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ABSTRACT OF THE DISSERTATION

Physics of plasma transport and divertor detachment in novel divertor configurations

by

Rebecca Lee Masline

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2023

Sergei I. Krasheninnikov, Chair

In this dissertation, we investigate two proposed features aimed at improving the performance of
the divertor exhaust system in tokamak nuclear fusion devices. Specifically, we assess the influence of
the "inverse" plasma sheath and long-leg divertor configurations on the divertor plasma using numerical
simulations. First, we investigate the "inverse" plasma sheath, which has been suggested to prevent the
flow of ions to the wall and promote divertor detachment. We use the UEDGE code to simulate the

physics of both the inverse and standard (Bohm) sheath regime at the divertor targets. Our results show
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little difference in the overall plasma state, but an increase in electron heat flux to the divertor targets.
Additionally, we observe a bifurcation behavior related to plasma recombination effects, and present an
analytical model of this behavior. Second, we evaluate the long outer divertor leg, which is designed
to increase volumetric dissipation, enhance turbulence spreading, and extend the distance between the
material surface and the fragile core plasma. Using the SOLPS4.3 code, we assess the transition to the
detached divertor regime, with scans on plasma density, transport coefficients, and multiple impurity
species. Our results show a significant contribution to the energy balance from cross-field transport to
the side walls and considerable recycling of impurities along the long leg, enabling delocalization of
the radiated heat flux. Overall, this dissertation provides important insights into the physics associated
with these proposed divertor features. The results suggest that the inverse plasma sheath may not have a
significant impact on divertor plasma detachment, while the long-leg divertor configuration has potential
to improve divertor performance by reducing impurity radiation localization and enhancing energy
dissipation through cross-field transport. These findings contribute to the ongoing efforts to develop more

efficient and effective divertor exhaust systems for tokamak fusion devices.
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Chapter 1

Introduction

1.1 Magnetic confinement fusion

An ever-growing demand for energy and concerns with climate change have emphasized the need for
clean sources of energy. One such path to this goal is through nuclear fusion, a process by which energy
is released when two small atoms are fused together to form a single, heavier nucleus. For this process to
happen, since each nucleus is positively charged, the kinetic energy of the particles must be large enough
to overcome the strong repulsive electric forces from the interaction of the positive nuclei. Such a process
requires a fuel to be subjected to high temperatures and pressures, which are often difficult to achieve on
Earth. A method to achieve these conditions to harness the energy of the nuclear fusion process takes
advantage of the property that material exposed to such high temperatures will be stripped of electrons and
form plasma - in this case, a quasi-neutral, fluid-like collective of positively charged ions and negatively
charged electrons. These charged particles can be manipulated and confined by via the Lorentz force by
applying strong external magnetic fields to the plasma, an approach known as "magnetic confinement".
This external magnetic field, when applied in a toroidal configuration, improves particle confinement;
a tokamak is a toroidally symmetric device with an (ideally [1]) axisymmetric toroidal magnetic field

designed to apply this technique.

A tokamak is a toroidal (donut-shaped) magnetic confinement device for plasma, first conceptualized
by Andrei Sakharov and Igor Tamm in the 1950s. The word "tokamak" comes from a Russian acronym of

the description of the device, transliterated to English as "toroidal’naya kamera s magnitnymi katushkami",



Low B

Figure 1.1. The geometry and fields of a tokamak device.

meaning "toroidal chamber with magnetic coils". The geometry of a tokamak is shown in Figure 1.1. A
typical tokamak has an aspect ratio R/a of ~3-4. The tokamak has a strong, externally applied toroidal
field B;, which is stronger on the inside and weaker on the outside. This inhomogeneity in the field
strength is important because particles can be magnetically trapped, allowing them to oscillate around the
closed magnetic field lines until they (hopefully) fuse and release energy. A poloidal field By results from
current; the source of this current can be inductive, from a transformer, non-inductive current drive, or the
"bootstrap”, VP-driven (self) current from the plasma. The toroidal field B, is always much stronger than

the poloidal field Bg.

Developing a tokamak device requires facing many complex engineering challenges, as harnessing
the fusion process is much more complicated than simply "plasma + magnetic field". A tokamak requires
a complex system of magnetic coils (both in toroidal and poloidal dimensions), high-precision diagnostics
to assess plasma performance, external heating systems to initiate the reaction, structural elements that
must withstand the extreme magnetic forces during plasma discharges, and myriad other factors that
contribute to the complexity of "unlocking" fusion as a viable source of energy [2]. The vessel used to
confine this fuel must withstand the extreme conditions of the fusion reaction; although the fuel is isolated
in a vacuum chamber and embedded into the strong magnetic field, the confinement of the fusion fuel is
still not perfect. Material surfaces are exposed to constant bombardment from particles that travel across
the closed magnetic field lines, either through "classical" collisional transport that knocks particles and

energy from their paths along the field lines or associated with electromagnetic fluctuations driven by



various plasma instabilities. This "anomalous" plasma leakage impinges upon the vessel walls and can
erode the material surfaces, causing damage (which can require time-consuming and costly replacement)
and releasing material particles that can penetrate the core plasma. The fusion-grade plasma is fragile, and
sensitive to the presence of these impurities (which can be any non-hydrogenic species), since impurities
are strong radiators that can cool the plasma and quench the fusion reaction entirely. As such, protection
of these material surfaces is essential; to do this, the temperature in the vicinity of the target must be below
the erosion threshold of ~ 1 eV, while the core plasma must remain at ~ 10* eV to maintain a decent rate
of fusion reactions. In a tokamak, this requirement is facilitated by the use of a magnetic divertor, where
special magnetic coils are used to divert the magnetic field lines at the edge of the fusion device away
from the core plasma and into some partially closed volume. Here, the plasma can be cooled to acceptable
temperatures, while preventing impurities from traveling back into the core plasma. The divertor is the
subject of this work, which will focus on using computer simulations to understand the underlying physics
behind two novel techniques that have been proposed as possible methods to enhance the protection of

material surfaces in the divertor.

Chapter 1, in part, appeared as a part of a series of lecture notes prepared for the PHYS 218C course
taught by Professor Patrick H. Diamond at UC San Diego in Spring 2021. The dissertation author was the

author of this material.

1.2 Outline of the dissertation

1.2.1 Summary

In this dissertation, we investigate two proposed features aimed at improving the performance of the
divertor exhaust system in tokamak nuclear fusion devices. After introducing some essential physics of
the edge and divertor plasmas relevant for this work (Chapters 2 and 3), we assess the influence of the
"inverse" plasma sheath (Chapter 4) and long-leg divertor configurations on the divertor plasma using
numerical simulations (Chapters 5 and 6). We investigate the "inverse" plasma sheath, which has been
suggested to prevent the flow of ions to the wall and promote divertor detachment. We use the UEDGE
code to simulate the physics of both the inverse and standard (Bohm) sheath regime at the divertor targets.

Our results show little difference in the overall plasma state, but an increase in electron heat flux to



the divertor targets. Additionally, we observe a bifurcation behavior related to plasma recombination
effects, and present an analytical model of this behavior. Next, we evaluate the physics of the long
outer divertor leg, which is designed to increase volumetric dissipation, enhance turbulence spreading,
and extend the distance between the material surface and the fragile core plasma. Using the SOLPS4.3
code, we assess the transition to the detached divertor regime, with scans on plasma density, transport
coefficients, and multiple impurity species. Our results show a significant contribution to the energy
balance from cross-field transport to the side walls and considerable recycling of impurities along the long
leg, enabling delocalization of the radiated energy from the impurity. Overall, this dissertation provides
important insights into the physics associated with these proposed divertor features. The results suggest
that the inverse plasma sheath may not have a significant impact on divertor plasma detachment, while
the long-leg divertor configuration has potential to improve divertor performance by reducing impurity
radiation localization and enhancing energy dissipation through cross-field transport. These findings
contribute to the ongoing efforts to develop more efficient and effective divertor exhaust systems for

tokamak fusion devices.
1.2.2 Chapter 2: Tokamak edge plasma

In this section, we will discuss some phenomena seen in edge plasmas that is relevant to the thesis.
The problem of plasma material interactions is introduced, and the physics of the plasma sheath and
its influence on the edge plasma are briefly explained. The tokamak divertor is described, and the
detachment of the divertor plasma is discussed, including the "high-recycling" regime, the fundamental
physics underlying the process of detachment, and physical manifestations of plasma detachment. Several
alternative divertor configurations, which are magnetic configurations with novel features relative to
standard divertor configurations, are introduced, and the supposed benefits of these novel improvements

are addressed.
1.2.3 Chapter 3: Modeling the SOL

Some of the (many) fundamental assumptions and limitations made in plasma edge modeling are
described. The formulation and basis for the fluid model of the edge plasma is detailed, as well as some
of the corrections for some plasma phenomena that are not described by the fundamental equations. The

various treatments for neutral particles and impurity radiation are described, and the two different edge



modeling software packages (UEDGE and SOLPS) shown in this work are presented. Further details

about the fundamental equations solved by these codes is provided in Appendix A and Appendix B.
1.2.4 Chapter 4: Simulations of divertor plasmas with inverse sheaths

Recently, it was proposed that under the presence of strong secondary electron emission, an "inverse
sheath" could form at the plasma edge, a regime with a monotonic positive potential at the material surface
that would block incoming ion flux from hitting the target [3, 4]. This was suggested as a novel mechanism
for protecting material surfaces, since ion flux would be repelled away from the material surface and the
emission of secondary electrons could provide a cooling effect to the divertor plasma [5]. Effects of this
regime were investigated in a DIII-D-like configuration using the UEDGE code with modified boundary
conditions at the plasma edge to emulate the physics of the inverse sheath. An analytical description of a

bifurcation observed in the solution set is described.
1.2.5 Chapter 5: Energy and particle balance in a long-leg divertor configuration

It is feasible that long divertor legs, designed to optimize volumetric losses, could be subject to
complications resulting from cross-field anomalous transport in the long divertor leg, the physics of which
is not yet fully understood. Cross-field particle transport in divertor legs is known to be prevalent in both
conventional and alternative divertor configurations, but the full scope of the impact of this transport is still
unclear [6]. Simulations offer powerful tools to assess detachment phenomena, as many of the important
factors contributing to the achievement of the detached regime and the factors contributing to its stability
are control parameters in the simulation space, allowing for different physics mechanisms to be targeted
and directly assessed. We have used the high-fidelity SOLPS4.3 code to follow the approaches of [7, 8]
with more robust analysis and more developed numerical modeling techniques to fully and thoroughly
assess the physics of the detached divertor regime in long-leg divertor configurations, with considerable
focus on the spreading of radiation across the leg and the impact of anomalous transport in the long leg, to

investigate this phenomenon.



1.2.6 Chapter 6: Mechanisms behind impurity spreading in a channeled, long-leg
divertor configuration

Since divertor detachment has a strong dependence on impurity radiation and volumetric plasma
recombination, there has been considerable research effort devoted to optimizing these dissipative pro-
cesses. These processes are, in and of themselves, highly intertwined, since higher power dissipation
from more effective impurity radiation can improve the efficiency of recombination processes by allowing
for access to lower temperatures, which has emphasized the vital importance of impurity radiation on
power dissipation and divertor detachment [9]. Ideally, this impurity radiation should not reduce the
confinement in the core plasma, avoid contamination of the core plasma with impurities, and avoid
dangerous concentrated, local heating of plasma-facing materials by spreading out the area of the radiation
region. From this perspective, long leg divertors are desirable because they will increase the distance
between the divertor targets and core plasma, as the impurity radiation region could be spread across the
full divertor leg and away from the X-point. However, experimental data from AUG and JET show that
impurity radiation is usually strongly localized to the X-point and outer divertor target [10, 11], which is
not suitable for reactor conditions. Numerical simulations have indicated a more favorable distribution
of radiation along the long leg divertors [7, 8]. The simulations shown in [7] showed a spread in both
impurity and neutral radiation loss across the leg, indicating the possibility that the radiation spread could
be due to strong plasma recycling to the side walls, but the physical reason for this phenomenon was
not investigated and remains unclear. In this section, we repeat similar simulations to those shown in
Chapter 5, but with fixed deuterium particle count and varying impurity content, performing a scan with
neon and a scan with nitrogen, to assess impurity radiation distribution and spread along the long divertor

leg.



Chapter 2

Tokamak edge plasma

A major area of study in magnetic fusion devices is the complex and multifaceted edge plasma, and
despite many years of extensive study, there are significant gaps in the understanding of the physics in
nearly every aspect of this region. Study of the physics of the edge plasma is primarily focused on two key
areas of research: the management of heat and particle fluxes exhausted from the core plasma (including
protection of first-wall, plasma facing materials), and maintaining good confinement of the plasma core.
This work will focus on the physics of managing the heat and particle exhaust from the core plasma and

the protection of the plasma facing materials from these harsh conditions.

The geometry of the tokamak is shown in Figure 2.1. The axis of symmetry for the torus is on the
left. The solid black line represents the first wall of the tokamak. Both the toroidal magnetic field (By)
and toroidal current density (Jy) are both into the paper. The yellow, green, and thick dark purple lines in
the figure are magnetic flux surfaces. The yellow lines are closed magnetic flux surfaces, while the green
lines are open magnetic flux surfaces that peel away from the plasma and touch the divertor target or the
walls of the device. The thick purple line is the last closed flux surface (LCFS), or the "separatrix", that
separates the regions of open and closed magnetic field lines that has a null point where it crosses itself,
called the X-point. This X-point is formed by special poloidal field coils, called shaping coils. These
poloidal field coils run a current through the coil that is parallel to the main plasma current, which creates
a null in the magnetic field at the X-point. At this point, the poloidal field vanishes, and there is finite
poloidal field throughout the rest of the system. There can be one X-point at the bottom or the top of

the device, two X-points at the top and bottom, or multiple X-points throughout the device. The plasma
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Figure 2.1. Cartoon of a tokamak plasma, focusing on the edge region.
The plasma is in purple, the vacuum is white, and the material surfaces
are shown in the black outline. Red annotations denote magnetics, while
black annotations denote coordinates. Closed field lines are shown in
yellow, open field lines are shown in green, and the last closed flux
surface (separatrix) is shown in dark purple.
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Figure 2.2. Alternative view of the last-closed flux surface, core, and
SOL, where the edge of the plasma has been "peeled off" the tokamak
and flattened into new coordinates. These new coordinates show the
poloidal direction as the horizontal axis and the radial direction as the
vertical axis. The field line terminates at each of the two divertor targets.
Fluxes are drawn as purple arrows.

can be shaped, stretched, and pulled into these different shapes for different reasons, often to improve

magnetohydrodynamic stability or heat dissipation.

