[~ — 2.16
" 7 By eLB (2.16)

2.2 Physics regimes of the tokamak divertor

Figure 2.4 depicts the three main physics regimes of a tokamak divertor: Sheath
limited (Figure 2.4(B)), Conduction Limited / High Recycling (Figure 2.4(C)), and
detached (Figure 2.4(D)). To understand these physics regimes, let us consider a
flattened-out SOL (Figure 2.4(A)) with magnetic field ‘B’ and heat flux ¢, both
of which are parallel to the first wall and the heat flux entering the SOL Qgor, is
perpendicular to the SOL. The density, n, and temperature, 7', ranges from upstream

u to the divertor target ¢ on the x-axis.
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Figure 2.3: Depiction of various drifts in poloidal and toroidal magnetic field. Image
from Stangeby [2000]
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Figure 2.4: A cartoon depiction of the SOL along the connection length ‘L’. (A)
Flow of heat and particle fluxes in the SOL with the plasma recycling region near the
divertor target. Variation of temperature and density profiles along the connection
length are depicted in (B) Sheath limited (C) Conduction limited and (D) Detached
regimes. Image adapted from Krasheninnikov [2018] and Pitts [2007]
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Figure 2.4 displays the relationship between the upstream density n,, target
density n;, upstream temperature 7, and target temperature 7; in the respective
physics regimes. The following sub-sections explain the different physics regimes in

detail.

2.2.1 Relationship between divertor regimes and SOL colli-
sionality

Diverse divertor regimes, namely Sheath Limited, Conduction Limited, and Detached,
are contingent on upstream temperature (7;) and target temperature (7;), which
are, in turn, influenced by collisionality. The transition from the Conduction Limited
regime to the Sheath Limited regime occurs when v§,; ~ 10, while the transition
to the Detached regime takes place when v§,, ~ 85. As illustrated in Figure 2.5,
analogous to Figure 2.2, the graph showcases upstream electron temperature values as
functions of upstream electron density and connection length L. The data points from
Langmuir probes on JET are displayed, with solid lines delineating the boundaries
between different divertor regimes, and the red dotted line indicating the average
trendline of the dataset. In summary, the relationship between SOL collisionality and
divertor regimes can be encapsulated by the following generalizations: the Sheath
Limited regime correlates with weak collisionality (Figure 2.2, top left part), the
Detached regime is associated with high collisionality (Figure 2.2, bottom right part),
and the Conduction Limited regime aligns with intermediate collisionality (Figure 2.2,

central part).

2.2.2 Sheath Limited Regime - weakly collisional

Temperature drop along the connection length of the SOL is the main factor that
differentiates different SOLs (simple vs. non-simple). The sheath limited regime is
defined by the constant temperature along each flux tubes in the SOL, i.e. plasma

is isothermal along each flux tube Stangeby [2000]. The Sheath limited regime is
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defined by low density, high temperature and high power in SOL. In this regime, the
target temperature is proportional to upstream temperature and the target density
is proportional to half of the upstream density, as seen in Figure 2.4(B). This regime

also has weak collisionality (upper left part of Figure 2.2) Pitts [2007].

2.2.3 Conduction Limited / High Recycling Regime - inter-

mediately collisional

In the conduction limited/high recycling regime (Figure 2.4(C)), the collisionality
rises, as the upstream density rises, and parallel temperature gradients rises. But
since the pressure is maintained, the target temperature decreases, which makes the
target density increase. As the target density is increased, the recycling in the target
region increases, amplifying the particle flux in the process. As the target temperature
decreases, the radiation loss increases, which decreases the target temperature even
more. This is shown in Figure 2.4(C) the temperature and density profiles crosses
path, making a region of strong radiation loss in the process Pitts [2007].

The recycling regime is the foundation for the SOL and divertor plasma.
It comprises different types of neutral interaction (such as the plasma-neutral
interaction, ion-plasma interaction, and neutral — neutral interaction), ionization of
hydrogenic species, and plasma neutral interactions with the PFC Krasheninnikov
and Kukushkin [2017]. Plasma density in the high recycling regime is 10'%m =3 with
the mean free path of neutrals around 1 mm Krstic and Schultz [1999]. The high
recycling regime of the divertor performance was theorized in the late 1960s Lehnert
[1968] but was discovered around the same time as the discovery of the H model
in a tokamak in the early 1980s Keilhacker et al. [1982], Lackner et al. [1984]. In
the high recycling regime, neutrals deposit back onto the divertor target in the form
of energetic ions many times before they have been pumped out, deposited on the
PFC, or penetrated into the core. The highly recycled divertor is envisioned to be

implemented in future tokamaks as it is characterized by low plasma temperature and
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large plasma flux. This helps the divertor have a low sputtering yield from its PFC
Krasheninnikov and Kukushkin [2017].

There are two types of recycling regimes: (1) high recycling and (2) low recycling.
Recycling conditions are described by the ratio of total plasma flux to the PFC of
the divertor and walls (I'y;,) to the plasma flux entering SOL from the plasma core
(lsor). If Tyiw > Tsor, the recycling regime is labeled as low recycling and when
4w > T'sor, the recycling regime is termed as high recycling regime. A cartoon is
shown in Figure 2.6 depicting the I'y;,, and I'spr, in a tokamak divertor.

In a high recycling regime, the neutrals (shown in green in Figure 2.6) ejected from
PFC ionize close to the target. Since the open magnetic field brings the ions back to
the divertor target, the newly ionized particles bombard onto the divertor, making
the divertor highly recyclable. High recycling conditions lead to a significant increase
in particle flux on to the divertor and, in turn lead to changes in energy transport
in the upstream and downstream SOL Krasheninnikov and Kukushkin [2017]. Hence
high recycling conditions are preferable for the divertor.

During the ionization process in the recycling regime, there is an interaction
between old neutrals and newly ionized electron-ion pairs resulting in a transfer of
energy from the newly ionized to the cold old neutrals. Due to this, plasma flux
(T'4iv) increases towards the divertor while the temperature on the divertor target T}
decrease. This leads to decrease in heat flux on the target (¢) while the heat flux
coming into the SOL from the core (Qgsor) increases. The plasma energy transported
from SOL to the divertor target changes from being convective in nature in a low
recycling regime to conductive in nature in a high recycling regime Mahdavi et al.
[1981], Krasheninnikov [2018].

To reiterate, a high recycling regime is good as there is a fast flow of plasma
on the divertor targets along the magnetic lines that encourage the recirculation of
plasma. Plasma flow near the magnetic sheath must satisfy the Bohm criteria — given

by Stangeby [2000]:
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Figure 2.5: Langmuir probe data points showing upstream electron temperature

as a function of upstream electron density and its connection length on JET. Solid

lines show the boundaries between different divertor regimes, and the red dotted line

indicates the average trend line of the dataset

Neutral flux Collector Plates
S

Divertor Throat

4Divonor Coil
L Triplet

/Sopurclr-n

Figure 2.6: Schematic depiction of a high recycling regime pin-pointing the neutral,

divertor and plasma flux in a typical tokamak divertor. Image from Krasheninnikov
[2018]
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Where f! (v) is the ion velocity distribution at the edge of the sheath, v is the
velocity component perpendicular to the PFC, m; is the ion mass and T, is the electron
temperature Krasheninnikov and Kukushkin [2017]. When the plasma velocity is
greater than the square root of the ratio of T, and m;, there is a non-oscillatory
evolution of the electrostatic potential within a Debye length (length at which the
electrostatic potential is shields the PFC from the plasma) distance from the PFC
Stangeby [2000]. This leads to instability which is weak in nature and can be stabilized
easily by warming the plasma.

As mentioned earlier, the plasma — neutral interaction effects the divertor
detachment. In a high recycling divertor, plasma recycling occurs due to the following
conditions: (1) Production of neutrals from the divertor PFC and subsequent
volumetric recombination due to the neutralization. (2) Ionization of the neutrals
formed and (3) availability of power to maintain the ionization process Krasheninnikov
and Kukushkin [2017]. This regime has intermediate collisionality (central part of

Figure 2.2).

2.2.4 Detached Regime

When both heat and particle fluxes are reduced in the divertor region, Krasheninnikov
and Kukushkin terms this as the ultimate divertor detachment Krasheninnikov and
Kukushkin [2017]. However, the term ultimate divertor detachment and divertor
detachment will be used interchangeably through this document. When there is an
increment in the impurity radiation loss along with an increase in the plasma density
in the divertor and the SOL, the plasma temperature reduces at the divertor and the
target < beV. This in turn strongly reduces physical sputtering. At lower target
temperatures, the ionization rate of the neutrals is lower than the charge exchange

processes and recycling increases. Due to which the density at the target begins to
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reduce and the plasma pressure falls across the recycling region as seen in Figure
2.4(D). Once the target temperature reduces below 1-2 eV, volume recombination
process ‘extinguishes’ the plasma, and reduces the target power flux and reaching the
‘detached’ state Pitts [2007].

Although, in high recycling regimes, the edge plasma density increases leading to
an increment in the particle flux at the divertor target Krasheninnikov et al. [2016].
This increment increases the ion recombination at the target surface making the heat
load on the divertor exceed the 10 MW /m? material limit as proposed for an ITER
scale reactor Basis [1999]. To decrease this heat load on the divertor target, the only
possible way is to decrease the incoming particle flux. This is achieved by increasing
the edge plasma density further more than previously inputted, leading to a ‘detached
divertor regime’ Krasheninnikov et al. [2016]. It is characterized by the rollover of
the plasma flux on to the target by increased edge plasma density Loarte et al. [1998]
supplemented by large pressure drop and low plasma temperature at the target as
shown in Figure 2.7 Basis [1999]. Figure 2.7 shows the loss in plasma pressure and
target temperature as the electron density is increased in upstream and divertor target
with respect to p (x — axis in terms of plasma coordinates) in Alcator C-MOD. As
seen in Figure 2.7, the pressure and temperature in a sheath limited regime would
drop after 15mm in p, whereas, the pressure and temperature would drop at 5mm in
the detached conditions with density kept constant Basis [1999].

In the detached divertor regime, the plasma is virtually quenched before reaching
the divertor leading to lowered heat and particle fluxes on the divertor target PFC.
Radiation loss due to the presence of impurities, the plasma—neutral interaction and
volumetric recombination in the divertor region led to a detached divertor. In H-
mode operation, there is energy and particle loss due to ELMs that can produce high
heat flux incoming from the plasma core to the SOL (Qgsor) that can burn through
detachment Basis [1999]. Radiation loss due to impurity production also creates
thermal instabilities that link to loss of detachment Krasheninnikov and Kukushkin

[2017].
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Figure 2.7: Increase in plasma density from left to right in the figure leading to
loss in plasma pressure and target temperature (green and blue data sets) showcasing
the sheath-limited temperature transitioning to detached divertor. Image from Basis
[1999]
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2.3 Divertor closure, leakage and design

2.3.1 How are neutrals formed and measured?

Recall, two out of the four ways D — T reaction occur are depicted in Equations 1.2,
and 1.3 in Section 1.3. It is seen that the reaction produces an energetic neutron that
is produced during the fusion of D — D and D — T reactions. When the energetic
electrons, and the other plasma particles such as ions interact with the material
surface, a neutral hydrogen atom (will be referred to as ‘neutral’) is formed Stotler
et al. [2017] and this process is called as recycling. There are several other ways
a neutral is introduced in the plasma such as: neutral gas puffing, neutral beam
injection, and pellet injection Dey et al. [2019].

Recycling refers to neutrals and other ions released from the PFC by various PMI
processes Stotler et al. [2017] as shown in Figure 2.8. It shows various recycling
reactions at the PFC, such as neutral back-scattering, adsorption, dissociation,
ionization and resonant charge exchange.

The rate at which the aforementioned reactions occur can be seen in Figure 2.9.
It shows the reaction rate coefficients for atomic and molecular hydrogen in seven
different processes. (1) e~ + Hy — H, + 2e~ shows the ionization process, (2)
e~ + Hy — 2H° + e~, shows the Franck-Condon dissociation by electron impact, (4)
e~ +Hy — 2HY depicts the thermal release of molecule, (3) e™+ Hy — H°+H ™ +2e™
and (5) e~ + HY — H°+ H' + ¢~ depict ionization process of hydrogen molecule,
(6) e+ H®— H" +2¢ and (7) H'+ H* — H' + H° depict the resonant charge
exchange process. As shown in Figure 2.9, it is evident that Equation (7) exhibits
the highest cross-section across all electron and ion temperatures on the x-axis of
the plot. Equation (7) specifically represents charge exchange (CX), signifying the
exchange of charge between a neutral particle and an ion during their interaction.
The graphical representation in Figure 2.9 indicates that the rate of charge exchange

is notably higher when compared to other reactions.
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However, it is crucial to emphasize that charge exchange between a neutral and
an impurity ion does not occur due to the lower density of the impurity compared
to the neutral in typical tokamak experiments Stangeby [2000]. Neutrals play a
role in achieving H-mode as they can help in the pedestal formation Boivin et al.
[2000]. Neutrals also increase the plasma density during the L-H mode transition in
a tokamak when there is an increment in neutral density in the SOL. This increase
leads to opaque plasma and decrease in neutral penetration Carreras et al. [1998].

In general, there are two types of neutrals produced from the PMI processes: (1)
Reflected neutrals and (2) thermal neutrals. Reflected neutrals produced from the
PFC travel back to plasma volume instantaneously. Thermal neutrals are produced
by thermal desorption and can have some time dependencies. While many thermal
neutrals travel back to plasma radially outwards, some neutrals deposit into the PFC
by diffusion. This is the reason there is a constant need to refuel the plasma in a
tokamak Krasheninnikov and Kukushkin [2017].

The fusion plasma consist of hydrogen isotopes (H, D, or T), which in a quasi-
steady state has electron densities of 101310 ¢m =3 and electron temperatures up to
10 keV in the center of the plasma core. All of these fueling sources and impurity ions
emit photons at a particular wavelength, which can be measured using spectroscopic
approaches. These emitted photons can provide the following information: (1) ion
temperatures and velocities; (2) concentration of impurities in the plasma, (3) effect of
the impurities on the fueling source; (4) understanding of impurity production; and (5)
operating scenarios of the plasma. Spectroscopic techniques utilize accurate atomic
data (such as transitional probabilities, rate coefficients for excitation, ionization,
recombination, and charge exchange) to infer the intensities of the atomic species

Denne [1989].

Understanding the Electromagnetic Radiation

The determination of rate coefficients and cross sections for various processes within a

plasma constitutes an entire subfield of physics, which I will not delve into extensively
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here. However, for the present requirement, particularly with hydrogen plasma in
consideration, the rate coefficients have been consolidated as Photon Emissivity
Coefficients (PEC) for each collisional process. These coefficients are accessible in
atomic databases such as ADAS. Henceforth, in this document, the terms ‘PEC’
and rate coefficients (o;;v) will be used interchangeably. The primary focus of this
document is on neutrals produced from Balmer hydrogen.

From a spectroscopic perspective, there are three things a spectrum should have:
(1) The line of interest should have high intensity and should be unblended, (2) the
line should have longer wavelength; and (3) the relevant atomic cross section data
should be available Denne [1989]. In order to understand the spectrum, we must
understand the radiation coming from an atom with an electron.

Consider two energy levels of transitions: ‘i’ and ‘k,” where ‘i’ represents the
upper/higher energy level, and ‘k’ is the lower energy level. Any electron capable
of completing a transition from ‘% — &’ can do so through three mechanisms: (1)
an electron may decay from an upper energy level ‘E;’ to a lower energy level ‘E}’
by emitting a photon in the process, with a frequency of ‘v;,” ie., hyy = E; —
Ej. The likelihood of this spontaneous transition occurring in unit time can be
denoted by ‘A;’. (2) An electron in the lower energy level could absorb an incoming
photon, leading to excitation to an upper energy level, contingent on the probability
of absorption per unit time ‘By;p(vi)’. ‘Bix’ is a function of the energy density per
unit frequency of the electromagnetic radiation at the atom, denoted by ‘p(v;)’. (3) A
radiation-induced decay from ‘E;’ to ‘Fj,” with the probability of this event occurring
being ‘By;p(vix)’ Hutchinson [2002].

The terms ‘A;’, ‘By;’, and ‘Bj,’ are called the Einstein Coefficients and can be

defined as:

_ 8whu,

3

A By (2.18)
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9k Bri = giBik, (2.19)

873

Bip = co
" 3h2(4meo)

LSy, (2.20)

Where, c is the speed of light, g and g; represent the number of states in the k-th
and i-th levels respectively, and LS;; is the line strength dependent on the atomic
dipole moment. The Einstein coefficients can also be calculated using the absorption
oscillator strength fy;, which is defined as follows Hutchinson [2002]:

eh4 4 e 2 i
m 7T2€0Vik = T€Ep MeC™ g Azk (221>
(&

fri =

T 2 823 g,

fri is a dimensionless quantity that describes the strength of the transition; in
other words, if a transition is stronger, fi; approaches the value 1. Table 2.2 provides
spectral line data for Hydrogen, including its Lyman and Balmer series Hutchinson
[2002].

There are two main types of electron process that occur in a plasma: Collisional
and Radiative. The electron transition between bound states, and free bond
transitions such as recombination and photoionization come under the radiative
processes. Whereas, the electron impact ionization, de-excitation, impact ionization,
three-body recombination, dielectronic recombination, autoionization fall under the
collisional electron processes Hutchinson [2002]. Some of these processes are shown
in Figure 2.8.

The collisional processes of electron impact ionization, de-excitation, impact
ionization and three-body recombination are basically radiative in nature with
one difference: the transitions are stimulated by electron collisions without any
spontaneous decay. The Dielectronic recombination collisional process is a process
by which an atom excites an electron from itself into an upper energy level using the

energy loss from an external electron that is captured in an upper energy level.
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Table 2.2: Spectral Line Data for Hydrogen (Lyman & Balmer)

Line Wavelength Air fri Ji
[nm] (108571
Lo 121.57 4.699 0.4162 8
Lg 102.57 0.558  0.0791 18
L, 97.25 0.128  0.029 32
H, 656.28 0.441 0.641 18
Hpg 486.13 0.0842 0.119 32
H, 434.05 0.0253  0.044 50
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The reverse is known as autoionization. This, however, does not apply to hydrogen
as it has only 1 electron Hutchinson [2002]. The transition probabilities of radiative
processes can be determined using Einstein coefficients. However, for collisional
processes such as radiative recombination, it is best described by rate coefficients,
which are a component of a discrete cross-section o;;(v). The cross-section oy (v) for
such a process is defined by the number of collisions occurring in a density of atoms
n;, where the electron has the velocity v, per unit path length (Hutchinson 2002).
The rate at which these collisions occur with an atom containing all types of electrons

can be defined as:

/ o f(v)v d®v = n(opv) (2.22)
R3
where

s oipvf d3v

(o;xv) is called the rate coefficient. The (ov) is formulated for a Maxwellian
distribution with temperature 7. Therefore, rate coefficients can be used to calculate
the equilibrium population for each process, termed as collisional. Equation 2.22
describes an equation that encompasses both radiative and collisional processes. To
solve Equation 2.22, some simplification is needed and can be solved by finite matrix

algebra Hutchinson [2002].

Z[niAik — njAgi + 1 Bigp(vig) — 1y Brip(vik) + neni(oiv) — neng(ogv)] =0 (2.24)
ki
Now that we know how different electron processes and radiation occurs through
any atomic species, we must understand the equilibria in which the radiation occurs
in order to predict the radiative behavior of a plasma environment. By predictive

the radiative behavior, we can learn about the expected population of an atomic
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species in the said plasma environment. There are four major types of equilibria: (1)
Thermal; (2) Local — Thermal; (3) Coronal; and (4) Time — Dependent Situations
Hutchinson [2002].

Local Thermal Equilibrium

A plasma is said to be in a state of complete thermal equilibrium when the atoms in
the plasma adopt the Boltzmann distribution between all its possible states and emits
radiation energy density corresponding to a blackbody of the system temperature.
The radiation in a complete thermal equilibrium tends to be weakly coupled and hence
is not seen in a laboratory generated plasma, however, it is possible in inter-stellar
objects. Therefore, a Local Thermal Equilibrium (LTE) is a widely used concept in
the plasma physics community. In LTE, the atoms are Boltzmann distributed, but
the radiation is not thermal. This, however, is also restrictive to laboratory plasma.
Therefore a Saha — Boltzmann distribution is adopted which determines the relative
population of the ionized states of atoms in a thermal equilibrium Hutchinson [2002].
LTE can be achieved by the presence of high density of collisional transitions over
radiative transition between all the states of the atoms in a plasma. This can be

written as follows:

Ne > 1019\/§ (%)3 m™?] (2.25)

Where ‘AE/e’ and ‘T/e’ are the energy levels and temperature difference in eV.
For magnetic fusion plasma, Equation 50 is satisfied only when ‘AFE’ is very small.
Therefore, to predict the radiative population, a more generalized equilibrium is to
be used, i.e., using rate coefficients for a specific atom process Hutchinson [2002].

Coronal Equilibrium

In coronal equilibrium (word derived from solar corona), the upward transitions
are considered to be collisional, as the radiation density is low; and all the downward
transitions are considered to be radiative, as the electron density is low. When a

downward transition occurs, a photon is emitted that is absorbed by another atom
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elsewhere in the plasma for an upward transition. Therefore, in a plasma that is
optically thin (low on density), the photon emitted in a downward transition is lost
as it is not absorbed. Therefore, in an optically thin plasma, the upward radiative
transitions are neglected (Hutchinson 2002).Therefore, Equation 2.24 can be rewritten

for coronal equilibrium as

> [niAs; = njAji +niBijp(vij) — ni Bjip(vig)] = 0 (2.26)
j#i

Time-Dependent Equilibrium
Most of the time, the plasma is not always constant and is dependent on time.

Hence for a time dependent solution we can rewrite Equation 2.24 as

dni
dt

> [niAi; = nj Aji +niBijp(vij) — 1 Bjip(vij) + neny(oiv) — neny{og0)] = (2.27)

J#

Where the only difference is a change from right hand side of the Equation.
Equation 2.27 encompasses the change in density over time to derive the population
in an equilibrium. If the excited state is in equilibrium with the ground state, even if
ground states of different species are not in equilibrium with one another, the system
can be simplified. This would help use Equation 2.27 as a part of a coronal model
or a less restrictive model. One such model is called the Collisional Radiative Model

(CRM) Hutchinson [2002].

Measurements of Neutrals

The study of Electro-Magnetic (EM) radiation emitted by ionized media is known as
plasma spectroscopy and is a powerful diagnostic technique available to any plasma
physicist. The only difference between normal spectroscopy and plasma spectroscopy
is that the latter has a dependence on the surrounding plasma properties near the
radiating species along with the radiating atomic/ionic species. This dependence is

due to the fact that the radiation emitted by the species is due to the interaction
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of the electrons/ions with the plasma to produce the radiation. This interaction can
be due to several processes, as described in Figures 2.8 & 2.9 — such as ionization,
recombination, excitation, de-excitation, and charge exchange Michelis and Mattioli
[1984].

Degree of Dissociation

Figure 2.9 depicts reaction rates of several processes that occur in plasma
through which neutral particles are formed. These processes, as seen, has both
atomic and molecular neutral particle. In a laboratory made low temperature
hydrogen/deuterium plasma, the neutral particle is dominantly molecular (Hs, Ds)
in nature with a degree of dissociation (4) around 1%. The molecular hydrogen
dissociates into atomic hydrogen via a process of direct excitation and a process of
dissociative excitation (shown as Curve 5 in Figure 2.9). The relevance of ion H
(curve 5 in Figure 2.9) is of less importance as its density is 3 times lower than the
atomic density at 1% degree of dissociation and ionization degree of 107, where

degree of dissociation (¢) is given by

§=—1
Ng/e + N,

(2.28)

Where, ny is the atomic hydrogen density, and ng, is the molecular hydrogen
density. Generally, the ‘07 is 4%-6% for hydrogen plasma compared to 5.5%-7.5%
for deuterium plasma. The rate coefficients for hydrogen and deuterium originating
from direct excitation are similar to one another, however, the rate coefficients for
deuterium are lower in case of dissociative excitation Fantz [2002].

The neutral density is calculated by analyzing Balmer and Lyman series. However,
utilizing Balmer series is advantageous to calculate neutral density as opacity in
plasma (which makes it impenetrable to radiation) predominately influences the
Lyman series. Figure 2.10 shows neutral density of hydrogen and deuterium in a

Helium plasma with and without the taking into account of opacity of Lyman lines

on the Balmer series. It is to note that, the plasma was made from a mixture of
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10% Hy/He and 10% D,/He gas. It can be seen that three main Balmer lines were
analyzed: «, (8, and . As seen in the figure, in an optically thin plasma (some
penetration of radiation is possible), Balmer « deviates the most (especially in Dy
plasma) due to the high re-absorption and small Doppler profile whereas, Balmer ~
deviates the least, i.e., it is the least influenced line as it contains smallest molecular
contribution and is least affected by opacity. It is to note that Balmer v has some
drawbacks, i.e., it has weak intensity as it is susceptible to recombination and is
sensitive to electron density Fantz [2002].

Neutral Opacity

Plasmas exhibiting minimal self-absorption of radiation are referred to as ”op-
tically thin” or ”less opaque”. These plasma, often found in low-temperature
environments, are primarily governed by collisions and can initially be treated as
optically thin. However, a notable occurrence arises from the high population density
residing in the ground state relative to the excited states. This phenomenon may lead
to the re-absorption of robust resonance lines of Balmer and Lyman hydrogen Fantz
[2002].

For a homogeneous plasma, it is assumed that the the length of the plasma [ have

uniform 7, n. and n;. The radiation through this plasma can be quantified by

o =& k(v)I, (2.29)

Here, the change in intensity I, over a unit path length is defined by the spectral
emission coefficient €, and the absorption coefficient x(v) per unit meter. Adding

a source function S, = €,/k(v), the above equation 2.29 can be rewritten as Fantz

2002]
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without accounting for the influence of opacity on Lyman lines. Image from Fantz
[2002]
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dl,
dr

=S, —1I, (2.30)

dr = k(v)dl

dr is the optical depth, 7(v) is the optical thickness at given v frequency and can

be defined as follows. Fantz [2002]

T(v) = k(v)l (2.31)

Here, k is a function of density and [ is a function of distance. Integrating Equation

2.30 with 1,(0) = 0, we get

K(v)

An optically thin plasma can also be defined as k(v)l = 7(v) < 1 where the

I, = (1 —exp(—r(v)l)) =S, (1 — exp(—T(v))) (2.32)

exponential function can be approximated to be linear and the intensity can relate
the spectral coefficient. The area under the absorption coefficient x(v) can be written
as a function of the Einstein’s transition probability for absorption By, or with the

oscillator strength f as shown below. Fantz [2002]

hvg e?
K dv = KBH — = Ng 2.33
/,mefi AV =0 P " f4eomec ( )

Here, vy is the frequency of the line, ¢ is the speed of light, ¢j is the permittivity of
free space. The transition probabilities in optically thin environments are affected by
factors known as population escape factors, denoted as 0, ., which signify the ratio of
absorbed to emitted radiation power. These factors elucidate how the radiation field
within the plasma volume influences the population of electronic states. It’s important
not to confuse these with escape factors used in radiation transfer calculations along a

line of sight through the plasma, crucial for analyzing observed line radiation affected
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by self-absorption. The population escape factor is always less than 1 and varies
based on the absorption coefficient, line shape, and plasma geometry Fantz [2002]. It

is given by

9(p, R):/I‘ Prexp(—ky,p(A)b)dA (2.34)

/ Pd\=1
line

here, P, is the spectral line profile, b is the characteristic length of about half of

with

the shortest dimension in plasma, and as mentioned before, x()) is the absorption
coefficient in the line center and is defined as
Ao fe? i,

Ao) =ng—
(o) nlc4eom6 2K,

(2.35)

here, p is the atomic mass number, n; is the number density in lower state Fantz
[2002].

Figure 2.11(a) shows population escape factor 6 as a function of k(\g)b for
Lyman alpha, beta, gamma and delta for density of 10?°m =3, temperature of leV
and a characteristic length of 5cm. Here, observations indicate that the initial
lines within the Lyman series exhibit optical thickness in scenarios characterized
by typical parameters of low-density plasmas. This circumstance could potentially
impact the population density of higher energy levels as well. The Figure 2.11(b)
depicts correction factors for opacity pertaining to each Balmer line under conditions
of ne = 10", m=3 and T, = 2,eV, applicable for a Doppler profile of 1 eV. These
factors must be adjusted to match the actual ionization grade, with additional
scaling necessary for deuterium due to the mass-dependent nature of the absorption
coefficient. The absorption coefficient, primarily dependent on electron density and
to a lesser extent on electron temperature, is a key determinant. Correction factors

have been derived for both atomic and molecular components, revealing hydrogen’s
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lesser susceptibility to opacity compared to deuterium or hydrogen-alpha. This, along
with the reduced influence of dissociative excitation on population, suggests hydrogen
as the preferred option for diagnosing atomic hydrogen densities Fantz [2002].

Balmer Line Ratio

Each Hydrogen emission spectral line emit photons due to the electron transition-
ing between two energy levels. The energy levels are divided into two state: higher
(n) and lower ( n’ ). The emission spectrum of hydrogen is divided into seven spectral
line series based on their lower energy levels ( n' ): Lyman (n’ = 1), Balmer (n’ = 2),
Paschen (n’ = 3), Brackett (n’ = 4), Pfund (n’ = 5), and Humpherys (n’ = 6) and
others (n’ > 6). For example, the transition from energy level 2 to energy level 1 has
the spectral line called Lyman alpha, and the transition from 3 to 2 is called Balmer
alpha Nave [2005].

Three most common hydrogen spectral series analyzed in a tokamak are the
Lyman, Balmer and Paschen. These series are used to understand the sourcing fuel
(Deuterium) in UV, visible and IR range respectively Nave [2005]. The Lyman and
Balmer series electron transition and their wavelength are described in Table 2.2. Do
note that the wavelength for hydrogen and Deuterium Blamer series are very similar
to each other of Edinburgh [2020].

When Balmer a and 7 are measured, the neutral particles are predominately
molecules, however, with dissociate excitation occurring simultaneously along with
taking into the effects of opacity, the measurement becomes insensitive and hence
taking line ratio (H,/H, or D,/D.,) comes into play. Figure 2.12 shows the line ratio
with respect of electron temperature ranging from 1 eV to 4eV. Figure 2.12(a) shows
line ratio of H,/H, and H,/Hg and Figure 2.12(b) shows line ratio of D,/D., and
D, /Dg, both of which has degree of dissociation taken into account. The hollow data
points represent the H,/H, and D, /D, ratio whereas the filled data points represent
the H,/Hg and D, /Dg Fantz [2002].
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The data points represent the percentage of Hs/Dy molecules in Helium with H:
10%, A: 20%, ¥: 50%, e: 80%, and %: 90%. It can be seen from Figure 2.12(a)
and 2.12(b) that H,/H., ratio is superior to H,/Hgz . The hydrogen ratio tends to
increase its dependency on electron density as it increases. The atomic and molecular
excitation is different in deuterium compared to that of hydrogen, giving a more
accurate result for line ratio for deuterium Fantz [2002].

Atomic and Molecular Fluxes

The temperature at the divertor varies from 10 eV to sub eV where it can be
attached or detached or can be highly recycling. With the different divertor regimes,
the atomic and molecular hydrogen / deuterium varies. Therefore, to determine the
atomic hydrogen / deuterium flux 'y, Balmer line radiation is measured. Atomic
hydrogen / deuterium flux is measured by using the S/XB coefficient, where ‘S’ is
the effective rate coefficient for ionization, ‘X’ is the excitation rate coefficient and
‘B’ is a branching ratio for the H,/D,, line and is available in atomic databases Fantz

[2002]. The 'y is given by
S

Ty=—T
= xp

(2.36)

Similar to Atomic flux, molecular flux can be found using molecular bands, i.e.,
along with ionization process, the process of dissociation will also be considered Fantz
[2002]. The molecular flux is given by:

Serr+ D

FHQ = XB <] FFulcher (237)

Where, Sc¢r and D.sy are the effective ionization and dissociation rate coefficients,
and [pyiener is the Fulcher alpha particle flux (Fulcher alpha band is a molecular
band of Balmer alpha that ranges from wavelength 600 — 640 nm). The effective
ionization and dissociation processes per effective Fulcher alpha system is calculated
with collisional radiative model and the data is available in Fantz [2002]. In general,

the molecular fluxes were found between 1 to 20 eV and for temperature less than 1
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eV, the radiation emitted by the hydrogen molecule is weak Denne [1989], Johnson
and Hinnov [1973], Fantz [2002].

Molecular Assisted Recombination (MAR)

During the onset to detachment, the temperature at the divertor falls below
5eV and is followed by volumetric recombination of neutrals (majority of which are
molecular in nature). The molecular neutrals produced at the surface by recombining
atoms and ions leak into the main chamber plasma and play a defining role in divertor
dynamics. This process, where the volumetric recombination is enhanced due to the
presence of molecular neutrals is known as Molecular Assisted Recombination (MAR).
The vibrationally excited molecules (Hy (v) and Dy (v)) enhance the volumetric

recombination by the following processes Fantz [2002]:

Hy(v)+e — H +H followed by H +H"— H+ H* (2.38)
Dissociative Attachment Mutual neutralization
Hy(v)+ HY — Hf + H  followed by  Hf +e — H+ H* (2.39)
Ton Conversion Dissociative Recombination

Equation 2.38 and 2.39 shows that in each reaction an electron and/or ion
recombines to a neutral H atom and the molecule is dissociated, with an electronically
excited state (H*) as a byproduct of the reaction. This excited state can vary in three
ways which can either lead to Molecular Assisted Recombination — MAR (Equation
2.40, Molecular Assisted Dissociation —- MAD (Equation 2.41), and Molecular Assisted
Tonization — MAI (Equation 2.42) Fantz [2002].

Only Equation 2.40 — MAR contributes to volumetric recombination compared to

MAD and MAI. Rate coefficients for MAR, MAD and MAI are available in atomic
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databases and it is to note that the rate coefficients for MAI are too small compared
to MAR and MAD. The rate coefficients of MAR and MAD differ by a factor of
1 to 2. The MAD and MAR decreases away from the divertor wall, whereas in
comparison, the radiative recombination rate remains constant even away from the

divertor volume.

Hy(v)+ H" — Hf + H  followedby  Hy +e¢ — H+H (2.40)

Hy(v)+ H" = Hf + H  followedby  Hy +e- - H+H"+e (241)
Hy(v) + HT — Hf + H  followed by  Hf +e” — HT+ H' +2e~  (2.42)

The decrease in MAD and MAR away from the divertor wall is due to the
high electron temperature and low molecular density away from the divertor wall.
MAD dominates over all reaction chains which confirms that the molecules dissociate
(MAD) and ionize (MAI) before they recombine (MAR). A thin layer of molecules
closes to walls contribute to plasma recombination. Since the MAD and MAI
dominates more than MAR, the ionization lengths of the particles reduce, making
the potential energy stored in the divertor increase leading to plasma re-attachment
Fantz [2002].