The open field lines that intersect the material surfaces form what is called the "scrape-off layer",
or "SOL", which is all the plasma in the region outside of the last closed flux surface ("LCFS"). The
scrape-off layer region encompasses the area where the plasma interacts with material surfaces, which
include the divertor targets and the walls of the machine. In this region, the interactions between the
intense plasma and the material surface are complex - the materials themselves can influence the behavior

of the plasma, and the plasma also has an effect on the materials.

The geometry of the SOL is intricate, and a simplified version is shown in Figure 2.2. This structure
shows the polodial direction as the horizontal axis, and the radial direction as the vertical axis, as though
the SOL were "peeled off" the poloidal section and flattened out, from divertor target to divertor target.
The symbol p is the normalized magnetic flux, going from O at the magnetic axis to 1 at the LCFS. The
boundaries are defined by the divertor targets in the poloidal/horizontal direction, and the LCFS at the

upper boundary and the first wall at the lower boundary in the vertical direction. Between these regions is



the SOL.

Plasma ionization and plasma heating usually occur in the core. This creates an influx of particles
and heat from the core plasma into the SOL, 7, and g,, respectively. The core plasma is fueling the scrape
off layer across the LCFS. Once the plasma reaches the SOL region, a new phenomena can occur: parallel
flow can bring the particles along the lines of the magnetic field (in the horizontal direction, in this sketch)
and the plasma will flow into the divertor target plates. The flux can also travel across the magnetic
surface, through turbulent or "anomalous" transport. Some of the fluxes make it to the wall, but the rest
is swept through by the parallel flow and into the divertor target. In a non-diffusive approximation, the

cross-field flux can be represented as a turbulent flux,

T, ~ (7if,) + 0, @2.1)

where (7iV,) is a time average or a poloidal surface average of the density fluctuation times the radial
velocity fluctuation, and maybe a neoclasscal contribution I'**° from trapped particles. Similarly, the heat

flux

3.3
ST i(ii0y) + ~ne i(Te,iVr) + qos, (2.2)

eir = 5 2

where the first term accounts for the convection piece of the heat flux, where the particles carry a
finite amount of energy, the second term represents a conduction piece due to the correlations between the
velocity fluctuations and the temperature fluctuations, and the third term can account for the neoclassical
component of the heat flux. Usually, the turbulent contributions are much larger than the neoclassical
contribution. A diffusive approximation of the cross-field plasma flux can also be used, which will be

described later in this work.
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2.1 Plasma-material interactions

2.1.1 Material erosion and impurity

The open field lines in the SOL carry immense heat and particle fluxes. There are enormous heat
fluxes to the divertor targets, and some heat flux to the first wall, although usually, the radial heat fluxes to
the first wall are much lower than the parallel heat flux to the divertor targets. There are also high particle
fluxes to the divertor target; the divertor target is impacted by ions from the plasma approximately once
every microsecond, and this constant bombardment from plasma ions and the target surface damages and

erodes the material of the divertor plate.

Plasma ions impinge on the material surface at a finite energy, typically ~100eV, and implant into
the first 1-100 Angstroms of the material surface. They can come to rest in the material, forming trapped
gas, or they can be bounced back into the plasma, typically neutralized and recycled back into the volume
as neutral atoms. The ions can also "kick out" atoms of the material surface in a process called physical
sputtering. Depending on the material, the plasma can also cause chemical sputtering, where the plasma
forms molecules with atoms on the material surface that are released by thermal properties into the plasma.
The plasma can also be permanently trapped in the material and form bubbles and blisters, diffuse deep
into the material and eventually reach the cooling channels located about a centimeter below the surface,
or become trapped in defects in the material created by the fusion neutrons themselves, known as radiation

defect trapping. All of these processes lead to the retention of fusion fuel, particularly tritium.
2.1.2 Plasma sheath

The plasma sheath is a region directly next to the material target, between the plasma and the material
surface. Here, the dynamics of the plasma change as electrons (which have a much higher thermal speed
than ions, since they are lighter) rush towards and impact the material surface before the ions, breaking
the quasineutrality of the bulk plasma. Under these conditions, a plasma sheath forms in the vicinity
of the target. This region is characterized by a strong electrostatic field, which will repel most of the
free-streaming electron flux and attract ions to fall towards the target. A cartoon of the electric field
configuration near the material surface is shown in Figure 2.3 for a "classical" sheath with no secondary

electron emission from the material surface. Depending on the conditions at the material surface, there
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Figure 2.3. Cartoon of the plasma sheath. The potential drop is shown
in the red solid line, while the dashed red lines represent the fluctuations
in the potential. The quasi-neutral, presheath, and sheath regions are
shown. Figure modified from [12].

are several sheath strucures which can form [13]. The classical or "Bohm" sheath forms under typical
plasma conditions, where plasma ions are subjected to an increasingly negative potential profile (relative
to the bulk plasma) that will accelerate the ions as they approach the material surface [14]. In the presence
of secondary electron emission, the potential profile can have narrow positive potential region directly
adjacent to the surface if the emission is weak (for a space-charge limited sheath [15]) or the potential

profile can be positive and repel ions if the emission is strong (inverse sheath [3]).

The basic model of the sheath assumes that the ions flowing towards the surface are collisionless,
and the kinetic energy of the ions will be conserved as they fall down a potential profile. If a material
surface is on the righthand side in Figure 2.3, the magnetic field will be going from left to right. Near the
plasma edge, there is a potential drop that is very weak in the main plasma and drops off very steeply
in a very thin layer close to the target, marked by the blue dashed line in the figure. The thickness of
this plasma sheath is ~ 10 Debye lengths, or ~ 10s of microns in a fusion-grade plasma. The so-called
"pre-sheath", where the potential drops weakly, can extend a few centimeters or up to a half a meter into
the main plasma. The ions will get drawn towards the edge by the weak potential drop in the pre-sheath,

and travel along towards the target as the potential drop becomes greater and greater until it hits the sheath
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region, where it is accelerated into the target. The potential profile in the sheath region must satisfy the

nonlinear differential equation

d2c1>:ene[ P (1_ P )fl/z] 23)

1 2
EMMS

For a stable sheath to exist, the ions must enter the sheath region at the ion acoustic speed, meaning
they will become supersonic as they accelerate through the sheath and into the target. They will strike the
surface with a certain energy, that is proportional to the electron temperature. Typically, in a fusion-grade

hydrogen plasma, this potential drop is approximately 3 times the electron temperature.

2.2 Divertor

It has been well-known since the dawn of the fusion era that the interaction of the plasma and material
surfaces is an unavoidable part of tokamak operation: there must be some surface to "guide" the plasma
and mitigate heat exhaust [16]. Initial attempts to facilitate this were "limited" tokamaks, where a metal
bar or plate would be exposed directly to the plasma. This did not work; issues with impurities and erosion
and difficulty achieving the H-mode configuration made the limited tokamak configuration unfeasible for

modern experiments.

An improvement to the limited configuration is the diverted configuration, shown in Figure 2.1,
which results as a consequence of plasma shaping. In cross-sections with magnetic x-points that give the
separatrix two (or more) "legs", the aptly-named "divertor" diverts heat and particle fluxes from the main
chamber along these separatrix legs into a separate region of the device, where these fluxes can be handled
appropriately via deliberate engineering choices that can take advantage of certain geometric properties,
materials, and other physics processes that can improve overall confinement [13]. These coils direct the
open field lines away from the closed field lines and core plasma and towards specially-designed targets,

reducing the pollution of the core plasma with impurities stemming from plasma-material interactions.

Although a diverted tokamak configuration reduces much of the heat and particle fluxes to the device

walls by redirecting it into the divertor region, there are still several engineering concerns for materials
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and design of a divertor which must be addressed. In the diverted configuration, heat and particle fluxes
exhausted from the core plasma must be directed to some first-wall surface, which must be able to
withstand these extreme conditions. These conditions can cause significant erosion of plasma-facing
materials, which can cause the release of the eroded material as impurity contamination into the divertor
volume. Further, these targets must be able to withstand long exposures to the harsh conditions of the
plasma exhaust without needing regular replacement, which can be inconvenient and costly. A divertor
also must control particles by providing channels to remove unwanted material from the divertor volume,

controlling plasma density and fuelling the plasma, and maintaining neutral pressure in the system [17].

Ultimately, the outstanding question in divertor physics is how to increase the width of the scrape
off-layer heat load (denoted as Ap). Heat exhausted from the core plasma Qgo;, will enter the divertor
and travel along the field lines to hit the targets. Localization of these extreme heat loads is very bad for
the plasma-facing materials, and it is an active field of research to mitigate these concentrated heat loads

through advances in divertor design.
2.2.1 Divertor plasma detachment

Present understanding indicates that the operational regime that is best-suited for handling these
extreme conditions by allowing for both heat removal and the suppression of incoming particle and heat
fluxes to the material surfaces is the "detached divertor" regime. Virtually all present-day tokamaks and
future reactors will operate in this detached divertor regime, where a collection of atomic and radiative

processes nearly extinguishes the plasma heat and particle flux before reaching the targets [16].

This scenario is a continuation of the "high-recycling" regime in the dense divertor plasma, where
the neutral ionization source in the divertor volume exceeds the hydrogen fueling rate into the tokamak,
leading to ionization trapping of neutrals and a fast recycling loop of plasma-neutrals-plasma in the
divertor volume [16]. For the simplest case where anomalous cross-field transport is presumed local,
the SOL and divertor plasmas can be treated as a self-organized object, where distribution of plasma
parameters across the system is dependent on hydrogen (both plasma and neutral) density, impurity
content, and input power [18]. This means the upstream plasma is sustained by the loop of plasma

recycling processes (namely, neutral ionization in the divertor volume, volumetric recombination of the
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Figure 2.4. Figure from [9]. Schematic view of different regions in a
tokamak divertor.

plasma, and plasma neutralization and recycling at material surfaces; the spatial distribution of these
"zones", along with their associated temperatures, is shown in Figure 2.4), where ionization is powered
by the energy entering the divertor region. Because of this, and the strong dependence of the recycling

processes on temperature, these regimes can be highly sensitive to the energy balance in the divertor.

To a certain point, increasing hydrogen particle density increases the plasma flux to the divertor target,
but at some value, the plasma flux to the target will saturate and begin to decrease with increasing particle
density, "detaching" from the material surface. This is the onset of the so-called "detachment" process,
which is characterized by a "rollover" of particle fluxes to material surfaces as an input parameter (such
as density or even impurity radiation) is varied, which can be measured experimentally or assessed via
physics simulations; experimental measurements of this behavior are shown in Figure 2.5, and simulation
results which validate that this phenomenon is a consequence of upstream dissipative processes is shown
in Figure 2.6. The important effect of this "rollover" is that it is associated with the neutralization of
plasma fluxes and release of potential energy from the neutralization of the ion-neutral pairs in the divertor

volume, which would otherwise cause large heat loads to the targets.

At small T, this process can be characterized by a simple energy and particle balance [20],
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Figure 2.5. Figure from [13]. Specific plasma fluxes on (a) the inner
and outer divertor targets in JET versus the line averaged plasma density
(Reproduced from [19]) and (b) the outer divertor target in attached and
detached regimes in C-Mod tokamak (Reproduced from [17]).
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Figure 2.6. Figure from [16]. (a) Dependence of the plasma flux I,
on Nle)dge for: Qsor = 8 MW, Qinp=0 (red) Osor =4 MW, Qi =0 (blue)
and QOsor, =8 MW, Q;,, =4 MW (green) with (solid lines) and without
(dashed lines) volumetric plasma recombination; (b) dependence of I,
Ijon and T, on Ngdge for Qsor =4 MW and Q;,, =0 with volumetric
plasma recombination turned on.
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where I'y is the total plasma flux to the divertor target, Qsoy, is the incoming heat flux from the
scrape-off layer, Q;, is the impurity radiation loss in the SOL and divertor volumes, E;,, is the energy
"cost" of hydrogen ionization (approximately 30-40 eV) and I, is the plasma sink from volumetric
recombination [13, 16, 21]. This expression describes the key ingredients in accessing the detached
divertor regime: the first term characterizes the neutral ionization source from the power available for
plasma recycling (the overall input power Qsor, minus losses to radiation) and the second term simply
describes the loss of plasma to the recombination process. This means that, for a given Qso;, target flux
can only be reduced by increasing impurity radiation to reduce the plasma source, or increasing losses to

recombination to increase the plasma sink.
2.2.2 Alternative divertor configurations

Many simulations have validated the understanding of the physics of detachment in existing, "stan-
dard" flat-plate divertors used in present-day devices and planned for ITER [13, 16]. However, in recent
years, several "alternative" magnetic divertor configurations have been suggested to help solve the heat
loading issues faced in future reactors. Design choices made in these alternative magnetic configurations
is generally guided by the physics principles behind plasma detachment. For example, some of the design
elements included in these new designs involve increasing the volume of the divertor, allowing more space
for turbulent heat flux spreading and volumetric processes to dissipate incoming power, moving the target
further away from the core plasma to protect the core from impurity radiation, or manipulating the field
to broaden the magnetic flux tube as it terminates on the divertor plate to delocalize the perpendicular
heat flux to the target, among others. Other geometric modifications to the plasma-facing components of
the divertor, such as divertor baffling or "closure", can effect plasma conditions in the divertor through
neutral-plasma interactions by impacting neutral transport and confinement that can improve access to the
dissipative divertor regime [2, 16], though they are not considered alternative magnetic configurations

since they do not involve deliberate manipulation the magnetic field.

Many of these factors - and often a combination of several factors - have motivated and contributed to
many proposed new magnetic divertor configurations, which have been tested in experiments and assessed
in simulations. However, the "big picture" is not so simple; adjusting these design elements could have

implications on the divertor plasma conditions and the interplay between these factors could introduce
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Figure 2.7. Divertor geometries for various proposed alternative divertor
configurations, taken from [22] and [23]. (a) shows the X-Divertor
configuration (XD), (b) shows the Super-X Divertor configuration (SXD),
(c) shows the Snowflake Divertor Configuration (SFD), (d) shows the
Double Null Divertor Configuration (DND), and (e) shows the X-Point
Target Divertor configuration (XPTD).

other complications. The physics involved in the plasma detachment process will be studied in this work,
using a magnetic configuration with a long outer leg and tight baffling along all divertor side walls. Several
alternative divertor configurations have been proposed which feature a long outer leg, some of which are

described in the following section.
2.2.2.1 X-Divertor

An X-Divertor (XD) is a configuration where a second magnetic X-point is created downstream
of the LCFS X-point, beyond the divertor target, shown in Figure 2.7(a) [24]. This will allow for an
expansion of the poloidal flux, an increase in the whetted area of the target, and introduce a variation in
the field line pitch by decreasing the grazing angle of the field lines at the target. In this configuration,
the field lines at the target are "flared" (rather than impacting the target orthogonally, as in the standard
configuration), which spreads the incoming heat flux across the entire "flared" section and reduces the peak
power loading at the target. This configuration has been tested in experiments - while it was projected that
the increased connection length would increase radiated power and enhanced flux expansion would lead
to lower target heat fluxes, results were inconsistent. Higher radiation was observed near the X-point in
TCYV, but increased in the divertor leg and near the target in DIII-D, both showing dangerous localization
of radiation losses (albeit in different locations, further emphasizing that the physics mechanisms at play

in this process are not wholly understood) [25].
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2.2.2.2 Super-X Divertor

The Super-X Divertor (SXD) is similar to the X-Divertor, but with a long divertor leg, and shown
in Figure 2.7(b). In this scenario, a second magnetic X-point is placed beyond the divertor target plate,
which is located at a much larger strike point radius R, than the standard configuration [26]. Increasing R,
not only increases connection length and target whetted area, but also enhances the toroidal flux expansion
effects at the target in addition to the poloidal flux expansion effects of the second X-point, since the

poloidal field By o< 1/R;.
2.2.2.3 Snowflake Divertor

The snowflake divertor (SFD) is a configuration where a set of poloidal field coils is used to develop
a second order null in the poloidal field in the divertor, which splits the poloidal plane into six (as opposed
to four, in the case of the more typical single null X-point divertor) sectors, shown in Figure 2.7(c) [27, 28].
This cartoon does not show a long leg on the snowflake divertor, but long leg snowflake configurations
have been demonstrated on TCV [29]. This arrangement, the structure of which is reminiscent of the
shape a snowflake, is topologically unstable, but allows for heat load to be spread over a much larger area
than a standard divertor by increasing the divertor volume (thus increasing connection length), increasing
the total number of active divertors Ny;,, and broadening the power decay width via the enhancement
of perpendicular transport induced by the ‘churning mode’ observed in higher order null configurations
[30]. It is possible to access a modified version of this configuration in present-day, conventional-aspect
ratio tokamaks and medium-size spherical tokamaks with open divertors as a "SF-minus" or "SF-plus"
configuration, where the topologically unstable double null configuration splits into two adjacent single-
nulls. Several experimental studies have been conducted on TCV, NSTX, DIII-D, and EAST, which
show issues with stability and some difficulty in proper diagnostic assessment, but showed evidence of
enhanced transport and power sharing between multiple strike points and a reduction in divertor heat

fluxes attributed to an increased connection length and flux expansion [31].
2.2.2.4 Multiple Divertors

Multiple divertor configurations are divertor configurations with multiple "standard" X-point divertors,

shown in Figure 2.7(d). This configuration has been realized for many present-day tokamaks and
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envisioned for next-generation devices, but is still considered as an "alternative" divertor configuration
because incoming SOL power and particle fluxes are split among Ny;, divertors (which can also be
positioned at larger strike point radius R, for a larger whetted area and longer connection length) [25].
Presently, tokamaks are designed with a "double-null" divertor configuration, where up-down symmetric
sets of divertor coils can access a standard X-point divertor at both the top and bottom of the device.
Future configurations can extend this configuration to include other elements of alternative divertor

configurations, outside of the standard X-point divertor configuration.
2.2.2.5 X-Point Target Divertor

The X-Point Target Divertor is a novel divertor concept proposed in the design of the recently
conceptualized ADX and ARC tokamak experiments [23, 32]. The XPTD configuration is not accessible
in present machines, since accessing this configuration is impossible without very deliberate design
choices made in device construction and careful design of control systems, shown in Figure 2.7(e). This
configuration uses a second, remote X-point to produce a fully detached, radiating plasma as a virtual
target in a secondary chamber located at a large major radius - essentially, intentionally creating an X-point
MAREFE [33] in a remote chamber within the divertor volume. The goal of this configuration is to take
advantage of some of the properties of the other alternative configurations - namely, a longer connection
length, large major radius, and tight baffling - to operate with a fully detached divertor, while avoiding
any stability-related issues associated often associated with the full detachment of the plasma, since
thermal instabilities associated with the motion of the detachment front towards the X-point and issues
with PMI would be avoided with the second chamber [34]. Simulations of this configuration indicated
promising radiation spread along the divertor leg, but used the "fixed-fraction" impurity model that tends

to over-value impurity radiation losses in regions of high electron temperature [8].

Chapter 2, in part, appeared as a part of a series of lecture notes prepared for the PHYS 218C course
taught by Professor Patrick H. Diamond at UC San Diego in Spring 2021. The dissertation author was the

author of this material.
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Chapter 3

Modeling the SOL

The object we model is complex, the models we use are not based only on first
principles, and the relative importance of the effects can change with the scale of the
device. Therefore interpretation of the code results, together with formulation of the
model, is the most important part of the modeling process. Eventually, it is the human
brain that does the modeling, and the code is a tool, like an axe in hands of a carpenter.
Building the experience is therefore essential for the success of modeling, exactly as it is
in experiment, and this requires time.

- [35]
3.1 Transport modeling

A model of the edge plasma in a fusion device must combine plasma fluid theory, atomic and
molecular physics, turbulence, materials science, and kinetic theory with numerical techniques capable of
calculating conduction and convection with extreme anisotropy [36]. The major difficulty in developing
these models is that processes in the edge plasma occur across a wide range of scales, and it is not practical
to resolve all processes occurring in the plasma edge solely from first principles. These processes, which
range from sub-microsecond collisional processes between neutral gas and plasma, to millisecond-scale
turbulence, to several tens of milliseconds for the equilibriation of plasma parameters along the field
lines (constrained by the sound-speed and connection length), to the longer-term evolution of the state of
material surfaces surrounding the plasma, which can take 100’s to 1000’s of seconds until saturation is
achieved, if ever [13], span more than nine orders of magnitude, and achieving a comprehensive model

would be computationally and technically unrealistic. As such, it is necessary to make approximations
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and assumptions to simplify the models to approximate the behavior of the plasma, neutrals, and material

surfaces at the tokamak edge.

In the highly collisional edge plasma, it is possible to make reasonable predictions for edge plasma
behavior, despite these (many) limitations and approximations, by assuming near-Maxwellian distributions
for the plasma components to describe them as a fluid and including some "corrections" to emulate
anomalous transport. This approach characterizes the large spatiotemporal scale quasi-equilibria and flows
of particles and energy in realistic tokamak and divertor geometries, while incorporating additional models
for neutrals, atomic and molecular physics, and boundary interactions (including surface effects, the
plasma sheath, and puffing and pumping, among others). This is possible because the transport modelling
approach is primarily aimed at resolving effects on a time scale that is much longer than the ion gyration
time, where the momentum component that is parallel to the magnetic field line is only retained in the
momentum equations and perpendicular transport can be simplified with a diffusive approximation across
all the equations. These turbulence effects are included through anomalous transport coefficients that
emulate the collective effect of small-scale cross-field fluctuations. Various coefficients and other settings
can be informed by other, more highly-specialized simulations or real experimental measurements to

improve the fidelity of the computational model.

3.2 Braginskii and Braams

The two-dimensional edge plasma model used in most edge codes is based on a formulation (now
known as "B2") proposed and implemented by B. J. Braams [37] to model plasma from just inside
the separatrix to the outer edge of the scrape-off layer, which uses the two-fluid Navier-Stokes-like
characterization of classical multi-species plasma transport theory articulated by S. I. Braginskii and F. J.
Hinton [38, 39] for the parallel transport, with additional anomalous components to account for radial
transport. This fluid-like model describes the continuity of species, the momentum balance of species, the
diffusion of species, and an electron and ion energy balance, where all ions share a common temperature,

using equations of a type [40]

U —
= V- T=S+5u. (3.1)
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where U € {n;,mn;v;, %neTe7 %n,-T,- + Y. minv?/2} for the particle, momentum, and energy densities,
I' is the flux of the corresponding quantity and Sy and Sy are effective "source/sink" terms relating to the
interactions with neutrals and with charged particles (anything that is not written as a divergence, such as
particle sinks/sources or friction forces). The term n; refers to the ion density (with a separate fluid for
each charge state of every plasma species used in the model), m; is the ion mass, v; is the fluid velocity
along the magnetic field, and 7 ; is the electron or ion temperature (where 7; is the same for all ions, a
reasonable simplification since temperature relaxation is considerably faster for ions than electrons due
to the mass difference). Neutral atoms are either treated as a fluid, following a Navier-Stokes equation
and using a common temperature with the ions 7;, or evaluated kinetically, through the Sy neutral source
term with a Monte-Carlo model. Separate electron parallel momentum and continuity equations are
not considered because of small electron mass and plasma quasi-neutrality. These equations are solved
numerically on a grid of quadrilateral cells that are aligned with the curvilinear geometries of the magnetic
flux surfaces and divertor targets that represents a presumed axisymmetric radial cross-section of the

tokamak in the poloidal plane.

Atomic and molecular processes characterized by Sy and Sy are considered through temperature and
density-dependent reaction rates determined for each process in each computational cell. These rates are
retrieved from databases (such as ADAS [41], AMJUEL [42], and HYDHEL [43]) that store a multitude
of rate information calculated from collisional radiative model (CRM) calculations of many species over
many conditions, and fed back into the continuity equations to calculate sink/source terms. These rates
provide information on radiation, ionization, recombination, charge exchange, elastic scattering, and
dissociation, which are then fed back into code to determine the sink and source terms in the continuity

equations in all species.

Boundary conditions are applied at the divertor targets, radial boundaries, and the core, and can be
chosen to replicate specific experiments or other physical considerations. In general, sheath boundary
conditions are applied at the divertor targets, decay lengths for all quantities are prescribed at the radial
boundaries, and fixed power and particle fluxes are specified at the core boundary to emulate the incoming
plasma exhaust, although other different and specialized boundary conditions for the three domains can

be used. At all edges of the computational domain, which characterize the targets and radial boundaries,
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particle reflection can be characterized through a neutral albedo and recycling coefficient, or optionally,
for kinetic treatments of neutral particles, determined with a reflection probability and energy that is
calculated using TRIM data [44] (similar to the atomic databases), where all particles not reflected are

desorbed as molecules or atomic impurity with the wall temperature [40].
3.2.1 Length scales and the fluid approximation

The fluid approximation of the parallel transport in the edge plasma requires a specific ordering of
length scales to be resolved by the code [45]. To apply a fluid model to the edge plasma, all characteristic
lengths must be smaller than the plasma gradient length or the parallel connection length, which is
normally on the order of several tens of meters. This includes the characteristic length of the sheath
(a microscopic scale length of about ten Debye lengths), electron and ion mean free paths (ranging
from sub-centimeters to meters), neutral mean free path (centimeters to meters), heat conduction length
(typically five times the mean free path length, since the dominant contribution is from the tail electrons
or ions). The terms in the Braginskii-like equations are only valid when the Coulomb mean-free path of
the particles is much smaller than the scale length variation of the plasma parameters along the field line.
In general, the edge plasma follows this ordering, with several notable exceptions that are treated by the

code.

At low temperatures, such as near the divertor targets, steeper gradients can result in non-local
heat flux contributions that require a non-local description of the heat flux to maintain continuity. At
high temperatures, such as near the midplane at the separatrix, the majority of heat is transported by
supra-thermal particles, where the heat conduction mean free path is longer than the connection length
and the parallel energy transport is non-local. Both of these exceptions are resolved with flux limiters
on the parallel heat flux and momentum flux (as viscosity), which are factors applied to the fluxes that
limit the flux to a fraction of the free streaming flux, scaled appropriately to match supplementary kinetic
simulations. Similar throttles on the parallel fluxes are applied as long mean free path corrections for the
classical heat conduction and viscosity in the core, scaled linearly by estimates of periodicity wavenumber
and the mean free path of tail electrons that matches scaling observed in simulations of electron heat

transport in laser plasmas [45].
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In regions where these kinetic corrections become important, the quantitaive conclusions of the
fluid codes are somewhat questionable, since the fluid model is no longer strictly valid. However,
the considerations of particle, energy, and momentum conservation are still upheld, ensuring that the
description of the edge plasma is, at least, qualitatively correct. While these flux limiters are not perfect,
particularly in cases of purely predictive modeling where comparisons to experiments are not possible,

they provide a reasonable basis for understanding the physics mechanisms in the edge plasma.
3.2.2 Diffusive ansatz for radial transport

Tokamak edge radial transport is anomalous, but self-consistent turbulence is difficult to model, and
beyond the scope of the 2D edge plasma formulation characterized in available modeling software. As
such, in edge transport codes, the radial component of the transport is determined using a "diffusive
ansatz", or the assumption that cross-field particle and energy fluxes are purely diffusive and can be

described by a Fick’s law:

dn dT
dr’ E x dr’

I'~-D (3.2)
which is also sometimes supplemented by a convective flux nu, to describe inward transport (like

impurities or blobs). Physically, this characterization effectively results in a time-averaged approximation

of the cumulative effect of various cross-field transport processes.