Reflection Coefficients (R)

The atomic and molecular hydrogen and deuterium present in the plasma edge

can be used to find diffusive I'g;ry and molecular I';,,; flux, which are given by:

d
Fdiff = Dnd—: and Fmol = HH% (243)

Where, D, is the diffusion coefficient, D,, for hydrogen is 4.3 m?/s and D,, for
deuterium is 3.3 m?/s at 20 Pa and 650K temperature. The atomic flux 'y or
I'p derived from above values is same for both hydrogen and deuterium at value

2.6x10%1 m=2s7!. The particle flux is termed molecular when the mean free path of
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the particle is shorter than the distance of line of sight to the surface, thus molecular
flux takes atomic neutral density ny into account. The term vy, is the mean particle
velocity, and the vy, (H) = 3700m/s, and vy, (D) = 2600 m/s at 650 K temperature.
It is to note that the molecular fluxes are considerably higher than diffusive fluxes
Fantz [2002].

Calculating both diffusive and molecular fluxes help determine a term called

‘Reflection Coefficient’ (R), defined as:

Fmol - Fdsz

R =
1—‘mol

(2.44)

Since both diffusive and molecular fluxes are influenced by the surface of the
wall, the fluxes for both hydrogen and deuterium are different. For graphite wall,
hydrogen had a reflection coefficient of 91% and deuterium had a reflection coefficient
of 95%. For stainless steel wall, reflection coefficient for hydrogen is 73% and 93%
for deuterium. Therefore, reflection coefficient (R) is important to calculate, in order
to understand the wall and plasma parameters as it influences the atomic density of
hydrogen and deuterium near the surface that leads to change in recycling and degree
of dissociation Fantz [2002].

Particle Source Ionization Rate

One of the main goals for current and future fusion reactors is to reduce the
particle and heat fluxes on the PFC of the divertor target. The main drivers of the
particle and heat fluxes are the power and neutrals pressures balance at the plasma
edge region that is controlled by radiation and charge exchange. One way to reach the
goal is by divertor detachment — i.e., very low heat and plasma flux on the divertor
as outlined in section 2.2.4. Remember, in the detachment regime, plasma-neutral
interaction plays a major role with interaction directly affecting the power radiated
by the hydrogen resulting in the momentum transfer from the ion-fluid to the neutrals

through charge exchange and other processes Kurz et al. [1997].
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The D, emission rate is defined by the following equation. Where, 'S, is the H,,
emissivity (H, photons/m3s), 'n.’ is the electron density, 'n,’ is the neutral density,
and '(ov)’ is the rate coefficient (as seen in Figure 2.9) for various atomic processes

such as excitation, dissociation, and charge exchange Kurz et al. [1997].

S = Ne - Ny, - {OV) (2.45)

In the SOL, there are two main mechanisms that usually dominate the particle
sourcing: (1) Plasma electrons locally ionizing the neutrals; and (2) cross-field
diffusion. Describing just the electron ionization process, one can rewrite equation

2.45 as

Siz =neny - (oV;,) (2.46)

Where, ’S;.” is the ionization rate of hydrogen atoms due to electron impact and
is measured in ionization events/m?/s. The value 'ov;,’ is an ionization cross-section
that encompasses the rate coefficient for the ionization process (rate coefficient is
shown in Curve 6 in Figure 2.9).

For primary results for the experiments conducted for this document, Equation
2.46 will be used to calculate the particle source ionization rate. However, for future
experiments, the '(ov)’ from Equation 2.45 can/should consist of all the seven atomic
and molecular processes described in Figure 2.8 — such as dissociation and charge
exchange Stangeby [2000].

In summary, understanding how neutrals are formed and measured play a role
in understanding the hypothesis question that is poised in this thesis. The first
hypothesis questions mentions understanding neutral leakage and its correlation with
divertor closure. The information provided by this section helps us understand and
measure neutrals in terms of ions and utilize the information to infer the results to

answer the hypothesis question.
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2.3.2 Divertor closure

A considerable fraction of neutrals emitted from the divertor target undergoes re-
ionization within the divertor region before reaching the SOL or the core, owing to
an opaque plasma, rendering the divertor highly recycling, as detailed in Section
2.3.3. Furthermore, the physical geometry, particularly the re-emission of neutrals
perpendicular to the recycling surface Pitcher and Stangeby [1997], influences the
recycling nature of the divertor. A highly recycling divertor aids in reducing power
load on the divertor plate, lowering temperature by enhancing neutral density, thereby
promoting detachment. This detachment proves advantageous for prolonged material
endurance in future devices. Thus, the concept of divertor closure becomes pivotal in
this context.

Historically, the term ”divertor closure” has been associated with separatrix
electron density and exhaust efficiency. The prevailing understanding posited that
lower closure corresponded to increased particle leakage from the divertor, and
conversely, higher closure indicated improved particle exhaust. In the late 1990s,
Jones and colleagues from JET (Joint European Torus) introduced the concept of
divertor closure in the context of enhanced particle exhaust, highlighting that superior
particle exhaust was synonymous with higher closure, as documented in their work
Jones [1997].

Subsequently, Bosch and the ASDEX team in 1999 expounded on divertor closure,
drawing an analogy to electron separatrix density. This quantification approach for
divertor closure found application in the early 2000s, as exemplified by research teams
at JET Guo et al. [2000] and JT60-U Sakasai et al. [2001]. These teams quantified
divertor closure indirectly by measuring higher separatrix density.

In the following years, researchers from HT-7U Zhu and Zha [2003] and JET Rapp
et al. [2008] redefined divertor closure with respect to recycled neutrals. Their findings
indicated that lower recycled neutrals were associated with higher divertor closure.

In 2008, the JET team Fundamenski [2008] established a widely adopted definition
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of divertor closure, which involved measuring neutral pressure inside and outside
the divertor and quantifying neutral compression. According to their definition,
higher divertor closure corresponded to increased trapped neutrals and greater neutral
compression.

The concept of divertor closure was later linked to geometric baffling by the
MAST-U team Fishpool et al. [2013], Havlickova et al. [2015], marking the first
instance of such an association. Subsequently, the DIII-D team defined closure by
considering an increase in separatrix density and combining it with higher bafHing
Sontag et al. [2017], Casali et al. [2019, 2020, 2022].

The lack of consensus within the community regarding the definition of divertor
closure is evident from the diverse approaches taken by different research teams.
Consequently, there is a pressing need for a standardized definition of divertor closure,
a gap that this thesis aims to address.

A general widely accepted definition of divertor closure, as defined by Horton
et al. [1999], Loarte [2001], pertains to neutrals emitted from the divertor target that
escape the divertor region. The level of neutral escape is inversely proportional to
divertor closure, with higher closure resulting in lower neutral escape. Increased
closure enhances particle pumping within the divertor region, diminishes neutral
density in the main chamber, and augments plasma confinement. The closure is
contingent upon both magnetic and physical geometry.

Generally, a divertor characterized by tight baffling and a closed structure prevents
neutrals from escaping the region. Achieving a closed structure involves adjusting
baffle positions, directing emitted neutrals to ionize toward the Private Flux Region
(PFR). Figure 2.13 illustrates the re-ionization pattern of neutrals in connection with
a horizontal divertor (depicted at the outer divertor) and a vertical divertor (depicted
at the inner divertor). In the case of vertical divertors, neutrals are recycled toward
the separatrix, where the power flux is at its maximum. Conversely, for horizontal
divertors, neutrals generated at the separatrix strike point are recycled in the outer

region of the SOL.
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Figure 2.13: A cartoon depiction of neutral ionization pattern related to Vertical
and Horizontal divertor target plate. For Vertical target, the neutrals re-ionize near
the separatrix and for horizontal target, the neutrals re-ionize near the outer SOL.
Loarte [2001]
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It should be emphasized that ELMy plasma discharge tends to elevate recycling
in the main chamber. The extent of divertor closure’s influence on recycling neutrals

outside the divertor region would be contingent on the magnitude of ELMs.

2.3.3 Divertor Leakage

Neutral divertor leakage refers to the neutrals that have ‘leaked’ or ‘escaped’ the
divertor closure Casali et al. [2020]. Figure 2.14 depicts a generic tokamak cross-
section with the neutral leakage path. Loop 1 in Figure 2.14 depicts the ions impinging
on the divertor plate that are recycled as neutrals, which are then again ionized and
returned to the divertor. Loop 2 shows the ions pathways that leak from the divertor
region and later ionize in the core. Loop 3 shows the location outside the divertor
where ions moving radially outwards recycle with the main chamber. These neutrals
ionize and travel back to the PFC or into the plasma core. Loop 4 depicts the ions
that recycle at the divertor but leak directly to the main SOL, where they are ionized
into the core Lipschultz and LaBombard [2005].

Neutral leakage is different in open and closed geometry. In a closed divertor
geometry, the neutrals are efficiently trapped at the target and are recycled. Whereas,
in open geometry, the neutrals scatter into the SOL and private flux region higher
power dissipation and pedestal fueling Casali et al. [2020].

In order to quantify the divertor leakage, Casali et al. came up with a ‘Divertor
Leakage Parameter’ or ‘DLP’. It is defined as the ratio of the number of neutral
particles leaking from the divertor to the number of neutral particles being produced
in the divertor and can be formulated as:

Fi elow X —poin d
DLp (] = L Litetowxpoint 4 0 (2.47)

f Sneutral dy

Where, Speutral = Srecycling + Srecombination 15 the neutral originating at the

divertor and I'; pejowx —point 15 the loss of neutrals just below X-point in the divertor.

L' betowx —point Tepresents the ion flux below the X — point. DLP is calculated (in
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plasma. Image from

Figure 2.14: Flow of neutrals through SOL, divertor and core

Lipschultz and LaBombard [2005]
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percentage (%)) as a function of separatrix density from attached to detached
conditions and is depicted in Figure 2.15 with open (blue) and closed (green) divertor.
The neutral leakage in open divertor is 30% and in closed divertor is 2% in attached
plasma condition. However, at the onset of detachment, the neutral leakage increases
in closed divertor geometry to 12% and 35% for the open divertor configuration.
Also, in detached conditions, the neutral leakage is increased further to 20% in closed
divertor and up to 60% in the open divertor configuration. This is summarized in
Table 2.3 and it concludes that the divertor geometry is important for the neutral

leakage Casali et al. [2020].

Main Chamber Recycling

Main chamber recycling (MCR) refers to the recycling of neutrals and PMI at the
main chamber (located at loop 3 in Figure 2.14). The neutral source at the main
chamber occurs due to a combination of three main processes — (1) plasma ion flux
moving radially outwards impacting the wall (Figure 2.14, Loop 3); (2) neutrals that
leak through vessel walls bypassing the vessel structure (Figure 2.14, Loop 4); and
(3) neutrals leaking from the divertor through charge exchange and wall collision and
reflections Kallenbach et al. [2003]. MCR has damaging effects on plasma performance
and on particle and plasma control, which is an issue for future reactors such as ITER

Groth et al. [2003].

Understanding SOL transport & Onset to MCR

The energy and particle from the core enter the SOL through slow cross-field
transport, and once the particle and energy are in the SOL, it travels to the divertor
target quickly with the help of the parallel B field transport Stangeby [2000]. Cross-
field particle fluxes extend from the far SOL to the near SOL at the main chamber
and help balance neutral density and, in turn, ionization source rates at the main

chamber.
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Table 2.3: Comparison of DLP values in different divertor geometry with different
divertor plasma conditions Casali et al. [2020]

Open (LSN) | Closed (USN)

Attached 30% Leakage | 2% Leakage
Onset to Detachment | 35% Leakage | 12% Leakage
Detached 60% Leakage | 20% Leakage
60 T T T T
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Figure 2.15: The DLP as a function of separatrix density in Open (LSN) and Closed
(USN) DIII-D divertor geometry. Image from Casali et al. [2020]
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Assuming the molecular recombination is neglected, the conservation of plasma

and neutral species requires the following equations to satisfy LaBombard et al. [2000].

V. Fdiv = N Ne Rion (248)

In equation 2.48, I'y;, is the divertor plasma flux, ng is the atomic density, n. is
the plasma electron density and k;,, is the ionization rate coefficient. In Equation
2.49, T’y is the neutral atomic flux.

Figure 2.16 shows the SOL laid out flat with length 2L extending from one divertor
surface to another. SOL can be divided into series of flux tubes adjacent to each
other with constant electron density and temperature. It is noted that MCR occurs
in both low and high recycling regimes. Averaging Equations 2.48 and 2.49, we get

the following equations:

0

o (Tw) =me <<n0> Kion — %) (2.50)

0 0
%@D + %@(OLW =0 (2.51)

Equation 2.51 states that the average plasma flux density that crosses any
magnetic field that terminates on an axisymmetric wall perpendicular to § (magnetic
field) (Figure 2.15) is balanced by neutral flux density from the opposite direction.
Equation 2.50 shows that the average plasma flux decreases as the flux travels deeper
(in the 'r’ direction) into the SOL if the averaged ionization source does not exceed
the parallel flow losses at the divertor surface. (I')) increases with distance in the
SOL if the averaged neutral density in a flux tube (ng) exceeds a critical value (ng)crit-
If ('} ) increases with distance in SOL, (ng) increases as the overall recycling over the
SOL increases. If (ng)ei value is surpassed at one location in the SOL, then (ng)eri

will increase in all the SOL until C;/2L increases sufficiently. When (ng) in the LCFS
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is almost equal to (ng)eit, the source ionization rate becomes uniform throughout the
SOL due to cross-field fluxes. These cross-field fluxes increase to the nearest main
chamber leading to main chamber recycling (LaBombard et al. 2000). This MCR
regime is dominated by cross-field plasma density, which is given by Equation 2.52,
where T, is the temperature of electron or ion in eV, ¢ is the safety factor, and R is

the major radius in meters LaBombard et al. [2000].

Te
(P L)erit ~ 2 x 10%° (_R> m?s~! (2.52)
q

When (I"}) is close to (I'} )is, the cross-field plasma fluxes dominate the plasma
particle balance in the SOL. When (I} ). is achieved near the LCFS, the SOL
achieves MCR with radially dominated transport LaBombard et al. [2000].

MCR measured in ASDEX-Upgrade, Alcator C-Mod, and DIII-D

This section will describe neutral measurement in terms of Balmer alpha, neutral
pressure, and/or both of the above in the ASDEX-Upgrade, Alcator C-Mod, and
DIII-D.

Starting with ASDEX-Upgrade, the neutral flux density is measured using
ionization gauges and derived using Balmer alpha spectroscopy. The neutral flux
measured in the divertor is found to be 200 times higher than at the midplane, as
seen in Figure 2.17. However, the neutral flux densities at the high flux side are
40 times higher than the midplane. These results originate due to the presence of
bypass neutral leakage (Loop 4 from Figure 2.14). The neutral density measurement
is difficult to quantify between the high and low flux sides due to wall reflection.
However, the 10-30% of bypass neutrals originating from the divertor lead to MCR
at the midplane Kallenbach et al. [2003].

Alcator C-Mod measures neutral pressure at both divertor and midplane regions.
The Alcator C-Mod team measured neutral pressures in low and high recycling

regimes with plasma operating conditions being both attached and detached.
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Figure 2.16: Flattened out SOL depicting the cross-field plasma flux moving towards
the divertor targets. Adapted from Stangeby [2000]
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The neutral pressure in the divertor is 100 times more than that in the main
chamber. However, the upper neutral pressure is only three times higher than the
midplane. The MCR dominates in the main chamber SOL, and the neutral pressure
in the main chamber SOL is comparable to that found near the divertor LaBombard
et al. [2000].

The DIII-D team utilized cameras to observe the divertor and midplane areas of
the DIII-D vessel, enabling the measurement of inner and outer emission wall profiles.
Balmer alpha measurements were also conducted using a filterscope. In low-density
discharges with attached plasma (L mode), the D,, emission exhibited a peak further
upstream in the inner divertor leg, with twice the D, emissivity at the inner strike
point compared to the outer strike point. It is noteworthy that the D, emission
peaked near the X point within the separatrix. Additionally, the D, emission at the
midplane was three times lower than that on the divertor plate. In recycling low and
medium ELMy H mode plasma, the D, emission was found to be twice as high in the
divertor region. In a double null configuration, the D, emission remained uniform in
both the inner and outer divertor legs. However, the magnitude of D, was twice as
high in the lower divertor compared to the upper divertor. Also, in the double null
configuration, the emission from the lower X point was twice as high as that from
the upper X point Groth et al. [2003]. In summary, a detached divertor regime is
advantageous as it provides high collisionality at the target with lower MCR (refer
to Figure 2.2). This condition can enhance pedestal performance and contribute to

a better understanding of particle and plasma control.

2.3.4 Effects of Divertor Design on Divertor Physics

The divertor designs in various experimental tokamaks worldwide as seen in Figure
2.18 have evolved over decades to maximize benefits, aiming for regimes with low
power load on the divertor target, minimal material erosion, and effective energy

and core confinement. These designs also integrate effective particle and helium

5



ash removal, essential for future reactor designs Loarte [2001]. Figure 2.18(a) shows
schematic representation of three divertor geometries investigated in JET: Mk I, Mk
ITA, and Mk II Gas Box. During the Mk ITA exploration, the conductance of the
bypass leaks was reduced (referred to as Mk ITA /P, denoting Mk ITA with plugged
divertor leaks).

In all geometries, divertor pumping is conducted using a divertor cryo-pump
[prepared by R.D. Monk]. Figure 2.18(b) depicts the divertor geometry in ASDEX-U
with Div I (open) and the Div II ‘Lyra’ (closed). Pumping in Div I involves turbo-
molecular pumps connected to the vacuum vessel near the outer divertor through
the shown ports. Additionally, a cryo-pump has been installed in Div II to enhance
pumping Gruber et al. [1999]. Figure 2.18(c) illustrates the divertor geometry in
Alcator C-mod, delineating the positions of the bypass divertor leaks and the locations
of gauges for measuring neutral pressure (G) Pitcher et al. [2000]. Figure 2.18(d)
Divertor geometry in DIII-D with magnetic equilibria for the bottom (open) and
top (closed) divertors. Lastly, Figure 2.18(e) the two divertor geometries explored
in JT-60U: (open) divertor and W-shape divertor (closed). In the W-shape divertor,
pumping occurs through the private flux region Asakura et al. [1999a].

This section explores the non-linear dependencies of divertor design on neutral
transport, impurity transport at the divertor, SOL, and edge plasma. It discusses the
impact of x-point location on target power load, considering horizontal and vertical
targets (2.3.4). Additionally, it explains divertor geometry effects on detachment
and divertor radiated power (Appendix F), influences on deuterium and impurity
pumping (2.3.4), and the impact of neutral pressure in the main chamber on plasma

confinement (2.3.4).
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Figure 2.17: Neutral flux densities from midplane D, spectroscopy (<), ionization
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main chamber on the LFS (+) are compared with the neutral flux measured using
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Figure 2.18: Divertor designs in various experimental tokamaks worldwide: (a)
JET [prepared by R.D. Monk], (b) ASDEX-U Gruber et al. [1999], (c¢) Alcaor C-
Mod Pitcher et al. [2001], (d) DIII-D and (e) JT-60U Asakura et al. [1999a]
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Effect of divertor magnetic geometry on target power load via flux

expansion and X-point height

Upstream power and particle fluxes exhibit dependence on x-point formation,
divertor target flux expansion, and divertor geometry—whether configured with
a flat horizontal or vertical target featuring a specific angle of incidence. Flux
expansion inversely correlates with x-point height, associated with longer divertor
legs. Consequently, an augmented divertor leg length or increased x-point-to-target
distance correlates with elevated peak power deposition on the divertor target. This
outcome arises from an enlarged angle of incidence on a flat divertor target and
diminished flux expansion, with concentrated deposition of particle and heat fluxes.
Loarte Prieto [1992], Loarte and Harbour [1992], Loarte [2001]. This is illustrated in
Figure 2.19, presenting normalized flux measurements commencing from Z; = Ocm,
where the x-point-to-target is set as 0 as a reference, signifying direct contact between
the x-point and divertor target. The measurement extends up to Z; = 30cm depicting
increased flux deposition as distance increases.

Another influential factor affecting power deposition on the target, in conjunction
with varying x-point height, is the diffusion of particle fluxes into the Private Flux
Region (PFR). Upon diffusion into the PFR, the maximum parallel power flux
diminishes by a factor of 2 when mapped to the outer mid-plane Lasnier et al. [1998],

Loarte [2001].

Effect of divertor geometry on neutral pumping

Adding to the previous sections mentioning the effects of divertor geometry, another
important parameter is neutral pumping, which is a requisite for achieving precise
density control in ongoing experiments and facilitating the removal of helium ash in
subsequent devices. Enhanced divertor closure diminishes the likelihood of recycled
neutral atoms/molecules escaping to the bulk plasma, thereby elevating divertor

neutral pressure and, consequently, enhancing divertor pumping efficiency. Figure
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2.20 [prepared by R.D. Monk] illustrates the escalating divertor neutral pressure
across similar L-mode plasma, progressing from JET-Mk I to JET-Mk ITA and
culminating in the JET-Mk II Gas Box divertor.

Numerous effects of divertor geometry on pumping efficiency have been discerned
since the initial pumping experiments conducted in DIII-D Klepper et al. [1993].
The probability of a recycled neutral being pumped hinges on its likelihood of
reaching the pumping plenum compared to being ionized in the plasma, particularly
contingent upon the distance between the strike point and the entrance of the pumping
plenum Klepper et al. [1993]. In a study by Loarte [1997b], divertor pumping
exhibited a pronounced dependence on the plasma’s precise position concerning the
pumping plenum entrance only when neutral transport to the plenum was dominated
by the initial flight neutral contribution. Conversely, when neutral transport was
dominated by diffusive processes, such as charge-exchange and multiple collisions with
divertor /vessel walls, the transport process displayed a naturally weaker dependence

on the neutral source location Loarte [2001].

Influence on main chamber neutral pressure and confinement

In addition to augmenting divertor neutral pressure and thereby enhancing pumping
efficiency, a closed divertor has the potential to reduce main chamber neutral
pressure. Initial findings in PDX by Kaye et al. [1984] and ASDEX by Wagner [1991]
demonstrated that diminishing the conductance of by-passes for divertor neutrals
back into the main chamber improved access to H-mode (lower power threshold) and
enhanced H-mode energy confinement. This led to the expectation that employing
more closed divertors could lower main chamber neutral pressure, yielding positive
effects on H-mode confinement. The reduction of main chamber neutral pressure
and recycling could also play a role in decreasing impurity production resulting from
charge-exchange sputtering by energetic atoms on the main chamber walls. Hence
understanding the influence of divertor geometry on main chamber neutral pressure

and plasma confinement is important.
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In principle, it is not inherently evident that the installation of a closed divertor
in a device will result in a lower main chamber neutral pressure, as Main Chamber
Recycling (MCR) is independent of recycling in the divertor, see Section 2.3.3.
Moreover, a more closed divertor configuration leads to an elevated divertor neutral
pressure, potentially intensifying the flow of neutrals leaking back from the divertor
to the main chamber through by-passes in the divertor structure in case of Alcator
C-Mode Pitcher et al. [2000].

If the divertor structure lacks sufficient tightness to prevent neutral back-leakage,
the main chamber neutral pressure may remain unaffected even with the installation
of a more closed divertor in the device. Observations in Alcator C-Mod by Pitcher
et al. [2000] and ASDEX-U by Bosch et al. [1999] indeed demonstrate that a more
closed divertor results in larger divertor neutral pressures without influencing the main
chamber neutral pressure. Consequently, the neutral compression (ratio of divertor
to main plasma pressure) increases with a more closed divertor due to the elevated
divertor pressure rather than a reduction in the main chamber pressure.

The role of by-pass leaks from the divertor into the main chamber (Loop 4 in
Figure 2.14) has been experimentally investigated in Alcator C-Mod by implementing
a system allowing changes in the conductance of the divertor by-pass leaks during a
shot Pitcher et al. [2000]. The results suggest that in Alcator C-Mod, the neutral
escape from the divertor back into the main chamber through the divertor leaks
follows a ’flux-limited” phenomenon Pitcher et al. [2001]. Increasing the conductance
of these leaks reduces the divertor pressure, ensuring that the neutral flux escaping
the divertor through the leaks remains constant, thereby leaving the main chamber
neutral pressure unchanged (see Figure 2.21).

The findings in JFT-2M Kawashima et al. [1999], DIII-D Allen et al. [1999],
and particularly JET Horton et al. [1999], [prepared by R.D. Monk| are more in
accordance with the expected behavior of a closed divertor in relation to main chamber
neutral pressure. An apparent trend indicates that an increase in divertor closure is

accompanied by a concurrent decrease in main chamber neutral pressure.
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Figure 2.21: Plots of (a) midplane neutral pressure,(b) divertor neutral pressure,
and (c) neutral compression are presented against line-averaged density in Alcator
C-Mod experiments. Crosses denote experiments with closed divertor by-pass leaks,
while triangles represent with open by-pass leaks. Neutral compression is significantly
reduced when the by-pass leaks are open Pitcher et al. [2000]
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This suggests that the neutral pressure in the main chamber is primarily influenced
by neutral escape directly from the divertor plasma, rather than through leaks in the

divertor structure Loarte [2001].

2.4 Edge and divertor modeling for tokamak clo-
sure

Due to the critical role of the SOL in shaping the performance of fusion devices, a
comprehensive understanding of its physics is paramount for the success of the entire
fusion program. The challenges faced by fusion today are closely linked to the intricate
dynamics of the plasma within the SOL region. While codes have traditionally served
as valuable design tools, there is a growing recognition within the community of the
need to augment their use with insights from first-principles simulations, particularly
in the context of designing future fusion devices like ITER Ricci [2015].

Despite the significant progress made in first-principle simulations of SOL
dynamics, current designs of tokamak divertors and wall systems still heavily rely on
empirical extrapolation from observed SOL plasma and neutral dynamics in existing
devices, complemented by fundamental theoretical considerations. While empirical
codes, even when fully validated against measurements from existing devices, cannot
reliably predict SOL dynamics under conditions far from existing experience, their
value lies in identifying trends for extrapolations rather than providing detailed
quantitative predictions. A recent review of the status of empirical SOL modeling
can be found in Loarte et al. [2007].

In their simplest form, these codes solve a reduced set of Braginskii fluid equations
for plasma density (n), ion temperature (7}), electron temperature (7,), and parallel
ion velocity (V);), assuming quasi-neutrality and ambipolar flow. They can also
incorporate a multi-species fluid description. Transport across magnetic field lines

is described through an ad hoc diffusion-advection process, while parallel transport
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is modeled using classical heat conductivity with flux limit factors to simulate
kinetic effects. When run in an interpretative manner, free diffusive and convective
parameters are adjusted to fit experimental data. These fits are then used to
evaluate SOL profiles when the codes are run in predictive mode. In recent years,
the description of plasma dynamics was improved by including stationary E x B
and VB drifts and currents. Plasma description is coupled with a Monte Carlo
model for neutral particles, crucial for describing pumping, fueling, and detailed
plasma-material interactions Ricci [2015].

Among the empirical SOL modeling codes are SOLPS (formerly B2-Eirene) Reiter
et al. [1991], Schneider et al. [1992], EDGE2D Simonini et al. [1994], UEDGE Rognlien
et al. [1994], and SOLDOR Shimizu et al. [2003]. Widely used in both interpretative
and predictive modes, these codes represent a significant investment by the fusion
community. For instance, the primary SOL simulation code used for ITER divertor
design Pitts et al. [2009], SOLPS, consists of about 200,000 lines of source code, with
over 100 professional-years invested in its development Kukushkin et al. [2011].

The modeling of the SOL has highlighted the key parameters influencing SOL
profiles, including the power entering the SOL, fusion fuel pressure, pumping speed,
helium concentration-based fusion power, the ratio of gas puffing to core fueling, and
the magnetic field’s connection length Loarte et al. [2007]. The outcomes of modeling
efforts have significantly influenced the design of the ITER divertor Kukushkin et al.
[2011]. For instance, SOLPS simulations demonstrated that a V-shaped intersection
of the target plates with the divertor floor promotes partial detachment. Additionally,
to mitigate the load imbalance between the outer and inner divertor legs, structures
supporting the divertor dome have been designed to allow high gas conductance Ricci
[2015].

Plasma exhaust codes such as SOLPS-ITER effectively simulate the multi-
physics phenomena in the SOL. However, given the numerous design and operating
parameters and the lengthy simulation run times, it is impractical to simulate all

possible scenarios. Additionally, certain simulation parameters, such as anomalous
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transport, are unknown for new reactors. To address this challenge, surrogate models
come into play. These machine learning models are trained on simulation data,
allowing them to interpolate in the parameter space and provide fast results for
various scenarios. The key objective in surrogate modeling is to train a model
with minimal data, considering that each training datapoint requires computationally
intensive simulations. Although surrogate modeling still entails running numerous
simulations for training, the overall computational effort is expected to be less than
exploring the high-dimensional parameter space through simulations alone. Moreover,
certain surrogate models, like neural networks, are differentiable, enabling their use in
gradient-based design optimization. Surrogate modeling finds applications in various
fields, including engineering Sun and Wang [2019], medicine Pruett and Hester [2016],
neuroscience Zhang and Young [2020], plasma physics van de Plassche et al. [2020],

[

[
and has been explored in scrape-off layer simulations Preuss and Toussaint [2016],

[

]
Gopakumar and Samaddar [2020], Zhu et al. [2022], Dasbach and Wiesen [2023]

This is however, a current topic of research and out of scope for this thesis.

2.4.1 SOLPS

SOLPS is a comprehensive simulation code designed to depict both the edge
plasma and neutral transport. It comprises two interconnected codes: B2, a two-
dimensional fluid code capable of handling species with varying ionization levels
Braams [1996], and EIRENE Reiter et al. [2005], a three-dimensional Monte Carlo
kinetic neutral transport code. Although coupled with EIRENE, B2.5 possesses
the capability to simulate neutral transport as a fluid interacting with the plasma,
departing from the kinetic treatment of EIRENE. The interaction between EIRENE
and B2.5 involves the simulation of various atomic processes, including ionization,
recombination, charge exchange, and radiation. Recent enhancements to B2.5
include the incorporation of radiation-enhanced sublimation, thermal evaporation,

and impinging particle backscattering for interaction with plasma-facing surfaces
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Coster et al. [2006]. SOLPS has demonstrated utility in simulating detachment Coster
[2011], Guo et al. [2007], H-mode plasmas Chankin et al. [2006], Ohmic plasmas
Chankin et al. [2008], and contributing to ITER design and scenario development
Kukushkin et al. [2011]. However, despite its effectiveness in edge modeling, SOLPS
currently lacks consideration for any potential influence that the core might have on
edge dynamics, suggesting a potential avenue for future extensions Leddy [2016].

Constructing a basic SOLPS-ITER run involves following the workflow outlined in
Figure 2.22, progressing from top to bottom. The primary plasma solver, represented
by the blue box, is B2.5-Eirene, a coupling of the standalone executables ”b2mn”
and ”FEirene.” The steps for building a SOLPS-ITER run are as follows Bonnin et al.
[2016]:

e Geometry Definition: Utilize the DivGeo utility to establish the location of
vacuum vessel walls, their properties, pumping locations, equilibrium topology,

and plasma species presence.

e Plasma Mesh Generation: Use the Carre mesh generator to create a structured
quadrangular mesh for the plasma solver. This mesh covers an area extending
from the edge of the confined region to the line of first tangency with a limiting

(non-divertor) wall structure.

e Input File Generation: Employ the Uinp utility to generate corresponding
Eirene (and some B2.5) input files based on the provided data.

e Neutral Mesh Generation: With the input files, use the Tria and Triageom
programs to create an unstructured triangular grid covering the Carre-gridded

area plus the outer SOL domain up to the actual vacuum vessel wall.

e Physics Input: Translate additional plasma parameters into the internal format
used by B2.5 using utilities such as "b2ag” (geometry), "b2ah” (transport and

boundary conditions), ”b2ai” (initial state), and ”b2ar” (atomic physics tables).
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Figure 2.22: The workflow of SOLPS-ITER is illustrated, where the primary code
B2.5-Eirene is encapsulated within the blue box. Each green box corresponds to a
distinct executable, while grey boxes denote data sourced from external databases.
Orange boxes signify steps within the new user interface Bonnin et al. [2016]
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Supplement these with a list of run switches and additional name lists provided

as human-readable input files.

Once the input files are prepared, launch standalone runs of Eirene or B2.5, or
coupled B2.5-Eirene runs. One can analyze and plot the results using the b2plot
utility. SOLPS-ITER includes converter utilities that facilitate the translation of
input and output files from previous SOLPS versions into the expected format,
enabling the continuation of older runs with minimal user intervention Bonnin et al.

[2016].

2.4.2 EIRENE Model

EIRENE is a multispecies code designed to solve either a system of time-dependent
(optional) or stationary (default) linear kinetic transport equations with considerable
complexity in a specified host medium (background). Initially developed in the mid-
1980s, a basic model for transporting ionized particles along magnetic field lines was
included to address applications related to hydrocarbon breakup via intermediate
charged states (hydrocarbon molecular ions). EIRENE is linked to external databases
providing atomic and molecular data, as well as surface reflection data.

The code incorporates various user-supplied routines, facilitating data exchange
with other fluid transport codes. While the primary objective of its development was
to investigate neutral gas transport in magnetically confined plasmas, its flexibility
allows for the solution of more general linear kinetic transport equations using
a stochastic method of solution rather than numerical or analytical approaches.
Notably, the code retains options to simplify model equations for the essential case
of the one-speed transport problem, particularly in radiation transfer, such as photon
transport. A flowchart structure outlining the code’s organization is available on the
website http://www.eirene.de. The iterative mode, as indicated in Figure 2.23,
becomes essential for addressing nonlinear effects within the neutral particle model

under fixed plasma conditions, involving considerations like neutral-neutral collisions.
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Figure 2.23: Diagram depicting the fundamental structure of the EIRENE Monte
Carlo Solver for the Boltzmann equation at its lowest level. The numbers and program
names on the right correspond to additional flowcharts at more advanced levels within
a comprehensive tree of flowcharts. Reiter et al. [2005]
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These internal iterations become unnecessary if the plasma background response to
neutral gas transport is explicitly considered, as the coupled neutral-plasma problem
is resolved through iterations between EIRENE and the plasma code.