This assumption is computationally useful because it eliminates the need for numerically intensive
turbulence simulations, but makes it difficult to fully reconcile the numerical results calculated using
assumptions made in the diffusive ansatz with the known physics of the edge plasma. In the diffusive
ansatz, transport is described locally, meaning the fluxes at each point in the numerical grid are dependent
only upon the plasma parameters at that spatiotemporal point. This can make the calculation and
interpretation of discharges which assume a time-dependent model difficult or impossible to do correctly,
since in reality, the character of the turbulence evolves in space and time, and these effects are not captured

in the code.
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3.3 Treatment of neutral transport

Neutrals play an essential role in the multitude of physics processes occurring in the edge plasma
[46]. Because neutrals are not charged, they cannot be affected by the magnetic field, so their transport is
different relative to the other charged components of the plasma. However, the distribution of neutrals
is dependent on the plasma (and vice versa), so it is necessary to solve the plasma and neutral transport
equations together. The simplest way to do this is to use fluid models for neutrals, which treat the neutral
particles as a continuous fluid with equations of state and transport to describe their behavior. Usually,
these models are easier to implement and computationally efficient, since they share a similar formulation
and implementation to the equations describing the plasma, but have limited realistic applicability. Since
the fluid formulation assumes short mean-free path of neutrals with respect to neutral-ion or neutral-
neutral collisions which can be longer than the scale length of the profiles for the plasma parameters, this
approximation is rather dubious outside of regions of high plasma density. Further, the fluid equations
are solved on each cell of the computational mesh, which are aligned with the magnetic field; in reality,
neutral transport has no preferential direction since the neutral particles are not charged and should be
treated with 3-D kinetic calculations, which can be computationally demanding. Significant effort has

been devoted to the assessment and optimization of these models [47, 48].
3.3.1 Fluid neutrals

The basis for the validity of the fluid neutral model is that the relaxation of the distribution function of
the plasma species atoms evolves towards the plasma ion distribution function through charge-exchange
collisions with plasma ions [49], since neutral-neutral collisions are often too rare to establish a Maxwellian
distribution of the neutral particles. While the underlying assumptions for the basis of the fluid approxi-
mation result in a model that is more more rudimentary than high-fidelity Monte-Carlo approach, some
fluid neutral models include considerable complexity and can account for processes like wall reflection
and volumetric recombination, and couple to the plasma equations as sources of particles, momentum,
and energy. Ultimately, these more complex models show reasonable agreement with the Monte-Carlo
approach under some circumstances, particularly when comparing models that only characterize hydro-
genic particles [50]. The fluid model struggles to correctly model other cases, where the transport and

influence of molecules is likely to be significant, or in the near-separatrix region where the mean-free path
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of the neutral particles is larger than the scale length variation in the plasma parameters and the closure
assumptions for the fluid equations are violated, or with correctly modeling complex collisional processes

in the plasma and with the walls, particularly with the geometric details of the vessel configuration.
3.3.2 Monte Carlo neutrals

The "kinetic" approach most commonly used to describe neutral transport in the edge plasma uses
stochastic Monte-Carlo models instead of solving kinetic equations. This direct Monte-Carlo model
calculates the trajectories of test particles based on pseudo-random numbers with initial conditions from
a fixed plasma background, where the source terms from Eq. (3.1) are calculated by determining their
intensity along the particle trajectory and summed over all the trajectories in a cell. This method can
include a multitude of species and reactions for the particle trajectories and flexibility with the prescribed
collision and interactions between the particle and the background plasma. The geometry of the neutral
Monte-Carlo domain can be arbitrarily complex, extending beyond the rather rigid magnetic domain that
restricts the plasma calculations to the entirety of the material surfaces and vessel walls. This expanded
computational domain allows for neutral transport calculations that include neutral-neutral interactions,
radiation transport, and complex channels and surface features in the intermediate area between the plasma

and the vessel.

Although its flexibility and customizability make the Monte-Carlo approach appealing for a neutral
model in the plasma edge, there are several considerations that can make this approach impractical. By
the nature of the randomness of the Monte-Carlo model and the finite number of particles traced, there
is always noise present in the solution; increasing the number of text particles will reduce this noise,
but increase computation time and create noisy distortion in the calculation of the sources in Eq. (3.1),
which introduces a different of numerical problems. Another issue with the Monte-Carlo approach is
the treatment of the time-dependence of the solution. For each Monte-Carlo calculation, the standard
approach is to assume steady state, since the evolution of the plasma parameters is usually much slower
than the relaxation of the neutral distribution. However, in situations where this is not the case, and
the evolution of plasma parameters is fast, there can be inconsistencies with coupling the plasma and
neutral models, which requires more detailed calculations that incorporate time-dependence in the particle

tracing at the expense of increased computational time, which is ultimately the biggest drawback in the
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Monte-Carlo approach. A single simulation can take weeks or months, depending on the geometry or
reaction details that need to be solved. Parallel computing can speed up computational times, but requires
significant computational resources and can complicate the treatment of noise in the simulation. Despite
these challenges, however, the Monte-Carlo neutral model often shows good agreement with experimental

data, and is the default choice for high-fidelity edge plasma simulations.

3.4 Radiation

3.4.1 Fixed fraction

The most basic model that is most often used in UEDGE is called fixed fraction, where the impurity
radiation calculation is dependent on a user-specified percent of an impurity species in the plasma. This
approach is computationally convenient, but is limited to one impurity species. The impurity density
is modeled by taking the user-specified impurity percentage as a percentage of the electron density,
and the impurity charge-exchange rate is determined from look-up table data generated by the MIST
code. Impurity emissivity is dependent on using electron temperature, charge-exchange recombination,
and neutral hydrogen and impurity lifetime due to convection, and the MIST code uses the neutral
hydrogen density (from UEDGE) and a user-specified impurity lifetime to calculate a charge-exchange
rate from a non-equilibrium coronal model. The impurity “radiates” as a component of the electron
energy equation through this artificial impurity calculation, which accounts for molecular processes like
excitation, ionization, and recombination. For very general purposes, this approximation can be “good
enough”, although it is not very accurate at high temperatures when the relationship between impurity
percent and electron density is not as strong (since radiation is less efficient at high temperatures, fixed

fraction can give an overapproximation of the actual radiation content).
3.4.2 Multispecies models

A higher-fidelity and more computationally strenuous model can also be used that models individual
charge states of impurities and calculates continuity, force, and momentum balances for each species (so
each charge state of an impurity now gets its own set of equations). This uses diffusion coefficients and
other parameters common with the plasma calculations. It also uses lookup tables for impurity ionization,

excitation, radiation, recombination, calculated similarly to the fixed fraction model, and which requires
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a set of tables for each impurity species. The model can be simplified by using a single mass-averaged
momentum for all species, or by using friction forces determined from analytical expressions and ignoring

impurity inertia and viscosities to determine individual impurity parallel velocities.

3.5 Implementations of B2

Several edge plasma transport codes based on the B2 (and later, B2.5) formulation of the edge
plasma, including UEDGE [51], SOLPS [45], and EDGE2D [52]; in particular, the SOLPS (Scrape Off
Layer Plasma Simulator) code, which relies on the B2-Eirene code package, has risen to prominence and
widespread familiarity outside the edge modeling community in recent years due to its selection as the

tool of choice for predictive edge modeling in the ITER device [35].

The simulations shown in this work were generated using the UEDGE code and the SOLPS code
package. SOLPS and UEDGE share many similarities: both are 2D, multifluid tokamak edge codes, both
are used to guide experiments and develop theoretical models, both use similar grids, both are based
on the B2 code package, using similar fundamental equations derived from the Braginskii equations.
However, there are several differences between the two approaches. SOLPS uses a high-fidelity Monte
Carlo, "kinetic" model for neutrals, while UEDGE uses a lower-fidelity fluid model for neutral transport.

Despite these differences, UEDGE and SOLPS often show agreement in simulation results [45, 53].

The choice of UEDGE over SOLPS for the first part (the inverse sheath study) of this work is
multifaceted; while no edge code is "perfect", there are several reasons why the choice of UEDGE for
this study made sense. SOLPS uses a high-fidelity kinetic model for neutrals, but the Monte Carlo
technique used by SOLPS also introduces numerical noise, calculates slowly, and requires significant
computational resources (which can take months to complete). Since this work depends on analysis of
the evolution of plasma states over a parameter scan, the Monte Carlo approach used by SOLPS was
impractical for an introductory project. The fluid-neutral model used by UEDGE is significantly faster
and more lightweight (UEDGE simulations can be run on a local machine, which proved invaluable to
the progress of this work when access to university resources was forbidden), and makes it much more
conducive to generating parameter scans. Lastly, from a very practical perspective, members and close

collaborators of this research group already use and develop the UEDGE code, and this local expertise
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significantly accelerated the "learning curve" of operating the code. UEDGE is also open-source and
allowed for both transparent understanding of underlying equations and easy modification to otherwise
obscured parameters and equations, since modification to the source code was necessary for implementing

the specific conditions needed for our study.

However, the second two parts of this project (the investigation into the physics of perpendicular
transport and impurity radiation spread in alternative divertor configurations) necessitated the switch
to SOLPS for a higher fidelity model. UEDGE is a useful tool for studying existing tokamak regimes,
where the choice of coefficients for the anomalous transport calculations and approximations of various
parameters relating to things like viscosity and friction can be benchmarked against experimental data,
but struggles with proposed or idealized regimes that cannot be guided by experimental results. Initial
computational studies of the long leg divertor geometry using the UEDGE code revealed many numerical
problems relating to the neutral model that were not observed in the modeling of the DIII-D-like plasma
with an inverse sheath (which were apparently widespread among UEDGE users with similar geometries

[54)).
3.5.1 The UEDGE code

Simulations for the first part of this work were carried out using the UEDGE ("Unified Edge") code,
a two-dimensional multi-fluid transport code for collisional edge plasmas, which can be used to simulate
the physics of the edge and divertor regions of a tokamak device [51]. Fundamental equations of the

UEDGE code are detailed in Appendix A.

The UEDGE code uses realistic magnetic equilibrium data and device geometries from poloidal flux
surfaces calculated using solutions of the Grad-Shafranov equation [55, 56] from an MHD equilibrium
code (such as EFIT [57]). Using this input, UEDGE can generate a curvilinear mesh that is used to solve
transport equations with boundary conditions specified by the user. Such boundary conditions and other
parameters (such as transport coefficients) can be set with the intent to match experimental profiles or to

observe the impact of certain parameters to study specific physics phenomena.
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3.5.1.1 Numerical solver

The UEDGE code features a fully-implicit non-linear solver that employs a modified Newton iteration,
which solves all equations simultaneously [58, 59]. This method combines the algorithm of Newton’s
method, which solves the roots of real-valued functions, with Krylov subspace methods, which are iterative
methods for solving linear matrix-vector equations and avoiding computationally-heavy matrix-matrix
calculations [60]. Combining these two techniques results in increased computational efficiency, as the
application of Krylov subspace techniques eliminates the need for the calculation and use of the Jacobian
matrix used in Newton’s method. This works by minimizing the residual in the Krylov subspace (using
only matrix-vector calculations) using Generalized Minimal Residual (GMRES) methods; the linear
residual is then calculated using Newton’s method and avoids direct calculation of the Jacobian by taking
a first-order Taylor series expansion of the Jacobian matrix used in Newton’s method in terms of the
nonlinear set of residuals of vector-valued functions that resulted from the calculation in the Krylov
subspace. This gives a vector that approximates the product of a matrix and a vector, which are then used
in the GMRES calculations in the Krylov subspace for the next iteration [60]. The process repeats until
convergenge to a user-specified tolerance. Computation can be streamlined by preconditioning the solver

matrices, usually with one initial preconditioner determined via a direct banded solver.

3.5.2 SOLPS4.3

The SOLPS code package contains the 2-D multi-fluid plasma edge code B2, like UEDGE, but
replaces the fluid neutral transport model with a kinetic treatment of neutral particles by coupling to
EIRENE, a 3-D, multi-species kinetic Monte-Carlo neutral code. Equations solved by the B2 code and
the reactions calculated in EIRENE are listed in Appendix B. These codes are coupled as B2-Eirene [61,
62], using computational meshes created by the Carre grid generator [63], a graphical display program
for setting up new configurations DivGeo ("DG") [64], a plotting program for viewing the plasma state
("b2plot"), and a set of scripts and tools for viewing the time-dependent development of the plasma state.
Grids for the SOLPS simulations are created using DivGeo, where a plasma equilibrium can be created
from scratch or imported from an MHD solver. This interface is also used to make Eirene grids for the
neutral calculations, and realistic vessel geometry can be imported into the grid generator to create these

meshes. The b2plot program accesses the raw data from the simulations and formats it somewhat neatly
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for post-processing, and can be used to produce 1D and 2D plots, although all plots shown in this work

were generated with an original set of post-processing tools that was developed specifically for this work.
3.5.2.1 Numerical Solver

The main complexity in the numerical scheme evaluated by the SOLPS code is the coupling procedure
between the implicit B2 fluid code and the explicit Monte-Carlo Eirene code. Like UEDGE, the B2 code
is implicit and advances discrete analogs of Eq. (3.1) in time, which poses no problems for a fluid neutral
model, since these components are fully compatible. However, when coupled to the explicit Eirene code,
the particle trajectories and associated source/sink terms determined in the Monte-Carlo step are calculated
using an initial background plasma, but fed into a new plasma state. In other words, the neutral related
sources that appear in Eq. (3.1) are always determined from the plasma state at the previous step, when
the Monte-Carlo algorithm is initially applied to the simulation, and the plasma state that is consistent
with the source/sink terms in the calculation is only available after the calculation for that timestep. This
causes a mismatch between the plasma state and the source terms, which introduces an artificial parasitic
source/sink term into Eq. (3.1). In the overall energy balance, these parasitic source terms are dwarfed by
the magnitude of the input power, volumetric processes, and power to the target plates, and make little
impact. Similarly, there is little impact on the momentum balance [13]. However, in the particle balance,
these parasitic sources can become significant, particularly in the cases of high recycling or detached
divertor regimes, when the effective particle fluxes resulting from recycling fluxes and volumetric terms
exceeds any input from the core or a puff by several orders of magnitude. Under these circumstances, the
parasitic flux can have a serious impact on the global particle balance, which can complicate or obscure a
realistic portrayal of the physics in the model. To compensate for this, correction schemes are be applied,
where a factor (usually close to 1, if applied at each timestep) based on a non-linear calculation for
the global particle balance at each step are included in the other source terms provide a small percent
correction for these particle discrepancies [35]. However, this introduces problems in the "closed box"
simulation setup, where the total number of particles in the simulation domain is held constant [65], since
there is no "source" to scale that could make up for these particle losses. In this situation, a feedback
system (implemented to the SOLPS4.3 code) is used, where a "puffing surface" is defined all along the

outboard side of the simulation domain. This puffing surface emits a small flux of neutral particles to
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compensate for losses to the parasitic source term, automatically adjusting to maintain a desired particle
content that is set by the user. Similarly, an analogous setting at the core adjusts a small flux of plasma

particles from the core to help maintain the desired particle content.
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Chapter 4

Simulations of divertor plasmas with inverse
sheaths

Abstract

The effect of strong electron emission from material surfaces has been proposed to form an “inverse
sheath”: a region with positive potential relative to the near-wall plasma which prevents the flow of
ions to the wall [3-5]. We assess the viability of this regime in a tokamak device using the 2D edge
plasma transport code UEDGE [51]. Since the UEDGE code does not consider the sheath region directly,
we apply boundary conditions at the divertor targets which emulate the physics of both "standard" and
"inverse" sheath regimes [66]. Using these boundary conditions, we perform scoping studies to assess
plasma parameters near the target by varying the density at the core-edge interface. We observe a smooth
transition in the resultant profiles of plasma parameters for the standard sheath, and a bifurcation across the
simulation set for plasmas with an inverse sheath. The cause of this bifurcation is assessed by performing
the parameter scan both with and without impurity radiation; we observe that the bifurcation persists in

both cases, indicating that this bifurcation is caused by plasma recombination.
4.1 Introduction

It has been proposed that an "inverse" sheath can form at the plasma-material interface when electron
emission from a material surface strongly exceeds the incoming ion flux from the plasma. Under these
conditions, zero current at the interface would be maintained through the balance between the flux of

emitted electrons and flux of ions and electrons from the bulk plasma [15]:
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Fe - 1—‘emit = 1—‘ion, (41)

where I, is the electron flux from the bulk plasma, I, is the net emitted electron flux, and I';,, is

the ion flux from the bulk plasma.