The EIRENE Monte-Carlo neutral code, developed by Reiter and colleagues,
is utilized in this study. The OSM code provides a hydrogenic ”background”
plasma solution, serving as input for EIRENE. EIRENE determines the neutral
distribution function (see Equation 2.53) by solving the steady-state Boltzmann
transport equation, considering position (r), velocity (v), and particle species (i)

as seen in Equation 2.54

(@) =77, 7) (2.53)

UV f(T)=C(HT (2.54)

The collision term C/(f) represents neutral particle interactions in phase space
with a state . Neutral transport modeling in fusion devices, and an introduction to
the EIRENE formalism by Reiter et al. [2005], are essential references for this work.
EIRENE calculates volumetric source terms for particle, momentum, and energy
resulting from plasma-neutral interactions. The OSM code iterates with EIRENE
to achieve self-consistency in plasma and neutral solutions (assuming convergence),
exemplified by the SOL22 plasma solver. D and D, are explicitly included,
and Dy, is incorporated via a collisional equilibrium approximation (excluding
transport along field lines). Neutral-plasma interactions relevant to fusion plasmas
are extensively reviewed by Harrison and Post. A valid neutral solution requires
comprehensive neutral collisions in the model, contingent on accurate cross-section
data. An assessment suggested the atomic data’s adequacy for fusion modeling (~25%
uncertainty), but the molecular database was deemed ”weak.” Krstic and Schultz

provided a comprehensive set of cross-sections for elastic collisions, contributing to
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EIRENE. The code can operate in a time-dependent mode, accommodating non-

steady-state phenomena such as ELMs Reiter et al. [2005].

2.4.3 Onion Skin Model (OSM)

As mentioned previously, OSM solves 1D background plasma conservation equation
that are along the B-field using data from Langmuir probes from the experiment
to produces a 2D edge plasma solution that is toroidally symmetric. It utilizes a
concept of flux tubes, which is defined as a constant value of magnetic induction
enclosed within the flux tube, denoted as BA| = constant, where A represents the
cross-sectional area of the flux tube perpendicular to B. The notion that transport is
highly anisotropic in plasmas subjected to strong magnetic fields might suggest the
validity of the flux-tube concept. However, it’s important to note that anisotropic
transport only guarantees that the scrape-off layer (SOL) will exhibit elongated and
narrow characteristics. This leaves open the question of the applicability of an analysis
grounded in individual flux tubes within the SOL Stangeby [2000].

The OSM can be dealt in two ways: non-terative way and an ietrative way.
The most straightforward form of non-iterative Onion-Skin Method (OSM) modeling
employs the two-point model for individual flux tubes. In this approach, it is assumed
that all entering power is concentrated either at the upstream end or uniformly along
the length (L) of the flux tube. While this assumption is not critical for iterative
OSM methods, adopting the OSM approach of separately and sequentially treating
perpendicular and parallel balances can reduce the computational time required to
reach a converged solution Stangeby [2000]. In iterative OSM, the perpendicular flux
densities of particles, momentum, and power can be proportionally related to the local
values of second derivatives in the perpendicular direction, following the standard
assumption of diffusive cross-field transport. In such cases, the OSM approach

essentially serves as an alternative numerical procedure for conducting 2D modeling.
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However, it retains a significant advantage — the radial span of the SOL is covered by

boundary condition information obtained from experiments Stangeby [2000].

OSM in modelling SOL

In the onion-skin method (OSM), the boundary conditions are typically defined at
the target and involve parameters such as electron temperature (7), ion temperature
(T;), and electron density (n.) across the targets. Ideally, this information is
obtained experimentally. The key aspect of OSM lies in inputting boundary
condition information from experiments across the SOL radially, thus constraining
each individual flux tube Stangeby [2000].

OSM modeling can be implemented at various levels of sophistication. In initial
applications, simple analytic OSM models were incorporated into the DIVIMP code to
create " plasma backgrounds” for launching Monte Carlo particles, without employing
actual experimental data as boundary conditions. Subsequent developments involved
the use of experimental measurements of n. and 7T, across limiters as boundary
conditions, still employing simple analytic OSM models. The evolution of OSM
continued with the introduction of full 1D fluid models, incorporating experimental
boundary conditions Stangeby [2000].

One can begin by considering a straightforward scenario where each flux tube
in the SOL is assumed to be in the sheath-limited regime, with constant 7. and
T; along each flux tube but varying radially based on the boundary values at the
target. This involves using balance equations that yield values of T,, T;, n., velocity
(v), and electric field (E) at each location along the flux tube. As T, T;, and n,
typically vary across the targets, the OSM generates a 2D solution of the SOL.
Notably, the information needed for radial variations enters the solution directly
from the target boundary conditions. In contrast to the standard 2D fluid model
approach, this method does not rely on imposed cross-field transport coefficients (D,

X1, etc.), which, in fact, are not imposed in the OSM. Instead, these coefficients can
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be effectively extracted from the target boundary conditions using the OSM Stangeby
[2000].

The standard 2D fluid code approach involves imposing boundary conditions at
specific points or along a single flux surface, such as the density at the upstream
separatrix location or the power flow across the separatrix. In contrast, the Onion-
Skin Method (OSM) adopts a different approach. In OSM, boundary conditions
or solution-constraining information are specified radially across the entire Scrape-
Off Layer (SOL), eliminating the need to assume values for cross-field transport
coefficients. This spatially distributed constraint input can come from probes at
targets, upstream, spectroscopic measurements, and more. To handle an abundance
of experimental information that could over-constrain solutions, algorithms are
employed to minimize variance between total experimental input and computed values

Stangeby [2000].

SOL 22 - an OSM plasma solver option for attached plasma conditions

The 1D plasma solver generates 2D SOL solutions, which are then iterated with a
neutral hydrogen code such as EIRENE. Impurity effects can be included by extending
the 1D plasma equations to a multi-fluid mode or by using a Monte Carlo impurity
code like DIVIMP iteratively with the 1D plasma solver. OSM modeling simplifies
by disregarding particle and momentum cross-field sources and sinks, attributing
all cross-field power input to a simple distribution. More sophisticated versions
include spatially distributed sources and sinks for particles, momentum, and energy,
balanced through iteration. Cross-field contributions, even at basic levels, typically
have minimal impact on the solutions Stangeby [2000]. In other words, the OSM
code offers the flexibility to employ distinct solution methods for each ”half-ring,”
defined from the target to a designated ”symmetry” point on the ring denoted as
Ssym- This adaptability is a benefit of the 1D approach, as it doesn’t strictly mandate
local cross-field flux conservation on a cell-by-cell basis. The choice of solver can

be tailored to specific plasma regions based on the plasma conditions, determined
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through the analysis of experimental data, such as: SOL22 addresses the standard
conservation equations and typically employed in OEDGE for attached plasmas, and
SOL24/SOL28 to incorporate prescription-based, semi-empirical methods designed
for approximating detached plasmas.

SOL22 is designed to solve a particular set of 1D Braginskii plasma fluid equations,
yielding results for electron temperature (7.), ion temperature (7;), electron density
(ne), and parallel velocity (v)) along a half-ring. The assumptions made in this

calculation are that T, is equal to T; and n. is equal to n;.

%(nevn) = Sion(8) + Srec(s) + S1(s) (2.55)
0 2
55 P+ mine(v))”) = Smom(s) (2.56)
2(Qi,conu + Qi,cond. + Qe,cond,) = QZ(S> + Qe(s> + QL(S) (257>

O0s

In the above equations, s represents the position along the magnetic field line, p
denotes static pressure, m; is the mass of the plasma ion, ¢; cony signifies the power
carried by ions through convection, and g;cona and gecona are the conducted powers
for ions and electrons, respectively. The volumetric sources taken into account consist
of ionization (Siy,), recombination (Sie.), momentum (Spom), and the power terms
for ions (Q;) and electrons (Q.). Additionally, S| and @, represent the cross-field
particle and power fluxes, playing roles as volume sources in the 1D formulation.

SOL22 is iteratively coupled with the EIRENE neutral code, which calculates the
volumetric source terms for plasma-neutral interactions (Sion, Srec; Smoms @i, and Q).
The magnitudes of I'j,, and 'y can then be calculated from conservation principles:
with known target fluxes - assigned from LP measurements for a given half-ring - and
volumetric source terms, the particle and power balance for a specific ring must be

satisfied by the net cross-field flux into or out of the ring. The temperature gradient
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is computed using a 5th order Runge-Kutta method which begins computation at the
target and proceeds spatially in the upstream direction. It is to note that since I';,,
and Iy, are poorly characterized due to nature of anomalous cross-field transport,

the distribution is assumed to be uniform.

244 OEDGE

The OSM-Eirene-Divimp-EdGE (OEDGE) modeling code measures edge plasma of
magnetic fusion devices iteratively. As the name suggests, OEDGE combines onion-
skin analysis (OSM) with EIRENE and DIVIMP codes for edge analysis. The
OSM code solves 1D background plasma conservation equation that are along the
B-field using data from Langmuir probes from the experiment to produces a 2D
edge plasma solution that is toroidally symmetric. The OSM analysis is insensitive
to convective or diffusive transport assumptions which can be extracted out of the
solution provided by the code. The solution is then coupled with a neutral hydrogen
Monte Carlo code called EIRENE and also coupled with impurity neutral and ion
Monte Carlo code called DIVIMP. In simpler terms, using OEDGE one gets iteratively
solved edge diagnostic measurement for n., T., T;, ng and other quantities that
are desired for understanding physics related to main chamber recycling, tritium
retention, detachment onset etc.

The approach taken while making OEDGE was that of an iterative model rather
than a predictive model. The predictive model expects to have calculated everything
including the plasma hydrogenic species, impurity species in the core and the edge.
The predictive model would have to model the whole machine with all the impurities
in the 3D space of the tokamak. This however, is not only computationally expensive,
but is riddled with uncertainties. On the other hand, the interpretative model
approach helps reduce those uncertainties regarding the fuel and impurity species.

The background / plasma core can be made from experimental measurements with
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known 2D n., T¢, T; from diagnostics such as Thomson Scattering that are present
both in the core and the edge.

The idea behind OEDGE is to model impurity species and hydrogenic species
in the edge which can be understood by adjusting the 'controlling knobs’ or 'input
options’ which would launch impurity in the known plasma background and see how
the edge measurements change. This helps in diagnosing the edge measurements
where actual experimental measurements are not possible. Measurement of edge
plasma has been sparse due to multiple reasons such as cost of implementation and
fewer diagnostic locations available to lease in a tokamak. OEDGE take multiple
experimental inputs options and plug them into the plasma background to refine and
better diagnose the edge Stangeby et al. [2003], McLean et al. [2005], Stangeby [2000].

OEDGE code initially started as an impurity ion transport model for limiter source
specifically called LIM around 25 years from today Stangeby et al. [1988], Stangeby
and Farrell [1990]. Eventually the code was modified to understand impurity ions
from a divertor and was labelled as DIVIMP Stangeby and Elder [1992]. Over the
next decade, in the 1990’s, the DIVIMP code was used to calculate impurity retention
in the divertors Stangeby and Elder [1995] and was used to compare with other model
codes such as EDGE2D Stangeby et al. [1997]. The next decade, early 2000’s, saw
DIVIMP being used with Onion Skin Model (OSM) and EIRENE model and was
re-branded as OEDGE Stangeby et al. [2003] to estimate fuel species along with
impurity species in the edge region. It is to note that a standalone DIVIMP system
was being used to model different impurities from different plasma machines such
as DIII-D, ASDEX-Upgrade, ITER and NSTX up until late 2010’s. While OEDGE
helped understand edge impurity from divertor region in fusion devices around the
world, LIM was revived into a 3-dimensional code called 3DLIM by Carpentier
Carpentier et al. [2011] and was later resurected again by Zamperini et al. [2020,
2022], Shawn Zamperini and Crowe [2023]. Figure 2.24 shows n. from an example

case from OEDGE run.
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Figure 2.24: Plasma solution depicting n. from an OEDGE simulation poloidally
across DIII-D tokamak
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2.5 DIII-D Tokamak Diagnostic Suites used to
quantify ion fluxes in main chamber and di-

vertor region

2.5.1 Thomson Scattering

A charged particle is set into motion by Lorentz force exerted by the electric and
magnetic components of an electromagnetic wave. This particle, which moves
in a specific periodic time just like the wave, is accelerated and emits radiation
consequently. This radiation occurs due to the fact that the charged particle has
absorbed the energy from the wave and remits as an electromagnetic radiation. The
process by which the wave is deflected by free electrons and emits radiation is known
is Thomson Scattering (TS) Richard [2014].

This technique on DIII-D tokamak measures the temperature and density of the
electron in the plasma core and the divertor Carlstrom et al. [1992], Glass et al. [2016].
It uses multiple Nd:YAG pulsating lasers to make measurements rapidly during a
plasma discharge that could help measure electron temperature and density during L
— H transition and ELMs. The TS system incorporates polychromator with digitizing
modules to help acquire and analyze data at plasma core and the divertor as shown
in Figure 2.25 Ponce-Marquez et al. [2010]. The data is available to any user using
the REVIEW code in the DIII-D data acquisition system. A normal measuring range
for the electron temperature is 10 eV to 20 keV and a minimal electron density about
2 x 10¥m ™3 Carlstrom et al. [1992].

In the last four years, to characterize the temperature and density of the electron in
the divertor, Divertor Thomson Scattering (DTS) system has been added that inputs
8 channels to the divertor region from the main TS system. It was implemented
in parallel to the Langmuir probes as the probes had complications in the data.

However, the main goal of the DTS system is to measure temperature and density of
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the electron at the divertor to help understand important physics phenomenon such
as: divertor detachment, and advanced tokamak physics Glass et al. [2016].

Figure 2.26 depicts sample data from Thomson scattering data for L mode and
H mode discharges in DIII-D. As seen, the electron temperature and density are
higher in H mode compared to that in L mode. The measurement, however, show the
decrease in electron temperature and density when moving radially outwards across

the separatrix.

2.5.2 Langmuir Probes

Langmuir probe is a simple electrostatic probe that perturbs plasma and measures
local electron density, electron temperatures and their fluctuations. Essentially, it is a
wire inserted into plasma that is held via an insulator that measures the current and
voltage present at the probe tip. This tip is surrounded by sheath or an electrostatic
charge layer. Dolan [2013]

The working theory of Langmuir probes depends solely on the voltage applied
to the probe. With varying voltage, there is a distinct I-V curve that is produced
as shown in 2.27. The reference point, called the space potential (V,;) is when the
voltage applied to the probe is equal to the plasma potential. When voltage to the
probe is greater than the space potential, ions will be repelled and electrons will be
attracted towards the probe.

The sheath around the probe will have non-zero electric field and the electron
saturation current can be measured depending on the acceleration of the electrons
into the sheath. If the probe voltage is lower than the space potential, the opposite
will happen, i.e., ions will be attracted to the probe and ions will be repelled. Once
enough ions are attracted to the probe that equals the number of electrons, a floating
potential (V) is created. This is different from the plasma potential as the voltage

would be different as seen in 2.27.
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Figure 2.25: Cross-section of DIII-D with Thomson system laser path and view
ports. Image from Ponce-Marquez et al. [2010]
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Figure 2.26: Plot depicting the electron temperature (dashed) and density (solid)
measured via Thomson Scattering. Image from Colchin and Owen [2003]
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Figure 2.27: I-V characteristic for the Langmuir probe. Image from Dolan [2013]
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Similar to how the electron saturation current is achieved due to positive voltage
applied to the probe, if strong negative voltage is applied to the probe, ions are
attracted and electrons are repulsed to reach the ion saturation current. In DIII-
D, there are 72 fixed Langmuir probes and two reciprocating Langmuir probes that
measure local density, temperature, floating potential, heat flux and particle lux. Out
of the 72 probes, 30 probes are located at the Upper divertor and the rest are on the
Lower divertor. There are two translating probes that plunge 15cm into the device
from midplane location and x-point location in the lower divertor. The translating
probes measures density and temperatures as the probe plunges into the plasma. The
midplane probe is a double Langmuir probe system that utilizes two probe tip at high
frequency upto 2.5MHz and has a plunge speed of 150ms. The x-point probe is also
a double Langmuir probe system and has a plunge speed of 300ms DIII-D [2023]

Now that we are aware of the fact that a Langmuir probe generates an I-V curve,
let’s explore the process of deriving electron density (n.) and electron temperature
(T%) from this curve. The electron energy distribution is directly related to the second
derivative of the electron current to the probe, as illustrated in Equation 2.58 Ruzic

[1994].

N|=

—4 me(%lasma - V) d2[e(v)
A, e 2e V>

fo(E) = (2.58)

This electron energy distribution function provides the count of electrons within
the energy range of E to E+dE. Assuming a Maxwellian distribution for the electron
energy, Equation 2.58 can be integrated twice, allowing the theoretical electron
current as a function of probe voltage to be determined for voltages below the plasma
potential. Given that E = e(Vjiasma — Vprove ), the integration yields Equation 2.59. In
this equation, I, represents an exponential decline in current from its value at the

plasma potential Ruzic [1994].

_e(Vplasma _Vprobe)

[e(‘/probe) - [e,sat - € kTe (259)

103



where I, 54 1S given by

kT,

2Tme

Ie,sat = eApne (260)

The determination of T, is not based on a single I-V point at the plasma potential,
as per Equation 2.60, but instead relies on a series of I-V points. Taking the natural
logarithm of Equation 2.59 and plotting In|I.(V')| against V, T, can be extracted as
the inverse of the slope, eliminating the need for electron density (n.). Equation 2.60
can be reformulated, as shown in Equation 2.61 Ruzic [1994].

In(|L(V)]) = %(nlasma — V) + (| Lt (2.61)

If the energy distribution is non-maxwellian, the 7T, is then given by the follwing

equation:

o nge (2.62)

Now that we have the T, from 2.61 and 2.62, let us get to getting the n.. It can

be found out using the I-V curve using the following equation Ruzic [1994]:

[e,sat [A]
Aprobe[m?/Te]eV]

nefm 3] = 3.73 x 10'% . (2.63)

It is to note that the J, gar and I. sar are assumed to be the same as J; gar and

I; sar throughout this thesis.

2.5.3 The Filterscope

Filterscope is a band-pass radiometer that is used in high temperature plasmas, such
as DIII-D as a spectroscopic tool to monitor different measurements such as, effective
ion charge of the plasma, SOL temperature and densities, and PMI Unterberg et al.

[2019]. One of the main utilization of the Filterscope is to detect Da light that is
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primarily produced at the plasma edge and divertor to help quantify plasma edge
conditions and divertor recycling Colchin et al. [2003]. Filterscope was developed by
ORNL two decades ago and have been deployed on various fusion devices around
the world: including DIII-D, NSTX-U, KSTAR and Proto-MPEX, due to its remote,
compact, cost-efficient and modular design Brooks et al. [2008], Unterberg et al.
[2019], Colchin et al. [2003].

Filterscope is made up of three main components: (1) Endoscope — like fiber optic
cable (2) narrow — bandpass filter and (3) a Photomultiplier Tubes (PMT) detector.
The fiber optic cable allows for highly sensitive measurements at remote locations in
the fusion device. The line of sights for these fiber optics are seen in Figure 2.28.
The narrow bandpass filter allows the user to measure the specific line of interest
in the visible spectra and the PMT detector along with its associated electronics
help convert the incoming light into voltage signal. The Filterscope uses a National
Instrument DAQ (Data acquisition and Control) system to help acquire data from
up to 96 channels at a sampling rate of 1 MHz for up to 10 minutes Vacaliuc et al.
[2005], Unterberg et al. [2019]. The fast sampling rates help study various transient
effects such as Edge Localized Modes (ELMs) and SOL turbulence Colchin et al.
[2003]. More details about the calibration philosophy of the Filterscope can be found
in Appendix A.

2.5.4 Neutral pressure gauges

The concept of ASDEX gauges was developed by Haas and team at Germany ASDEX
Team et al. [1984] and Klepper and team applied it to the DIII-D system in 1993
Klepper et al. [1993]. Since then DIII-D has six fast neutral pressure gauges positioned
strategically in the upper and lower divertors, as well as at the vessel midplane. These
gauges are all commercial adaptations of gauges from ASDEX tokamak and hence
are also called the ‘ASDEX gauges’. These gauges are capable of measuring pressures

ranging from 1072 mtorr to 10 mtorr at higher magnetic fields and temperature ranges.
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As detailed in Klepper et al. [1993], Haas and Bosch [1998], the ASDEX gauge
employs a tetrode configuration, a type of electronic vacuum tube featuring four
active electrodes: a cathode, a control grid, a screen grid, and a plate (anode) as seen
in Figure 2.29(a). Positioned between the cathode and the anode, an aperture plate
modulates the emission current, crucial for extracting signals in noisy environments
like tokamaks.

This modulation, typically at 10kHz, is facilitated by electronics derived from
ASDEX’s data acquisition system. Operating within a magnetic field, the gauge’s
alignment within 15°ensures enhanced sensitivity of ion current to neutral pressure.
The filament operates with a heating current of 15 (£5) A, reaching 25-30 A during
startup, while the accelerator grid maintains a fixed potential of +250 V. The
modulator oscillates between +25 and 4125 V to modulate the emission current,
which is feedback-controlled based on its modulation amplitude. Transformers
isolate the vessel ground from electronics chassis ground to measure modulation
amplitude accurately. The electronics amplify and demodulate both ion and electron
currents, with ion current being pressure-sensitive and regulated by a feedback circuit
controlling filament heating current.

During rapid pressure changes, such as edge-localized modes (ELMs), filament
cooling may temporarily reduce emission current, corrected by the feedback circuit
Klepper et al. [1993]. Figure 2.30 shows the pressure measurement from the midplane
pressure gauge from plasma discharges that are utilized to investigate the magnitude
of fluxes in the divertor and midplane region throughout the thesis. Pressure
measurements were taken for plasma discharges exhibiting B x V B orientation toward
the target in both L-mode (subfigure a) and H-mode (subfigure b), as well as for
discharges with B x VB directed away from the target in L-mode (sub-figure ¢) and
H-mode (sub-figure d). The discharges represented in blue correspond to divertor
geometries of LSN Shelf, those in red represent the USN Floor, and those in black
illustrate the LSN Floor condition. The pressure measurements, as seen, range from

107 to 107% Torr.
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Figure 2.28: Line of sights (LOS) for Filterscope on the DIII-D tokamak showing
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Figure 2.29: Detailed schematic of the ASDEX gauge. Image from Klepper et al.
[1993]
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Figure 2.30: Midplane pressure measurements for plasma discharges with B x VB
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Floor and Black show LSN Floor condition.
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Chapter 3

Analysis framework for tokamak

closure interpretation

In this chapter a systematic examination is undertaken to elucidate the nuanced
intricacies inherent in divertor physics and neutral transport. The chapter is divided
into two sections. Section 3.2 meticulously details the GRP and WFA. The WFA
section details the steps to get fyan, the ratio of particle flux magnitudes between
the main chamber and the divertor region (Equation 3.8) while the GRP subsection
unveils insights into divertor restrictions for conventional and non-conventional
divertors on DITI-D. In the second section 3.3, the empirical analysis is replicated using
the OEDGE model. This is intended to reproduces the empirical WFA methodology.
It also calculates the magnitude of poloidally averaged fluxes in the main chamber

versus the divertor thanks to the availability of data in the model.

3.1 Understanding the neutral pathways in the
tokamak edge

The fundamental principles governing divertor recycling, leakage, and main chamber

recycling are elucidated in Section 2.3.2. Building upon this comprehension and
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drawing inspiration from Figure 2.14, we present Figure 3.1, illustrating the flow of
neutrals and their evolution to ions in the scrape-off layer (SOL) and edge region of
the DIII-D tokamak. In Figure 3.1, neutral and ion pathways are represented by ‘o’
and ‘+’, respectively.

Pathway 1 (orange) describes divertor recycling. A combination of pathway 1
(orange), 2 (green-near the main chamber region) and 6 (maroon) involves ions
directed towards the divertor plate, recycling upon arrival, traversing through the
divertor region, undergoing ionization within the core, and necessitating radial
transport out of the core, followed by their return to the divertor plate via the
SOL. Pathway 3 (blue) represents the radial transport of ions to first-wall surfaces
outside the divertor, where they recycle as neutrals, and the ions that do not recycle
on the first-wall surface and are lost to the core are labeled by pathway 4 (black).
It is assumed here that although pathway 2 neutrals penetrate the core in close
proximity to the divertor, they uniformly exit the core as ions. This assumption
applies equivalently to pathway 3 as well.

While the aforementioned pathways primarily serve to explain neutral transport
within the SOL region, it is imperative to provide a comprehensive depiction
that encompasses the pathways of ionized neutrals beyond the divertor, extending

poloidally across the tokamak. In Figure 3.1, three additional pathways are depicted:

e The pathway denoted as ‘sep’ in red illustrates the magnitude of ions at the
separatrix, representing ions emitted from the core region and reaching the

separatrix.

e The pathway labeled ‘Core’ in teal color illustrates the magnitude of ions

originating from the core-confined plasma.

e Pathway 5, depicted in purple, illustrates the magnitude of ions reaching the

tokamak wall.
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Figure 3.1: Neutral and ion pathways at the edge of the tokamak. Neutrals are
depicted as ’0’ and ions are depicted as '+’. The pathways range from 1 to 6 in the
edge with divertor recycling depicted in orange as loop 1 and main chamber recycling
loop depicted with blue as loop 3. There is a divertor leakage recycling loop that is
depicted as Loop 1, 2, and 6 with colors ranging from orange, green, and maroon
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These interconnected pathways play a crucial role in advancing the understanding
of the analysis conducted in Chapter 4. However, for the sake of simplicity, we assume
both poloidal and toroidal symmetries in the ionization sources and radial ion fluxes.

Defining the ion fluxes through the pathways is crucial for understanding the
specific roles of each pathway under different conditions. For instance, in the scenario
where the divertor is tightly restricted with a baffle structure, the flux at pathway 2
would be expected to decrease, while the flux at pathway 1 would increase. This is
because higher restriction facilitates more recycling by trapping the neutrals generated
in the divertor within the divertor itself. Similarly, with pathway 2 experiencing
reduced flux due to higher restriction, the fluxes in pathways sep, 5, and 6 would also
vary accordingly.

However, in order to quantify these effects and gain a deeper understanding of the
underlying physics, it is necessary to express the pathways in simple mathematical
formulations. It is to note that the particle (ion) flux at any given pathway is labeled

as 'I’. There as three main loops created by the neutral pathways:
e Divertor recycling (DR) loop: I} + I
e Divertor Leakage Recycling (DLR) loop: I + Ig
e Main Chamber Recycling (MCR) loop: I3

There are two major fueling pathways where neutrals emitted ends up as a fueling
source: I3, and I.

The wall flux can be defined as:

Tyan = I3 + I (3.1)

The divertor flux can be defined as:

Liw = I + I (3.2)
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The SOL flux can be defined as:
Isor :I;;p—lgr (3.3)
The flux for pathway 6 can be defined as:

I =17, + 13, + 1 + If (3.4)

core

Recall Equation 3.8, it is the ratio of magnitude of fluxes at the wall and at the
divertor. Substituting Equations 3.1 and 3.1 to the Equation 3.8, we can rewrite it

as:

f . ]wall . I-; —|—I5+ o [;_ ‘|‘[SOL - Is—zp (3 5)
B P N U 2 Ry N Oy '

Equation 3.1 provides insights into which pathways influence the magnitude of
fluxes in both the wall and divertor regions. One of the key questions addressed
in this thesis is understanding the impact of divertor design and operation on the
magnitude of neutral particle fluxes. Specifically, it aims to comprehend the balance
between divertor recycling and main chamber recycling and how this balance varies
under different restrictions (GRP).

This balance can be comprehensively understood through the measurement of
particle fluxes in both the divertor region and the outer midplane region, accounting
for varying restrictions. By employing this method, we can grasp the collective trend
of 14, and its consequential effects on divertor performance. One approach to achieve
this is by analyzing the D, signal and subsequently calculating the particle flux in
both the divertor region and the outboard midplane region, thus elucidating the
implications of neutral ionization. It is however important to note that isolating one

pathway for the leakage or recycling in divertor or main chamber is complicated and
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is not understood properly. There, in order to understand the balance between the
neutral pathways, we can measure ion fluxes in main chamber and divertor region
and indirectly understand the role and dominace of neutrals. the following sections

talk about the methodology in detail.

3.2 Methodology - Measurement of ion fluxes in
main chamber and the divertor to interpret
divertor closure

This section explains the methodology to obtain f,q; using Filterscope and Langmuir
probes and also details the estimation of the geometric restriction parameter for the

quantification of divertor restriction.

3.2.1 Window Frame Analysis

The Window Frame Analysis (WFA) technique, based off of theoretical work done by
Stangeby [2002], has been developed and implemented previously on DIII-D Whyte
et al. [2005], Leonard et al. [2003] to quantify the accurate time-averaged particle
flux to wall surfaces outside the divertor region on the Low Flux Side (LFS) of the
tokamak Whyte et al. [2005]. The utilization of axisymmetric limiter surfaces beyond
the divertor is aimed at minimizing the need for extrapolation when measuring the
overall plasma-wall flux. The peripheries of two continuously toroidal baffles, situated
at the entry points of the upper divertor (labeled as A in figure 3.2 and 3.3) and
lower divertor (labeled as B in figure 3.2 and 3.3), delineate a flux surface resembling
a ‘window-pane.” Just like an actual window frame and window pane (see figure 3.2),
the concept of creating a window frame and pane is similar. The window-pane/surface
facilitates the passage of the cross-field ion flux density (I') = jyanu, [ions s7'm™2]),

averaged over the window-pane, toward the main chamber wall much like the glass
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pane through wich one can see outside the window. The region radially situated
‘behind’ the window-pane is denoted as the shadow plasma region and the baffes
make up the window frame. These baffles act as plasma ion sinks for the primary
wall. I,,4 based off of previous work from LaBombard et al. [2000], calculates radial
particle flux [ions s7!] towards the far SOL and the main wall and is unaffected
by any geometric assumptions regarding the reception of plasma flux through the

window-pane. I, is defined as follows.

]wall

27TRLP01 (36>

'l = jwar =

Here, both average major radius of the device (R) and poloidal extent of the
windowpane are in meters. For simplicity, we will use the term ‘window-frame’
to describe this axisymmetric configuration of magnetic geometry and primary-wall
surfaces, with the primary-wall surfaces referred to as ’baffles’.

In an ideal scenario, employing an array of embedded probes within the surface of
the window-frame would be the preferred method to directly measure the incoming
plasma flux on the window-frames. This would allow for a straightforward spatial
integration to derive [,,;. However, the current setup in DIII-D only features a
solitary embedded probe in the LFS of the upper baffle. Consequently, we have
devised methodologies to calculate [,,; using plasma measurements taken in the
shadow plasma, situated at locations far removed from the surfaces of the window-
frame. This approach considers variations in geometry and accounts for the sink effect
of the window-frame surface using a reciprocating probe near the outboard midplane.

Using this, I, can be defined as:

]wall = Ogeom (neTel/Q)window—pane)\shadow) (37)

Here, Cyeon, is a constant that can be obtained from the Appendix in Ref. Whyte
et al. [2005]. The Electron temperature and density and the radial decay length of
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the density in the shadow region is obtained from the reciprocating Langmuir probes
as previously stated.

While the ion flux in the main chamber is given by Equation 3.7, the total ion flux
received on the divertor target Iy, outside the window-frame is measured using an
array of embedded Langmuir probes in the divertor region. For the sake of simplicity,

the ratio of plasma flux received at the main-wall to that received at the divertor is

defined as

Iwall
wall = 3.8
f ! [div ( )

fwan acts as a simple indicator for making rough estimations of plasma-wall contact
by providing the magnitude of fluxes in the main chamber and at the divertor. The
magnitude of f,q; is directly proportional to the line averaged core plasma density
and ranges from 0.1 to 1, where 1 indicates detached plasma conditions and most

likely that the main chamber wall acts as particle sink instead of the divertor target.

Calculating f,.; through WFA

The general Window Frame Analysis (WFA) outlined in Section 3.2.1 involves the
computation of particle flux using a single reciprocating Langmuir Probe (RCP)
situated near the outboard midplane within the primary chamber region of the DIII-
D tokamak. This method is valuable for estimating parameters such as [,q; and
fwan- However, the RCP is contingent upon diagnostic availability and needs. Due
to this unavailability of RCP in every plasma discharge, a significant volume of data
from DIII-D remains untapped and underutilized. To address this limitation, utilizing
Filterscope system close to the location of RCP was introduced.

In Figure 3.4, the main-wall D recycling fluxes, I'p, measured at various locations
at the LF'S main chamber are compared with the averaged plasma ion flux density to

the main wall, Jyan.

116



Window-frame

Glass windowpane schematic

Shot 186703.3250ms Window-frame

@ Langmuir Probe

4 Thomson

Scattering
B Filterscope

hitpsz/
lake-264;

Window Frame Analysis (WFA) Technigue helps to
estimate wall fluxes through an axisymmetric toroidally
continuous windowpane region

Figure 3.2: A schematic representing window frame analysis in terms of actual
window frame. Figure on the left shows a poloidal cross-section with window-frame
depicted as point A-B as seen in the analogy from the figure on the right. The flux
surface between points A and B is the windowpane
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Figure 3.3: Standard DIII-D lower single null plasma configuration and diagnostic
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forming the 'window-frame’ flux surface (approximately § = 60 mm) is indicated by
the thick dashed line. The intercepting upper and lower divertor baffle structures
(designated as A’ and 'B’) are symmetrical and establish the core of the primary
window-frame. Surfaces denoted as A and B delineate the boundaries of the window-
frame. It’s worth noting that the outer midplane wall exhibits non-axisymmetric
characteristics, as depicted in the top view inset.
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Since jwan = Iwan/Awindow-pane W€ can view this as a test of the accuracy of
extrapolating local recycling measurement, i.e., I'p X Ayindow-pane, fOr measuring main-
wall plasma contact. We first note that all of the measurements of I'p are strongly
correlated in their relative magnitude with jy.n1 as n increases. The magnitude of the
midplane D (I'p based on midplane D — « and pressure gauges), the measurement
of which is distributed at different toroidal locations, turns out to be quite close in
absolute magnitude to jyan (Figure 3.4). This might be expected for the pressure
gauges that tend to average out the local recycle flux density due to their remoteness
from the edge plasma. Since the factor of ~ 2 agreement between midplane D — «
measured ['p and jy.n exists, Filterscope is utilized to assess the fluxes in the main
wall in this thesis instead of RCP probe Whyte et al. [2005].

While similar assessments were conducted by Whyte and colleagues in 2005, it is
imperative to estimate comparable quantities to enhance the understanding of plasma
discharge values pertinent to this thesis. The thesis examines 12 specific discharges,
detailed in Tables 4.2 and 4.3. Particle fluxes from these discharges, as measured
by midplane pressure gauges and Filterscope, are juxtaposed against fluxes from an
embedded Langmuir probe situated on the divertor target adjacent to the windowpane
location (Figure 3.5).

Although this comparison does not directly align with Figure 3.4 due to the
absence of RCP data for a direct match, notable observations emerge: (a) fluxes
recorded by Filterscope are approximately an order of magnitude higher compared
to those from the Langmuir probe, and (b) fluxes measured by ASDEX gauges are
approximately an order of magnitude lower. These disparities stem from differences
in measurement locations, occurring either in the divertor or the main chamber.
Nonetheless, the linear trend persists, as depicted in Figure 3.4. By leveraging
the average trend between ASDEX pressure gauges and Filterscope diagnostics, one
can utilize Filterscope as a surrogate diagnostic, replacing Langmuir probes for flux

measurements.
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The primary objective of the window frame analysis remains the calculation of
ion flux, a quantity also obtainable from Filterscope measurements. However, certain
fundamental assumptions must be acknowledged and addressed to appropriately
consider and quantify flux, ultimately deriving f,.; through this alternative method.
It is important to note that, for clarity and consistency, we adopt the nomenclature

from Whyte et al. [2005]. In this context, we define fyqu as:

[wall
wall — 3.9
f ! Idiv ( )

Here, I,,.; represents the particle flux measured with the mid-plane Filterscope

system and can be calculated as follows:

Lo ﬁ] Py {%} « 2w R[m] x LW Plm] (3.10)

S h.
Fwall {%] = 47T[Str] X ﬁ {%} X I() {m} (311)

Here, I' ,qy is the neutral deuterium particle flux obtained from Filterscope system
using a deuterium Balmer line emission. S is the ionization rate coefficient, X is
the excitation rate coefficients and B is the branching Ratio and the S/XB ratio
is calculated from ADAS data Whyte et al. [2005], Mertens et al. [2001] and the
Emission intensity I in units of [photons/s-str-cm2| Unterberg et al. [2019], Denne
[1989], Johnson and Hinnov [1973]. 27 R is the circumference of the windowpane
region around the tokamak nearest to the wall with R = RWP = 2.3305 [m] and
LWP is the length of the WP region from point A to point B in Figure 3.6(a) which

is approximated to be 3m.

windowpane
S separatrix m=.s
Tuin [é] = JSAT [%] x 6.24e18 (3.13)
m=.s m
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Figure 3.6: (a) 2D flat layout of the DIII-D LFS depicting the separatrix,
windowpane region, the wall shadow region, and the main chamber wall along with
the numerous diagnostics used for Shot 186703 in DIII-D. (b) Typical DIII-D cross-
section of a LSN plasma configuration depicting diagnostics used to calculate particle
flux inside the Windowpane region (dashed line from Point A to Point B) in the LF'S.
The windowpane region is assumed to be axisymmetric and is toroidally continuous.

123

35



14, is estimated using the Langmuir probes available on the divertor target and
using Equation 3.12. The particle flux in the divertor region utilizes the Langmuir
probes on the divertor target and [, is estimated by considering the area under the
Langmuir probe data set on the divertor target. Since I'y;, is the particle flux density,
it is multiplied by the area covered by the Langmuir probes on the divertor target to

obtain the particle flux in terms of particles/s as shown in Equation 3.13.

Assumptions made for the Window Frame Analysis

1. Main Chamber wall surfaces inside the windowpane region is assumed to be

toroidally axisymmetric.

2. I, measured at the windowpane from the midplane Filterscope is assumed to
be the same poloidally throughout the length of the windowpane (LWP) region,
from point A to point B (see Figure 3.6).

3. Lyay is assumed to be moving radially outward towards the wall.

Figure 3.6(a) illustrates a cross-section of the DIII-D tokamak during a Lower
Single Null (LSN) discharge, presenting the nomenclature employed in the window
frame analysis. The diagram shows the diagnostics instrumental in computing L.y
and 14, including the Filterscope system, Thomson Scattering system, and Langmuir
probe system. Additionally, it highlights the designated window pane region spanning
from point A to point B, depicted in blue.

In Figure 3.6(b), the SOL region is represented in a flattened configuration with
respect to r-rsep [m], and the Length of the Separatrix or Length of the Windowpane
(LWP) space is plotted alongside relevant notations against the LWP. The figure
delineates key features such as the Separatrix/Last Closed Flux Surface (LCFS) in
purple, the windowpane region indicated by the blue line, and the DIII-D wall in
black. The primary axisymmetric windowpane is precisely defined by the intersection
of the magnetic line leading to a main chamber wall outside the divertor region (from

point A to point B along the blue line).
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3.2.2 The Geometric Restriction Parameter (GRP)

Diverted tokamaks redirect plasma along open field lines outside the confined region
termed as the SOL towards the divertor target where the open field lines interact with
PFC in order to: (a) dissipate power from the core plasma on a target away from
the vessel wall, (b) improve neutral pressure near the exhaust pump duct to enhance
helium ash removal from the system, and (c) control impurity production near the
main chamber region Pitcher and Stangeby [1997], Whyte et al. [2005]. Diverted
tokamak concentrates heat and particle fluxes on the PFC at the divertor target which
leads to particle (neutral and impurity) production at the divertor target through
recycling and sputtering. On average, recycled neutrals are emitted perpendicularly
to the divertor target Pitcher and Stangeby [1997] potentially ‘leaking’ them from
the divertor region into the region between the core and the main chamber wall.
These leaked neutrals travel towards the main chamber where they may be ionized
via charge exchange and other processes and may influence recycling near the main
chamber Lipschultz and LaBombard [2005] which potentially could deteriorate core
plasma performance Casali et al. [2022].

A method to control divertor (neutral) leakage and thus improve neutral retention
is by increasing the divertor closure Loarte [2001]. A divertor with good closure
has physical baffling that aids in incrementing neutral content inside the divertor
region while enhancing neutral recycling Horton et al. [1999] driving the divertor
into a high recycling state (i.e., neutrals are born and re-ionize inside the divertor
region Loarte [2001]). Increased closure helps to increase neutral pressure inside the
divertor, which improves the particle exhaust Horton et al. [1999], Maingi et al. [1999].
Another advantage of divertor closure is that the detached regime better protects the
divertor PFCs Casali et al. [2019, 2020], Maingi et al. [2004]. Historically, divertor
closure refers to the degree to which neutrals can escape where higher the closure,
lower the neutral leakage Loarte [2001]. More recently, one can quantify closure by

examining the electron density in the divertor region and the efficiency of removal

125



of particles through exhaust pumps in the divertor Bosch et al. [1999], Sontag et al.
[2017], Stangeby [2000], Jones [1997], Guo et al. [2000], Rapp et al. [2008], Havlickova
et al. [2014].

Quantifying the ratio of ion flux in the main chamber (/) to the divertor region
(14iv) through a technique called WFA Whyte et al. [2005], Stangeby [2002], Leonard
et al. [2003], Rudakov et al. [2005] helps determine the total ion flux crossing the far
SOL toward the main chamber wall and the total ion flux measured by the Langmuir
probes on the divertor target. The ratio of these fluxes could give an insight into
the amount of restriction present at a divertor target and thus provide an insight
in the divertor closure provided by a divertor target. Historically, three-dimensional
plasma and neutral codes with high fidelity have been implemented for tokamaks
around the world to understand and quantify divertor closure Loarte [2001], Renner
et al. [2002], Sang et al. [2017], Schneider et al. [1997], Kawashima et al. [2007],
Kukushkin et al. [2002]. However, these codes have limitations, such as requiring an
expert to operate them and taking months to present an outcome. Also, these codes
are computationally expensive and need access to latest specific machine geometry
to work efficiently Kukushkin et al. [2002], Lore et al. [2019]. Hence, a simplified
method is required to quantify divertor closure that characterizes and quantifies the
geometric restriction present at the divertor due to baffling and magnetic geometry.

GRP quantifies the effect of physical restriction on neutral particles present at a
divertor target due to physical baffling and the magnetic field structure, such as the
location of the strike point, height of the outer divertor leg, flux expansion, and angle
of the strike point at the divertor target. GRP approximates the ballistic path for
the neutrals Ntampaka et al. [2021] present at the outer divertor leg that considers
the neutrals hitting the PFC directly after they are born Kadomtsev et al. [a,b].
GRP and the ion fluxes determined using WFA provide a thorough insight regarding
divertor leakage and closure in different divertor configurations in DIII-D. The aim of
GRP is to define, justify and quantify the restriction present at each divertor target

to optimize divertor closure needed for future fusion devices.
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GRP is coined in order to quantify the effect of physical restriction on neutral
particles present at a divertor target due to physical baffling and the structure of
the magnetic field such as strike point location, height of the x-point, flux expansion
factor, and angle made by the strike point on the divertor target. In this section,
we will walk through a model for an outer divertor leg restriction in the DIII-D
tokamak. Here, we on four conventional types of divertor geometries: the Lower
Single Null (LSN) with high triangularity on the floor as seen in Figure 1.8(a), LSN
with low triangularity on the shelf (Figure 1.8(b)), Upper Single Null (USN) with
high triangularity on the floor as seen in Figure 1.8(c), and USN Small Angled Slot
(SAS) divertor Guo et al. [2019] (Figure 1.8(d)). It is to note that multiple divertor
options are available on DIII-D as seen in Figure 3.7.

Three out of four conventional divertor geometry, except SAS, offers a range of
physical baffling with pumping mechanisms near it to help in density control and
particle inventory control Maingi et al. [1999]. DIII-D also can operate in four other
divertor configurations that are non-conventional, viz., snowflake divertor Ryutov
[2007], Kolemen et al. [2018], Cowley et al. [2023] - seen in Figure 1.8(e), x-divertor
Cowley et al. [2023], Kotschenreuther et al. [2013] (Figure 1.8(f)), vertical right
configuration as seen in Figure 1.8(g) and vertical right configuration (Figure 1.8(h)).
Figure 3.8 shows a DIII-D cross-section representing two plasma discharges: Shot
188492 (solid line) and Shot 188501 (dashed line) at 3100ms and 4800ms respectively.
Both plasma discharges have the outer divertor leg hitting the same divertor target
— LSN Floor, but at different strike point location of 1.18m and 1.35m respectively.
The angle made by the outer divertor legs with respect to the PFC target geometry
for both these plasma discharges are a; = 105.1°and «ay = 108.4°respectively. It is
evident from Figure 3.8 that the strike point location of plasma discharge 188492
is closer to the bafle PFCs compared to that of plasma discharge 188501. Despite
having the strike point on the same divertor target, the location of the strike point

impacts the restriction present for the plasma discharge.
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Detailing the Outer Divertor GRP

GRP incorporates the physical PFC geometry and the magnetic geometry of the
diverted tokamak. It considers the PFC present next to the divertor target, i.e.,
physical baffling, and the angle subtended between the outer divertor leg reaching the
strike point location and the divertor target. For now, we focus on the reproduced
neutral on the low field side of the outer divertor leg until it reaches the angle of
the strike point in the poloidal direction. GRP is defined as shown in Equation 3.14.
Here, ¢, the total number of neutral particles emitted from the divertor target per
second assumes neutrals travel ballistically and are isotropic in nature. This model
essentially considers first-flight neutral transport, i.e., collisionless neutral transport

towards the PFC Maingi et al. [1999], Lore et al. [2019].

CRP — o # of particles hitting the divertor PFC per second
~ ¢r  Total # of particles emitted from the divertor target per second

(3.14)

Here, ¢p is calculated by quantifying the recycled neutral flux, T'g(x), emitted
from the strike point location zpgp at a fraction of solid angle F(x,0). It can be

written mathematically as:

by = /O " Po(2) 27 R F(, 0) da (3.15)

Here, as seen in Figure 3.9(b), ¢r is the recycled neutral flux crossing the plane
present at x,,.., the maximum value to which the flux profile exists. It is defined
as H5\,, meaning it accounts for 5 times the e-folding length of the neutral flux
profile (I'g(z), and accounts for all the particles present under the curve. I'y(z) is the
poloidally distributed recycled neutral current present at the OSP. The probability
that the particles emitted from the Outer Strike Point (OSP) reaching the LFS of
the tokamak at .., is given by a geometric solid angle fraction F'(z,6), which is

defined as
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_ Jyre dA©)
Fz,0) = S Aw) (3.16)

Where, dA(f) is the differential area present at the height of the x-point.
dA = 27 Rsin(0)df, where R is major radius of the tokamak. Assuming the particles
emitted are ballistic in nature, i.e., particles do not undergo any other ionization or
charge exchange processes during their path towards the divertor PFC, the geometric
solid angle would depend only the poloidal angle at which the particle are emitted.

Therefore, the geometric solid angle can be simplified as

foem” sin(0)d0 1 — cos(Omas)
2 B 2

F() = (3.17)

Here, 0,42, is the maximum acceptance of the solid angle that takes the neutrals

originating from the OSP into account. It is defined as

AZ A -7
O oz = tan~" { ] =tan~" {—XPT OSP}

AX Xmaz — Xosp (318)

To understand Equation 3.17 and 3.18 better, let us assume 6,,,, to be 90°, that
would make Equation 3.17 equal to 1/2. This would imply, 50% of the particles
produced at that OSP and traveling through that solid angle would travel to LFS
and other 50% would travel towards the private flux region.

Next, let us compute ¢p (see Figure 3.9(c)), the number of particles hitting the
divertor baffle PFC. It is calculated by adding the flux reaching the divertor PFC at
every discretized segment. In each segment, recycled neutral flux, I'g(x), is emitted
from zpgp reaching the PFC baffles at every infinitesimally small poloidal solid angle,
df. Assuming the particles that originate at Xpgp, mostly atoms and molecules,
dissociate instantly to produce a longer mean free path neutrals are then dominated
by ballistic neutral transport would give us a transmission probability 7'(z,6) that
quantifies the particles reaching the baffie structure are not ionized. It can be written

mathematically as follows:
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= LSHN Shelf
— LSM Floor
= US5HN Floor
— SAS

Vertical Right

1.0 15 20
R [m]

Figure 3.7: DIII-D cross-section depicting different divertor targets location. There
are two divertor targets in the Lower Single Null (LSN) configuration, viz., LSN Floor
(Black) and LSN Shelf (Blue) and there are three divertor targets in the Upper Single
Null (USN) configuration, viz., USN Floor (Red), Single Angled Slot - SAS (Green),
and Vertical Right (Cyan)

-~ 188501.4800
— 188492.3100

R [m]

Figure 3.8: DIII-D Lower Single Null (LSN) divertor geometry with the strike
point hitting the floor portion of the divertor target depicting two different plasma
discharges, viz., Shot 188492 (solid) and Shot 188501(dashed) with varying strike
point
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Xxpts prt

Xosps Zosp

AZ = Zypr — Zosp
AX = Xmax — Xosp

crit

Figure 3.9: [Illustration depicting the geometric configuration of a divertor,
highlighting the elements utilized in the derivation of the GRP. (a) Schematic
defining the elements of the divertor geometry such as location of strike point
(Rosp, Zosp) in X,Z space, the height of x-point (AZ) along with the location of
x-point (Rxpr, Zxpr), angle made between the divertor target and the strike point
, a, the location of each PFC location (Rprci, Zprci) and the neutral flux profile
[Co(x). This flux profile depicted in orange is used to map the location of X4, a
maximum value at which flux profile can extend upto. Here X, = 5A,,.(b) The same
cross section now showcasing the features needed to quantify the recyced neutral flux
¢r. Some features shown are: divertor target AX = X,,.. — Xosp, and the solid
angle 0,4, at which the flux is emitted. (c) This cross-section showcases the features
needed to quantify the recycled neutral flux ¢p = sum of ¢p;. Here, the tokamak
divertor is discretized into ‘n’ points with each discretized segment having a poloidal
angle 'df’ until ’a’. Here, the length of the path taken by a netural that is ballistically
transported is given by ‘Lppc;’.

131



oB :Z¢Bi:¢Bl+¢B2+¢B3+---+¢Bn (3.19)
i=1

where,

i — /O " Do) 20 R Fi(a, 6) T (. 6) do (3.20)

['p; is derived from: (a) transmission probability, T(z, €), of neutrals that are
produced at the strike point that travel to LF'S without getting ionized and, (b) the
geometric solid angle F(z, 6) of the neutrals that were ballistically produced and travel
poloidally uniform towards the divertor baffling without collisions Dunn and Shultis
[2011], Maingi et al. [1999], Lore et al. [2019]. Figure 3.9(c) depicts a cross-section of
an arbitrary tokamak divertor. It shows ‘a’ as the angle between the tangent made
from the outer strike point location poloidally and the divertor target plate. It also
depicts the LFS side of the tokamak being discretized into i’ sections, each having a
small poloidal solid angle, df.

We assume that the neutral flux originates at the OSP and defined as a fitted
functional form of current density measured through Langmuir probes data as
described in Equation 1 of Maingi et al. [2004]. Hence, we can say the factor ‘I'g(z)’
is assumed to be a averaged constant number that is the peak flux present at OSP
throughout the divertor target wetted area, < I'y >. Also, using the base assumptions
of isotrpoic ballistic distribution of neutrals, and assuming the neutral flux produced
over the divertor target remains constant, we can rewrite Equation 3.20 as:

65 =<To > 27R / " R(0)TH0) da (3.21)
Tosp=0

It is to note that in Equation 3.21, the term 'dx’ can be rewritten as Lppc; cos(df).
Next, similar to Equation 3.17, F(f) is the geometric solid angle, but this time it is
the solid angle for the discretized segment, there we can rewrite Equation 3.17 as:

o .
Fi(6) = IN sz;z(G)d@ _1- 0023(d9i)

(3.22)
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The probability of transmission of neutrals, 7;(6), from the OSP location towards
the said indexed PFC location without going through any interactions also is
dependent on the poloidal angle and the distance of the neutral path. This can
be defined as follows:

1 if LPFC'i < Lcrit

7(6) - (3.23)
0 if Lprci > Lerit

In Equation 3.23, L..; is the width of the divertor wetted area and is taken as 5

An. The grey (for T; = 0) and orange (for T; = 1) dashed lines in Figure 3.9(c) show

Lprci, the path of the ballistic neutral originating at the OSP which is estimated

as the distance between the indexed PFC location zprc and the zogp. In Cartesian

plane, it can be defined as

Lerci = \/(Zprei — Zosp)? + (Rprei — Rosp)? (3.24)

Substituting Equation 3.15 and Equation 3.19 in Equation 3.14, we get

<To> 2R, [T Fy(0) Th(6) da

Jy " To(x) 2rR F(, ) d

GRP =

(3.25)

Assuming similar assumption for ¢ as made for ¢, we can rewrite equation 3.25

as

<To> 2rRY", [*™=  Fi(0) Ty(0) da

GRP = Zosp=0 3.26
<To> 27R f%”:;io F(0)dx (3.26)
Further simplification gives us,
T OF(O) T db;)Lprci
GRP — ZZ:I ( ) ( )COS( ) PFC (327)

F(0)
Since, the arbitrary discretization is constant throughout the tokamak geometry,

df is constant over ‘n’ index values. Hence we can rewrite 3.27 as:

133



GRP = cos(dy) 3 iy Fi(0) Ti(0) Lrro

3.28
Substituting Equation 3.17 and Equation 3.22, we get
GRP — cos(db;)(1 — cos(db;)) > i, Ti(0)Lppci (3.20)

(1 = cos(Omaz))

If 0,0 = 90°, and df = 5°, then GRP — 0. This would mean, the number of

particles hitting the divertor baffle is very small compared to the particles emitted

from the OSP. This implies there are no restrictions present at the divertor, suggesting

little to no baffling present. If the divertor is closed, GRP — 1, implying complete
baffling.

3.3 Methodology - Interpretive analysis of poloidally
averaged ion fluxes in the main chamber

The intricate interactions between the central and peripheral regions of plasma play
a crucial role in governing the confinement and heating processes in fusion plasma.
Nevertheless, models of the SOL can be time-consuming and necessitate substantial
human involvement for result generation. Hence, a simplified model, mappable to
a 2D grid, can effectively address SOL neutral dynamics challenges, encompassing
issues such as edge neutral sourcing. The objective is to assess the ratio of particle
fluxes in the main chamber compared to the divertor by employing the modified
window frame analysis through the window pane region. It is important to note
that this analysis relies on the assumption that the measured wall flux, I, remains
constant poloidally across the windowpane region. This assumption is necessitated by
the absence of spatially available diagnostics in the LFS of the tokamak. While this
approximation holds reasonably well, it is acknowledged that SOL physics operates

differently across flux tubes in distinct poloidal regions.
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For instance, the SOL physics is primarily influenced by divertor recycling in the
region near the divertor, while it is dominated by main chamber recycling outside
this region. Given the variations in temperature and density poloidally in a tokamak,
assuming constant [, is a practical approximation for experimental determination
of fuan. However, a more nuanced understanding can be achieved with the assistance

of the modeling approach using OEDGE.

3.3.1 Ratio of poloidally average flux densities at the main

chamber to the divertor

As elucidated in Section 2.4, the interpretability of the OEDGE model can enhance
the comprehension of edge physics while considering experimental boundary condi-

tions. Here fuai—oepcge can be defined as:

Lyair—
fuwai—oppay = —=OEPCE ]((;EDGE (3.30)

With the help of OEDGE, we can get the I,ui_oepge information at the

windowpane using the basic particle flux equation

Lvali—0EDGE {%} = I'yali—0EGDE [%} x 2nR[m] x LW P[m)] (3.31)

where I',,4; is given by:

qu_OEDGE[mf J =1 [ﬁ} x U{T] (3.32)

where, n. is the electron density across the length of the windowpane, and v is
the velocity of particles at the windowpane. Since the boundary condition given to
the OEDGE for OSM and EIRENE model includes the Langmuir probe data, the
calculation of Iy, remains the same as seen in Equation 3.12.

Figure 3.10 displays the electron density for a representative Lower Single Null

(LSN) Shelf configuration discharge, highlighting the positions of the Filterscope,
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Langmuir Probe, and Thomson Scattering diagnostic tools. Additionally, the figure
identifies the windowpane region, denoted from point A to point B, which represents
the last region considered in the OEDGE simulation convergence. This figure
delineates three Regions of Interest (ROI): ROI#1 corresponds to the Filterscope
location, ROI#2 is situated just inside the divertor beneath the x-point, and ROI#3
is located at the divertor target. To calculate fya.0epar using Equation 3.30, we can

express it in a simplified form as follows:

lyaii—oEpcE at ROI#1
liiwv—oEDGE at ROI#3

fwai-oEDGE = (3.33)

Equation 3.33 yields the fyan value derived from OEDGE calculations. This
value is determined in reference to experimental calculations outlined in Equation 3.8,
allowing for a detailed examination of the disparities between the model predictions
and experimental observations across the entire physics domain encompassing ROI#1
and ROT#3.

As elucidated in the preceding paragraph, the true strength of the OEDGE model
lies in its ability to estimate Iya.0epar along the poloidally symmetric window pane,
extending from point A to point B, as depicted in Figure 3.10. Consequently, we can

express this averaged flux ratio in equation form as:

L yai—oEDGE across AB
Laiv—oEDGE at ROI#3

(fuwa-oEDGE) = (3.34)

3.3.2 Critical Considerations in OEDGE Simulation Setup

Figure 3.11 illustrates a flowchart outlining the standard steps for an OEDGE run
scenario and the procedures required to obtain a dictionary output from the OEDGE
file. As depicted in the flowchart, fundamental knowledge of the IRIS setup on the
DIII-D server is essential. A detailed explanation of this setup is provided in Appendix
C.1. Once the server is configured, understanding the process of creating a DG-Carre-

based grid, a crucial component in the OEDGE model, becomes necessary. This
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grid generation process, though time-consuming and possessing a learning curve, is

extensively described in Appendix C.2.
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Figure 3.10: A plasma solution depicting n. for a LSN Shelf divertor configuration

showing the windowpane region from Point A to Point B along with the regoins of
interest (ROI) for f,qu estimation
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Figure 3.11: Flowchart depicting scenarios for a successful OEDGE run.
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Chapter 4

DIII-D Database development for

closure interpretation

The aim of this chapter is to conduct a comprehensive comparative analysis between
experimental and modeled data, with the objective of elucidating the characteristics
of fwan and fuaorpar, and identifying any disparities between the two. The chapter
meticulously presents an in-depth analysis of plasma discharges in both L-mode and
H-mode, providing a step-by-step account of the procedures employed to determine
Jwall; and fyan oEDGE-

Section 4.1 presents a detailed step-by-step analysis leading to the calculation
of I, incorporating results from the Filterscope calculation to derive particle flux
density at the window pane region. Subsequently, the chapter discusses the results
leading to the calculation of Iy, contributing to a comprehensive understanding of
the determination of fy.y. The section then outlines the meticulous estimation process
for fuai—oepaE, poloidally averaged < fua-oepcge > through the OEDGE modeling
setup, providing a sequential procedure for obtaining results from a successful
OEDGE run.

Section 4.2 offers an overview of the shots utilized in the comparative study,

spanning three distinct divertor geometries - LSN shelf, LSN floor, and USN floor.
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Moving forward, Section 4.3 delves into the results of the GRP estimation, exploring

various divertor types and their respective GRP variations.

4.1 Systematic investigation of empirical and model-
derived f,,; for one plasma discharge

This thesis documents 12 plasma discharges or shots characterized by diverted, single-
null magnetic equilibrium, where the B x VB ion drift is directed both towards
(Reverse Br) and away (Forward Byr) from the target. The primary focus of this
study centers on conventional divertor geometries, namely the LSN Shelf, LSN Floor,
and USN Floor, with the aim of estimating fy.1. It is noteworthy that Section
4.3 comprehensively outlines GRP values for non-conventional divertors as well. It
is crucial to emphasize that this section provides detailed information for a single
plasma discharge—Shot # 186703 in the LSN Shelf configuration—for the sake of
clarity. Calculations for additional plasma discharges can be found in Appendix D.
Figure 4.1 presents the fundamental global parameters for the LSN shelf plasma
discharge (Shot #186703) in an H mode configuration, where the B x VB ion drift is
directed towards the target. The figure illustrates key aspects such as density, pedestal
temperature, injected power, outer gap, and outer strike point location within the
time slice of 2500 - 3500 ms (shaded region). Within this region of interest we see
in Figure 4.1, (a) the electron density of the plasma discharge is 8¢19 m™>, (b) the
pedestal temperature is 3.0 keV, (c¢) the injected power is 6 kW, (d) the outer gap
between the plasma and the main chamber measures 6.6 cm, and (e) the average
strike point location of the outer divertor leg on the target is 1.5 m. Additionally, it
is important to highlight that this discharge exhibits a B, of 2 T and I, of 1.3 MA. It
is noteworthy that the global parameters at the selected time slices are intentionally

maintained to demonstrate consistency among values.
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Figure 4.1: Global Parameters of Plasma discharge #186703 in with B x VB ion
drift directed both towards the target in H mode configuration are depicted here.
(a) shows Line averaged density, (b) shows pedestal temperature, (c¢) shows injected
power, (d) shows the outer gap of plasma to the main chamber wall and (e) shows
the location of the outer strike point. The location of Rposp and Rog are shown in
the cross-section of DIII-D
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This deliberate approach facilitates a more meaningful comparison of results,
particularly in cases where the underlying physics appears ostensibly similar, with

variations primarily attributed to differences in divertor geometry.

4.1.1 Empirical estimation of f,.;

As seen in Chapter 2.5, there are three main diagnostics useful in understanding and
calculation of f,.;, namely, Thomson Scattering to inform n. and 7, data inside the
separatrix which is useful to understand the SXB values and the Filterscope data that
is useful in estimating I, as seen in Equation 3.11. Langmuir probe measurements
to inform the ion current density, J.;, data at the divertor target which is useful for
estimating Iy, as seen in Equation 3.13.

In Figure 4.2(a), the mean electron density (n.) obtained from Thomson Scattering
data is presented for time slices between 2500 - 3500 ms. The data illustrates electron
density ranging from approximately 6e19 m =3 near the core to about 1.2e19 m ™3 near
the window pane region. The n, values are plotted with respect to the psiN value,
representing the location of the separatix at psiN of 1 and that of the window-pane
region at psiN of 1.1.

Similarly, Figure 4.2(b) displays the mean electron temperature (7.) values
obtained from Thomson Scattering for the specified time range. The temperature
data shows a range from approximately 1 keV near the core region to about 5 eV
near the window-pane region.

Lastly, in Figure 4.2(c), SXB values (left axis) and PEC values (right axis) derived
from n, and T, are mapped at every psiN value. As mentioned earlier, these values
are employed to calculate particle flux density and neutral density from Filterscope,
respectively. The SXB values range from about 25 near the core to approximately 8
near the window-pane region, while the PEC values span from 10~ near the core to

1073 near the window-pane region.
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Figure 4.2: (a) n. and (b) T, along with (¢) SXB (left axis - blue) and PEC values
(right axis - black) for plasma discharge #186703 in the time of interest between 2500
- 3500 ms.
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4.1.2 Estimation of [,

Recalling the equations:

[wall |i§‘| = Fwall {%} X 27rR[m] X LWP[m]

AL (1)
") = PECT)
Recalling Equations 3.10 and 3.11 we see that in order to get I,,.; we need to obtain
particle flux density (I',q;) and and radiance (/). Figure 4.3 shows a 2D cross-section
of the DIII-D tokamak. Here, the separatrix is depicted in purple, the window-pane
region from A-B is highlighted in orange, and the diagnostic location on the DIII-
D tokamak is indicated. Sub-figures (a-d) provide detailed information necessary
for obtaining I, from the Filterscope location. (a) Illustrates the radially varying
radiance ([y) across the midplane Filterscope system. (b) Displays the emissivity of
the radiance, obtained through the Abel inversion process. (c) Depicts the particle
flux density calculated using the emissivity and SXB values, and (d) Shows the neutral
density npg emission at the midplane location - see Figure 4.2 for reference. These
sub-figures collectively contribute to a comprehensive understanding of the radiative

properties and diagnostic measurements at the midplane location within the DIII-D

tokamak.
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Figure 4.3: 2D cross section of DIII-D tokamak depicting the separatrix (purple),
window-pane region from A-B (orange) and the diagnostic location on the DIII-D
tokamak is shown. The sub-figure (a-d) shows details needed to get the I,q; from
the Filterscope location. (a) shows the radiance (1) radially across the midplane
filterscope system. (b) shows the emissivity of the radiance obtained through Abel
inversion process, (c¢) shows the particle flux density calculated using the emissivity
and SXB values and (d) shows the neutral density emission at the midplane location
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4.1.3 Estimation of I ,

Recalling the equations:

windowpane
]div |:§:| - / Fdiv |:i:| dR X W(RQ - TQ)[mQ]

2
eparatrix m=.s

Laio {i] _ JSAT [%}

2 m?

Figure 4.4 provides a detailed overview of the estimation process for I, in Shot
186703 during the time slice of interest from 2500 to 3500 ms. (a) Displays the
particle flux density obtained via Langmuir probes, presenting all measured data
with gray circle markers, median values with blue circle markers, and the fit data
represented by the black dashed line, achieved through Maingi fit. The fit exhibits
a reduced x? value of 1.51. (b) Presents the Maingi fit parameter values utilized
for fitting the median data. (c) Illustrates the weights obtained during the fitting
process. (d) Shows the residuals of the fit plotted against psiN. The particle flux
density is delineated by the separatrix (purple dashed line) and the windowpane
(orange dashed line), calculated using the specified equations. The estimation of
14, involves determining the area under the curve between the separatrix and the
windowpane region, multiplied by the area of the annulus between the windowpane
and the separatrix. Figure 4.4 incorporates a goodness-of-fit measure that includes
data averaged over ELMs, enhancing the reliability of the estimation process.

For the Maingi fit, The temporal profiles are transformed into spatial profiles
with respect to the separatrix position through utilization of the EFIT equilibrium
reconstruction at each time point of the profile. Then, the spatial profiles are

subjected to fitting procedures based on functional representations as shown in Figure

4.4(e)
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Figure 4.4: (a) Particle flux density obtained via Langmuir probes shown with all
measured data (gray circle markers), median values (blue circle markers) and fit data
(black dashed line) done using Maingi fit. The fit has a reduced x? value of 1.51. (b)
Maingi fit parameter values used for fitting the median data. (c) weights obtained
while fitting the data along with (d) the residuals of the fit plotted against psiN. The
particle flux density shows the separatrix (purple dashed line) and the windowpane
(orange dashed line). (e) Subfigure defines the Maingi fit - taken from from Maingi
et al. [2004] utilized to make the fit on the flux density data
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4.1.4 Modeled f,.;: Introduction to OEDGE results

In this thesis, our primary focus is the understanding of f,.; values across different
divertor targets. While the preceding section approached this empirically, we also
delve into it using the modeling approach. Here a divertor plasma solution is
generated using OEDGE for specific divertor configurations in both B x VB towards
and away from the target in L. mode and H mode configurations. In the earlier
segment, we scrutinized the experimental values of I,,; and Iy, for the LSN shelf
configuration of Shot 186703 in H mode. Similarly, mirroring the empirical approach,
we will now guide through Shot 186703 in H mode for a time slice at 3500 ms using
OEDGE. Following the execution of the OEDGE case, as outlined in Appendix C,
and a thorough understanding of the steps necessary for calculating the required f,q

values from Section 3.3, we will proceed to examine the results obtained from the

OEDGE run.

4.1.5 Estimation of f,.i—ocdge

The initial step in obtaining a modeled-derived f,.; involves creating a mesh
through DG-Carre, with detailed procedures outlined in Appendix C. Figure 4.5(a)
displays the DG-Carre surface with the mesh superimposed, illustrating the mesh
configuration for Shot 186703 at the 3500 ms time slice. An important observation
from this figure is the presence of a limiting surface near the SAS divertor, restricting
the mesh due to the presence of the wall surface. This limitation is crucial in defining
the window-pane region, as depicted in Figure 4.5(b) from point A-B.

After running the OEDGE case, numerous output variables become available for
visualization. Figure 4.6 presents key results, including: (a) Electron density, (b)
Electron temperature, (c) Plasma velocity and (d) Calculated plasma flux density
using the equation I' = n x v. It’s important to highlight that the OEDGE case
assumes the plasma to be quasineutral. These plots offer valuable insights into the

distribution and characteristics of electron density, temperature, plasma velocity, and
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Figure 4.5: Cross-section of DG-Carre created (a) surface and (b) mesh depicting
the limiting surface for mesh generation near the SAS divertor and windowpane region
from point A-B as seen in sub figure (b)

Electron Density [m-3] Electron Temperature (eV) Flow Velocity (m/s) Particle Flux Density
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Figure 4.6: 2D profiles of shot 186703 showing data that is used to calculated
particle flux density from n. and velocity v. (a) shows the electron density, (b)
shows the electron temperature, (c¢) shows the plasma flow velocity, and (d) shows
the calculated plasma flux density poloidally across the DIII-D tokamak
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flux density within the modeled scenario in a 2D poloidal cross-sectional view. Upon
successfully running the model, the initial validation involves assessing the deviation
between the modeled data and diagnostic data.