For large I, is usually assumed that the low energy emitted electrons create a negative space
charge layer near the material surface leading to non-monotonic sheath potential, reflecting most of the
emitted electrons back to the surface [15]. However, if this electron emission is strong enough that it
matches the influx of electrons from the bulk plasma, zero current could be maintained if there is no
incident ion flux from the plasma, which would allow the negative charge layer introduced by the emitted
electrons to penetrate into the plasma. In this scenario, this previously-proposed space charge limited
sheath does not develop: instead, the so-called inverse sheath forms, where the electron emission current
from the material surface effectively replaces the ion current to the target, resulting in a monotonic,

positive potential relative to the plasma edge which prevents the flow of ions to the wall [3-5].

It is feasible that next-generation fusion devices could be affected by electron emission, as tokamak
divertor targets will be exposed to extreme heat fluxes that could cause significant thermionic electron
emission [67] and trigger the formation of an inverse sheath. If an inverse sheath were to form in such
a device, it could have a dramatic influence on the performance of a divertor, as mitigation of ion flux
to the target could have an effect on material erosion due to the reduction of ion impacts [5], but at the
expense of losing a significant source of neutrals from recycling at the target; having a sufficient inventory
of neutrals is critical because neutral-induced radiation is an important source of dissipative heat loss in

the divertor [16].

To investigate whether this has an effect on divertor plasma performance, simulations of divertor
plasmas with inverse sheaths have been performed using the UEDGE code [51, 66]. The standard and
inverse sheath regimes were compared by using different boundary conditions at the divertor targets,
corresponding to the physics of each sheath. The boundary conditions for the standard sheath were not

changed from the default conditions already implemented in the UEDGE code (described in Refs. [66,
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68], or Section 4.2 of this paper), while boundary conditions for ion flux and ion heat flux to the wall
were set to zero to emulate the mitigation of ion flow to the wall in the inverse sheath. These simulations
feature 4 MW input power (split evenly between ions and electrons) through the core-edge interface and a
3% fixed fraction nitrogen impurity, with a DIII-D-like geometry and magnetic configuration at a given

core-edge plasma density. Perpendicular transport coefficients were set at a constant 1 m?/s.

This work is divided into two parts: a case study of two simulations (one with a standard plasma
sheath and the other with an inverse sheath) to compare the effects of the plasma sheath on global plasma
parameters, and a parameter scan of both standard and inverse regimes to assess the differences in plasma
dynamics as density is increased. In the first study, it was observed that relative to the standard sheath,
the effects of the inverse sheath are localized to the target plates, without significant impact on overall
plasma parameters. In these simulations, both the standard and inverse sheath results showed a cool inner
divertor and hot outer divertor; compared to the standard sheath, the inverse sheath had marginally lower
electron heat flux to the target at the cool inner divertor, while electron heat flux at the target plate in the
hot outer divertor was significantly higher. However, while these results showed a direct effect on plasma
parameters at the target plates, the conclusions were limited in that they only featured the results of a

single set of input parameters for both the standard and inverse sheath regimes.

In the second portion of the study, we expand upon the work performed in the first part and shown in
Ref. [66], conducting a scoping study of plasma parameters in the divertor by varying the density at the
core-edge interface (which will be denoted as n..). Apart from varying n.,., all other input parameters
(including impurity fraction) were initially kept the same. The parameter n., was selected because plasma
density in both the divertor and the scrape off layer will change as n., is varied, which allows for a scan of

power dissipation conditions dependent on plasma density.

It is possible that changes in plasma density associated with varying n., will result in the observation
of bifurcation-like transitions in plasma parameters. We note that bifurcations have been observed in
plasmas with standard sheaths in both simulations and experiments [69—71]. Such bifurcations are thought
to be driven by plasma recombination processes, impurity radiation, drifts, or some interplay between

varying transport coefficients; the simulations presented here feature no drifts and use constant transport
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coefficients, leaving plasma recombination or impurity radiation as potential candidates which could cause

a bifurcation in these simulations.

To assess whether similar bifurcations are observed in plasmas with inverse sheaths, two sets of
simulations with standard sheaths (one with impurity radiation and the other without impurity radiation)
and two sets of simulations with inverse sheaths (one with impurity radiation and the other without
impurity radiation) are presented. We observe that bifurcations in plasma parameters appear in plasmas
with inverse sheaths; we consider "bifurcation" to be present when two qualitatively different steady-state
numerical solutions exist for similar (or even the same) sets of input parameters. These bifurcations persist
both with and without impurity radiation, indicating that these bifurcations are related to the plasma
recombination process. Section 4.2 will detail our simulation approach and construction. We present
our results in Section 4.4.1, with detailed discussion in Section 4.4.2. In Section 4.6, we will make our

concluding remarks.

4.2 Simulation Setup

Numerical simulations of divertor plasmas with inverse sheaths were performed using UEDGE [51].
UEDGE is a 2D multifluid plasma edge code, which solves transport equations for ions and neutrals,
including continuity, momentum, and energy balance equations, in a realistic magnetic configuration
of a tokamak. Collisional processes, such as elastic scattering, impact ionization, and charge exchange,
recombination, and recycling are also included in the model equations. A combined energy equation for
ions and neutrals is considered in UEDGE. Processes involving molecules and drifts/electric fields can be

included in UEDGE simulations, but have been omitted here due to considerable computational cost.

As detailed in Ref. [66], these simulations were performed using a single-null DIII-D-like magnetic
geometry and configuration, with an input power through the core-edge interface of 4 MW split evenly
between electrons and ions. All simulations used perpendicular transport coefficients were set at a constant
1 m?/s; since the goal of this study was to assess the effects of the inverse sheath on divertor plasmas and
not to match experimental profiles, constant transport coefficients (with no radial or poloidal dependence)
that are typical for tokamaks of this size were used. Simulations with impurity radiation used the fixed

fraction impurity model with a 3% nitrogen impurity.
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Neutral flux balance at the targets is described using a fixed albedo [72] of 99%, which is a fraction
of the neutral flux returning to the plasma that represents wall pumping. Ion flux to the side walls is fully

reflected as neutral gas.

The parameter scan was performed by varying the density at the core-edge interface, n... To generate
the scan across n.., we start with a steady-state solution, slightly increase or decrease n.., and converge
to a new solution at steady state. Boundary conditions were enforced at the target plates, with unique

conditions corresponding to the physics of each sheath (standard or inverse).

The UEDGE code uses Bohm sheath boundary conditions, which we denote as the “standard” case.
This corresponds to the ion parallel velocity at the inner and outer divertor targets set to the sound speed

[731,

Ji = niCs. 4.2)

At the target, the energy flux is

Gei = JiYeile,i, 4.3)

where e and i denote electron and ion, respectively, ¥ is the sheath heat transmission coefficient,
and j is the particle flux. The ion flux j; is used for the flux of both ions and electrons to assure local
ambipolarity. Sheath heat transmission coefficients were used as ¥ = 2.5 and 7}, = 4.0, which are the

standard values in the UEDGE code.

To model the inverse sheath, we use a modified version of the UEDGE code that incorporates new
boundary conditions at the target plates which emulate the physics of the inverse sheath, including the
mitigation of ion fluxes to the targets and electron emission from the targets [66]. These boundary
conditions mimic a fully-developed, sustained inverse sheath, and do not incorporate any complications

that might force transitions between regimes or “collapse” of the inverse regime altogether.
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In the “inverse” regime, we modify the boundary condition by eliminating ion particle flux and ion

heat flux to the targets, setting

Ji=0,¢:=0 4.4)

at the target plates.

For electron heat flux in the inverse regime, we use a convective heat flux boundary condition at the
wall which incorporates electron emission [66]. Since ion flux is zero, ambipolarity is guaranteed at the
target through equal and opposite fluxes of emitted and bulk plasma electrons, assuming an unlimited
source of emitted electrons from the plate. Then, the electron heat flux to the divertor plates can be written

as

de = nevth,e’ye(Te - Te,w)» 4.5)

where vy, is the electron thermal velocity in the bulk plasma and 7, ,, is the temperature of the
emitted electrons from the wall, set at 0.03 eV. The energy of emitted electrons from tungsten can be
as high as 0.1-0.3 eV [5], but we have chosen to use a lower limit of electron energy equal to the wall
temperature to exaggerate the effect of the sub-eV electrons and ensure conditions of the inverse sheath

are met.

4.3 Single case comparison

4.3.1 Results
Simulations were carried out in both the standard and inverse sheath domains to assess divertor
performance and overall plasma parameters. Since we are looking at the influence of the inverse sheath on

detachment, it is important to note the features we are looking for in characterizing what “detachment”

actually means in these simulations. Detachment is typically characterized by both a drop in particle and
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Figure 4.1. Heat flux along the inner and outer target plates for both
inverse and standard regimes. Red corresponds to the inverse case, and
blue corresponds to the standard case, with solid lines for the inner
targets and dashed lines for the outer targets.

heat fluxes to the target [16]. This is true for the standard case, where ions are free to impact the wall,
meaning incoming particle flux (or lack thereof) can be used as a metric to indicate plasma detachment.
However, in the inverse case, since there is no incoming ion flux to the wall, it cannot be used as an
indicator of detachment, so we are relying solely on the heat flux to the target to assess whether the plasma

has detached.

The profiles of the simulations for the inverse and standard cases are similar. There is strong
asymmetry in both profiles with respect to the inner and outer divertors; shown in Figure 4.1, the inverse
and standard cases show signs of a weak detachment (strongest close to the separatrix, then becoming
weaker along the target) in the inner divertor, while in both cases the outer divertor is fully attached. This
asymmetry is unsurprising because most heat flux travels through the outboard side of the torus due to the
effects of the ballooning nature of perpendicular transport, so there is less heat load (and an overall easier
transition to detachment) at the inner divertor. Peak heat flux is lower and shifted slightly outward, away
from the separatrix, in the standard case because heat transfer is limited by the ion flux; since heat flow in
the inverse regime is not limited by the flow of ions, heat flux is larger so the distribution of the heat load

will spike adjacent to the separatrix.

Plasma parameters in the divertor region are shown in Figure 4.2. Ion density at the inner target is

increased across the plate, shown in Figure 4.2(a), when compared to the standard case, Figure 4.2(d).
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Figure 4.2. Plasma parameters in the divertor region. Figures 4.2(a),
4.2(b), and 4.2(c) show the ion density, electron temperature, and ion
velocity rates for the inverse case. Figures 4.2(d), 4.2(e), and 4.2(f) show
the same parameters for the standard case.

41

18

4

'

[N

[

IS



(a) Tonization Rate [1/s] %10° (b) Recombination Rate [log10(1/s)

2.5
0.9 0.9 1
0.8 2 0.8 3
0.7 0.7
=] 1.5 =] 9
o 0.6 o 0.6
0.5 ! 0.5 1
0.4 05 0.4 0
0.3 0.3
-1
1 1.2 1.4 1.6 1.8 1 . .
r, m r, m
(c) Ionization Rate [1/s] x10° (d) Recombination Rate [log10(1/s)
) 0.9 !
0.8 3
L5 0.7
g 2
. 5 0.6
0.5 1
0.5 0.4 0
0.3
1
1 1.2 1.4 1.6 1.8 1 . .
r, m r, m

Figure 4.3. Ionizaton and recombination rates in the divertor region.
Figures 4.3(a) and 4.3(b) show the ionization and recombination rates
for the inverse case, respectively. Figures 4.3(c) and 4.3(d) show the
standard case.
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Figure 4.4. Plasma parameters along the field line in the SOL, just
outside the separatrix. The field line starts at the inner target and ends
at the outer target. Red and blue lines correspond to the inverse and
standard cases, respectively.

Other than this feature, however, these profiles for the inverse and standard cases are very similar.
Figures 4.2(b) and 4.2(e) show low temperatures throughout the divertor, particularly at the inner plate.
Figures 4.4(b) and 4.4(c) also show lowered temperatures in the divertor regions only. This is consistent
with the recombination rates shown in Figures 4.3(b) and 4.3(d); there is high recombination at the targets

corresponding to the region of sub-eV electron temperature.