Figure 4.7 displays the electron density (n.) and electron temperature (7,), along
with the goodness-of-fit between experimental data and OSM model data. The y?
values between the model and the data are reported as 1.34 for n, and 5.70 for
T.. These x? values serve as indicators of the agreement between the model and
experimental data, with lower values generally suggesting better alignment. Figure
4.8 shows the validation for Langmuir Probe diagnostic with (a) n., (b) 7. and (c)
Jsar for outer divertor target.

Referring to Equation 3.33, we can compute f,.i_oepce by evaluating the particle
flux density in region 1 over the particle flux density in region 3, as illustrated in Figure
4.9. Sub-figure (a) represents the electron density (n.) for region 1, (b) for region
2, and (c) for region 3. Additionally, Figure 4.9 includes a n, cross-section obtained
from the OEDGE run.

Similarly, Figure 4.10 presents the plasma velocity for the corresponding regions.
These visualizations provide valuable insights into the variations in electron density
and plasma velocity across different regions, aiding in the calculation of f,.i_oepcE-
Figure 4.11 shows particle flux density in region 1, region 2 and region 3 calculated
from Figure 4.9 and 4.10. It also plots a 2D cross-section of particle flux density in
three regions.

In this context, the estimation of modeled f..i_oepcr facilitates a robust
comparison with experimental f,.; by evaluating the particle flux density at the
windowpane region, ensuring an ’apples-to-apples’ comparison. This approach
enhances the assessment of the model’s predictive capabilities against experimental

data, providing a comprehensive understanding of the agreement between the two.
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Figure 4.9: n, estimation in three regions using OEDGE as seen in sub-figure a,
b and c¢. Region 1 is defined on the Filterscope location, Region 2 is defined as the
region just below the x-point and Region 3 is the region on the divertor target
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Figure 4.10: v estimation in three regions using OEDGE as seen in sub-figure a,
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region just below the x-point and Region 3 is the region on the divertor target
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4.1.6 Estimation of poloidally averaged < fyui—ocdge >

An advantageous aspect of having a modeling case lies in the capability to estimate
quantities across a 2D cross-section where diagnostic data may be sparse during
experimental runs. Referring to Equation 3.34, we can estimate the poloidally
averaged fuai—orpge radially across the window frame A - B, as depicted in Figure
4.12. The figure illustrates the density and velocity plotted across the S-coordinate,
representing the flux surface. In Figure 4.12, the S-coordinate values between the
windowpane are observed to span from 30 to 45 m. The values averaged across the
S-coordinate are then utilized to calculate the poloidally averaged fy,ai—orpge. This
approach enables a comprehensive assessment of the quantity across the specified

region, offering insights into its radial distribution.

4.2 Summary for Shot 186703 and database of
plasma discharges for comparative study be-
tween divertor design

The table below summarizes the results obtained from both empirical and model-
driven estimations of f,.;. Notably, the empirically derived and model-driven f,.;
values are quite similar, hovering around 0.7. However, the calculated value of
fwai—oEDGE, Obtained by poloidally averaging the particle flux across the window-
pane, exhibits a decrease to approximately 0.55.

This observation may suggest a greater interaction of particles crossing the window
pane radially, possibly unaccounted for during the experiments. As previously stated,
the goal of this thesis is to do a comparative study between divertor design for multiple
plasma discharges. By laying down the step by step process and results for estimation
of quantities shown in Table 4.1, one can follow up with more plasma discharges to

calculate the same. The details are shown in Appendix E.
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Table 4.1: Summary of calculation of f,.; via experiment and OEDGE model for
Shot 186703

Shot I’wall Idi'u fwall fwall—oedge < fwall—oedge >
[# /8] [# /s]
186703 1.01e19 1.45e¢19 0.7 0.71 0.55
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Figure 4.12: average n. and v estimation across the poloidal cross-section using
OEDGE as seen in sub-figure a, and b. The cross-section figure on the right shows
the 2D plot of the s-coordinate with flux surface and showing window pane region
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Here, Table 4.2 shows details about the plasma discharges with B x VB towards
(reverse Br) the data and Table 4.3 shows details about the plasma discharges with
B x VB away (forward Br) the data.

4.3 Results from GRP estimation for conventional
and non-conventional divertor

GRP is quantified on seven different types of divertor configurations present at DIII-
D — four conventional divertor types: LSN Floor, LSN Shelf, USN SAS, and USN
Floor; and three non-conventional divertor types: Snowflake, X-divertor, and a sub-
divertor category of USN Floor - Vertical right. All seven divertors range in divertor
target size, baffling, slot presence, and x-point height. Figure 4.13 (a-g) shows all
seven divertor cross-sections along with their GRP value present in that selected time
arranged in increasing value of divertor structural restriction. As seen in Figure 4.13,
the snowflake configuration has the lowest median GRP value at 0.13, and the SAS
divertor configuration has the highest median GRP value at 0.82.

Figure 4.14 (a-b) shows a breakdown of a’and 0,,,,° for LSN Floor plotted as
a function of time respectively. The data seen in Figure 4.14 consists of 58 plasma
discharges sampled from 1000 — 6000 msec at every 20 msec. In Figure 4.14 (a) the
angle of the strike point ranges from 91°- 116° with the median value at 104.94°.
Figure 4.14(b) the 6,,,,° ranges from 2.1°- 142.1° with a median value of 37.94°. Each
data point in Figure 4.14(b) has a 6,,,,° that is made of a summation of transmission
factors of all 58 plasma discharges, one of which is represented in Figure 4.15 for Shot
174795 at 3940ms time slice. The summation of transmission factors is calculated as
LPFC below the critical length (L..;;) at every discretized index value of the DIII-D
wall geometry. Figure 4.15 shows the outer strike point (OSP) location and indicates
the hypotenuse length from the point of strike point location to the index value to

the next plasma-facing component.
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Table 4.2: Details of plasma discharges in L-mode and H-mode for B x V B towards

the target
L-mode
Type Shot # Time Br I, P, Ne
[ms] [T]  [MA] [MW] [10%m~]
LSN Floor 167234 2000-4000 2 1.19 0.5 24
LSN Shelf 163210 3000-4000 2 1 1.1 2.25
USN Floor 184533 2000-4000 -2 1 4 3.4
H-mode
LSN Floor 167245 3000-4000 2 1.19 3.9 5.2
LSN Shelf 186703 2500-3500 2 1.3 6 8
USN Floor 179974 2000-3100 -2 1.3 6.5 6

Table 4.3: Details of plasma discharges in L-mode and H-mode for B x VB away

from the target

L-mode
Type Shot # Time Br I, Pi;. Ne
ms [T MA] [MW] [10%m
LSN Floor 174803  450-600 -2 0.9 1.7 1.4
LSN Shelf 186791  900-110 -2 1 Ohmic 2.8
USN Floor 179760  600-750 2 1 1.32 1.45
H-mode
LSN Floor 175937 2000-4000 -2 1.3 5.1 6.2
LSN Shelf 186791 3000-4000 -2 1.3 5.7 6.8
USN Floor 179760 2500-3200 2 1.3 6.15 4.8
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Figure 4.13: Seven different DITI-D divertor configuration, viz., (a) Snowflake with
GRP = 0.14, (b) LSN Shelf with GRP = 0.14, (c¢) LSN Floor with a GRP of 0.37, (d)
USN Floor with GRP = 0.47, (e) Vertical right with GRP = 0.62, (f) X-divertor with
a GRP of 0.85, (g) SAS with GRP = 0.87. The seven sub-figures show the location
of the strike point for each divertor configuration for one example plasma discharge
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Figure 4.14: Variation of (a) «, angle of strike point and (b) 6,,., as a function of
time for LSN Floor configuration for 58 plasma discharges at every 20msec
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Figure 4.16 shows the relationship of the GRP values with the different divertor
configurations as a function of time with Kernel Density Estimate (KDE) showing
the population density of data points with respect to GRP on the right side of the
plot. A KDE plot serves as a visual tool to depict the distribution of observations
within a dataset, akin to a histogram. Unlike a histogram, a KDE utilizes a continuous
probability density curve in one or more dimensions, offering a less cluttered and more
interpretable representation, particularly when illustrating multiple distributions.
Figure 8 consists of more than 250 plasma discharge shots ranging from 1000 msec to
6100 msec, with high-fidelity data analyzed every 20 msec. It depicts the variation of
restriction present on four conventional divertor geometries, viz., LSN Floor (black),
LSN Shelf (blue), SAS (green), and USN Floor (red). Figure 4.17 depicts the variation
of restriction of three non-conventional divertors, viz., Snowflake (purple), X-divertor
(orange) and a sub-divertor types: of USN Floor: vertical right (cyan). The reason
for bifurcating the USN Floor configuration is the location of the strike point, which
for the cases of vertical right, has the strike point between the divertor target and
SAS. Figures 4.16 and 4.17 also show the KDE plot on the right of the GRP scatter
plot, which shows each divertor configuration’s population density with its median
value.

As mentioned, GRP ranges from 0 to 1, where if the GRP value is closer to 0,
the restrictions present at the divertor are almost none. Figure 4.16 shows the lowest
GRP value ranging from 0.05 to 0.25, with a median value of 0.14 for LSN Shelf
configuration. The neutrals and impurities born here could easily leak into the main
chamber region, due to absence of baffling / restricting structure present for this

divertor configuration.

Kernel Density Estimate (KDE)

KDE offers a method for visualizing univariate or bivariate distributions, akin to

histograms but providing a continuous probability density curve representation.
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plotted as a function of discretized wall index values that make up the DIII-D
geometry for Shot 174795 at 3940ms. Summation of the Lppc (the hypotenuse length)
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Figure 4.16: GRP values for different divertor configurations depicted as a function
of time along with KDE for each configuration with median value. There are
four conventional divertor configurations plotted here, LSN Shelf (blue), LSN Floor
(black), USN Floor (red), and SAS (green).The figure also depicts two LSN Floor
discharges depicted in Figure 2: Shot 188501 (yellow diamond marker) and Shot
188492 (Yellow hexagon marker) and it can be seen the variation in GRP value with
just change in OSP location in same divertor configuration
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Unlike histograms, KDE plots are less cluttered and more interpretable, partic-
ularly when illustrating multiple distributions. However, the effectiveness of KDE
relies on appropriate smoothing parameters, and it may introduce distortions if the
underlying distribution is bounded or not smooth. Key features of KDE include
its reliance on a single kernel function for representation, its nonparametric nature
determined by the dataset, and its sensitivity to the bandwidth parameter Weglarczyk
[2018].

Unlike histograms, KDE does not require an optimization technique for fitting to
the data. Compared to histograms, KDE offers advantages such as smoother curves
that better capture details and potential non-unimodality, utilization of all sample
points for improved information retrieval, more convincing depiction of multimodality,
and a higher level of bias reduction.

In two-dimensional applications, KDE outperforms histograms by avoiding the
need to specify bin orientations, thereby reducing subjectivity in representation
Weglarczyk [2018].

The bandwidth, representing the standard deviation of the smoothing kernel in
KDE, holds significance as it influences the accuracy of the data representation. An
incorrectly specified bandwidth can lead to distortions in the visual depiction of the
dataset. The default bandwidth is most effective when the underlying distribution is
smooth, unimodal, and approximately bell-shaped Weglarczyk [2018].

Interpreting the density axis units (see Figures 4.16 and 4.17 right subplots) can
be confusing as the curve represents a density rather than a probability at each point.
Probabilities can only be derived by integrating the density over a range. The curve
is normalized to ensure that the integral across all possible values equals 1, thereby
making the scale of the density axis contingent on the data values Weglarczyk [2018].

The kernel density estimator can be defined as

(4.1)

ZKh T — X _nhz
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The samples 1, xo, x3...x,, are drawn independently and with the same distribu-
tion, originating from an univariate distribution with an unknown density function f
at any given point x. Here, K represents the kernel, a non-negative window function,
and h > 0 denotes a smoothing parameter known as the bandwidth. The kernel
with the subscript h is referred to as the scaled kernel and is defined as Kj(x) =
1/h K(x/h). In essence, one aims to select h as small as feasible based on the data;
nevertheless, there exists a constant trade-off between the estimator’s bias and its
variance Weglarczyk [2018].

The smoothing parameter, h, is a function of sample standard deviation ¢ and

the sample size n. It is given as:

h=1.066m7 (4.2)

Coming back to the GRP estimation, the second lowest GRP value ranges from
0.1 to 0.2, with a median value of 0.14 for the Snowflake configuration, as seen in
Figure 4.17 — purple markers. We know the strike point of the snowflake divertor
(Figure 5c¢) is on a similar LSN Shelf target with little to no baffling. However, the
variation of GRP of this divertor configuration is more varied than LSN Shelf due to
its difference in magnetic geometry, which has higher flux expansion in this kind of
divertor geometry. It implies that with higher flux expansion, the neutral particles
could get more region to get ionized before leaking in the main chamber region.

USN Floor (Red) and LSN Floor (Black) divertor configurations have GRP
values ranging from 0.25 — 0.6 and 0.1 — 0.98, respectively in Figure 4.16. These
divertor geometries provide a range of baffling around the divertor target that lets
the restriction vary by such a significant margin. As understood until now, the value
of GRP is lower when the strike point is away from the baffling structure, providing
an easier leakage path. In contrast, GRP is higher when the strike point is near
the baffling structure, implying the neutrals born at the strike point are restricted

due to the baffling. We see a higher variation in GRP value for the LSN Floor
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configuration than USN Floor due to a higher flat divertor surface area in the LSN
Floor configuration. In contrast, USN Floor has a bottleneck structure around it,
providing a unique geometry to keep the neutrals from leaking into the main chamber.
Also, the angle of the strike point ‘e’ might be similar in each configuration, but
the presence of physical restriction provided by the baffling structures impact the
estimation of GRP.

X-divertor (orange), similar to LSN Floor divertor configuration has a GRP value
ranging from 0.15-0.95 with a median of 0.65, making it the second most restrictive
divertor configuration present at DIII-D. There is some variation in the GRP values,
as seen in Figure 4.17, for similar reasons as LSN Floor. This configuration has a
longer divertor leg compared to other configurations which provides particles a longer
path to leak, during which they could quickly get ionized and hence would potentially
‘leak’ less.

The highest GRP value with a median of 0.87 ranges from 0.75-0.95 for SAS
divertor configuration due to its restrictive geometry implied by its name — Small
Angled Slot (SAS) divertor (green in Figure 4.16). The main reason for the higher
restriction is the baffling position (see Figure 4.13 (g)), which significantly restricts
neutrals born in the divertor and limits leakage to the main chamber region.

Vertical right (cyan) divertor configurations essentially are part of the USN Floor
configuration but have the strike point far out to the right of the divertor target
(Figure 4.13f). Figure 4.17 shows that the vertical right configuration has a median
GRP value of 0.62 with a range of 0.3 — 0.9. This shows the target (bottleneck
structure) acts as a divertor with varied restrictions mostly depending on the angle
of the strike point on the divertor structure. Note that the number of data points
for the sub-divertor category is fewer compared to other divertor scenarios and are
not widely used divertor configurations. These were used here to show the impact of

strike point location to quantify divertor restriction.
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4.3.1 Effect of geometry on neutral particle restrictions

We see that divertor restriction varies based off the physical PFC geometry and the
magnetic geometry of the diverted tokamak. This can be noted by comparing two
plasma discharges: Shot 188492 (yellow hexagon) and Shot 188501 (yellow diamond)
in Figure 4.16. The location of OSP for the two plasma discharges are depicted in
Figure 4.14 and we can see both the plasma discharges have similar x-point height
and are on same divertor configuration — i.e., LSN Floor. However, the only varying
factor between the two plasma discharges is the location of their OSP. As seen in
Figure 4.16, Shot 188492 (yellow hexagon) has the GRP value as 0.7 with the OSP
at 1.35m and Shot 199501 (yellow diamond) has the GRP value as 0.3 with the OSP
at 1.18m. We see that as the OSP location was near to the baffling structures, the
GRP value that incorporates the structure to calculate GRP has higher value.

In conclusion, geometric restriction was calculated using a new technique for seven
divertor configurations at DIII-D. The GRP value varies for all divertor configurations
with snowflake providing the lowest divertor restriction and SAS providing the most
divertor restriction. Table 4.4 shows median GRP and std to the GRP for all divertor
configurations. Also, Table 4.5 shows summary of the GRP values for the selected
plasma discharges for this thesis where we see the lowest restriction provided for
LSN Shelf configuration, and the most restriction configurations is provided by LSN
Floor. The table shows the mean GRP and the standard deviation of the GRP for

each plasma discharges in both B x VB away and towards the target.
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Table 4.4: Summary table of calculated GRP values for conventional and non-
conventional divertor geometry in DIII-D

Divertor Type Median GRP Std. GRP

LSN Shelf 0.14 0.08
LSN Floor 0.37 0.3
USN Floor 0.47 0.14
0.87 0.09

snowflake 0.14 0.1
0.65 0.45

Vertical right 0.62 0.3

Table 4.5: Details of plasma discharges in L-mode and H-mode for B x V B towards
the target and away from the target

Towards the target
L-mode
Type Shot # Time GRP std GRP
[ms]

LSN Floor 167234  2000-4000  0.58 0.116
LSN Shelf 163210  3000-4000  0.03 0.006
USN Floor 184533  2000-4000  0.42 0.084

H-mode
LSN Floor 167245 3000-4000  0.58 0.116
LSN Shelf 186703  2500-3500  0.03 0.006
USN Floor 179974  2000-3100  0.42 0.084

Away from the target

L-mode
LSN Floor 174803 450-600 0.58 0.116
LSN Shelf 186791 900-110 0.03 0.006
USN Floor 179760 600-750 0.42 0.084

H-mode
LSN Floor 175937  2000-4000  0.58 0.116
LSN Shelf 186791  3000-4000 0.03 0.006
USN Floor 179760  2500-3200  0.42 0.084
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Figure 4.17: There are three non-conventional divertor configurations plotted here,
Snowflake (purple), x-divertor (orange), and Vertical Right (cyan). GRP values for
different divertor configurations are depicted as a function of time, along with KDE
for each configuration with a median value.
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Chapter 5

Conclusions from DIII-D divertor

closure analysis

Changes in the divertor configuration have been quantified through the evaluation of
the divertor restriction, measured along with the magnitude of plasma fluxes in the
main chamber (1), and over the divertor region (Ig;), as detailed in Chapter 4.
This observation underscores the influence of divertor geometry on the ratio of flux
magnitudes in the main chamber to the divertor — an indicator of neutral leakage.
Such variations can potentially lead to differences in main chamber recycling. To
investigate the impact of divertor geometry on potential neutral leakage, we need to

understand the neutral pathways and recycling paths on a tokamak cross-section.

5.1 Restrictions influencing main chamber and
divertor recycling as measured by Filterscope

The detection of a D-alpha signal at the midplane suggests the presence of a neutral
population undergoing ionization at the plasma edge, with potential contributions
from divertor leakage recycling (DLR) and main chamber recycling (MCR). While
prior research by Whyte in 2005 Whyte et al. [2005] indicates that MCR likely
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dominates based on their dataset, this conclusion is limited to a specific divertor
closure level, warranting further investigation.

Recent hypotheses by Wynn, Lipschultz, et al. Lipschultz and LaBombard [2005],
Wynn [2017] propose that divertor recycling might contribute to the formation of
SOL density shoulders by reducing the parallel flow of ions from the SOL to the
divertor. Their analysis of JET cases suggests divertor recycling as a probable
cause for shoulder formation and MCR. This underscores the importance of exploring
potential correlations with divertor recycling in the DIII-D dataset.

Currently, there is insufficient data to draw conclusions regarding the impact of
wall interactions (1,qy) or direct measurements of MCR. However, existing data may
shed light on the significance of DLR in midplane ionization. Specifically, examining
correlations between midplane ionization rates (measured by OMP filterscope D-a))
and divertor recycling rates (measured from divertor D-a) could provide insights,
particularly as divertor closure levels vary.

Figure 5.1 presents a comparison between main-wall D-a and divertor D-a as a
function of GRP. This serves as a test to understand the impact of varying restrictions
on neutral ionization. It is observed that the particle flux measured on the LFS
of divertor remains constant with varying restrictions, whereas the particle flux
measured at the outboard midplane decreases by a factor of 10 as restrictions increase.

Figure 5.1 presents data from the Filterscope diagnostic at varying GRP with
different divertors. The LSN shelf divertor cases have a GRP of 0.03, the USN
floor has a GRP of 0.43, and the most restricted divertor LSN Floor has a GRP
of 0.58. The magnitude of particle luxes measured by the midplane filterscope are
measured toroidally across the separatrix whereas the filterscope measurement from
the divertor target is measured poloidally across. Our measurements of particle flux
at the midplane location align with recent findings Groth et al. [2003], Whyte et al.
[2005], who observed weak midplane main-chamber D,, emissions compared to the

divertor flux.
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Figure 5.1: The particle flux, as measured by the Filterscope D, (subfigure (a)
for measurement location), reveals the influence of divertor restriction on neutral
ionization in the outboard midplane. (b) While divertor recycling (diamond markers)
remains consistent across varying divertor restrictions (GRP) in H-mode (filled
markers), the ionization of neutrals (square) exhibits a tendency to decrease with
increased divertor restriction. The opposite is true for L-mode scenrio (open markers)
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A significant consequence of plasma main-wall contact is the consequent release
of recycled D molecules and neutrals from the main wall, which contribute to plasma
fuelling. The influx of D neutrals, (measured in D molecules per square meter
per second), is estimated at discrete main-wall locations using D, brightness and
neutral pressure gauges. Typically, the gas pressure in the main chamber during
these experiments is around 10~* Torr, which is interpreted as a D, molecular flux
density (Dz = }lnmﬁ), assuming room temperature Dy molecules from the DIII-D
wall. Half of this flux is directed towards the plasma and contributes to local D atom
ionization in the plasma after molecular dissociation, i.e., D ~ 2(D/molecule) x %Dz
Whyte et al. [2005].

For divertor D, views approximately normal to recycling surfaces, the D,
brightness, Bp_,, can be directly interpreted as D atom influx using the well-known
ionizations per photon ratio (also known as SXB ratio), i.e., D~ 47TBD,Q%. This
straightforward interpretation is possible because the deuterium atoms are ionized
and excited in the same viewing volume Whyte et al. [2005].

The scenario is somewhat different for the midplane D, array, as it does not
directly view a recycling surface but rather has view chords tangent to the SOL.
Here, the measured brightness profile must be inverted to obtain a radial emissivity
(photons per cubic meter) profile, which is then converted to a volumetric ionization
profile (ionizations per cubic meter) using S/X B based on local n., and T,. The
ionization profile is then radially integrated through the SOL to determine a local,
outer midplane. These fluxes from divertor and midplane are plotted in the Figure
3.1.

As seen in Figure 5.1, the local recycling flux at the divertor is 100 times greater
than at the window-frame location in the main chamber. While this trend follows
the results from Whyte et al. [2005], one thing that data from Figure 5.1 differs
from previous results is adding in the understanding of restriction variation. With
the addition of increased restriction, one can potentially call out Equation 3.1 and

decipher what flux pathways play a major role. As seen in Figure 5.1, the highest
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restricted divertor has the particle flux lower by a factor of 4 compared to the divertor
whereas with lower restriction the difference is a factor of two. This implies ionization
reduces by a factor of 2 with an increase in restriction by 60%.

We can also offer speculative remarks to bolster our hypothesis concerning a direct
linkage between main chamber recycling (MCR) and divertor leakage recycling (DLR)
with varying restrictions. The MCR flux does not exhibit a non-linear decrease,
which would suggest a variation in neutral pathways as described in Equation 3.1.
According to this equation, a reduction in main chamber fluxes could stem from lower
local recycling or fewer incoming ions deposited through the Ig,; to I pathway, as
depicted in Figure 3.1. Previous studies have highlighted the correlation between
increased restrictions and reduced particle leakage Loarte [2001], Casali et al. [2019].
In this context, the divertor’s "shielding” of neutrals could precisely adjust the number
of particles transported into the main chamber region. Thus, it can be suggested that
MCR is influenced by changes in divertor restrictions and DLR.

Another way to understand the influence of DLR on to MCR is by quantifying
the density pedestal with varying divertor restrictions. Experiments conducted on
JET and DIII-D, where the divertor configurations were manipulated, demonstrated
a significant alteration in the density pedestal structure. JET studies Joffrin et al.
[2017] indicated a close correlation between overall density and the availability of
neutrals in the device and also showed the impact of recycled neutrals with varying
divertor restriction Loarte [2001]. In an open divertor configuration, neutrals can
move more freely into the main chamber, whereas in a closed divertor, they tend to
remain trapped in the private flux region and the divertor area. Dedicated studies
on DIII-D comparing plasmas in open versus closed divertor configurations showed
that, for similar divertor conditions (density and temperature), the density at the
top of the pedestal was much lower for the open divertor configuration. Achieving
similar divertor conditions necessitated significantly more fueling using gas puff in
the open divertor configuration, leading to increased electron density not only in the

divertor but also in the pedestal, while the SOL densities remained similar between
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the two cases. Addition of gas puff in the closed divertor configuration raised the
density but also resulted in an outward shift of the electron density profile, similar to
observations on JET and AUG Dunne et al. [2016], Stefanikova et al. [2018], Beurskens
et al. [2011]. However, no such outward shift was observed in the open divertor
configuration. The electron density continued to increase with increased fueling, but
no increase or decrease in the shift between the electron density and temperature

profiles was observed. The common factor between the shift in the electron density

and temperature profiles is 7, = LL;E, a measure for the drive in Electron Temperature
Gradient (ETG) turbulence, suggesting that the shift is not solely linked to changes
in main chamber fueling or neutral pressure but also to changes in transport Wang
et al. [2018].

SOLPS modeling of these experiments revealed a large difference in ionization
between closed and open divertor configurations and a distinct poloidal distribution
of the neutral density, yet the average ionization inside the separatrix for attached
conditions remained similar Sontag et al. [2017]. While the divertor configuration
strongly impacted the pedestal density, whether the divertor was attached or detached
seemed to have less influence Moser et al. [2019]. The relative density increases
with increased fueling were independent of whether the divertor was attached or
detached. The increase in the pedestal density was directly linked to the increase in
the separatrix density, which increased with increased gas fueling and continued to
increase after detachment was observed, in any configuration Casali et al. [2019].

Another factor impacting the density pedestal structure is the grad-B drift
direction T.H. Osborne [2019]. In DIII-D closed divertor experiments where the
pedestal density was matched, an outward shift of the pedestal density occurred for
BV B away from the X-point (unfavorable drift direction), resulting in a much higher
SOL density. SOLPS simulations studying the effects of the BV B drift direction
showed a strong effect on the radial particle flux at the midplane Sontag et al. [2017].
Simulations with BV B toward the X-point displayed a similar increase (although less
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pronounced) in the SOL density compared to the case with BV B away from the X-
point and also exhibited a small outward shift. This is shown via empirical approach
in section 5.3 Mordijck [2020].

In summary, these experiments involved varying divertor geometry from 'open’
to a more ’closed’ configuration and altering the coupling of the strike point to
the cryopump. Changes in divertor geometry and coupling to the pump directly
impacted fueling of the core plasma through alterations in neutral pressure in the main
chamber as well as the divertor, subsequently affecting the separatrix and pedestal
density leading to higher MCR. The absence of a ’simple’ model to predict how
this would affect the pedestal density underscores the limitations in the predictive
capabilities of any MHD model. These findings emphasize the role of the divertor and
SOL conditions in determining the pedestal structure and the necessity for models
predicting the pedestal structure to incorporate information on divertor and SOL

characteristics to help understand the role of DLR for MCR.

5.2 Understanding the neutral opacity with re-
spect to closure using OEDGE

In the evolving landscape of fusion research, the burgeoning size of tokamak devices
brings them closer to emulating conditions akin to those within a reactor. This shift
towards larger devices profoundly alters the interplay between neutrals and the edge
pedestal structure. Neutrals, both recycled and introduced via gas puffing, find their
efficacy in penetrating the confined plasma region considerably diminished. This
diminishment, in turn, restricts their role as particle sources on closed flux surfaces.
To quantitatively assess this damping effect of fueling neutrals, a parameter known
as the neutral attenuation coefficient, or neutral opacity, represented by the symbol n
is introduced. Details about opacity is shown in Section 2.3.1, however in a simplistic

approach, analogous to optical opacity, n is directly proportional to both the local
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electron density (n.) and a generic cross-section for neutral-plasma interaction (o). A
neutral population introduced into a uniform plasma experiences exponential decay
with a characteristic length scale (Lp) inversely related to 7, and thus approximately
proportional to ni Consequently, higher absolute edge densities render plasmas more
impervious to neutrals. We further define an opaqueness screening parameter, nx A =
%, where A signifies the approximate boundary region width Mordijck [2020].

The screening effect of neutrals can vary significantly within individual devices and
especially between devices of varying size and density. For a given toroidal device,
opaqueness is directly proportional to the product of n (density) and a (minor radius),
assuming the boundary region thickness scales with a. Considering n = %(neped +
Nesep), the opaqueness in ITER is projected to be approximately ~ 1.2 x 102 m™2.
In contrast, DIII-D typically operates at ~ 1.5 x 101 m~2, while JET, with a larger
minor radius but similar pedestal densities, operates at twice the opaqueness of DIII-
D. Alcator C-Mod, characterized by a high magnetic field, operates naturally at high
density, resulting in opaqueness values of up to 7.0 x 10 m~2. Thus, while devices
like DITI-D, AUG, and JET typically operate at an opaqueness an order of magnitude
lower than that expected on ITER, the opaqueness on C-Mod is only a factor of 2
lower. We adopt the term ”opacity” to describe the reduced ability of neutrals to
penetrate the plasma and ”opaqueness” to represent n X a, facilitating comparison
across various experimental conditions Mordijck [2020].

Looking ahead, the larger physical size of future tokamak devices inherently
increases opaqueness, thereby significantly diminishing the impact of divertor con-
ditions on fueling. With neutrals’ mean free path shortened, the pedestal essentially
operates independently of the divertor, diverging from the close connection observed
in current devices. In the scaled-down SOLPS version, an increase in divertor neutral
concentration leads to a constant rise in upstream separatrix electron density, whereas
in full ITER, the separatrix density saturates and remains constant, unaffected by
changes in divertor neutral pressure. However, the divertor can still influence fueling,

as evidenced by LaBombard et al.’s work LaBombard et al. [2017]. Therefore, if
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divertor conditions directly affect plasma flows in the SOL, they will significantly
impact fueling via gas puffing in the main chamber Mordijck [2020].

In the quest to enhance predictive capabilities of density pedestal structures
in reactor regimes, several avenues emerge. In current devices characterized by
low opacity, direct measurements of neutrals are paramount for providing a more
realistic estimate of the particle flux source Mordijck [2020]. However, with the help
of code experiments in OEDGE we can vary the opacity of the divertor and see
how it impact the neutral density in the divertor and upstream region. Figure 5.2
shows the ratio of neutral density, measured both upstream and at the target, is
plotted as a function of neutral opacity, defined as the product of plasma density
and the minor radius. Subfigure (a) depicts a comprehensive plot encompassing all
plasma discharges, showcasing variations in neutral opacity across different divertor
configurations: LSN Shelf (blue), LSN Floor (black), and USN Floor (red). Subfigures
(b-d) present individual ratios for each divertor configuration. The observed trend
indicates that as opacity increases—indicative of a more opaque plasma—there is a
decrease in neutrals leaking outside the divertor region. This phenomenon results in
higher divertor recycling efficiency.

The significance of this graph lies in its indication that the GRP is most relevant
in scenarios where the neutral density upstream correlates linearly with the target
neutral production rate, maintaining a consistent ratio due to unchanged geometry.
However, when this ratio begins to decline, it suggests that neutrals are becoming
entrapped by plasma physics phenomena rather than by geometric constraints. For
the GRP to serve as a valuable tool in the field, it is imperative to identify the plasma
conditions in which it offers a practical simplified model for neutral closure, and to
discern the circumstances where additional physics considerations may be necessary.
In order to understand this, multiple code experiments were performed using OEDGE
where the density of electrons were increased by a factor of 1, 2, 3, 4 and 5 for L mode
and H mode plasma in B xV B towards the target and away from the target conditions

in LSN Shelf (blue), LSN FLoor (Black) and USN Floor (red) divertor configurations.
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Figure 5.2: The ratio of neutral density, measured both upstream and at the target,
is plotted as a function of neutral opacity, defined as the product of plasma density
and the minor radius. Subfigure (a) present the residuals for the fit. The observed
trend indicates that as opacity increases—indicative of a more opaque plasma—there
is a increase in neutrals leaking outside the divertor region. This phenomenon results
in higher divertor recycling efficiency. Subfigure (b) depicts a comprehensive plot
encompassing all plasma discharges, showcasing variations in neutral opacity across
different divertor configurations: LSN Shelf (blue), LSN Floor (black), and USN Floor

(red)
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The ratio of neutral density, observed upstream (crown) compared to the divertor
target, is plotted against the neutral opacity (n. x a), where ’a’ denotes the minor
radius of the DIII-D tokamak. Figure 5.2(a) illustrates this ratio for all combined
divertor geometries, displaying a linearly declining trend. A green line represents a
fit to the data with a x? value of 0.48. The fit suggests that as the plasma becomes
more opaque, a possible detachment of the divertor would result in increased neutrals
recycling within the divertor region, leading to reduced Divertor Leakage Recycling
(DLR) with higher Divertor Recycling (DR). Consequently, this implies a potential
decrease in leakage. However, such changes in opacity would invalidate the GRP
estimation, which assumes neutrals to travel without undergoing ionization, charge-
exchange, or recombination processes before reaching the baffle structure. Hence, it
underscores the necessity to quantify GRP separately in detached or highly opaque
plasma conditions, highlighting its applicability in assessing restrictions solely in
attached plasma conditions.