Parameters along the field line, taken just outside the separatrix, are shown in Figure 4.4; once again,
the inverse and standard cases look similar. As seen in Figure 4.4(d), ion flux to the target drops for

inverse sheath and remains high for the standard case, which is consistent with our boundary conditions.
4.3.2 Discussion

We do not observe a substantial improvement on the transition to detachment resulting from the
influence of the inverse sheath. The results of our simulations are inconsistent with hypotheses proposed in
other studies, where it was suggested that a divertor plasma could detach under inverse sheath conditions
because “[a] target plasma of sub-eV temperature will form as long as the plasma is collisional ... and the

emission is strong enough to maintain an inverse sheath [5].” However, the transition to detachment is
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not that simple because of the strong dependence of detachment on both upstream plasma pressure and
incoming heat flux to the divertor. Regardless of the characteristics of the plasma sheath, upstream plasma
pressure has a major effect on plasma temperature at the target [13], which is critical in the transition to
detachment because temperature must be low enough to “turn on” recombinative processes and detach the
plasma. Since we observe a high heat flux in the attached outer divertor and a low heat flux in the weakly
detached inner divertor for both cases, it is evident that there is no extreme cooling induced by the inverse
regime at the outer target, and the transition to detachment is not affected by the plasma sheath. Further,
we do not observe significant differences in other plasma parameters throughout the device, which remain

largely the same for both cases.

While the inverse sheath alone cannot produce detachment, we observe a marginal decrease in heat
flux to the already detached target, meaning that the detachment that has already been reached can be
slightly improved by the conditions induced by the inverse sheath. However, we also note that for these
conditions, the inverse sheath has no favorable effect on the attached plasma in the outer divertor. As
we have noted, heat loading to the target is increased for this regime due to the unbounded electron flux,
which means that the influence of the inverse sheath is actually damaging to the target unless the plasma

is already detached.

Although we do not anticipate the inverse sheath can be used as a direct path to detachment, we believe
there is merit in the application of this regime to tokamak operation, and these results are substantial
enough to warrant further investigation. In our simulations, we observe reduced heat loads at the target
for already detached plasma, which is advantageous in a tokamak regime because erosion of material
targets is reduced, limiting long-term damage to the machine and minimizing impurity contamination
into the confined plasma. While we observe energy loss to the targets via charge exchange with neutrals,
this is unavoidable and not a direct issue with the inverse sheath per se, and since it is observed under
all operating conditions, it is not a limiting concern for the inverse sheath. Because we have observed
improved conditions in the case where the plasma is already detached, further work on whether this
regime can improve divertor performance will focus on regimes with detached or semi-detached plasmas
in both divertors. This will be achieved by exploring different parameter spaces to provide a more robust

understanding of how divertor and other operating conditions will be affected with respect to the inverse
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sheath.

We have investigated the effect of the newly-proposed inverse sheath on tokamak divertor detachment.
Lower heat loads to the target induced by the inverse sheath in detached plasmas are favorable for a fusion
device, but we do not see a full transition to detachment due to the ultimate dependence on upstream
plasma density and incoming heat flux, rather than the effects of the plasma sheath. We expand our study
over a broad range of plasma parameters (in this case, the density) to assess what effect, if any, the inverse

sheath has in various stages of plasma detachment.

4.4 Density scan

4.4.1 Results

Results of simulations with impurity radiation are shown in Figure 4.5. Figure 4.5(a,b) show the
total heat load to the targets and electron temperature at the targets, just outside the separatrix, across
increasing n., for the standard sheath. Figure 4.5(c,d) show the same quantities for the inverse sheath.
There are two "branches" of solutions in the solution set for the inverse sheath, separated by a bifurcation

across increasing 7.

For the standard case, total heat load to the target is consistently higher in the outer divertor, and
becomes comprable with the heat load to the inner divertor at higher n... Electron temperature at the
targets remains higher in the outer divertor than the inner divertor, even at higher n... As shown in Figure
4.5(a) and Figure 4.5(b), the variation in plasma parameters is smooth for the standard sheath. Both the

total heat load to the target and the electron temperature near the strike point decrease as n., is increased.

Results for plasmas with an inverse sheath show higher heat load to the outer divertor than the
inner divertor at lower values of n.., and lower heat load to the outer divertor at higher n... Electron
temperatures at the separatrix are always higher at the outer divertor than the inner divertor in the inverse
sheath regime. There is bifurcation in the solution set for plasmas with the inverse sheath, which is visible
in Figure 4.5(c) and Figure 4.5(d). At this bifurcation, the heat load to the outer divertor abruptly drops

and becomes lower than the heat load to the inner divertor.

Results of simulations without impurity radiation for standard and inverse sheaths are shown in Figure
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Figure 4.5. Results from the parameter scan for plasmas with a fixed
fraction nitrogen impurity radiation of 3%. Figure 4.5(a) shows the
total heat load on the target for the standard sheath, while Figure 4.5(b)
shows the electron temperature at the strike point for the standard sheath.
Figure 4.5(c) and Figure 4.5(d) show the total heat load on the target
and the electron temperature at the strike point for the inverse sheath,
respectively. The bifurcation is visible in both figures. In both sets of
figures, data for the inner targets is shown with dotted red lines and data
for the outer targets is shown with solid black lines.
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4.6. Each figure shows the variation in the respective plasma parameter across increasing n... Figure
4.6(a), Figure 4.6(b), and Figure 4.6(c) show the results for cases with standard sheaths, while Figure

4.6(d), Figure 4.6(e), and Figure 4.6(f) correspond to cases with inverse sheaths.

Each of the inverse sheath solution sets without impurity radiation feature three different "branches",
where there are bifurcations between branches in the solution set. Two of the "branches" feature consid-
erable overlap where two distinct solutions exist for the same n., input value. As n,, is increased, there
is a gap between the branches where the bifurcation jumps from the second branch of solutions to the
third branch. This behavior is observed in all three of the quantities related to the inverse sheath shown in

Figure 4.6, and the recombination rates shown in Figures 4.8 and 4.9.

Figure 4.6(a) and Figure 4.6(d) show the total heat load to the targets for the standard and inverse
cases, respectively. The variation of the total heat load is smooth for the standard sheath, with a higher
total heat load to the outer divertor and lower heat load to the inner divertor. For the inverse case, there
is a bifurcation the variation in the total heat load at both targets. Total heat load to the outer divertor
monotonically decreases with increasing n.., while total heat load to the inner divertor increases slightly
before leveling out. At lower 7., the total heat load to the outer target is higher than at the inner target; as
nc. 18 increased, the total heat load to the inner target becomes higher (but still comparable) than the heat
load to the outer target. Despite these differences in trends, if the regimes are compared across 7. (the
red dashed line in Figure 4.6(a) to the red dashed line in Figure 4.6(d), and the same for the black solid

line in each figure), the magnitude of the total heat load to each target is similar.

The maximum heat flux at the targets for the standard case is shown in Figure 4.6(b), and inverse
case in Figure 4.6(e). Similar to the trends for the total heat load to the target for the standard case, the
variation in the peak heat flux at the targets smoothly decreases, with consistently higher peak flux to the
target in the outer divertor than the inner divertor. For the inverse sheath, the bifurcation seen in the total

heat load to the targets appears.

Electron temperatures at the strike point for each simulation set can be seen in Figure 4.6(c) for the
standard case and Figure 4.6(f) for the inverse case. Once again, the variation in electron temperature

for the standard case is smooth, with consistently higher temperatures at the outer target than the inner
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Figure 4.6. Plasma parameters as n., is varied for the standard and
inverse sheath simulation sets with no impurity radiation. The left
column (Figure 4.6(a), (b), and (c)) show the total heat load, maximum
heat flux, and strike point electron temperature at the targets for the
standard sheath, while the right column (Figure 4.6(d), (e), and (f)) show
the same quantities for the cases with an inverse sheath. In both sets
of data, the dashed red lines correspond to the inner target, while the
solid black lines correspond to the outer target. The bifurcation in the

simulation set can be seen in the inverse sheath solution set in all three
quantities shown.
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Figure 4.7. Plasma density and electron temperature at the midplane
for plasmas with inverse sheaths and no impurity radiation, with values
taken just outside the separatrix. The three "branches" correspond to
the three bifurcated "branches" seen in the divertor, each denoted with a
different color. Note that in (b) there is significant overlap on Branch 1
and Branch 2, and the lines appear to match exactly.

target. The bifurcation is present in the variation in electron temperature for the inverse case. At lower n,,
temperatures at the outer target are higher than temperatures at the inner target, but as n., is increased,
the temperatures at the outer target decrease and become lower than the temperatures at the inner target,

which increase.

Plasma density and electron temperature at the midplane for plasmas with inverse sheaths are shown
in Figure 4.7. The different "branches" in the bifurcation (as it is observed in the divertor) are shown
in different colors. Unlike the variation of plasma parameters in the divertor, the bifurcation is not

pronounced at the midplane - the change in parameters as n., is varied is relatively smooth.

Total recombination rate in the divertor for both the inverse and standard sheaths with no impurity
radiation are shown in Figure 4.8. Both the standard and inverse sheaths show recombination rate increases
as core density is increased, and the bifurcation can be seen in the inverse set. The branch with lower
recombination rate corresponds to the branch in Figure 4.6 with higher heat fluxes and temperatures in the

inner divertor.

Total recombination rate in the inner and outer divertors for the inverse sheath with no impurity
radiation are shown in Figure 4.9. Recombination rate increases as core density is increased, and the

bifurcation can be seen at lower n... There is another abrupt change in the total recombination rate at
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Figure 4.8. Total recombination in the divertor for plasma with standard
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Figure 4.9. Total recombination rate in each divertor for plasma with
inverse sheath and no impurity radiation. The inner divertor is shown in
solid dots, while the outer divertor is shown with empty circles. Each
"branch" of the bifurcation is shown in a different color.
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higher values of n.. where recombination rate in the inner divertor suddenly drops and recombination rate
in the outer divertor suddenly increases. Particle density before and after this sudden change can be seen

in Figure 4.10.
4.4.2 Discussion

Divertor plasma parameters have been assessed for plasmas with both standard and inverse sheaths.
Plasmas with the standard sheath feature smooth variation in parameters, while variation in parameters
bifurcates for plasmas with inverse sheaths. As mentioned previously, similar bifurcations in plasmas with
standard sheaths have been observed in simulations and experiments [69—71] and have been attributed
to phenomena associated with plasma recombination, impurity radiation, drifts, or some interplay of
transport coefficients as they change throughout the device. The simulations shown here feature no drifts
and use constant transport coefficients, which rule out the last two options as causes for this bifurcation.
Since we have shown that this bifurcation persists both with and without impurity radiation, it is not due
to impurity radiation alone, leaving the recombination process as the most likely suspect for the cause of

this bifurcation.

In these simulations, there are “jumps” in different plasma parameters across the solution set that are
seen in heat losses and heat fluxes, temperature, and recombination rate, resulting in solution “branches”
that are characteristic of bifurcations. Bifurcations are a consequence of nonlinearity; this system is
highly nonlinear, so it is feasible that there can be multiple branches of solutions, and multiple different
solutions for one set of input parameters. Physically, this is likely related to a redistribution of particles
that causes major changes to the heat fluxes and heat losses in the system, associated with the sensitivity of
recombination with temperature. A temperature fluctuation could significantly change the recombination
rate, leading to changes in the distribution of density and a rearrangement of particles, which would result

in different heat losses and heat fluxes in each state.

The recombination process is inextricably linked with neutrals. Neutrals are important because they
provide an important mechanism for dissipative heat loss in the divertor via neutral-induced radiation. In
the standard regime, ion flux to the targets is neutralized, neutrals are produced via this recycling process,

and an inventory of neutrals develops that will mitigate the incoming heat load. This is not the case in the
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Figure 4.10. Particle density in the divertor for solutions spanning
the "jump" in recombination rate across n., = 1.7¢20 m3 to ng =
1.9¢20 m—3. Figure 4.10(a) corresponds to the branch of the bifurcation
at ne, = 1.7¢20 m =3, prior to the redistribution in density, while Figure
4.10(b) corresponds to the branch at n., = 1.9¢20 m~3, after the redistri-
bution in density. The thick black line traces the separatrix.
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inverse sheath regime; since the inverse sheath will eliminate incoming ion flux, there will be no recycling
at the targets, and no neutrals will be produced. Without this neutral source at the target, the primary
source of neutrals in the system would be from the volumetric recombination process, which is highly
dependent on temperature. This dependence on recombination means that small temperature fluctuations
can have major effects on the overall system: if the temperature rises, even slightly, recombination will
decrease, meaning neutral inventory will decrease. With fewer total neutrals, heat losses from radiation

will decrease, the temperature will rise, and the effect of the initial perturbation will be amplified.

This dependence on temperature can be seen in the data for plasmas with inverse sheaths with no
impurity radiation, shown in Figure 4.6(d,e,f). On the third "branch" of solutions visible in these solution
sets (corresponding to the highest values of n., shown), total heat load to the targets and peak heat flux
are relatively constant as n., increases, which are trends also observed with increasing 7. in the standard
case with no impurity radiation and in both cases with impurity radiation. Similarly, at the outer target,
electron temperature at the strike point falls as n. is increased, but unlike these other cases, electron
temperature at the strike point rises at the inner target as n, is increased, seen in Figure 4.6(f). This trend
seems counter-intuitive: temperatures at the inner target rise, but heat load and heat flux to the inner target
remain fairly constant. However, the rising temperatures can be attributed to the strong dependence of
temperature on recombination, and the effects of this change are compensated through a redistribution of

particles between the inner and outer divertor legs, shown in Figure 4.10.

As shown in Figure 4.9, there is an additional bifurcation in the red "branch" of solutions that occurs
roughly where a temperature fluctuation is observed in Figure 4.6(f). At this value of n.., recombination
rate in the inner divertor abruptly drops and recombination rate in the outer divertor abruptly increases.
This behavior follows similar trends to the temperature variation in Figure 4.6(f), where temperatures at
the inner target rise (where recombination rate has dropped) and temperatures at the outer target drop
(where recombination rate has increased). This is consistent with the strong dependence of recombination
on temperature, where an initial perturbation in temperature causes a major impact on the system. For
the inner target, an initial increase in temperature decreases recombination rate, which will increase
temperature further, which will decrease recombination, and so forth. The opposite effect is observed at

the outer target, with a decrease in temperature leading to an increase in recombination.
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However, a dramatic change in the variation of parameters as a result of this bifurcation in the
recombination rate is not observed in the total heat load to the target or the peak heat flux to the
target, shown in Figure 4.6(d,e). Across the bifurcation "gap", variation in parameters appears to be
smooth. This can be attributed to a redistribution of density, shown in Figure 4.10, and observable in the
trends in the recombination rate: after the redistribution, there are fewer particles in the inner divertor
contributing to the recombination rate, so the recombination rate decreases, and more particles in the outer
divertor contributing to the recombination rate, so the recombination rate increases. Because the density
redistributes to compensate for the changes caused by the temperature fluctuation, variation in parameters

remains smooth (and relatively constant) and the bifurcation is not observed.

In the cases with no impurity radiation, shown in Figure 4.6(d,e,f), and Figure 4.8, there is a gap
between the lower and upper solution branches where no stationary solution exists. Since a time-dependent
solution would exist in this region, we will investigate the transition from one regime to another by running
UEDGE in time-dependent mode. We plan to approach this in future studies, using the same boundary
conditions and same sets of input parameters used in this paper and using the time-dependent UEDGE
mode. Additionally, we also notice that no stationary solution exits in a gap in the solution set across the
bifurcation in the red "branch" in Figure 4.9; this transition will also be investigated using UEDGE in

time-dependent mode.

Profiles at the midplane indicate this bifurcation has minimal impact on plasma parameters in the
scrape-off layer. The effects of the bifurcation are localized to the divertor, since plasma parameters at the
target and recombination are both affected by this bifurcation, but upstream profiles at the midplane are

not.

4.5 Inverse sheath instability

4.5.1 1D Physical Model
To shed light on the physics of the recombination-induced bifurcation observed in our 2D numerical
modeling, we consider a 1D model of the heat flux gso; propagating through plasma with an inverse

sheath at the target (see Figure 4.11). We will adopt the "closed box" approximation, where we assume

the given averaged density of hydrogen ions and neutrals (atoms) and 100% neutral particle reflection
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Figure 4.11. Schematic view of the 1D model setup.

from the target. In Figure 4.11, we show the situation where the electron temperature at the target, 7y,
is low enough ~ 1 eV and below) so that three-body plasma recombination becomes important. In this
case, neutrals, originated in the course of plasma recombination, penetrate into the relatively hot upstream
plasma (with the temperature 7;,, ~3-4 eV), where they are ionized and simultaneously dissipate the heat

flux to the target due to line radiation.

The neutral flux, jy, is determined by the neutral source due to three-body plasma recombination:

v = /0 Koo (T dz, (4.6)

where Ko (T) = ]A{m / 79/2 is the recombination rate constant, lAcreC is the normalization constant, and

n is the plasma density.
4.5.2 Small neutral pressure

We will assume that the temperatures of electrons, ions, and neutrals are equal, but neutral density
and therefore, neutral pressure is much smaller than the plasma density and pressure (this will be shown
for the parameter range of interest later). Since total plasma and neutral pressure is constant along the
magnetic field lines, in this case we can assume that the plasma pressure is constant along the magnetic

field, P = 2nT = const. Therefore, Eq. (4.6) can be written as:

P\’
jN = (5) krec/o T(Z)ils/z dz. (47)

For the temperature range in the divertor plasma, the temperature profile is determined by the heat
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flux into this region, gsor, — ¢ion, and the electron heat conduction,

dT

e (4.8)

2
gsor — qion = Ke(T)sin“ ()

where K, (T) = lAce T5/2 is the electron heat conduction coefficient, IAce is the normalization constant,

and o ~ 0.1 is the inclination angle of the magnetic field line to the divertor target. The dissipation of the
heat due to neutral ionization/radiation, g;,,, can be related to the neutral flux into the ionization region,

Jn, via the "neutral ionization cost", Ej,, ~ 30 eV [21]:

Gion = Eionjn- 4.9

Taking into account that the neutral density is small, for inverse sheath conditions the only channel
for dumping the heat coming to the target is the electron exchange flux, since ion-surface interaction is

eliminated. So, at the target, we have

P T\
qsoL — Gion = <2> Ye <d> sin(a), (4.10)

m

where 7, is the electron heat transmission coefficient and m is the electron mass.

To determine ¢,,,, we can combine Eq. (4.8) and Eq. (4.10) such that:

1:( Ke(T)sinz(a)% )
(5)7 () sin(a)

Lodge (lAceTS/zsin(a) dT
(5)%(2)'”
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Incorporating this into the expression for neutral flux Eq. (4.7), we see that

. P 3/\ T _]5/2 ]AceTS/ZSin(Ot)
JN = 5 krec/T T 72 n 12 dT
i ()% ()

2
P\? kesin(ar) r__
- <2> ((2’)%(”)1/2> - T-5dT,

which gives

. P\?*( hesin(a) 1, 4 .4 P\? [ kyeckesin(a) | 1
n={2) oy ) 5T =) uni@pn )5
(2)7% () vT )
where we can see that the main contribution of neutrals comes from 7" ~ Ty, since for the majority of

the divertor plasma, 7 >> T,. This means that heat dissipation term g;,,, can be written as

S E 2 Eion];reclzeSin(a) 1
Gion = ) —%Tj(%)lﬁ 5
With this, we will consider the electron exchange flux, Eq. (4.10), at the target, where:

P\ (T P\? ( Eipnkreckesin(a) ) 1
QSOL—<2)%(m> Sln((X)+ 3 W g (411)

It is useful to introduce a parameter 6,, related to the temperature 7;, where

p AV
0, = Al sin(o),
o= (5 () sintan

such that Eq. (4.11) now reads
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1=6,+ (= 2 0=02—0,+( = -
”(2) < T4 96, d d+<2) Ti¢20L 5’

or

1 4 ( P\’ [ Eipnkreck,sin?
0=~ |1+ 1_(> onrecZe SN (@] (4.12)
2 5\2 T/ q501

For simplicity, we introduce a new parameter 6,, such that

08 — B 1 4Ei0nlAc,eclAcesin10(Ot)
' 2 5q5p.m*

and Eq. (4.12) can be written as

1 0. 8 Gion
== (1+1=(2) | =1-2 _gg,0.), (4.13)

2 64 qsoL

where we have only considered the physically meaningful sign in front of the square root. The LHS

and RHS of the expressions in Eq. (4.13) describe the heat flux to and from the plasma region, respectively.
8

Real solutions for the RHS of Eq. (4.13) require a positive radicand, such that 1 — (%) > 0, where the

lower limit on 6, occurs where 6, /6, = 1. From Eq. (4.13), this corresponds to a value of 6, = 1/2.

With this expression, we can see that depending on the magnitude of 6., Eq. (4.13) has one solution

for 6, < 1/2, two solutions for 6,,; > 6, > 1/2, and no solutions for 6, > 6.

To find the value of 6, the derivative of Eq. (4.13) with respect to 8, is
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8
6*
2(i)
l=—————= (4.14)
and Eq. (4.13) can be written as

0f = 6] [1—(20,—1)]. (4.15)

Combining these two expressions, we find an equation for the intersection of the two parameters in

Eq. (4.13):

5
1= (26d—1> (26, —1), (4.16)
where the only relevant solution is 6; = 9/10. From Eq. (4.15), we obtain a corresponding value of
0, = Gcrit = %(2)1/4

From Eq. (4.13) (and observable in Section 4.5.2), stable solutions of Eq. (4.13) are only possible for

a very limited range of gjon/qsoL:

ion/qsor < 1/10. (4.17)

4.5.3 Estimate of neutral pressure

In the previous section, we assume that the contribution of neutral pressure, P, to the total pressure P

is small: p = Py/P < 1. Here, we provide the estimate supporting this assumption.

First, we note that the neutral flux j, can be found from the neutral momentum balance equation

dp
0=~ +MKex(T)njy. (4.18)
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Figure 4.12. The graphical “solutions” of Eq. (4.13) for different values
of 6,. The line for 6, is in orange dash, and the curve for F is in solid
blue. The “red” and “green” dots in (b) correspond to the unstable and
stable solutions. The fact that the “red” solution is unstable could be il-
lustrated by small “virtual” positive (negative) departure of 6, from “red”
solution which results in the heat flux into near-target plasma becoming
larger (smaller) that the heat from plasma to the target, promoting further
increase (decrease) of 6;. The narrow range of stable solutions identified
in Eq. (4.17) is highlighted.
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where Kcx (T) is the charge-exchange collision rate and M is the ion/atom mass. Expressing jy in

terms of g, recall Eq. (4.9), such that Eq. (4.18) can be rewritten as

dp _ % Gion
0 () (22) o

Then, from Eq. (4.8) and Eq. (4.19) and taking into account that the neutral density in the ionization

region is negligibly small, we find

. L Tion Gion M

3 Kex (Tion) e (Tion)sin’ (). 4.20
3Ei0n gsoL Tion CX( ton)Ke( wn)Sll’l ( ) ( )

p(z=0)

Taking into account the inequality in Eq. (4.17) for T;,, =~ 4 eV, we find from Eq. (4.20) that
p(z=0) ~ 1072 < 1, which justifies the assumption of a small contribution of the neutral pressure made

in the previous section.
4.5.4 Solutions for 6, > 0.,

In Section 4.5.2, we find that the solution of our 1D model and small contribution of neutral pressure
is only possible for 8, < 6. Since 6, o< pl/8 / qg/oi, we conclude that for a given gsor, such solutions
only exist for the pressure range P < P,,;. A similar situation was found in a 1D model for the case of
plasma 3-body recombination for "standard" sheath conditions [9]. If we keep the pressure P > P,,;
fixed by adding particles in the domain, plasma recombination will ramp-up, temperature at the target
will continue to drop due to high neutral heat conduction, and the solution will "collapse" to virtually
zero temperature at the target. However, in the "closed box" approximation, where plasma pressure is
not fixed, but determined by the averaged ion/neutral density in the domain, an onset of strong plasma
recombination causes the "condensation" of plasma/neutral particles in the cold region at the vicinity
of the target, which reduces pressure and "stabilizes" the solution. In a more real 2D model, neutrals
will leak from the vicinity of the target due to perpendicular fluxes, which stabilize the plasma pressure
near the separatrix at P = P,,;; (e.g. see [9],[16]). The bifurcation caused by the onset of 3-body plasma

recombination results in an increase in neutral density at the target with a corresponding decrease in
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Figure 4.13. Neutral density at the target (black solid line) with electron
temperature at the target, just outside the separatrix (red dashed line)
across the core-edge density scan for simulations with an inverse sheath,
without impurity radiation.

electron temperature at the target (just outside the separatrix) that is observed in the simulation set, shown

in Figure 4.13.

4.6 Conclusions

In conclusion, we have investigated the impact of the inverse sheath on divertor plasmas and discov-
ered multiple bifurcations in the solution set. These bifurcations are not observed in the solution set for
plasmas with standard sheaths, indicating that the presence of an inverse sheath can cause bifurcations in
divertor plasmas. We have explored the mechanism which causes this bifurcation and shown that it is
related to temperature sensitivities associated with plasma recombination that leads to a redistribution
of particles in the divertor. The effects of this bifurcation are localized to the divertor and do not appear
throughout the device. The bifurcation observed in our 2D simulations is consistent with a 1D estimate
that indicates the existence of two distinct branches of stable solutions corresponding to low and high

neutral pressures that is dependent on target temperature.
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Chapter 5

Energy and particle balance during plasma detach-
ment in a long-leg divertor configuration

5.1 Introduction

Managing heat and particle exhaust in tokamak devices remains an open challenge in the development
of next-generation fusion machines. Present understanding indicates that the operational regime best
suited for handling the extreme conditions of the plasma exhaust by allowing for both heat removal and
suppression of incoming particle and heat fluxes is the so-called “detached” divertor regime. Virtually all
present-day tokamaks and future reactors will operate in this detached divertor regime, where a collection
of atomic and radiative processes nearly extinguishes plasma heat and particle flux before it reaches the

divertor target.

While many aspects of the complex and multifaceted edge plasma remain poorly understood, the
general physics of the mechanisms of the “detachment” of plasma from the material surfaces in the
“standard” divertor regime have been explained [74, 75]. However, a new class of magnetic divertor
configurations have been proposed, the design of which has been guided by the underlying physics
principles of plasma detachment in standard divertors. Alternative divertor configurations, the so-called
“advanced” divertors, are designed to minimize heat flux to the targets and improve detachment stability
by introducing geometric variations in the magnetic field topology with characteristics that are thought to
be favorable to stable detachment conditions. To do this, one common feature to many of these alternative

divertor configurations is to manipulate the magnetic geometry of the plasma to poloidally extend the
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outer leg of the separatrix, such that the plasma-material interface at the outer target is far removed from
the main plasma [76]. This long leg allows for a longer connection length, increased divertor volume, and,

in some cases, larger wetted target area relative to standard divertor configurations.

Long legs are features of several proposed alternative divertor designs, shown in simulations of
Super-X, XPTD, and others, and demonstrated in experiments, including the TCV tokamak, the KSTAR
tokamak, and recent experiments in MAST-U [7, 23, 77, 78]. These results have shown promise in the
long leg as a novel divertor improvement, and simulations suggest the existence of stable, fully detached
solutions for a multitude long-leg configurations in reactor-relevant conditions, making the long divertor
leg configuration an appealing candidate for exhaust systems in future fusion pilot plants [8, 79, 80].
However, although these results are encouraging, no validation of the existing analytical models describing
the transition to detachment has been performed for these long leg regimes. It is not yet fully known if and
how the physics of detachment in standard divertors translates to these long legs, nor is there a definitive
understanding of the impact of the long leg on plasma and impurity transport, meaning that stability and

long-term operational outcomes of these long leg regimes remains unclear.

In this work, the SOLPS4.3 code is used to assess the transition to the detached divertor regime in a
long leg divertor configuration. We hold the total number of particles in the simulation space constant
in the so-called “closed gas box” approximation of the tokamak divertor to assess the physics of the
transition to detachment over a scan of increasing particle count. These simulations feature a deuterium
plasma with a trace neon impurity, impinging on a tungsten target. Over the course of this scan, we find
that the criteria for detachment in a local flux tube is similar to theory-based predictions and existing
numerical simulations of “standard” divertor targets. We observe asymmetry between the up-down and
in-out divertors, with favorable characteristics in the long outer legs that are largely driven by cross-field
transport. These simulations show that the transition to detachment is largely similar to plasma detachment

in standard divertors.
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5.2 Background

5.2.1 Fundamental physics of divertor detachment

Fundamental physics of divertor detachment have been extensively analyzed and detailed in other
works [74, 75]. However, it is useful to briefly elucidate a few aspects of the existing understanding of the
fundamental physics of detachment to emphasize how this understanding translates to the new magnetic

geometries shown in this work.