Figure 5.3 illustrates the ratio of neutral density in the upstream region relative to
the target for different divertor configurations: LSN Shelf (blue), LSN Floor (black),
and USN Floor (USN) respectively. Both LSN Shelf and USN Floor exhibit a similar
trend to subfigure (a), showing a increase in neutral density with increasing opacity.
However, LSN Floor displays a notably different pattern, with the ratio of neutral
density at the upstream to target remaining relatively constant despite increasing
opacity. This observation can be attributed to two factors: (a) the presence of
tighter baffling in LSN Floor compared to other divertors, and (b) the existence of
exhaust pumps maintaining particle levels constant. Further investigation is required
to estimate the GRP for configurations with higher restrictions and opacity, and
to determine whether the trendline observed in subfigure (c¢) remains consistent or

undergoes alterations.
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Figure 5.3: The ratio of neutral density, measured both upstream and at the target,
is plotted as a function of neutral opacity, defined as the product of plasma density
and the minor radius. The plot depicts a comprehensive plot encompassing all plasma
discharges, showcasing variations in neutral opacity across (a) LSN Floor (black), (c)
LSN shelf (blue), and (e) USN Floor (red). Subfigures (b, d, f) present the residuals
for the fit. The observed trend indicates that as opacity increases—indicative of
a more opaque plasma—there is a increase in neutrals leaking outside the divertor
region. This phenomenon results in higher divertor recycling efficiency. The trend is
steep for LSN Shelf and USN Floor configuration compared to the LSN Floor divertor
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5.3 Breakdown of wall and divertor fluxes in em-
pirical and modeled procedures

Section 5.3.1 presents a comprehensive plot summarizing the comparison of Iy, Lgiv,
and their ratio (Iy,,,) in both L-mode and H-mode discharges within an experimental

setting. In Section 5.3.2, the same comparison is extended using the OEDGE model.

5.3.1 Estimation of main chamber and divertor fluxes using
WPFA showing lower main chamber fluxes with higher

restrictions

The Figure 5.4 illustrates the magnitude of plasma flux in both the main chamber and
the divertor target, employing the Window Frame Analysis based on experimental
results. The figure displays I,q; - Figure 5.4 (a, b), I, - Figure 5.4 (c, d), and f,ay
data - Figure 5.4 (e, f) under Reverse Br and Forward Br conditions, respectively,
as a function of GRP.

The observed trend indicates that an increase in GRP correlates with a increase
in flux magnitudes in fy.y, implying that a higher structural closure at the divertor
corresponds to an increased likelihood of particle capture in that region. In Figure
5.4, the three divertors - LSN shelf, LSN floor, and USN Floor - are represented in
blue, black, and red, respectively. Figure 5.4(a, b) illustrates Iy as it travels radially
across the windowpane region for each plasma discharge. I, was estimated using
Filterscope, averaged over ELMs. The highest particle flux crossing the windowpane
region is observed in the LSN shelf configuration, while the lowest is seen in the LSN
floor configuration for H-mode, whereas in the L-mode configuration, the highest
Iy.n value crossing the window pane radially is for the USN floor configuration.
This is most likely due to the injected power and the outer gap for the USN Floor

configuration in L.-mode being higher compared to other plasma discharges.
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Figure 5.4: (a, b) Plots depicting the relationship between fy.n and GRP, (¢, d) Iyan
and GRP, and (e, f) /gy and GRP in both L-mode (open markers) and H-mode (filled
markers) scenarios. The variations are observed concerning the B x VB direction,
with square markers indicating towards the target and diamond markers representing
away from the target. [.1 showcases measured data from Filterscope, revealing the
prevalence of mid-plane neutral particles in LSN Shelf (Blue), LSN Floor (Black),
and USN Floor (Red). Similarly, 14, displays neutral particles uniformly across all
divertor targets, while fy.n illustrates the magnitude of ion fluxes in the main chamber
over the divertor region. It can be seen that as GRP increases, f,.; decreases in both
L-mode and H-mode scenarios.
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Laiv, as depicted in Figure 5.4(c, d), has been measured via Langmuir probes over
selected time ranges. As seen, the particle fluxes on the divertor target remain fairly
consistent across all divertor configurations, with a notably lower particle flux from
the USN Floor configuration in both L-mode and H-mode. It can be observed that a
higher restriction on the target provides higher particle fluxes on the target, with the
exception of the LSN Shelf (blue) divertor in H-mode. This is largely attributed to
twice the density present for the LSN shelf configuration compared to other divertor
configurations.

Figure 5.4(e, f) illustrates the f,q values in relation to the GRP values. It can
be observed that as GRP increases, f,.; decreases as shown by the green dashed
and solid arrows for L-mode and H-mode conditions respectively. The LSN Floor
divertor (black markers) exhibits the highest closure (~0.56), while the LSN shelf
(blue marker) has the least closure (~0.08). Importantly, fy,a is lowest for LSN
Floor (black markers) in both B x VB conditions in L-mode and H-mode. This
result is attributed to the effective restriction present for the LSN Floor divertor and
the efficient pumping exhaust near the plenum, facilitating the removal of particles
near the target. This implies that the LSN Floor and then USN Floor configuration(s)
leak the least amount of neutrals due to the presence of baffles and slot geometry in
the divertor. In contrast, the LSN Shelf divertor configuration provides the least
closure due to the absence of baffles, resulting in the highest neutrals leakage among
the three divertor configurations, as depicted in Figure 5.4 (e, f).

It is noteworthy that the f,.u values in L-mode (Figure 5.4(e)) decrease by a
factor of five as the restriction increases, where for H-mode conditions f,.; values
decrease by a factor of only 3. This difference is likely due to the fact that during H-
mode conditions, main chamber recycling (MCR) is stronger along with the divertor
recycling. But with the presence of ELMs, the [, is higher, as seen in subfigure
(b, d). Hence the f,u; values tend to be lower as the magnitude of main chamber
and divertor are much similar to each other in H-mode case scenario. Therefore, the

outcomes outlined in this comparative study affirm that divertor with baffling, i.e.,
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divertor with more restrictions, has the advantages of baffling in constraining neutrals
in the divertor and minimizing divertor leakage Casali et al. [2019, 2020]. The findings
of this comparative experimental study suggest that the closed configuration proves
more efficient in capturing neutrals within the divertor.

In B x VB | cases (5.4(a, ¢, e)) we see the restriction increment leads to decrease
in magnitude of fluxes. However, the reason for each decrease in L-mode and H-mode
is different. The decrease in L-mode shows constant [, and increase in I4;,, whereas
decrease in f,q; in H-mode shows constant Iy, and decrease in [,,4;. This however,
is valid for B x VB | cases only and not for B x VB 1 cases (b, d, f). The fyau
in B x VB 1 cases remains constant with both [,,; and I4, remaining constant
irrespective of L-mode and H-mode plasma scenarios.

Figure 5.5 shows f,.u as a function of (a) pedestal density, (b) outer gap, and (c)
outer divertor strike point in L-mode (open markers) and H-mode (filled markers) in
LSN floor (black), LSN shelf (blue), and USN Floor (USN) divertors. Comparing the
aforementioned global parameters with the experimental f,,; values show that higher
n. leads to lower f,.; which implies that denser plasma provides higher closure.

Data extracted from subfigure 5.5 (a), reveals intriguing observations. Firstly,
density consistency in L-mode across different divertors is evident, while variations in
H-mode are apparent. Specifically, in L-mode, the LSN Shelf exhibits lower electron
density (n.) but higher wall heat flux (fyau), contrasting with the higher n. and
lower fq observed in the LSN Floor during H-mode. The implication of higher
fwan and lower density and lower f,.; with higher density shows GRP varies with
density. GRP is proportional to electron density. Furthermore, subfigure 5.5 (b)
unveils a consistent trend where the radial offset gap (Rog) remains within a 2cm
range for each plasma discharge, indicating stable experimental conditions. Notably,
lower Rpq values, indicative of higher f,,.;, are consistently observed in both L-mode
and H-mode discharges. Here, we see no significant trend that could relate to GRP,
however, we see higher f,,.; for larger outer gap, and lower f,,; for smaller outer gap

indicating, GRP could trend similarly to outer gap as well.
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Figure 5.5: f,q; plotted as a function of (a) pedestal density, (b) outer gap, and (c)
outer strike point. These are plotted in L-mode (open markers) and H-mode (filled
markers)
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Lastly, subfigure 5.5 (c) illustrates consistent values of the radial offset shoulder
power (Rosp) between L-mode and H-mode shots, with no discernible trend line
apparent, highlighting the stability of Rpsp across different discharge modes. These
findings contribute valuable insights into the interplay between plasma parameters
and divertor characteristics, shedding light on the complex neutral dynamics
governing fusion confinement. From the relationship between f,.; and Rposp we see
that higher f,.; exists as larger Rpsp, indicating, inverse proportionality between

ROSP and GRP.

5.3.2 Estimation of main chamber and divertor fluxes using
OEDGE showing higher main chamber fluxes with

higher restrictions for near SOL measurements

The Figure 5.6 depicts the magnitude of plasma flux in both the main chamber
and the divertor target, utilizing the Window Frame Analysis based on the OEDGE
model. The figure showcases f,ai—oepce - Figure 5.6 (a, b), and average f,.u along
the windowpane in poloidal length - Figure 5.6 (¢, d) under L-mode (a, and c) and
H-mode (b and d) conditions for B x VB away from the target (triangle markers)
and towards the target (square markers), respectively, as a function of GRP.

In Figure 5.6, the three divertors - LSN shelf, LSN floor, and USN Floor - are
represented in blue, black, and red, respectively, mirroring the experimental results.
Figures 5.6(a, b) depict fuanoepce as it radially traverses the windowpane region
for each plasma discharge, calculated using Equation 3.30. Notably, the LSN Floor
configuration exhibits the highest particle flux across the windowpane region in both
L-mode and H-mode configurations, while the lowest is observed in the LSN Shelf
configuration.

Here, fyan-oraDE is calculated with boundary conditions inputted to the OEDGE
code and averaged through ELMs. It is evident that fya.orqpe shows higher

variation in L-mode configuration compared to H-mode configuration, primarily due
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to changing electron temperature and density during the L-H transition. Upon
examination, it is noted that, in alignment with the experimental data, the trend of
flux magnitudes obtained using OEDGE is inversely proportional; that is, fyan.oEDGE
increases with an increase in GRP. This suggests that a higher structural closure at
the divertor corresponds to an increased likelihood of particle escape in that region.
However, this is contrary to experimental results.

The main reason for the discrepancy is the creation of the model mesh with
DG-Carre without an extended grid that restrains the mesh generation up to the
windowpane region. Therefore, the data measured using OEDGE, for most cases
(except one case in H-mode, as indicated by the open circle marker), have the mesh
created only up to the near SOL region, whereas the experimental windowpane is
present in the far SOL. According to Fundamenski [2009], the near SOL has a plasma
potential up to 3 times higher compared to the far SOL, indirectly indicating higher
temperature in the near SOL, leading to lower density and, consequently, higher flux
measurement in region 1 (see Equation 3.33). The only configuration where the model
and experimental windowpane match is for Shot 186703 in LSN Shelf configuration
(open circle markers in subfigures (b, d, and f)). Further discussion about comparing
experimental results and modeled results is presented in the next section.

The poloidally averaged fyan.oeDGE, as illustrated in Figures 5.6(c, d), is calculated
by measuring particle flux along the windowpane region and averaging it over poloidal
distance. A noticeable difference between sub-figures (a and b) and sub-figures (c
and d) is the increase in the magnitude of fluxes for data with B x VB away from
the target, while for data with B x VB towards the target, the magnitude remains
consistent. This highlights the impact of drift conditions on particle transport from
the divertor. When B x VB is away from the target, particles tend to travel more
towards the main chamber, in contrast to the case when B x VB is towards the

target, where particles are more constrained in the divertor region.
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It is crucial to emphasize that the poloidally averaged fyan value follows
a consistent trend with both modeled fy .1 and experimentally calculated fyan,
showcasing an increase in the ratio of flux magnitudes as the restriction increases.
This approach takes into account flux variations across the entire window-pane region,
offering a comprehensive understanding of neutral dynamics. It considers particles
near the crown and other locations in the main chamber region, providing a more
realistic representation of I, and a comprehensive understanding of the magnitude
of fluxes in the main chamber region. Notably, L-mode and H-mode conditions
yield similar normalized values for poloidally averaged fyan, highlighting the thorough

consideration of neutral particles across the entire window pane.

5.3.3 Comparing experimental results with Modeled results

show deviation

This thesis compared 12 plasma discharges with diverse divertor geometries and
varying fwan values obtained through both experimental and modeled results, as
illustrated in Figures 5.4 and 5.6. It is crucial to compare the experimental and
modeled outcomes, particularly in both L-mode and H-mode configurations. Figure
5.7 presents comparative plots of fy.n between experimental and modeled findings.
The plots showcase fyan as a function of GRP for (a) Bx VB | and (b) Bx VB 1 in
L-mode and H-mode conditions. Both conditions display data for experimental fyan
represented by diamond markers, and modeled fy.; depicted by ’square’ markers. For
L-mode the marker is open and for H-mode the markers are filled. In both B x VB
conditions, an increase in restriction corresponds to a decrease in the magnitude
of plasma flux in the main chamber over the divertor for experimental calculation
where as the with modeled values increase in restriction corresponds to a increase in
the magnitude of plasma flux in the main chamber over the divertor. Notably, the

modeled data registers lower values compared to the experimental data.
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The modeling results exhibit a lack of alignment with the experimental findings
when comparing the LSN shelf, LSN floor, and USN Floor configurations with varying
restrictions. This discrepancy arises from the measurement of the magnitude of main
chamber fluxes at different SOL locations in modeled data versus experimental data.
In the experimental calculation, the window-pane is present at the far SOL, whereas
for all model data (except one, marked in Subfigure 5.7(b)), the windowpane is present
at the last possible mesh generated using the DG-Carre system without the extended
grid generator.

The DG-Carre system does not converge grids where it is hindered by a wall
surface material. Consequently, when it encounters a wall surface (mainly an issue
for divertor geometries with higher restrictions and baffles), the mesh is created that
does not extend up to the far SOL region. As mentioned in Fundamenski [2009],
the near SOL has three times higher plasma potential, strong radial electric fields,
and poloidal flow shear that extend the radial thickness of SOL or the decay lengths
beyond the separatrix. In contrast, the far SOL has lower temperature with higher
density and lower plasma velocity.

Therefore, quantifying fwalioedge in the near SOL could lead to higher Iyan
measurements and potentially increase the fyaloedge value.  This discrepancy
highlights the importance of considering the specific location of the window-pane
in both experimental and modeled data for a more accurate comparison.

However, in the plasma discharge of the LSN Shelf configuration in H-mode, for
both towards and away B x VB directions, the model windowpane is similar to the
experimental windowpane, as seen in Subfigure 5.7(b). When comparing the modeled
and experimental values for these shots, the true relationship between the model and
experimental data becomes apparent. It is observed that the model and experimental
values are nearly similar to each other for B x VB towards the target condition,

whereas the model and experimental data differ by a factor of 10%.
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Figure 5.7: Plots depict fwall plotted as a function of GRP for (a) B x VB | and
(b) B x VB | in L mode (open markers) and H-mode (filled markers) conditions.
Both the conditions shows data for experimental f,q; as shown by diamond markers
and modeled f,.; shown by square markers respectively. In B x VB | conditions,
the magnitude of plasma flux in the main chamber over the divertor decreases as
restriction increases. The experimental data is higher compared to the modeled data.
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This discrepancy can be attributed to the model windowpane being slightly
different compared to the experimental windowpane, emphasizing the importance
of accurately matching experimental and modeled conditions for a more precise
comparison and also the need to re-run the comparison with DG-Carre with extended
grids.

From Figure 5.7, the discrepancies between the near SOL (model) and far SOL
(experimental) measurements are evident. In the L-mode configuration (5.7(a)), the
LSN Shelf mode exhibits the lowest discrepancies between the model and experimental
results, attributed to the closer match of the model windowpane compared to the
experimental one. The modeled data is two times higher than the experimental data.
For USN Floor, the modeled data is three times higher, and for LSN Floor data, the
modeled data is four times higher than the experimental data. The discrepancies vary
in B x VB drift conditions, where the B x VB towards the target drift conditions
show model values increasing exponentially, potentially due to measurements near the
separatrix. In contrast, in B x VB away from the target conditions, the model fy.n
tends to decrease for the LSN Floor configuration. This is likely due to lower electron
density for that plasma discharge taken into account. These variations underscore
the sensitivity of the model to different conditions and the importance of accurately
representing the experimental setup in the modeling process.

The consistency observed between Figure 5.7(a) and 5.7(b) is notable. The
LSN Shelf mode consistently exhibits the lowest discrepancies between the model
and experimental results, attributed to the closer match of the model windowpane
compared to the experimental one. The modeled data is almost similar or 10% higher
than the experimental data. For USN Floor, the modeled data is three times higher,
and for LSN Floor data, the modeled data is four times higher than the experimental
data.

The discrepancies vary in B x V B drift conditions, where the B x V B towards the
target drift conditions show model values increasing exponentially, potentially due to

measurements near the separatrix. In contrast, in B x VB away from the target
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conditions, the model fy. tends to decrease for the LSN Floor configuration. This
is likely due to lower electron density for that plasma discharge taken into account.
These variations underscore the sensitivity of the model to different conditions and
the importance of accurately representing the experimental setup in the modeling
process.

Figure 5.7 reveals that the modeled results are at least 2 times higher than the
experimental results. This discrepancy could potentially be attributed to variations in
the DG-Carre mesh, which might not extensively reach the experimental windowpane.
Additionally, the difference may arise from the fact that the divertor particle flux
is estimated only in the DG-Carre mesh, which is smaller than the experimentally
measured particle flux at the windowpane. This inconsistency between experimental
and modeled results might be influenced by these factors. Notably, the LSN shelf
H-mode model exhibits the closest mesh condition to the experiments, contributing
to the similarity observed between modeled f.; and experimental fy.; for LSN Shelf

(blue) H-mode data.

5.4 Discussions

This study conducted a comparative analysis involving 12 plasma discharges charac-
terized by diverse divertor geometries, plasma conditions, and drift orientations. The
investigation utilized WFA and OEDGE to gain insights into neutral dynamics in the
SOL. A novel metric, the Geometric Restriction Parameter (GRP), was developed
to assess divertor restriction based on factors such as strike point location, x-point
height, and the presence of divertor baffling. GRP calculations were performed for
eight divertor configurations in DIII-D, comprising four conventional (LSN Floor,
LSN Shelf, USN Floor, SAS) and four non-conventional (Snowflake, X-divertor, Upper
Right, Upper Left) designs. This metric serves as an indicator of neutral retention
by the divertor, where lower GRP values correspond to reduced neutral restrictions

and increased neutral leakage.
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In the comparative analysis, the LSN Floor divertor configuration exhibited the
highest restriction with a GRP value of 0.58, followed by USN Floor with a GRP
of 0.42. These configurations feature multiple baffles and exhaust pumps near the
divertor, contributing to enhanced particle control. In contrast, the LSN Shelf
divertor, characterized by the absence of baffles, demonstrated the least restriction
with a GRP of 0.03. This configuration has direct implications for neutral flow from
the divertor region to the main chamber.

While investigating divertor restriction was a primary objective of this thesis,
another goal was to quantitatively assess the magnitude of fluxes in the main
chamber region over the divertor region over the calculated divertor restriction. This
aimed to comprehend neutral dynamics, gain insights into divertor recycling, main
chamber recycling, and the potential disentanglement of these phenomena. WFA was
employed in piggyback experiments, with a modification utilizing the Filterscope at
the midplane location instead of the reciprocating probe to estimate main chamber
fluxes.

Publications by Whyte et al. [2005] demonstrated similar values of particle flux
magnitudes in the main chamber from reciprocating Langmuir probe and Filterscope
measurements. This similarity led us to use D, measurements from the midplane
Filterscope system to calculate particle fluxes at the windowpane in the main
chamber, denoted as I,q;. Notably, [,.; values for LSN Shelf and LSN Floor
configurations in H-mode were a factor higher compared to L-mode. This difference is
likely attributed to the fact that the measured data was averaged over Edge Localized
Modes (ELMs).

The experimental findings indicated that the ratio of fluxes, represented as fau,
reached its highest value for the LSN Shelf configuration— a divertor lacking physical
baffles to contain particles. In contrast, the ratio of fluxes was observed to be lowest
for the LSN Floor configuration, as depicted in Figure 5.4. It was observed that
as closure or restriction increased (higher GRP value), the ratio of fluxes decreased.

This implies a higher level of neutral leakage with lower divertor restrictions.
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A plausible explanation for the elevated f,.; value in the LSN Shelf divertor
configuration could be the absence of physical baffles at the divertor location. Notably,
the flux in the main chamber decreased across all divertor configurations, exhibiting
variation in H-mode plasma. An inverse relationship between structural closure
and the magnitude of flux in the main chamber wall was observed—higher closure
correlated with a lower flux magnitude in the main chamber wall, assuming no main
chamber recycling was present.

However, drawing conclusive findings solely based on GRP as the influencing factor
for the variation of I,,; would be premature. Therefore, additional experiments are
imperative to comprehend f,q; values at various GRP values while considering other
variables, such as strike point sweep, x-point height variation, etc. This approach will
facilitate the identification of a potentially optimal closure for the diverted tokamak
and provide insights into the parameters that future fusion devices may operate with.

Despite limitations hindering experimental validation, an iterative modeling
approach can offer valuable insights. Consequently, OEDGE was employed for
this project, utilizing the Onion Skin Model and EIRENE to solve Braginskii fluid
equations and provide a plasma solution for the SOL. As depicted in Figure 5.6 and
5.7, our experimental measurements align with the model for one plasma discharge
- LSN Shelf configurtion, showcasing average flux measurements at the windowpane
region running poloidally across.

Discrepancies were observed in the magnitude of fluxes between near SOL
(modeled) and far SOL (experimental) measurements, emphasizing the sensitivity
of the model to different conditions. The comparison between LSN Shelf, LSN Floor,
and USN Floor configurations revealed varying levels of deviation, with the LSN Shelf
mode consistently showing the lowest discrepancies. However, certain divergences
underscored the importance of accurately representing experimental conditions in
the model. The need for more spatial diagnostics in the main chamber for precise
comparisons and raised awareness about potential inaccuracies in assuming uniform

Iy measurements across the windowpane.
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Chapter 6

Future Work

This thesis conducted a comparative analysis of various divertor geometries through
experimental investigation and modeling. However, the conclusions and discussions
highlight the need for further research to enhance our understanding of the physics
underlying the influence of divertor design and geometry on neutral leakage.

To achieve a more comprehensive understanding, it is imperative to secure runtime
allocation on a suitable facility, preferably DIII-D, given the alignment of this thesis
with the tokamak’s design specifications. To obtain runtime allocation, researchers
must submit a mini-proposal, which will undergo a selection process to align the
scientific objectives with the experimental plan endorsed by the DIII-D scientific
community. The detailed mini-proposal is provided in Appendix E. As outlined
in Appendix E, a crucial aspect that warrants attention is the refinement of the
experimental setup to incorporate variations in the outer gap and strike point location.
This adjustment is essential for elucidating the influence of divertor constraints on
both main chamber and divertor recycling.

For the run day, the hypothesis posits that Neutral Compression (NC), pro-
portional to the divertor-to-main chamber pressure ratio (Py,/Ppne), increases with
greater divertor closure, although this relationship is intricate due to the influence of

divertor magnetic and component configurations. To systematically investigate this
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phenomenon, our objective is to conduct systematic scans utilizing Window-Frame
Analysis (WFA) to meticulously examine the effects on NC and Leakage (NL), which
is inversely proportional to NC. Our approach entails employing WFA to analyze
particle fluxes in both the main chamber (MC) and divertor across various degrees
of closure, progressing from shelf configurations to the Lower Single Null (LSN) floor
and the Upper Single Null (USN) floor, culminating with a closed vertical-target at
the USN edge. By scanning parameters such as GAPOUT and Zxpnr to modulate
fluxes to Regions of Interest (ROIs) alongside magnetic configurations, we aim to
glean insights into several key aspects. Firstly, our data aims to validate neutral
modeling, particularly in conjunction with the SOLPS simulation.

Additionally, our methodology involves directly measuring flux in the main
chamber through WFA employing multiple diagnostics, thereby eliminating the need
for extrapolation. The timeliness of this research is underscored by the availability
of new diagnostics such as LLAMA and MC ASDEX gauge, which provide more
comprehensive measurements than previous WFA experiments. Moreover, the
efficient control of particles is inadequately defined yet crucial for the design of
pilot plants. Ultimately, the impact of our study lies in its potential to furnish
predictive capabilities regarding neutral dynamics in diverted tokamaks, optimize NC
for given divertor geometric configurations, and offer insights into enhancing divertor
closure without necessitating physical structural changes, thus potentially reducing
future divertor costs. A potential expected plot from the stated run day would look
something like seen in Figure 6.1. Along with understanding neutral compression, the
experimental dataset would allow for one to one comparison with target and upstream
neutral densities that could help us decipher role of DLR and MCR.

Furthermore, to enhance the depth of our understanding of the physics involved,
it is recommended to substitute the DG-Carre grid, as utilized in this thesis, with the
OEDGE extended grid. Employing this extended grid configuration will facilitate
the generation of a mesh in closer proximity to the vessel wall. This modification

is pivotal for comprehensively investigating and comparing the iteratively estimated
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flux magnitudes within the specified regions of interest. Thus, these tasks are pivotal

and will be pursued by the author in the near future.
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Figure 6.1: Expected results from an experiment slated for future. The results show
a percentage of neutral leakage with neutral compression shown with varying outer
gap and x-point height
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Appendix A

Comprehensive Analysis of the

Filterscope Diagnostic Tool

A.1 Hardware Overview

As mentioned before, the Filterscope is divided into three main parts: Fiber, Filter
and PMT. A detailed schematic, seen in Figure A.1, shows the radiation from the
plasma source that is collected by collection optics (labeled as CO — detailed schematic
found in Figure A.2 (C)) and is transferred towards the narrow bandpass filter through
an optical fiber (Label 1). This light is then split by Beam Splitters (BS) and filtered
through a narrow bandpass filter (Label 2 and 3) to get to the PMT (Label 4). The
PMT converts the incoming light to photoelectron current which is then converted
into voltage signal and amplified by an op-amp (Label 5) and is acquired by Data
Acquisition and Control (DAQC) (Label 6) that is then stored on the DIII-D server
available to all facility users (Ezekial A. Unterberg et al. 2019).

In DIII-D, the Filterscope system has line of sights that cover the lower divertor,
upper divertor, SAS and the midplane system with a total of 96 channels ready to
acquire data. The Upper divertor has 8 line of sights, the lower divertor has 9 line
of sights, the SAS divertor has 4 line of sights, the midplane has 8 line of sights and
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one line of sight goes poloidally across the DIII-D tokamak. The line of sights for
Filterscope covering upper, lower and midplane locations are seen in Figure 2.28. All
these lines of sights are beam slitted and analyzed in the 96 channels Filterscope
system. Midplane Filterscope light of sight (represented as ‘red’ dots in Figure 2.28)
are more vividly depicted in Figure A.2. If a light from a calibrated light source
(Figure A.2 (D)) is passed through the fiber optic cable (Figure A.2 (C)) it would
get reflected and adjusted through the collimating optics mount that will let the light
pass through the vacuum vessel and magnetic shielding to pass tangentially through
the DIII-D vessel (Figure A.2 (A)) between 0° and 90° to be collected in the ‘beam
box’ or the ‘view-dump’ (Figure A.2(B)). The view dump is created in a manner that

would not reflect any light back and is embedded in the graphite wall tiles.
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Figure A.1: A detailed schematic of the Filterscope system. Image from (Ezekial
A. Unterberg et al. 2019)
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Figure A.2: (A) Schematic representation of the DIII-D tokamak from top view
depicting the eight midplane Filterscope view chords poloidally across. (B) A detailed
cartoon of the beam box where the line of sight terminates. The ‘view dump’ is
embedded in the graphite tile and has a razorblade structure to avoid reflection. (C)
The detailed schematic of the beam mount — the location that connects the DIII-D
vessel to the diagnostic room. It consists of several lenses and mirrors that go across
vacuum vessels and magnetic shielding. (D) A calibrated light source used. This
portion is depicted as Label 1 in Figure A.1

243



A.2 Operating Principle

In order to understand the Filterscope calibration philosophy, we must understand
its operating principle. Figure A.3 shows a detailed schematic of the Filterscope
Electronics modules which does not include the Optic fiber and the narrow bandpass
filter. The PMT module converts the incoming light from the light source (in our case
DIII-D tokamak) and converts it to photoelectric current () that is produced by the
photocathode due to the bombardment of photons on its surface. This current is
then amplified through a series of electron multiplying dynodes to output the anode
current (I,). The ratio of the anode current to the photoelectric cathode current
is termed as the PMT gain (GpMT = I,/I}). The anode current is then passed
on to the trans-impedance amplifier converting it into output voltage (V). This
output voltage passed through non-inverting amplifier and other electronics also has
an amplifier gain, called Gy,,p. Therefore, the total gain of the Filterscope system is
termed as Gror = Gpyr X Ganp. The signal outputted from the amplifier electronics
is termed as Vpyr (due to the fact that the voltage signal is outputted from the
complete PMT module). Therefore, G 4pp can be defined as Gayp = Veyr/Vour
(Ezekial A. Unterberg et al. 2019; Neff et al. 2020).

As the digitizer registers voltage signals, we must relate the current from the PMT
to voltages. Taking into consideration the Ampere’s law, we can say, I, = Vour/Ry,
where Ry is the trans-impedance amplifier resistance and I, = Vin/1g, where 1p is
the resistance across the first dynode and V;y is the voltage generated across the
first dynode resistor due to the anode current. Therefore, we can redefine Gpyr =
Vour/Vin for a Filterscope channel and Gror = Veyr/Viy where Gy p is assumed

to be equal to 1 (Ezekial A. Unterberg et al. 2019; Neff et al. 2020).

244



Cathode Dynode Anode Feedback Total tube
Current, |, Resistor, Ry Current, I, Rssistor, R;
Light 1 > / — output, Veur [V ]
Source 7 - e
_t / d / Re
- K /Dyt  Dy2 Dy3 Dy4 Dy5 P | ) PMT Output,
3 / \ ] Vour [V]
Filter with o

Transmission

(M

T

Buffer
Non-inverting Amplifier

High AN E—
Voltage HV o - Amplifier gives
input, || | Photoelectric E—— Gawp
VHV [ v ] Voltage, vin Amplifier
ORNL Electronics Board

PMT Module

Figure A.3: Detailed schematic of the PMT module describing the operating
principle of the Filterscope system. Image from (Ezekial A. Unterberg et al. 2019;

Neff et al. 2020)
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A.3 Determining the output of the Filterscope:
Line Normalized Radiance

Filterscope, a radiometer, measures radiant power through the optical fiber cables
over a particular bandpass filter range. This spectral power is different from a spectral
information (that is related to a spectrometer). This spectral power, called line

normalized radiance can be defined as

Ly

AN h
= 5.03 x 102\ 2=k {p—Q}

-— Lpn
Alpn s-str-cm

(A1)

i—k

Where, L4 is the wavelength of interest, A\; ,; is the band pass of the line

i—k
normalization, AXpy is the band pass of peak normalization, and ‘L’ is the peak

normalized radiance which can be defined as

Loy = {VPMT:| 1
Gror ] 4, Rpn(ApN)

is the effective photo-electron current and is used to

(A.2)

Where, the [Vpyr/ GTOT]Sig

adjust sensitivity of the system. RpyApy is the peak normalized responsivity and is

defined in A.4.4.1.

A.4 Calibration Philosophy

Vemr—cal 1 Vm?2str
w

Rpn(Apn) = (A.3)

GroT—cal  Liitter-Total

There are two types of calibrations performed on the Filterscope system: (1)
Radiance response calibration and (2) Gain Calibration; in order to interpret the
data from Filterscope. The radiance response calibration process takes into account
the response of each PMT that is connected to an external calibrated light source with
a known spectral radiance. This response can be calculated using peak normalized

responsivity. It can be defined in equation A.3.
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Where: Rpy is the peak normalized responsivity. Apy is the peak normalized
wavelength of interest (for example, for D,, Apy = 656.1nm). Vppsr_cq is the output
voltage of the channel during calibration, i.e., the output voltage of the PMT when it
is attached to the calibrated light source (generally an integrating sphere). Gror_ca
is the total gain of the PMT during the calibration process. Lger-Total 1S the total
integrated spectral radiance over Apy.

The filtered spectral radiance Lgye, is related to the calibrated light source by
its transmission fraction (which is generally provided by the manufacturer of the
integrated light source). In order to determine Lgy,, it is based on the transmission
fraction of the filter and the spectral radiance of the calibrated light source over
a wavelength of interest (as seen in Figure A.4(a)). Figure A.4(a) depicts the
transmission curve of the filter along with the spectral radiance of the calibrated
light source plotted against the wavelength. Integrating Leier(A) over A and pass
filter would give Lgjter-Total as shown as the shaded region in Figure A.4(b).

As previously mentioned, the total gain of a PMT is given by:

Gror = Gpyur - Gamp (A.4)

In general, it is assumed that G 4/p is linear and does not need calibrating, hence
Gamvp = 1. On the other hand, Gpyr represents the current amplification in the
PMT, i.e., it can be defined as:

1, Vi
_ 'PMT (A.5)

Gpur = — X
Ik VPMTfmin

Where, 'I,” and ’I;’ are anode and cathode current, respectively, as shown in
Figure A.3. Both ’I,” and ’I;’ are non-linearly dependent on the gain setting
of the Filterscope, i.e., the control voltage (Vi..). Each PMT is different and
demonstrates different characteristics for Gpy;r. Hence, in order to characterize it, a
gain calibration step is needed to be done. Since it is complex in nature to determine

"I, and '[}’, we can just compare it to the ratios of the PMT voltages as shown in
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Equation A.5, where Vpyr,in is the output voltage at the lowest V,,: setting, i.e.,
Gpyr = 1. The gain calibration procedure, in a way, can be thought of as effectively
matching the PMT and Filterscope electronics impedance.

The gain calibration process regulates all the PMTs in the Filterscope system at
every gain setting (V.o,; values) using a light source that encompasses a broad range
of wavelengths. This natural log of the data is then fit with a polynomial that can

be functionally written as:

GTOT = ek (AG)

Since Gayp = 1, Gror = Gpyr. Where, k = AV2E .+ A3V3E  + AV2 .+
A1Veont + Ao.

This relationship can be plotted and best described as seen in Figure A.5. The
natural log of V,; with respect to the gain settings of the PMT is depicted with
a fourth-order polynomial fit in Figure A.5(a). Here, Vi = %, where the
transmission is defined as the amount of light transmitted onto the photocathode of
the PMT from the light source. Figure A.5(b) depicts the relationship between Vi,
vs. the gain setting of the PMT. Figure A.5(c) depicts the statistical goodness of fit

using Median Percentage Error (MPE). MPE can be defined as:

ln(vplot)
V})loti - €

MPFE) =
( ) Vi)loti

x 100% (A7)

MPE is similar to MAPE (Mean Absolute Percentage Error), but instead of the
mean, we use the median of the data to calculate the statistical goodness of fit. The
fit with (M PE) < 5% is the fit that is selected for calibrating the Filterscope PMT.
The fit can be a fourth-order fit or a 3rd-order fit, depending on the MPE value.
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Figure A.4: (a) Filter transmission fraction along with the spectral radiance of the
calibrated light source is plotted against the wavelength. (b). The area under the
curve (shaded) gives the total spectral responsivity of the PMT for a wavelength of
interest. Image from Manual Ezekial etc.
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Figure A.5: Fourth order polynomial fit of G py;r on a single PMT of the Filterscope
system. Image from Manual Ezekial etc.
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A.5 Introduction to Statistical Machine Learning
for Estimating the Calibration coefficients

Statistical learning is defined as a set of approaches to estimate f(x), which helps

predict and infer the relationship between x and y, given as:

y=fz)+X2 (A.8)

Where: - x is termed as the input variable / variable / predictor / independent

variable / feature. - y is termed as the output variable / response / dependent
variable. - Y is the error function, providing systematic information for x James
et al. [2013].

Equation A.8 can be estimated using prediction and interference. In the prediction
approach, when the value of x is given, the estimate of y is defined as y = f (x), and
the error function is zero. The error between the output variable and its estimate is

given as James et al. [2013]:

E(Y =Y)? = [f(X) = f(X)]’ + var(e) (A.9)

Where: - var(e) is the variance of the error, also known as the irreducible error.
- f(X) = f(X) is the reducible error, and the goal is to reduce the reducible error
James et al. [2013].

There are two ways to find f(X), ie., the estimate of f(X): Parametric and
Non-Parametric approaches. The parametric approach is a two-step process: Step
1 assumes the data fits a linear curve (for example: k& = Gy + 01 1n(Vion)), and
Step 2 estimates parameters using the least square method. Figure A.6 shows a plot
estimating the parameters using the parametric approach, where the parameters /
gain calibration coefficients are 5, = 8.34 and [; = 7.19. The disadvantage of this
method is that the data can easily be overfitted /underfitted, and the estimate would

not perfectly match the data set. Therefore, for more accurate estimation of the
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parameters/gain calibration coefficients, we calculate the mean squared error (MSE).
The smaller the MSE, the response is closer to a true response. MSE can be calculated

by James et al. [2013]:

n

MSE =13y~ fXP (A.10)

"

As stated in Equation A.10 and as seen in Figure A.6, the term MPE is used in
estimating the Filterscope gain calibration coefficients as it provides a more accurate
estimate James et al. [2013].

Another way to estimate f(z) is by linear regression. It predicts Y based on
the estimation of the coefficients: § = (3y) + (f1)z. In terms of the Filterscope gain
calibration, the estimation can be written as: k = (Bo) + (Bl) In(V.ont). The estimation
of error is also an important step, which can be done by e; = y; — (¢;). To find the
coefficients, one must find the residual sum of squared (RSS) James et al. [2013]:

RSS =el+es+...+¢€2 (A.11)

n

Where ¢; = y; — (9;)-

~ ~

RSS = [k — (Bo) = (B1) In(Veorto)* + - - + [k — (Bo) = (B1) In(Veoms,)]”  (A12)

That gives us:
(o) =k = (B1) In(Veont) (A.13)

A . Z?:l [(‘/;onti - ‘/;_ont)(kz - ];):|
Z?zl (‘/conti - ‘/;;nt)2

(A.14)
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Figure A.6: Estimation of gain calibration coefficients using the parametric
approach. Image from Manual Ezekial etc.
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Equations A.13 and A.13 show how we estimate the gain calibration coefficients.
To assess the accuracy of the estimate, we find the standard error of the mean

(Equation A.15) and the coefficients (Equation A.16) James et al. [2013]:

0.2

Var(u) = SE(p) = o (A.15)
SE((B())Q) — 2 l+ . (‘/c:mt)2 - SE((BI)Q) _ ; o2 -
n Zi:l (‘/CONti - ‘/Cont) Zizl (V;:onti - ‘/cont)

Where o is estimated using RSE = /RSS/(n —2) = \/(e2 + €2+ ...+ €2)/(n — 2).
The estimation of the standard error can also be done using hypothesis testing,
where two hypotheses are tested: null hypothesis (Hy) and non-null hypothesis (H,).

Recall the estimated output variable equation James et al. [2013]:

= (Po) + (Pr)z (A.16)

The hypothesis test suggests:
Hy:(f1) =0and H, : (61) #0
Where the hypothesis can be tested using a 't-test’:

_ (Bl)A—O _ (Bl)—O
SE((B1)) Vo2 X (wi —2)?

Equation A.17 would provide an estimate using the p-value derived from the t-test

(A.17)

and would reject the null hypothesis, meaning there is some relation between z and
y. This relationship can be quantified using RSE, R?, F-statistics. The RSE (Error of
the root squared is the average amount which the y deviates from the true regression
line. RSE measures the lack of fit and when RSE is small, y; ~ (¢;). The R? statistics
is independent of y, unlike the RSE, and measures the proportion of variability in y

that can be explained using . When R? approaches 1, there is large variability, and
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when it approaches 0, it means that x does not explain y very well. R? can be defined

as James et al. [2013]:

o 2 Wi—9)* =3 (wi— ()?
A S EE (A1)

Where > (y; — 4)* = TSS, the total sum squared that measures the variance in

Another way to estimate f(x) is through multiple linear regression — a parametric
way, which is given by:

A N A ~

9= (Bo) + (Br)r1 + (Ba)za + ... + (Bp)y (A.19)

Where RSS for multiple linear regression can be defined as: RSS = >_ (y; — (9:))*
However, since the model we have (Equation A.16) fits perfectly with a linear
regression, [ will be skipping multiple linear regression notes here. Also, there are
multiple factors that make multiple linear regression disadvantageous, such as non-
linearity, correlation of error terms, non-constant variance of error terms, outliers,
high-leverage points, and collinearity James et al. [2013].

Easy fitting and easy estimation of a few coefficients are the two strong points of
linear regression with a parametric approach. However, a strong assumption is that
the approach assumes the form of f(x), which is not necessarily the same for all data
points. This is when the non-parametric approach comes into play. One such non-
parametric approach is called k-nearest neighbor (KNN) regression. KNN regression

identifies 'k’ training observations near a prediction point zy and is given as:

o) =13 (A.20)

Where the optimal value for 'k’ depends on a bias-variance tradeoff. Therefore,
a lower value of 'k’ leads to a more flexible fit, low bias, and high variance, while a

higher value of 'k’ results in a smoother fit with less variability. However, since the
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form in Equation A.16 closely matches linear regression with a parametric approach,
we will be neglecting the details about KNN regression here as well James et al.
[2013].

As of now, linear regression with a parametric approach is shown above, which

follows the least squares for the estimation of ’y’.

However, for better prediction
accuracy and model interpretability, we must move away from least square estimation.
Table 6 shows why fitting anything other than least squares is important James et al.
[2013].

There are three main alternatives to the least square estimate: (1) subset selection;
(2) shrinkage; and (3) dimension reduction. Figure A.7 shows the different types of
these alternatives. Out of the three, the shrinkage method is widely popular and
often used. The shrinkage method comprises regression techniques such as Ridge,
Lasso, and Huber. The backbone of the shrinkage method is to shrink the coefficient
estimates towards 0, and as it reduces it, the variance of the estimate becomes

lower. Just like the least squares, ridge regression estimates by minimizing the ridge

coefficient:

RSS+AY 5 (A.21)

Where A is the tuning parameter, and the term > 3? is known as the shrinkage
penalty. The tuning parameter controls the relative impact of 3. When A = 0, the
penalty has no effect, and ridge regression becomes the same as least squares. When
A approaches infinity, the penalty’s effect increases, and [ tends to move towards 0
James et al. [2013].

Ridge regression produces a different set of AR for each A, i.e., it shrinks 3 only
and does nothing to 5. The major advantage of Ridge regression over least squares is
rooted in the bias-variance trade-off. As A increases, the flexibility of ridge regression

decreases, i.e., if the variance is lower, bias becomes higher.

256



Table A.1: Description of model interpretability and model accuracy for using non-
least squares estimates

Better Prediction Accuracy Better Model Interpretability

- If x and y have a linear relationship; | - Many variables in multiple linear
bias is low regression are irrelevant.

- n > p: least square fit has low | - But least square would not be able to
variance do that.

- n > p: least square over fits and has | - We need to find an alternative way to
high variance minimize the estimate.

- p > n: least squares has no estimate,

i.e., infinite variance and zero bias.

Subset Dimension
Selection Reduction

*Best subset Selection
*Forward stepwise
*Backward Stepwise
*Hybrid
Choosing Optimal Model
*AIC
*BIC
oAdj‘ R2

Figure A.7: Alternatives to least square Estimation
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If 'x” and 'y’ have a linear relationship, then fitting least squares will have low
bias but might have high variance, which means that a small change in the training
data would have a large change in § estimate. If p ~ n, the least square fit will
be variable, and if p > n, the least square will have no unique solution. Therefore,
Ridge regression is best to be done when least squares have high variance James et al.
[2013].

Some disadvantages of ridge regression are: (1) The penalty shrinks all BR to 0;
(2) If A # oo, it will not shrink all 3% to 0; and (3) This is a problem for better
prediction accuracy and can occur with a large 'p’ - the number of variables. Hence,
Lasso regression is used James et al. [2013]James et al. [2013]. Similar to Ridge

regression, Lasso regression can be found by minimizing:

p
RSS + A 18] (A.22)
j=1

Where, similar to ridge regression, '\’ is the tuning parameter, and 72?:1 1851’
is the Lasso penalty. Lasso regression works by minimizing the Lasso coefficient
C(BE)) to 0. Lasso will set some (55) to 0 when A is very high. It will perform
variable selection so that the models are easily interpreted, and it will produce sparse

models that will only involve a subset of variables James et al. [2013].
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Appendix B

GRP Estimation Flow Chart
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Figure B.1: A flowchart of GRP Estimation for divertor restriction
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Appendix C

Details about running a successful

OEDGE case

This chapter serves as a guide for readers seeking an introduction to the modeling
world, particularly within the context of OEDGE. By delving into the intricacies of the
RIS framework (Section C.1), we provide a thorough exploration of the foundational
steps required to establish an OEDGE workspace. This initial setup lays the
groundwork for subsequent simulations and analyses, making it a crucial entry point
for those venturing into the modeling domain. Building upon this foundation, we turn
our attention to the creation of computational grids using the DG-Carre method, a
pivotal aspect for precision in simulations (Section C.2). The subsequent sections then
guide the reader through the step-by-step processes involved in extracting electron
temperature (7,) and electron density (n.) profiles from Thomson Scattering using
the OMFIT framework and Langmuir Probe measurements with Python, respectively.
This comprehensive exploration aims to equip the reader with the essential knowledge
and skills needed to navigate the modeling landscape, with a particular focus on

leveraging OEDGE capabilities for plasma diagnostics and analysis.
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C.1 Setting up OEDGE workspace in IRIS

Note: Please contact fus@fusion.gat.com to be added into the ‘OEDGE’ and
‘SOLPS’ working groups and to request access to ADAS database.

Step 1: Once you have been added to the working groups of ‘OEDGE’ and
‘SOLPS’, follow the steps provided below:

1. c¢d /fusion/projects/codes/oedge

2. mkdir [iris username]

3. cd [iris username]

4. mkdir cases shots results data

5. cd /fusion/projects/codes/oedge/[iris username]

6. cp /fusion/projects/codes/oedge/zamperinis/rundiv master.iris .

7. cp /fusion/projects/codes/oedge/zamperinis/rundiv.sh .

The initial script functions as the primary shell script responsible for executing
either OSM-EIRENE or DIVIMP. Given that iris employs a job scheduler for job
submissions, akin to many clusters, a slurm script is required to submit tasks to the
queue. This is the purpose of the second script.

Step 2: Once you have followed the steps prescribed above, you will have to

change the following lines in the run scripts.

1. geany rundiv master.iris

(a) PROGDIR=master
(b) DATAROOT=/fusion/projects/codes/oedge/[iris username]
(c) RUNROOT=/fusion/projects/codes/oedge/[iris username]

(d) RESULTSROOT=/fusion/projects/codes/oedge/[iris username]
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2. geany rundiv.sh

(a) echo "srun ./rundiv master.iris $1 $4 $2 $5 none $3" > $1.sh

Note: For more information, please visit the OEDGE guide website. This
provides a great starting guide for OEDGE. This was created by S. Zamperini.

C.1.1 Configuration of the Bash profile

Having all the essential components for initiating a productive OEDGE run, we will
systematically undertake a sequence of procedures to configure our bash profile. This
configuration will enable the incorporation of shortcut commands, streamlining our
workflow for increased efficiency. To access the bash profile in your workspace, utilize

either ‘emacs .bashrc’ or, if you favor the geany command, employ ‘geany .bashrc’.

1. export OBJECTCODE="linux.pgf90"
2. export TOKAMAK="D3D"

3. export DGHOME="/fusion/projects/solps-results/[iris username]/

dg-carre"

4. alias dghome=‘cd /fusion/projects/solps-results/[iris username]/

dg-carre’

5. alias dg=‘/fusion/projects/solps-results/[iris username]/

dg-carre/DivGeo/dg/linux.ifort64/dg’

6. alias e2d=‘/fusion/projects/solps-results/[iris username]/

dg-carre/DG/equtrn/e2d’

7. alias dg2dg=‘/fusion/projects/solps-results/[iris username]/

dg-carre/DG/equtrn/linux.pgf90/dg2dg’
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C.2 Creating a grid using DG - Carre

Meshes created from individual equilibrium files should be stored in a directory

located within the SDGHOME/class directory. Launch IDL from the mesh creation

folder, retrieve the g-file corresponding to a specific DIII-D shot and time slice, and

subsequently exit the IDL environment. Convert the obtained g-file into a DG-

compatible equilibrium file. To attain a satisfactory resolution for mesh generation,

increase the resolution of the equilibrium file by doubling it three times.

Following are the steps to create a DG-Carre grid and mesh

10.

11.

. cd /fusion/projects/solps-results/[iris username]/dg-carre/

class/examples/
mkdir d3d_[iris username]
cd d3d_[iris username]

e Optional Note: you can make another sub-folder with respect to divertor

geometries, for example, USN, LSN Floor, SAS, etc.

. mkdir [shotnumber] _[time_slices]

cd [shotnumber]_[time_slices]

idl

. writeg, [shotnumber], [time slice in ms]

exit
e2d [gfile] output.eq
dg2dg output.eq outputx2.eq

dg2dg outputx2.eq outputx4.eq
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12. dg2dg outputx4.eq outputx8.eq

13. dg &

Once you open the ‘DG’ gui, we can get to making a grid. Here are the thing you

must do initially to setup your DG workspace

1. File > import > Template

e The template should be stored at fusion/projects/solps-results/[iris
username] /dg-carre/DG/SAS prototypeL1R2b_extmesh2.org. See Fig-
ure C.1

2. Ctrl + P — to zoom into the template

3. Commands > Convert > Template to Elements (Make sure the surface normals

are pointing outside
4. File > import > Equilibrium

e This is where previously made ‘outputx8.eq’ comes into play. Once
you have imported the equilibrium, you should see the DG GUI as
seen in Figure C.2. Here LSN Shelf divertor configuration is taken for

representative purposes.

5. File > import > Topology
Note: Topology files are stored in the $DGHOME/DivGeo/dg/topologies
directory. Select the correct topology. Keep the “Detect X Points” box checked.
e SN = lower single null
e SN-up = upper single null
e CDN = connected double null

e DDN = disconnected double null, lower primary X-point
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Template LB E3

Filter
#usion/proj Ips-results/davdak/dg-carre/IG/*, oar!
Directories Files
SAS_prototupeL1RZh_extmesh2,ogr [~
GISTory ezt e e e e o o walldef-167196. 0ar
/fusion/projects/solps-results/davdak/dg-carre/IG/.svn ualldef-167195_v002.0gr
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proj P ta/davdak/dg DGALINUX
fusion/proj ults/davdak/dg-carre/I6/class
el e iV O Y b e
/fusion/projects/solps-results/davdak/dg-carre/IG/conf 1. local
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] #
=] I 20 J—
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| 7fusion/projects/solps-results/davdak/dg-carre/I6]

Load lter Cancel Help

Figure C.1: Screen cap of DG system to grab Template

dg (on irisb.cluster) D E X
File Edit Yiew Commands “ariables Options Window Help
ILs Examlne M Hark — | Rt Zoom/Pan —

.‘

1000

Equilibrium loaded

Figure C.2: Screen cap of DG system to grab equilibrium
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10.

11.

e DDN-up = disconnected double null,upper primary X-point

. View > Display > click on dashes (yellow) > click on ‘points’ > click on

‘Equilibrium’
This will make the equilibrium down to LCFS only and bring up points for

every section of the wall. See Figure C.3

Next thing we need to consider, is to make surface around the LCFS. For this
change the ‘Right mouse click (R):" to ‘Add Surface’. Next, right click and drag
near the SOL to know where the last surface could be made in the DG system
without being interrupted by another wall. As seen in Figure C.4, this is where
the DG grid would be made up until. It is important to note the location at

which the outer and inner SOL surface are made.
Zoom into the divertor region
File > create > Point

Make a triangle in the PFR region, and near the outer SOL region. This is
something that will help you constrain the surface creation and help in mesh
creation. See Figure C.5 for reference. It is to note that the triangle mad ein
the SOL region can and hass been moved near the crown region to provide
constraint from the upstream location. There is no specific rule of where one

can put a triangle in.

DG-Carre system requires the divertor target to be a closed polygon, therefore

create points near the divertor target in order to make the divertor a closed

polygon.

267



Zoom In Cerl+l |, | Rr:
Zoom Qut Ctrl+0 .
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4 Points
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r Elements
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4 Numbers

4 Surfaces
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4 Mesh

4 Mesh details
" Equilibrium
r Template

4 Axes
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Figure C.3: Screen cap of DG system to have better display option
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dg (on irisb.cluster) ChenE

File Edit VYiew Commands Variables GOptions Hindow help‘

L: Examine - ~ | R Add surface —

Inner SOL location for
spirface creation

Outer SOL{ location for
surface creation

Figure C.4: Screen cap of DG system to have SOL surfaces known using the right
click mouse option. Right click and drag into SOL region to know up until where the
SOL surfaces can be created.

dg (on irisb.cluster) eI
File Edit Yiew Commands Variables Options Uindow Help
L: | Connect points -t I - | R: Add surface -t |

“spliting the wall surface”

P

Figure C.5: Screen cap of DG system to have SOL surfaces known using the right
click mouse option. Right click and drag into SOL region to know up until where the
SOL surfaces can be created.

269



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Variables >> Structure

Left Mouse click > Mark

Mark Inner target and click Set (see Figure C.6 for reference).

Ctrl + U > Mark Outer target and click Set (see Figure C.6 for reference).

Ctrl + U > Ctrl + A, deselect surface just outside both the targets (see Figure

C.7 for reference).
Edit > Create > Grid Points (See Figure C.8 for reference)
Start with SOL, set cells = 55, Deltal = 0.006, Delta2 = 0.006

Select Outer Divertor, Set cells &~ 20, and make the curve convex, i.e., Deltal

> Delta2.

Select Inner Divertor, Set cells ~ 25, and make the curve convex, i.e., Deltal >

Delta2. As seen in Figure C.8.

Remember, the goal for grid point making is not to set numbers, but to make
sure the distance between the ‘spokes’ in the grid points near the x-point are
equidistant. Zoom in on the x-point region and check if the grid points from all
four direction seen equidistant or not. If not, change Deltal, Delta2 for outer
and inner divertor along with SOL region. Figure C.9 shows the equidistantly

placed grid points for this examples case we have.
Left Mouse Click > Add Surface
Click on center or near the core to create a surface

Edit > Create > Surface(s) (See Figure C.10)
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File Edit Yiew Comands VYariables Options Window ﬁelpl

Figure C.6: Screen cap of DG system to select target surfaces. One must mark the
outer target surface (OT) and then click on the Set in the Structure Gui, similarly
repeat for the inner target (OT) as well.

dg (on irisb.cluster) ¢.o@

Hetp tetp|[ELtek 2 for et
Tnner Target Help|  Hark | Set
e Toroet. folg| k| et

Figure C.7: Screen cap of DG system to select structure surfaces. One must mark
all the elements except the ones that are unmarked just outside the target allocated
in the previous step.
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Undo Ctrl+Z Ln ~ | r:
© Redo Ctrl+Shift+Z

Redo all

Mark all elements Ctrl+A

Mark all chords

Unmark all Ctrl+U
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Delete . S

Extend chords
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Hove/Rotate. .. L

Surface(s)...
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Create Close Help

Figure C.8: Screen cap of DG system to produce grid points on the equilibrium.
One must start from SOL option and make it an ‘S’ curve, whereas the outer and
inner target needs to be a convex curve

Figure C.9: Screen cap of DG system showing an example of equidistant ‘spoke’” or
grid points present on the equilibrium
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El Create surface(s)... m 'D Create surface(s)... m El Create surface(s)... w

Figure C.10: Screen cap of DG system to produce grid points on the equilibrium.
One must start from SOL option and make it an ‘S’ curve, whereas the outer and
inner target needs to be a convex curve
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25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

It is to note that cells of each SOL, Core, and PFR regions are same. Here, for
the example reference cases we have set cells for all three regions as 15 and all
the regions are set to concave shape. Just like the grid points, the surfaces also

need to be similarly equidistant near the x-point.
Variables > target specification > #1 for inner target and #2 for outer target.

e #1: inner target (LSN), outer target (USN), lower inner target (DN)
e #2: outer target (LSN), inner target (USN), upper inner target (DN)
e #3: upper outer target (DN)

e #4: lower outer target (DN)

Make sure to select SOL edge and PFR edge for each target, inner (#1) and
outer (#2) divertor. See Figure C.11.

Commands > Check variables — this is done to check for errors
Commands > Rebuild Carre Objects

File > Save > write the name of the file for example, ‘dg_[Shot Number|_[Time
Slice].dg’

File > output

This will save the following into .dgo, .str, and .trg files.
cd $DGHOME/class

./1ns examples/d3d_[iris username]/[shot number]_[time slices]/

dg_[Shot Number] [Time Slice]
cd $DGHOME/Carre
./carre -

Type p and press enter
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36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Type g and press enter

Type in Y and press enter

Type in Y and press enter

Type in C and press enter

Type in t and press enter

Type in q and press enter

In the DG Gui, File > import > Mesh

Select the .sno file that was generated. Check for inconsistencies, if none, you

are ready to use the grid for OEDGE case. See Figure C.12.
/fusion/projects/codes/oedge/[iris username]/shots

cp /fusion/projects/solps-results/[iris username]/dg-carre/Carre/

data/meshes/dg_[Shot Number]_[Time Slice] .griddivimp .

Now that we have copied the grid into the OEDGE folder. Let us now create
an input file for OEDGE

geany &
Copy an existing .d6i file for the shot you are trying to analyze

./rundiv.sh d3d-186791-1200v6-v1 dgl186791_1200v6.v001.griddivimp none

none none

e d3d-186791-1200v6-v1 is the input .d6i file

e dgl186791_1200v6.v001.griddivimp is the grid file that was created by DG

Carre
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Figure C.12: Screen cap of DG system showing the surface and meshes created for

the example case



50. In case of an issue for importing equilibrium

e cropequ outputx8.eq outputx8c.eq
e input the following

—: 013

—:0.84

—:2.54

—: 013

—:-1.6

—:1.45

51. Note: For more information and debugging, please visit the OEDGE guide

website. This was created by S. Zamperini.
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Appendix D

Details about obtaining /,,,;; and

[;;, for all divertor configurations

The objective of this chapter is to conduct a comparative analysis between experi-
mental and modeled data, aiming to identify and comprehend f,.; and fuai—oEDGE
and any disparities that may exist between the two. The chapter is structured into
five primary sections:

Section D.1 presents an overview of the types of plasma discharges used in the
analysis, showcasing global parameters based on the L and H mode as well as the
B x VB drift direction.

Following that, Section D.2 delves into the Edge measurements of n, and 7, along
with Filterscope measurements of D, emissivity and neutral density for the analyzed
shots.

Subsequently, Section 3.2 elucidates the details of the GRP formula. With these
foundational details in place, Section 5.3.1 describes the determination of I,,; and
14, through modified window frame experiments in various divertor configurations.

Parallelly, Section D.3 outlines a similar analysis using OEDGE modeling.

278



D.1 Global parameters compared between plasma
discharges used for closure interoperability

All plasma discharges or shots documented in this thesis exhibit diverted, single-null
magnetic equilibrium with B x VB ion drift directed both towards (Reverse) and
away (Forward) from the X-point. The primary focus of this thesis is on conventional
divertor geometries to estimate fy.1: LSN Shelf, LSN Floor, and USN Floor.

Figure D.1 shows the basic global parameters for plasma discharges that are
compared. Global Parameters of Plasma discharges in Rev B; configuration
are depicted here. (al-a4) shows Line averaged density, (bl-b4) shows pedestal
temperature, (cl-c4) shows injected power, (d1-d4) shows the outer gap of plasma to
the main chamber wall, and (el-e4) shows the location of the outer strike point. The
divertor configuration of LSN Floor is depicted in black, USN Floor is depicted in red
and LSN Shelf if depicted in blue thoughout the comparison.

Figure D.1 (al, bl, cl, d1, el) showcase density, pedestal temperature, injected
power, outer strike point location and outer gap. In the case of the LSN Floor
discharge (shot #167234), the analysis focused on the time slice spanning 2000 to
4000 ms, with a magnetic field strength (B;) of 2 T, an electric current (I,) of 1.19
MA, an injected power of 1 kW, and an electron density of 3e19 m 3. Similarly, the
LSN Shelf discharge (shot #163210) involved a time slice from 3000 to 4000 ms, a
B, of 2T, I, of 1 MA, injected power of 1.1 kW, and an electron density of 3el9
m~3. The USN Floor discharge (shot #184533), conducted over the time range 2000
to 4000 ms with a reversed magnetic field (—27" B;), featured an I, of 1 MA, injected
power of 4 kW, and an electron density of 419 m™3. Finally, the SAS discharge (shot
#184549) encompassed the time interval 1800 to 2000 ms, with a —27" By, I, of 1
MA, injected power of 2.2 kW, and an electron density of 4e19 m 3.

Figure D.1 (a2, b2, ¢2, d2, e2) showcase density, pedestal temperature, injected
power, outer strike point location and outer gap. In the case of the LSN Floor

discharge (shot #167245), the analysis focused on the time slice spanning 3000 to
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Figure D.1: Global Parameters of Plasma discharges in Rev B; configuration
are depicted here. (al-a4) shows Line averaged density, (bl-b4) shows pedestal
temperature, (cl-c4) shows injected power, (d1-d4) shows the outer gap of plasma to
the main chamber wall, and (el-e4) shows the location of the outer strike point
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4000 ms, with a magnetic field strength (B;) of 2 T, an electric current (I,) of 1.19
MA, an injected power of 4 kW, and an electron density of 6e19 m=3. Similarly, the
LSN Shelf discharge (shot #186703) involved a time slice from 3000 to 3500 ms, a B;
of 2T, I, of 1.3 MA, injected power of 6 kW, and an electron density of 819 m™3.
The USN Floor discharge (shot #179974), conducted over the time range 2000 to
3100 ms with a reversed magnetic field (—27" B;), featured an I, of 1.3 MA, injected
power of 6.5 kW, and an electron density of 6e19 m~—3. Finally, the SAS discharge
(shot #185857) encompassed the time interval 3000 to 4500 ms, with a —27" By, I,
of 1.3 MA, injected power of 8 kW, and an electron density of 7el9 m 3.

Figure D.1 (a3, b3, ¢3, d3, e3) showcase density, pedestal temperature, injected
power, outer strike point location and outer gap. In the case of the LSN Floor
discharge (shot #174803), the analysis focused on the time slice spanning 450 to 600
ms, with a magnetic field strength (B;) of —27T, an electric current (I,) of 0.9 MA,
an injected power of 1.7 kW, and an electron density of 1.4e19 m~3. Similarly, the
LSN Shelf discharge (shot #186791) involved a time slice from 900 to 1100 ms, a B;
of —2T', I, of 1 MA, with only ohmic power, and an electron density of 2.8¢19 m 3.
The USN Floor discharge (shot #179760), conducted over the time range 600 to 750
ms with a reversed magnetic field (2T B;), featured an I, of 1 MA, injected power of
1.32 kW, and an electron density of 1.45¢19 m~3. Finally, the SAS discharge (shot
#169048) encompassed the time interval 3300 to 4900 ms, with a 27" B, I, of 1 MA,
injected power of 1kW, and an electron density of 2.16e19 m 3.

Figure D.1 (a4, b4, c4, d4, e4) showcase density, pedestal temperature, injected
power, outer strike point location and outer gap. In the case of the LSN Floor
discharge (shot #175937), the analysis focused on the time slice spanning 2000 to
4000 ms, with a magnetic field strength (B;) of —2T', an electric current (/) of 1.3
MA, an injected power of 5.1 kW, and an electron density of 6.2e19 m 3. Similarly,
the LSN Shelf discharge (shot #186791) involved a time slice from 3000 to 4000 ms,
a By of =2T', I, of 1.3 MA, with 5.7kW of injected power, and an electron density
of 6.8¢19 m3. The USN Floor discharge (shot #179760), conducted over the time
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range 2500 to 3200 ms with a reversed magnetic field (2T B,), featured an I, of 1.3
MA, injected power of 6.15 kW, and an electron density of 4.8¢19 m~3. Finally, the
SAS discharge (shot #174910) encompassed the time interval 3000 to 5000 ms, with
a 2T By, I, of 1.3 MA, injected power of 4kW, and an electron density of 9¢19 m ™.

It is noteworthy that, in all these diverse configurations, global parameters at the
selected time slices are deliberately maintained to exhibit similarity among values.
This approach facilitates a more meaningful comparison of results, particularly in
cases where the underlying physics appears ostensibly similar, with the divergence

primarily attributed to variations in divertor geometry.

D.2 Diagnostic measurements in DIII-D tokamak

As seen in Chapter 2.5, there are three main diagnostics useful in understanding and
calculation of f,.;, namely, Thomson Scattering to inform n., and 7, data inside the
separatrix which is useful to understand the SXB values and the Filterscope data
that is useful in Equation 3.11. Langmuir probe measurements to inform the n. and

T, data at the divertor target which is useful for Equation 3.13.

D.2.1 Electron Density and Temperature Measurements
ne from Thomson Scattering - Br x VB |

The electron density profiles obtained from Thomson Scattering data are depicted
in Figure D.2. In Figure D.2(a, b), the electron density profiles for the LSN Floor
(black) configuration in I-mode and H-moode configurations. Configuration D.2(c, d)
showcase LSN Shelf divertor electron density profiles and subfigure (e and f) show
USN Floor floor electron density profiles in By x VB | conditions. It is important
to note that the presented electron density data corresponds to a By x VB | and
both L mode and H mode configuration. Subfigure (b, d, f) showcases the discernible

presence of a pedestal, signifying the occurrence of H mode in the shots. Furthermore,
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H-mode shots demonstrates electron density values that are at least two times higher

compared to those observed in L-mode.

T, from Thomson Scattering - Br x VB |

The electron temperature profiles obtained from Thomson Scattering data are
depicted in Figure D.3. In Figure D.3(a, b), the electron density profiles for the LSN
Floor (black) configuration in L-mode and H-mode configurations. Configuration
D.3(c, d) showcase LSN Shelf divertor electron density profiles and subfigure (e and
f) show USN Floor floor electron density profiles in By x VB | conditions. It is
important to note that the presented electron density data corresponds to a By xVB |
and both L mode and H mode configuration. Subfigure (b, d, f) showcases the
discernible presence of a pedestal, signifying the occurrence of H mode in the shots.
Furthermore, H-mode shots demonstrates electron density values that are at least

two times higher compared to those observed in L-mode.

ne and T, from Thomson Scattering - By x VB 1

The electron density and temperature profiles, derived from Thomson Scattering data,
offer insights into the plasma behavior across various divertor configurations for By X
VB 1 in L mode and H mode configurations as seen in Figures D.4, and D.5.
Figures D.4, and D.5 collectively present profiles of electron density and tempera-
ture for various L mode scenarios. For L-mode D.4, and D.5 subfigure (a), the electron
density and temperature profiles are displayed for the LSN Floor configuration in Shot
174803, covering the time range of 450 to 600 ms. Meanwhile, Subfigure (c¢) showcases
similar profiles for the LSN Shelf configuration in Shot 186791, focusing on the time
interval between 900 and 1100 ms. Additionally, Subfigure (e) provides electron
density and temperature data for the USN Floor in Shot 179760, spanning the period
from 600 to 750 ms. It is essential to note that the presented data corresponds to a

forward By and L mode configuration.
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Figure D.2: n, from Thomson Scattering - Br x VB | in L mode and H mode
configuration depicting all the data, along with time sliced average data fit. This
data is derived from OMFITprofiles module on OMFIT
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Figure D.3: T. from Thomson Scattering - By x VB | in L mode and H mode
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data is derived from OMFITprofiles module on OMFIT
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Corresponding H mode profiles are depicted in D.4, and D.5, revealing distinctive
features such as the presence of a pedestal and significantly higher electron tem-
perature values characteristic of the H mode regime. Moreover, the H mode data
corresponds to different plasma discharges. Subfigure (b) illustrates the LSN Floor
configuration of Shot 175937 from 2000 to 4000 ms. Subfigure (d) showcases the LSN
Shelf configuration for Shot 186791, the same as the L mode shot but at a different
time slice between 3000 and 4000 ms. Finally, Subfigure (f) also displays the same
shot as the L mode configuration but at a different time slice, similar to that of the
LSN Shelf configuration, from 2500 to 3200 ms.

The data presented in the figures exhibit a goodness-of-fit (x?) value ranging from
1.1 to 4.8. All the aforementioned results were obtained through the OMFIT profiles

module, accessible to all users on the IRIS server at OMFIT.

Langmuir Probe Measurements in Reverse Br and Forward Br

Figures D.6 and D.7 depict measurements of electron density, temperature, and
current density in the LSN Floor, LSN Shelf, and USN divertor configurations
under forward Br conditions during L mode and H mode, respectively. A notable
observation across all divertor configurations is the noticeable increase in electron
density and current density at the divertor as the system transitions from L mode
to H mode conditions. The figures include a goodness-of-fit measure associated with
each measurement, providing an indication of the fitting accuracy. It is essential to
acknowledge that the x? value may be elevated due to variations in the available data.

The same for reverse Br is depicted in Figures D.8 and D.9. It is to note that the

Jsat profile seen in the subfigures here is used to calculate Iy, from Equation 3.12.
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Figure D.7: n., T, and J,; as measured by embedded Langmuir probes on the
divertor targets LSN Floor (left plot), LSN Shelf (middle plot), USN Floor (right
plot). The data shows measurements from H mode plasma discharge in forward By

configuration
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Figure D.9: n., T, and J,,; as measured by embedded Langmuir probes on the
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plot). The data shows measurements from H mode plasma discharge in forward By
configuration
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D.2.2 Filterscope Measurements

As previously mentioned, the Filterscope system is employed for measuring the
emissivity and radiance associated with D,. Figure D.10 illustrates radiance and
emissivity in both L mode and H mode, considering both forward and reverse Br
directions in the LSN Floor divertor configuration. Similar representations are
provided for the LSN Shelf in Figure D.11 and the USN Floor in Figure D.12. A
noteworthy observation is that in H mode, the emissivity is approximately three
times higher on average in reverse Br. Additionally, regardless of the Br direction,
the radiance exhibits a radial decrease towards the main chamber wall. The emissivity,
influenced by recycling, tends to increase near the Last Closed Flux Surface (LCFS)

and then gradually decreases.

D.3 Divertor Plasma Solution using OEDGE

As outlined in the preceding Section 5.3.1, we examined the experimental values
of fuau in relation to the GRP. The objective in this section remains analogous,
involving the plotting of fii—cedge and the corresponding DLFPorpcr against GRP
values. Our focus here is to explore divertor plasma solutions derived using OEDGE
for specific divertor configurations under both Forward By and Reverse Bp setups.
The subsequent subsections are organized based on divertor geometry and individual
plasma discharges associated with that geometry in both L mode and H mode

scenarios.

D.3.1 LSN Shelf Configuration

Lower Single Null (LSN) Shelf as seen in Figure 4.13(b) is a divertor geometry
represented with a flat plate without any baffle conditions. This divertor geometry
is considered the most open geometry as it does not have the features to contain

particles and is reflected with a lower GRP value.
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Figure D.10: D, radiance and emissivity as measured by midplane Filterscope
system for LSN Shelf configuration. The figure shows both L. mode and H mode
measurements in both forward and reverse Br configuration

L Mode H Mode

Shot 163210 Shot 186703
leld leld 35 lel5 le20
T — Reaenee — Emissity
6
(b)
= = 5
- z E2s z
m 2 E 2 E
el = el 4z
3 = s 52 :
m @ > @ 2
£ ] £ 38
k-] E 5 1.5 £
g g g ) £
1.0+ 2
0.5- 1
X 0.90 0.95 1.00 1.05
psin psin
Shot 179760 Shot 179760
lel9
it
1.2
3.0
= _ Z10 25
- 5 a2 2
m 4 E 205
H H o 02
g - : £
[ > 15 5
b g ] 0. 3
3 £ &
2 w 1.0
0.
0.5
o (d)
0.85 0.90 0.05 1.00 1.05 110 0.85 0.90 0.95 1.00 1.05 110
psin N psin

Figure D.11: D, radiance and emissivity as measured by midplane Filterscope
system for LSN Shelf configuration. The figure shows both L. mode and H mode
measurements in both forward and reverse By configuration

292



L Mode

Shot 184533

leld

H Mode

Shot 179974

3
°

w
n

t £
. 5 £
od g3e :
> H H
[T} 55 =
o g g
H 5
'GE 2.0 k-1
& 2

15

1.0

10
055 0.5 055 100 105
psin
Shot 179760
leld leld leld

psin

Shot 179760

lelo

Fwd B,

°

.6

Radiance [ph(str s cm2)]

°

.4

& =
Emissivity [ph/(m3 s)]

S

Enmissivity [ph/im3 s)]
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In the name of completeness, there are four LSN Shelf shots in L. mode and H

mode configurations and in forward Br and Reverse By that will be discussed here.

L mode Plasma Discharges

In Section D.1, our examination centers on Shot # 186791 and Shot # 163210, which
correspond to LSN Shelf plasma shots under forward and reverse By configurations,
respectively.  Section D.1 provides exhaustive details on these shots and their
associated global parameters. Figures D.13 and D.14 showcase the distribution of
electron density (n.), plasma velocity (v), and particle flux (') across all regions,
with the separatrix and windowpane visibly marked. The figures reveal that, in
the forward Br plasma discharge, the overall density is lower, but there is a higher
velocity in the same regions, resulting in a similar flux presence in those regions. It’s
noteworthy that the measured flux at the windowpane region for the forward Br
discharge is lower compared to the flux in the other plasma discharge.

Additionally, Figures D.15 and D.16 present 2D plots for Shot # 163210 and Shot
# 186791, respectively. These plots illustrate the distribution of electron density (n.),
electron temperature (7,), plasma velocity (v), and particle flux (I') throughout the
tokamak, as simulated by OEDGE. Importantly, the negative values observed in the
flux, as shown in Figures D.15 and D.16, stem from the negative plasma velocity

values, indicating a reversal in the flow of particles within the SOL.

H mode Plasma Discharges

Here, we focus on Shot # 186791 and Shot # 186703, which correspond to LSN Shelf
plasma shots under forward and reverse By configurations in H mode conditions,
respectively. Section D.1 provides exhaustive details on these shots and their
associated global parameters. Figures D.17 and D.18 showcase the distribution of
electron density (n.), plasma velocity (v), and particle flux (I') across all regions,

with the separatrix and windowpane visibly marked.
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Figure D.15: 2D measurements of Density, Velocity, temperature and flux of Shot
163210

Particle Flux Density [#im2/s]

ity [m-3] Electron Temperature [eV] Plasma Velocity [m/s]
seeretot200 #79101200 ssret otz
#arrstot200
1.0 102 80 104
10
102 7 10®
1022
0.5 60
10%
10?
50
10% 102
0.0 a0 o o
101
30 _10m
_10
107
-0.5 20
=-107?
_10°
10 10
-1.0 1015 o —10% —10%
1.0 15 20 10 15 2.0 10 1 2.0 To T 70

- 5
R(m) R (m) R(m)

Z(m)

5
R (m)

Figure D.16: 2D measurements of Density, Velocity, temperature and flux of Shot
186791

296



Shot186703

=
£ — Region 1
2 19%7 __ pegi
£ Region 2
g = Region 3
Separatrix
Windowpane
1018 4 1 I
T
104 i —_—
=z
£ 1034
2
8
2 1024
% 10
101 4
1023 —

| Flux Density | [#/(m2 s)]
=
(=]
N

102“
101° H \/
0.98 1.00 1.02 1.04 1.06 1.08 1.10 112
psiN
Figure D.17: Flux density estimation at regions 1, 2 and 3
Shot186791
lel9
o s
E R p— Region 1 E
= —— Region 2 H
3 2{ = Region 3
Separatrix
ol Windowpane
_ 1044 !
£
:g 107 4
2
102,
- | —_—
é 1022 W
§ 102, | \/
0.96 0.98 Loo 1.02 1.04 1.06 1.08 1.10 112
psiN

Figure D.18: Electron density,

2 and

3

297

velocity, and Flux density estimation at regions 1,



The figures reveal that, in the forward By plasma discharge, the overall density
is lower, but there is a higher velocity in the same regions, resulting in a similar flux
presence in those regions. It’s noteworthy that the measured flux at the windowpane
region for the forward By discharge is lower compared to the flux in the other plasma
discharge. Additionally, Figures D.20 and D.19 present 2D plots for Shot # 186791
and Shot # 186703, respectively. These plots illustrate the distribution of electron
density (n.), electron temperature (7.), plasma velocity (v), and particle flux (I")
throughout the tokamak, as simulated by OEDGE. Importantly, the negative values
observed in the flux, as shown in Figures D.20 and D.19, stem from the negative

plasma velocity values, indicating a reversal in the flow of particles within the SOL.

D.3.2 LSN Floor Configuration

Lower Single Null (LSN) Floor as seen in Figure 4.13(c) is a divertor geometry
represented with a flat plate with a baffle present near the target. This divertor
geometry is considered the when contain particles need to be exhausted using pumps
and is reflected with a lower GRP value. In the name of completeness, there are
four LSN Floor shots in L mode and H mode configurations and in forward By and

Reverse Br that will be discussed here.

L mode Plasma Discharges

Here, our examination centers on Shot # 174803 and Shot # 167234, which
correspond to LSN Floor plasma shots under forward and reverse By configurations
in Lmode, respectively. Section D.1 provides exhaustive details on these shots and
their associated global parameters. Figures D.21 and D.22 showcase the distribution
of electron density (n.), plasma velocity (v), and particle flux (') across all regions,
with the separatrix and windowpane visibly marked. The figures reveal that, in the
forward Br plasma discharge Shot #174803, the overall density is lower in all regions,
whereas in the other shot the density is higher in Region 3, that is at the divertor,
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but there is a higher velocity in the same regions, resulting in a similar flux
presence in those regions. It’s noteworthy that the measured flux at the windowpane
region for the forward B discharge is lower compared to the flux in the other plasma
discharge. Additionally, Figures D.23 and D.24 present 2D plots for Shot # 167234
and Shot # 174803, respectively. These plots illustrate the distribution of electron
density (n.), electron temperature (7.), plasma velocity (v), and particle flux (I")
throughout the tokamak, as simulated by OEDGE. Importantly, the negative values
observed in the flux, as shown in Figures D.23 and D.24, stem from the negative

plasma velocity values, indicating a reversal in the flow of particles within the SOL.

H mode Plasma Discharges

Here, our examination centers on Shot # 175937 and Shot # 167245, which
correspond to LSN Floor plasma shots under forward and reverse By configurations
in H-mode, respectively. Section D.1 provides exhaustive details on these shots and
their associated global parameters. Figures D.26 and D.25 showcase the distribution
of electron density (n.), plasma velocity (v), and particle flux (T') across all regions,
with the separatrix and windowpane visibly marked.

The figures reveal that, in the forward Br plasma discharge Shot #175937, the
overall density is lower in all regions, however a higher velocity in the same regions,
results in a similar flux presence in those regions. It’s noteworthy that the measured
flux at the windowpane region for the forward By discharge is lower compared to the
flux in the other plasma discharge.

Additionally, Figures D.27 and D.28 present 2D plots for Shot # 167245 and Shot
# 175937, respectively. These plots illustrate the distribution of electron density (n.),
electron temperature (7,), plasma velocity (v), and particle flux (I') throughout the
tokamak, as simulated by OEDGE. Importantly, the negative values observed in the
flux, as shown in Figures D.27 and D.28, stem from the negative plasma velocity

values, indicating a reversal in the flow of particles within the SOL.
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A notation concerning the varied lengths of the measurements depicted in the
figure is attributed to the grid dimensions established through the DG-Carre system.
The absence of a uniform mesh structure gives rise to distinct array sizes for

measurements in each region.

D.3.3 USN Floor Configuration

Upper Single Null (USN) Floor as seen in Figure 4.13(d) is a divertor geometry
represented with a flat plate with a bottle-neck baffle structure near the target. This
divertor geometry is considered the when contain particles need to be exhausted using
pumps and is reflected with a lower GRP value. In the name of completeness, there
are four USN Floor shots in L. mode and H mode configurations and in forward By

and Reverse By that will be discussed here.

L mode Plasma Discharges

Here, our examination centers on Shot # 179760 and Shot # 184533, which
correspond to USN Floor plasma shots under forward and reverse By configurations
in L-mode, respectively. Section D.1 provides exhaustive details on these shots and
their associated global parameters. Figures D.29 and D.30 showcase the distribution
of electron density (n.), plasma velocity (v), and particle flux (I') across all regions,
with the separatrix and windowpane visibly marked.

The figures reveal that, in the forward Br plasma discharge Shot #179760, the
overall density is higher in all regions, however a higher velocity in the same regions,
results in a similar flux presence in those regions. It’s noteworthy that the measured
flux at the windowpane region for the forward Br discharge is lower compared to the
flux in the other plasma discharge. Additionally, Figures D.31 and D.32 present 2D
plots for Shot # 179760 and Shot # 184533, respectively. These plots illustrate the
distribution of electron density (n.), electron temperature (7.), plasma velocity (v),

and particle flux (I') throughout the tokamak, as simulated by OEDGE. Importantly,
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the negative values observed in the flux, as shown in Figures D.31 and D.32, stem
from the negative plasma velocity values, indicating a reversal in the flow of particles

within the SOL.

H mode Plasma Discharges

Here, our examination centers on Shot # 179760 and Shot # 179974, which
correspond to USN Floor plasma shots under forward and reverse By configurations
in L-mode, respectively. Section D.1 provides exhaustive details on these shots and
their associated global parameters. Figures D.34 and D.33 showcase the distribution
of electron density (n.), plasma velocity (v), and particle flux (I') across all regions,
with the separatrix and windowpane visibly marked.

The figures reveal that, in both the forward By and reverse By plasma discharges,
the overall density, velocity is similar in all regions, resulting in a similar flux presence
in those regions. It’s noteworthy that the measured flux at the windowpane region for
the forward Br discharge is lower compared to the flux in the other plasma discharge.
Additionally, Figures D.36 and D.35 present 2D plots for Shot # 179760 and Shot #
179974, respectively. These plots illustrate the distribution of electron density (n.),
electron temperature (7,), plasma velocity (v), and particle flux (I') throughout the
tokamak, as simulated by OEDGE. Importantly, the negative values observed in the
flux, as shown in Figures D.36 and D.35, stem from the negative plasma velocity
values, indicating a reversal in the flow of particles within the scrape-off layer (SOL).

A notation concerning the varied lengths of the measurements depicted in the
figure is attributed to the grid dimensions established through the DG-Carre system.
The absence of a uniform mesh structure gives rise to distinct array sizes for

measurements in each region.
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Appendix E

DIII-D Mini proposal for an

experiment

Title: Impact of divertor geometry on divertor and main chamber recycling
Collaborator(s): K.Davda, E. Unterberg, P. Stangeby, M. Shafer, L. Casali, J.
Nichols, A. Leonard, J. Watkins, D. Rudakov, F. Laggner, and F. Scotti

E.1 Purpose of the Experiment

e Assess effect of magnetic and physical closure on neutral leakage & main

chamber in L mode and H mode

e Determine the impact of outer gap & x-point height variation on mid-plane and

divertor neutral pressure

e Estimate the role of leaked neutrals in inducing main chamber recycling

E.2 Background

Next step fusion devices need to have an optimized divertor that is capable of

handling increased heat and particle flux to mitigate surface damage on the divertor
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target [1]. A way to optimize the divertor is by increasing divertor closure, which
depends on physical baffling and magnetic parameters [2]. As the closure increases,
the neutral compression (Pdivertor/Pmain-chamber) increases [2] along with an
increase in neutral density in the divertor region that aids in neutral recirculation
[3], energy dissipation [4] and in detachment onset [4-7]. However, divertor closure
does not effectively trap neutrals as they tend to leak/escape from the divertor
towards the main chamber through the SOL [2]. Increased neutral leakage could
potentially increase localized fueling, plasma facing component (PFC) sputtering
[2] and main chamber recycling (MCR) [8,9]; all of which has the potential to
deteriorate plasma confinement. Recently, neutral leakage was quantified using a
divertor leakage parameter (DLP) between two divertor types — open (LSN floor)
and closed (USN floor) in DIII-D. This measurement found that DLP decreases as
divertor undergoes closure and the rate of change of neutral leakage in the more closed
divertor configuration is less compared to the open configuration [7].

In this work, we will systematically vary outer gap and x-point height in four
different divertor configuration on DIII-D with different degree of closure, i.e., LSN
floor, LSN shelf, USN floor, closed vertical target (USN edge). Firstly, the variation
of outer gap would help achieve an understanding of the impact of plasma edge to
the PFC near the main chamber that could potentially induce MCR and impact the
neutral leakage. Secondly, the x-point plays an important role in power dissipation
at the target though magnetic flux expansion. Varying the x-point height could
potentially change the rate at which neutrals are formed, recycled, and leaked from
the divertor region. Lastly, the goal of neutral leakage estimation in these variations
will be achieved using a modified version of the Window Frame Analysis (WFA)
[10] that will measure neutral flux in the main chamber and in the divertor using a
slew of diagnostics present at DIII-D, viz., neutral pressure gauge at the midplane,
LLAMA, RCP, Filterscope, Thomson Scattering, and Langmuir probes. In this work,
we estimate neutral leakage by taking the ratio of the neutral flux at the main chamber

to the neutral flux at the divertor.
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This experiment will provide data that will help validate neutral modelling. It
will also inform the role of magnetic geometry with respect to the divertor baffles
for neutral leakage. This will also help inform the role of leaked neutrals in inducing

MCR.

1. Stangeby & Leonard, Nucl. Fusion 51 (2011) 063001

2. Loarte, Plasma Phys. Control. Fusion 43 (2001) R183-R224

3. Kukushkin & Pacher Nucl. Fusion 56 (2016) 126012

4. Sang et. al, Plasma Phys. Control. Fusion 59 (2017) 025009

5. Casali et. al., Contributions to Plasma Physics 58 (2018) 725 731
6. Moser et.al., Nuclear Materials and Energy 19 (2019) 67-71

7. Casali et. al., Nucl. Fusion 60 (2020) 076011

8. Niemczewski et. al., Nucl. Fusion 37 (1997) 151

9. LaBombard et. al., Nucl. Fusion 40 (2000) 2041

10. Whyte et. al., Plasma Phys. Control. Fusion 47 (2005) 1579

E.3 Experimental Approach

The aim for this experiment is to quantify neutral leakage and main chamber recycling
(MCR) due to divertor closure along with variation in outer gap and x-point height
in both L mode and H mode. This will be analyzed using the window frame analysis
(WFA) which estimates neutral leakage by taking the ratio of neutral particle flux in
the main chamber, I,,.;, to neutral particle flux at the divertor target, I4,, for each

outer gap and density variation.
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The experiment is to be carried in the Upper single null (USN) configuration. This
will help assess the impact of physical geometrical divertor baffles on neutral leakage
along with the magnetic closure applied via outer gap and x-point height variation.

Establish plasma USN discharge with similar parameters as seen in Shot 186198.
We will have 2 strike point throughout the half day. The first strike point will be
on the horizontal divertor target surface of the USN and the other will on the outer
edge of the USN divertor near the bottle neck area. For each strike point we will
keep same separatrix density ~ 5 x 10%m=3. The variable in the experiment will be
outer gap and x-point height with fixed strike point. We will investigate the neutral
particle flux in the main chamber and in the divertor region while the variables of the

experiment are varied.

E.4 Resources

o +/— 2.05T, 1.3MA

6MW neutral beams

Gas: GASC—-D2, GASD - N2 / GAS E - N2

Cryopumps: Off

IC — coil requirements: Standard EFC

E.4.1 Diagnostic Requirements

Essential:
e Filterscope (divertor, mid-plane)
e ASDEX Gauges

e REciprocating LP at the midplane
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Floor Langmuir Probes

Thomson Scattering (extended core, tangential, divertor)

MDS Spectrometer
e CER

Important:

e Tangetial TV

e Bolometers

E.4.2 Analysis Requirements

Provide list of roles for executing the experiment on the day, and who will do them.
e MP author: Davda
e Session Leader: Davda / Unterberg
e Diagnostic Coordinator: Nichols
e Inter-Shot Analysis: Davda
e Physics operator: Shafer
e Reciprocating Probe Guru: Boedo
e Beam Operator: Wilcox
e Spectroscopy Setup: Wilcox, McLean, Scotti
e Filterscope: Herfindal

e Pressure Gauges: Shafer
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Provide list of analysis tasks to be pursued after experiment completed, and who
will do them (please also review analysis needs with your physics area meeting once

experiment has been run).

e MDS Analysis: Davda, Unterberg

LP Analysis: Davda

TS and FSCOPE analysis: Davda, Herfindal

CERFIT: Chrystal

ASDEX analysis: Davda

E.5 Experimental Plan

Run in L. mode initially: One shot will fulfill 3 conditions: So total shots: 6
Redo in H mode: One Shot will fulfill 2 conditions: So total shots: 12
Total 1/2 day shots: 18. See Figure E.1 and Table E.1

E.6 Analysis plan and Deliverables

1. Assess the role of outer gap and x-point height variation on neutral leakage

2. Assess main chamber particle flux & compare it with divertor particle flux using

window frame analysis
3. Compute Decay length incorporating RCP & TS Te
4. Effect of neutral leakage on main chamber recycling

5. Interpretive analysis using OEDGE modeling
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E.7 Radiation Awareness

A site boundary limit of 600 urem is requested
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Table E.1: Shot plan during the experiment day

Outer Gap [m] — 2.22 2.25 2.28
X-point Height [m] |

USN Floor
0.1 Condition #1  Condition #2  Condition #3
0.2 Condition #4  Condition #5  Condition #6
0.3 Condition #7  Condition #8  Condition #9
USN Edge
0.1 Condition #10 Condition #11 Condition #12
0.2 Condition #13 Condition #14 Condition #15
0.3 Condition #16 Condition #17 Condition #18
F 3
L mode + H mode
Ramp Ramp
up 5sec down
@1 @
sec Cond. #1, cond. #2, Cond. #3 bsec
0 ] 2 3 4 5 6 7

Figure E.1: Shot plan review and the conditions being met during one plasma

discharge
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Appendix F

Divertor Detachment

This appendix goes into details about physics of detachment. This optimization of
divertor using detachment is planned to be used for future reactor level situations.

This sections digs into the details of detachment.

Underlying Mechanism of the Detached Regime

An explanation of the rollover of the plasma flux on the divertor target was proposed
by Stangeby in 1993 that postulated the use of large pressure drop between the main
chamber (upstream) and the divertor region by ion-neutral collisions to reduce the
particle flux impinging on the target Stangeby [1993]. The neutral ionization source
I';on equalizes the plasma flux to the wall I'; and the volumetric recombination I',..
which is given by Equation F.1 below. When the I',.. is absent, the only way to
decrease the plasma flux to the wall I'; is by reducing the ionization source I';,,. The
plasma recycling process is primarily fueled by the power from the core that flows to
the target through ionization and recombination processes can be analyzed through

a global power balance in the edge, as shown in equation F.2.

Fz'on = Ft + Frec (F1>
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QSOL = Qimp + QH + Qc:c + T;f Ft (FQ)

Qion = Eion Fion (FB)

Qc:(: = Eca: Fion (F4)

In Equation F.2, Qsor is the power flux coming in the SOL from the core through
the separatrix, Qimp is the impurity radiation loss, @y is the power loss due to
hydrogen ionization, ()., is the power delivered to the wall through neutrals — ion
charge exchange, and v T; I'; represents the kinetic energy of the plasma transferred
onto the wall with effective plasma temperature 7}, and effective sheath transmission
factor ~.

Qg is related to I';,, through Equation F.3, also Q.. is related to I';,, through
Equation F.4. In equation F.4, E.. is the effective energy delivered through the
charge exchange process per ionization process. The particle and heat diffusivities
are comparable in a dense divertor plasma where the neutral related transport in
particle and energy are equivalent. Hence in the dense divertor, F., is estimated
to be present at a temperature of around 3-5 eV in the ionization region. From

Equations F.2 and F.3, we get the following equation:

_ QSOL - Qimp - (Eion + Ecx) Frec
(Eion + Eca:) + ’}/Tt

With E;,, =~ 30eV > E., ~ 3 —5eV, and T; =~ 1leV for a detached regime, the

Ly

(F.5)

plasma flux on the wall is given by:

_ QSOL - Qimp

r
! Eion - FT@C

320



From Equation F.6, we can conclude that the plasma flux on the target can only be
reduced by either increasing the volumetric recombination, I',.., and/or by increasing

the impurity radiation loss, @y, in a detached divertor regime.

Onset to Detachment

As seen in Equation F.6, the key to divertor detachment is the start of plasma
recombination and the impurity radiation loss in a divertor. However, plasma
recombination results in a significantly lower I';,, if the I';,, is below the minimum
level, i.e., T  While the plasma pressure at the separatrix remain the same, the
power going to the inner and outer divertor (same as ‘inside’ and ‘outside’ divertor
seen in Figure 2.3) varies due to the edge plasma transport. As a result, at the onset
of detachment, the inner divertor is detached first followed by the outer divertor.
Once the inner divertor is detached, the neutrals flow from the inner towards the
outer divertor through the private flux region below the X — point in the divertor
Kukushkin and Pacher [2006]. With additional neutrals in the outer divertor, plasma
back flows from the divertor to the SOL resulting in lowered recycled heat flux at the
outer divertor. Also, when the inner divertor is completely detached, MARFE-like
structures are developed near the X point that stop the power radiating from the
SOL towards the outer divertor, thus reducing the recycled heat flux at the outer
divertor and resulting an onset to complete divertor detachment Krasheninnikov and
Kukushkin [2017].

For a given magnetic flux tube, an onset to detachment is determined by
Krasheninnikov [2018]:

Pu o Pu

~Y
Qrecycl Qrecycl | crit

(F.7)

where, P,, is the upstream plasma pressure and gyeqyq is the heat flux entering

the recycling region. Equation F.7 states that detachment onset occurs if the ratio of
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upstream plasma pressure to the heat flux entering the recycling region is greater to

or equal to its critical value Krasheninnikov [2018].

Transition to Detachment

Transition to detachment depends primarily on the energy flux Umansky et al. [1998]
entering the recycling region (gyecy) which depends on the width of the SOL. So, it
can be stated that the transition to detachment depends on the width of the SOL
(Asor), i-e., on the cross-field plasma transport upstream and its impurity radiation
loss in the Agor. In both L mode Rudakov et al. [2005], Umansky et al. [1998],
Wiesen et al. [2011] and H mode plasma Carralero et al. [2014], Sun et al. [2015]
with high energy density, the Agpy increases when approaching detachment due to
intermittent impurity radiation in the form of blobby plasma transport Zweben et al.
[2007]. In conclusion, as Agoy, increases, the chances of divertor becoming detached
increases, which further increases Ago;, and hence bifurcation-like transition occurs
in divertor detachment Krasheninnikov and Kukushkin [2017].

There are two ways the divertor transitions to detached regime: bifurcation-
like increment (Figure F.1); and gradually increment of plasma flux (Figure F.2).
Figure F.1 shows the bifurcation like alteration of electron temperature at the
outer strike point in DIII-D with increments in plasma density where there is a
sudden drop in temperature — seen as the yellow band in the image MclLean et al.
[2015]. Bifurcation-like transition to detachment (as seen in Figure F.1) is due to
impurity radiation Krasheninnikov [1997], Hutchinson [1994] that is produced by
strong radiating structures (such a MARFE Lipschultz et al. [1984]) that are formed
near the X point (Neuhauser et al. [1986]). 2D modelling suggest that an increase in
neon impurity results in smooth reduction of plasma flux on the divertor target and
promotes divertor detachment by preventive developments of thermal instabilities at

the divertor Krasheninnikov and Kukushkin [2017].
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Figure F.1: Transition to detachment through bifurcation like process with
increasing plasma density at DIII-D. Image from McLean et al. [2015]
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Another reason, apart from impurity radiation loss, for bifurcation like transition
to detachment is the breakdown of quasi-equilibrium processes between the absorption
and ionization on the PFC. With the fuel (hydrogen) being trapped in the PFC, with
processes like desorption, there may be, large release in gas that may cause bifurcation
like jump to detachment Nakano et al. [2006], Krasheninnikov and Kukushkin [2017].

Figure F.2 shows the gradual increase in plasma flux on both the inner and outer
divertor geometry in JET-ILW, also with increments in plasma density Huber et al.
[2013]. Tt shows a L mode discharge in JET-ILW. With constant input power and
gas fueling into the inner divertor leg, the plasma density was raised consistently.
The ion flux measured in the outer divertor is seen to be decreasing while the inner
divertor leg seems to have a constant ion flux, seemingly pointing to the fact that
the inner divertor leg is partially detached while the outer divertor is not. As the
density increases, while the neutral pressure continues to rise, the ion neutral flux
to the inner divertor falls. Once that happens, the outer divertor ion flux saturates
around 21.5 seconds, signaling the gradual transition to detachment Krasheninnikov

and Kukushkin [2017].

Transients and Effects of Drifts During Divertor Detachment

Transient effects produced in detached divertor are not necessarily seen in attached
divertor conditions. There are three main types of transient effects noticed in the
detached divertor regime: (1) Self Sustained Oscillations (SSO); (2) the current-
convective ‘rippling’ instability; and (3) Edge Localized Modes (ELMs) Berk et al.
[1993], Nedospasov [1989].

One of the prominent phenomena observed in simulated ITER-like scenarios is
the occurrence of Self-Sustained Oscillations (SSO) involving impurity ions at the
parameters of the edge plasma. SSO exhibits a relatively slow frequency of 100Hz.
As impurity ions undergo radiation and condensation, the thermal force generated
propels the impurity ions toward regions of elevated temperature, transitioning the

radiation-condensation instabilities into a transient non-linear phase known as SSO,
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as outlined by Morozov in 1996 Morozov and Herrera [1996]. Remarkably, the SSO
mechanism remains consistent for both low Z impurity (Nitrogen) and hydrogen fuel
species, as demonstrated by Krasheninnikov and Kukushkin in 2017 Krasheninnikov
and Kukushkin [2017]. In this process, low Z neutrals undergo ionization within a
highly dense plasma region, subsequently flowing along open magnetic lines. This
flow of ionized neutrals across flux tubes results in radiation and emission, causing
a reduction in temperature and an increase in ionization rate within the flux tube.
This phenomenon, characterized by the emission and radiation of ionized neutrals in
the flux tube, is referred to as SSO Krasheninnikov and Kukushkin [2017].

The subsequent transient observed in the detached divertor is known as the
current-convective instability, commonly referred to as the rippling effect. This
phenomenon arises from the asynchronous detachment of the inner and outer
divertors, generating an electrostatic potential between the attached and detached
divertor regions. The combined current in the divertor results in an instability due
to current-convective fluctuations, driven by radiation loss between the two divertor
sides. The frequency of this instability is measured at 10 kHz, and in a tokamalk,
stabilization of the rippling effect is achieved upon the detachment of the outer
divertor Krasheninnikov and Kukushkin [2017].

The final transient occurring during the detachment process is associated with
Edge Localized Modes (ELMs), capable of delivering substantial heat and particle
flux to the Plasma-Facing Components (PFC), posing a significant risk of material
damage. ELMs are anticipated to expel approximately 1 MJ of energy per ELM from
the core plasma onto the PFC, potentially penetrating the detached divertor regime
Coster et al. [2015]. In this regime, impurity ions in the cold, non-radiating region
predominantly occupy the divertor legs, maintaining detachment during inter-ELM
transitions. However, during intra-ELM transitions, the presence of ELMs and the
injection of 1 MJ of energy transform the once cold, non-radiative region into a hot and
radiating state, leading to detachment failure Pigarov et al. [2016]. Consequently, it is

anticipated that physical sputtering and erosion of high Z material will be significant
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during the intra-ELM cycle, as supported by studies such as Dux et al. [2011], Harder
et al. [2016], Krasheninnikov and Kukushkin [2017].

The impact of drifts on the detachment is due to the influence on the poloidal
symmetry of the plasma parameters. The suitable choice for the toroidal field decides
the equilibria between the inner and outer divertor. In an experiment done on DIII-
D McLean et al. [2016], the evolution of electron temperature was measured with
respect to the forward toroidal magnetic field and it was found that the inner divertor
detaches before the outer one in the forward By direction whereas both inner and
outer divertor detaches almost at the same time in reverse Br configuration Huber

et al. [2013].

Effect of Vertical and horizontal divertor target on detachment

To ensure an acceptable peak power load on the divertor in future tokamaks that
would operate as operational reactor, it is essential for a significant portion of the
power entering the plasma edge (usually around 60 %) to be dissipated in the
divertor through volumetric mechanisms, such as hydrogen and impurity radiation,
before reaching the divertor target. These desired losses can only be realized in a
divertor characterized by low temperature and high density, situated close to plasma
detachment Loarte [1997a], Kukushkin et al. [1999, 2001]. A detached divertor has
lower power flux, lower ion flux on the target ad reduced material erosion Lumma
et al. [1997], McCracken et al. [1998].

The primary distinction in a detached divertor lies in the impact of physical
geometry. As previously mentioned, in the vertical divertor, recycling neutrals are
emitted towards the separatrix, where ionization occurs at lower temperatures and
higher densities. This facilitates the onset of detachment at lower main plasma
densities, accompanied by higher volumetric energy losses. This phenomenon was
observed in Alcator C-Mod, the first diverted tokamak to employ a vertical target
geometry. Figure F.3 illustrates the differences in density and temperature for both

horizontal and vertical target geometries. The electron temperature at the divertor
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strike point is compared for similar discharges in Alcator C-mod, conducted on
both the horizontal (flat-plate) and vertical (vertical-plate) sections of the divertor.
Open symbols represent attached divertor plasmas, while full symbols correspond to
partially detached divertor plasmas. The measured temperature at the main SOL
separatrix is also presented for reference, indicating that no discernible impact of the
divertor configuration on the SOL temperature is observed. Discharges with a vertical
target achieve divertor detachment at 40 % lower density compared to those with a
horizontal target Loarte et al. [1998], Loarte [1997a, 2001].

For vertical targets, density profiles exhibit peaks near the separatrix, while tem-
perature profiles generally show lower values near the separatrix without pronounced
peaks. This observation was initially documented in JET (refer to Vlases [1993],
Campbell [1995] and has been substantiated by subsequent studies in other vertically
diverted tokamaks (see LaBombard et al. [1995], Schneider et al. [1999], Asakura et al.
[1999b]. In contrast, an outward-inclined horizontal target produces the opposite
effect compared to a vertical divertor. Here, the recycling neutrals are directed away
from the separatrix.

In the case of a horizontal target, the ionization of recycled neutrals takes place
away from the separatrix, marking the initiation of detachment. Detachment is
typically characterized by the Degree of Detachment (D.0.D), a normalized measure
indicating an elevated ion flux with increasing upstream plasma density, while
maintaining a constant power flux into the edge plasma, compared to the high
recycling scaling. The introduction of D.O.D at JET was prompted by the lack
of routinely available upstream density and temperature profile data resolved with
plasma recombination.

The measured D.O.D is illustrated in Figure F.4, depicting the behavior of two
comparable density scans for vertical and horizontal targets. In the case of the vertical
target, detachment (D.O.D >1) initiates at the separatrix and progresses across
the SOL with an increase in density, exhibiting all phases of detachment — onset

detachment, partial detachment, and ultimately full detachment Loarte et al. [1998].
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Conversely, the horizontal divertor target demonstrates plasma detachment occurring
away from the separatrix, while the plasma at the separatrix remains attached until
the formation of the divertor MARFE Loarte [2001].

The occurrence of asymmetric inner and outer divertor plasma results from
divertor detachment. This asymmetry is not primarily attributed to the physical
shape of the divertor but rather to plasma drifts. In the case of Fwd B, the power
flux to the outer target is maximized, leading to the detachment of the inner divertor
at lower densities compared to the outer divertor Hutchinson et al. [1995]. Despite this
inherent asymmetry, the physical structure of the divertor does influence the onset of
detachment. Introducing a dome structure or another physical barrier between the
inner and outer divertor could potentially mitigate the asymmetry in the onset of

detachment Maggi [1999], Pitts [2000].
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