The divertor is the exhaust and fueling system for the tokamak; field lines divert the exhausted heat
and particles away from the fragile core plasma and into targets designed to handle the extreme conditions
induced by the plasma exhaust. Initially, the plasma ions will hit the target plates and neutralize back into
neutrals, which will form a protective cushion of neutral gas that will mitigate some of the incoming heat
flux to the divertor target by expending energy on ionizing these newly-formed neutrals. This process will
continue, eventually becoming so effective that the plasma-neutral-plasma ionization “loop” will become
the primary mechanism of dissipating heat in the divertor volume, and the divertor enters what can be
characterized as the “high-recycling regime”. An important characteristic of the high-recycling regime is
that the plasma flux generated from the ionization of the newly-formed neutrals in the divertor volume
greatly exceeds the plasma flux from the scrape-off layer (SOL) or the influx of particles from neutral
puffing by several orders of magnitude. Under these conditions, the scrape-off layer plasma influx can be
ignored, and the SOL and divertor region can be considered as a “self-organized dissipative closed plasma
box” [74]. This means that effectively, the SOL/divertor region contains a fixed number of deuterium or
hydrogen particles and impurity that is sustained by a fixed heat flux (Qsor) coming across the separatrix
and into the divertor region. The plasma-neutral-plasma ionization cycle in the divertor volume sustains

the upstream plasma since there is virtually no upstream plasma source under these conditions.

The detached divertor regime is a natural extension of the high-recycling regime, where the dissipative
processes in the divertor volume become so effective that the plasma exhaust can be virtually extinguished
before it hits the target. Three synergistic atomic processes work together to reduce and eliminate plasma
flux to the target: impurity radiation (which works as an energy sink, but can contaminate or reduce

performance of the core plasma), ionization of neutrals (which works as an energy sink, but a source of
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Figure 5.1. A cartoon imagining a simplified divertor. Each "re-
gion" is designated by a different color and characterized by a different
temperature-dependent dissipative process: impurity radiation, neutral
ionization, and plasma recombination (both molecule activated recombi-
nation, MAR, and electron-ion recombination, EIR).

plasma), and volumetric plasma recombination (which works as an extremely effective particle sink, but
only “activates” at at single eV electron temperatures for molecular-activated recombination processes
sub-eV electron temperatures for electron-ion three body recombination). Because these processes are
largely dependent on temperature and each process is optimized at different temperatures, the divertor
region can be imagined as a series of spatially stratified regions where heat flux is dissipated by different
processes and temperature progressively reduced along the divertor leg before reaching the target, as in
Figure 5.1. While ion-neutral friction is important for the momentum balance and cooling the divertor to
sub-eV temperatures, it cannot alter the flux to the target. Instead, flux to the wall is characterized by the

relation [20, 81]

_ OsoL — Qimp I

I
Eion

Drec (6.1

where I} is the flux to the target and I',.. is the plasma sink from recombination. The plasma
source from ionization is characterized by the first term, where Qsoy, is the incoming heat flux from the
scrape-off layer, Q;,, is the heat loss related to impurity radiation, E;,, is the ionization energy needed
per ionization event, which characterizes the plasma source as the total energy available for ionization

with its corresponding energy “cost” [21].
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This relation explains the behavior of the familiar “rollover curve”, observed extensively in ex-
periments and simulations, where detachment can be characterized as a “rollover” of the ion flux, or
saturation current, to the material surfaces as a parameter related to the dissipation (e.g. density or particle
count) is varied. Ion flux increases (as expected in the high recycling regime) then decreases, as the
dissipative processes become effective enough to cool the divertor low enough to trigger volumetric
plasma recombination processes, and the protective cloud of neutrals that forms at the divertor target will

“detach” the plasma from its contact with the surface.

Fundamentally, Equation 5.1 describes the flux to the divertor targets as a function of the plasma
source due to ionization and plasma sink due to recombination. However, this formulation neglects the
effects of perpendicular transport, which might be important for long leg divertor configurations, as the
increase in connection length and divertor volume in the long leg could significantly impact turbulence in
the divertor leg. Simulations of the ADX conceptual tokamak (with a long-leg divertor design) using the
UEDGE plasma edge modeling code showed that perpendicular transport to the side walls was significant
for a steady-state detached plasma [79, 80], but the full scope of the impact of this substantial influence of
perpendicular transport and side wall interaction on the edge plasma in the transition to detachment is
unclear, and warrants further investigation. As such, Equation 5.1 should be modified for long leg divertor

configurations to consider the effects of perpendicular transport, or

r = OsoL = Qimp — Q1 L., (5.2)
Eion

where Q refers to the heat lost due to perpendicular transport onto the main chamber and divertor
walls in the main chamber and divertor. We distinguish this perpendicular heat flux leaving the plasma

along the separatrix with Q |, while the heat load to the target will be denoted later with Qy4/ger-
5.2.2 Detachment onset criterion

Rollover of the ion saturation current can be indicative of detachment, but does not necessarily tell the
full story; it is possible that other mechanisms, such as particle losses to side walls [82—84] or variations

in Langmuir probe measurements, might create an artificial impression of the detachment of a plasma
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when the actual physical mechanisms of true plasma detachment are not actually engaged. Similarly, the
“Degree of Detachment” parameter [85], which relies on measurements of the saturation current, could

face similar issues with interpretation of the characterization of plasma detachment.

As such, it is useful to articulate a physics-based scaling relation for the local onset of detachment to
appropriately characterize the detachment state of a particular plasma and to make meaningful comparisons
between different machines and operating conditions. Such a parameter was identified [9] and confirmed
in a DIII-D-like plasma with simulations [86] as the ratio of the upstream pressure P, to the specific heat
flux entering the recycling region gyecycie in a single flux tube, or P, / Grecycles Which indicates detachment
when it meets and exceeds some critical value (approximately 20 N/MW for deuterium plasmas). This is
because maintaining that upstream plasma pressure requires some energy flux above the critical level to
sustain the recycling, and therefore provide the sufficient inventory of neutrals to maintain the stability of

radiation, ionization, and recombination processes in the divertor plasma.

5.3 Methods

5.3.1 SOLPS4.3

To assess the physics of detachment in a long leg divertor configuration, a scan of simulations was
performed with the SOLPS4.3 code [35, 45]. The SOLPS4.3 code is a suite of plasma transport codes,
composed of the 2D multifluid B2 code to solve the plasma state along and across magnetic flux surfaces
coupled with the 3D multi-species Monte Carlo EIRENE code to solve the state of the neutral particles.
Here, the behavior of electrons and ions (deuterium and all charge states of neon) are calculated with the
B2 fluid code and used as the background plasma for EIRENE calculations of the trajectory of the neutrals
(deuterium and neon). The B2 code solves transport equations for electrons and ions, including continuity,
momentum, and energy balance equations in the magnetic configuration of a tokamak. Equations solved in
B2 are derived from a modified set of the Braginskii equations, where transport along field lines is assumed
to be classical, but includes some ad hoc processes (such as anomalous or turbulence-driven transport
coefficients) that allow for cross-field transport. The EIRENE code calculates individual trajectories of
neutral particles, and includes atomic processes, such as ionization, charge exchange, elastic collisions,

and recombination. Molecule-activated recombination processes (MAR) are not included since the MAR
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process is not expected to contribute significantly to effective recombination of the divertor plasma for
high power and high density cases [87], but electron-ion recombination (EIR) processes are included.

Drifts were not included in these simulations, as they are not included in the SOLPS4.3 code package.

It is important to note that drifts have been shown to have a profound impact on plasma detachment
in simulations in multiple plasma edge codes [88, 89], where the dynamics of the plasma (and resultant
neutral dynamics in response to changes in the plasma behavior) are shown to be strongly influenced
by the presence of drifts. However, it was observed that the presence of drifts had little impact on the
steady-state solutions of SOLPS-ITER simulations with disconnected double-null geometries with and
without drifts, while similar simulations in connected double-null and single-null geometries showed
significant differences between comparative simulations with and without drifts [90]. All simulations
presented in this work feature a computational grid with a disconnected double-null configuration, and
up-down asymmetries in plasma parameters that are sometimes ascribed to the presence of drifts are
evident in the simulation results. While the lack of a model for drifts in the SOLPS4.3 code package
prohibits the study of the impact of drifts on these simulations in the first place, it is reasonable that
the more physically realistic geometry of the disconnected double-null (and corresponding increased
complexity of the computational domain) might mitigate the impact of drifts on the qualitative nature of

the steady-state of the simulations presented in this work.
5.3.2 Setup

The computational grid features a disconnected double null configuration with a long, tightly baffled
outer divertor leg with a tilted target at the outer divertors (both upper and lower) and short, tightly baffled
inner divertor legs, shown in Figure 5.2. Unlike a symmetric double null configuration, where the two
X-points lie on the same flux surface and are connected by one separatrix, the disconnected double null
reflects a more realistic consideration where there is no exact magnetic connection between the upper and
lower divertor X-points [91]. In this situation, there is a primary X-point on the last-closed flux surface,
with a secondary X-point on another magnetic flux surface just outside the LCFS [92]. The divertor with
both primary and secondary separatrices will receive incoming fluxes from both the separatrices, while
the other divertor will only receive fluxes from the secondary separatrix, which results in an imbalance in

the overall magnitude of the integrated fluxes directed towards each divertor. In these simulations, the
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primary X-point in the disconnected double null configuration is in the lower divertor. As such, to avoid a
loss of generality in this work, the lower divertor will be denoted as the “primary” divertor and the upper
divertor will be denoted as the “secondary” divertor, referring to the intersection of the principal separatrix

with each target plate. This nomenclature used for identification of each divertor is shown in Figure 5.2.

These simulations are performed with a total of 30 MW input power, carried evenly between ions
and electrons, and fixed across all simulations. Cross-field transport coefficients are constant and set
at x; = 1.0 m?>s~' and D, = 0.3 m?>s~!, which were chosen to emulate a plasma regime with strong
turbulence and no edge transport barrier in a compact (Ry = 1.85 m), high-field (12.2 T) tokamak with
high input power [93], resulting in a heat flux width A, = 0.2 mm. Unlike the SOLPS-ITER simulations
presented in that reference, the SOLPS4.3 code package does not have the capability to incorporate
spatially varying transport coefficients, so these transport coefficients are consistent with the ones used
outside of the imposed transport barrier that is present in the simulations shown in that work (the transport
coefficients listed in that article only describe the near-SOL transport barrier values). They are also
equivalent to a 0-D estimate that is consistent with the projected separatrix temperature listed in that

reference.

The scrape-off layer width (from the separatrix to the edge of the plasma domain) is 5 mm, and the
distance between the primary and secondary separatrices is 2 mm. At the midplane, there is a 7 mm gap
between the primary separatrix and the vessel wall; the SOLPS code only simulates neutrals, not plasma,
all the way to the vessel wall, but the rather wide scrape-off layer width included in the plasma simulation
domain covers most of this gap, and the divertor side walls in the vessel geometry are close to the plasma
simulation domain in the divertor legs. As such, all fluxes out of the north and south boundaries (with
boundary conditions of a 3 cm radial decay length for temperature and density) are assumed as losses to

the walls.

Boundary conditions were selected to achieve a “closed box™ setup to emulate the high-recycling
regime, where the total number of deuterium particles is held constant in a simulation as the simulation is
run to steady state. The next simulation in the scan is generated by replicating the steady-state simulation,

holding all input parameters constant, incrementally modifying the total number of particles in the edge of
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Figure 5.2. (a) The computational mesh used for the B2 component of
the simulations. The EIRENE computational mesh, which extends to
the outer walls (orange), is not shown. (b) The primary divertor has a
short inner leg (outlined in dashed red) and long outer leg (solid red).
The primary separatrix is drawn as a dark black line, and the secondary
separatrix is drawn as a dashed black line. (c) The secondary divertor
also has a short inner leg (dashed blue) and a long outer leg (solid blue).
The vessel wall is drawn in orange on each figure; the overlap of the
vessel wall and the simulation grid on the inner primary divertor is a
consequence of a limitation of the parameterization used by the plotting
software to create a closed shape with no overlapping lines, and does
not reflect the real geometry of the vessel at that point (which actually
sits just outside the plasma simulation grid).
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the existing steady-state simulation (denoted in this work as Nle)dge), and running the new simulation to
steady-state. This process is repeated to generate a bank of steady-state simulations, each with a slightly
different and gradually increased inventory of deuterium particles, that can be analyzed as individual
“snapshots” that collectively emulate the transition to detachment. This approach, in contrast to the more
common methodology of varying upstream density at the core-edge interface to generate a parameter scan,
allows for a more natural evolution of plasma parameters and their response to varying input conditions
that is more likely to capture behavior (like hysteresis or bifurcations) that might be obscured or otherwise
not captured by modulating the upstream settings [75]. We note that using the total number of particles as
the control parameter of the simulation is not repeatable in experiments; we emphasize that these studies
are intended as a framework for rigorous theoretical analysis and a thorough examination of the physics

of plasma detachment and are not intended to be replicated on any real tokamak machine.

To achieve the “closed box™ configuration, recycling is set to 100% at the targets and walls, where
all ions impacting the material surfaces and boundaries are reflected as neutral particles. There is no
active puff or pump included in these simulations, but particle count of both species is maintained using a
feedback system implemented in the SOLPS4.3 code package that controls an effective particle puff that is
sourced at all material surfaces on the outboard side and the core to make up for inherent and unavoidable
particle losses which result from numerical coupling between the implicit fluid and explicit kinetic codes.
The neon impurity is fully contained in this simulation, meaning an initial inventory of particles was
included in the simulation with no sink or source of neon particles. The Bohm sheath condition is applied

at the target, and a zero-flux boundary condition is applied at the core.

5.4 Results and Discussion

5.4.1 Up-Down asymmetries

In these simulations, there are pronounced differences in the primary and secondary divertor heat
fluxes, which are consistent with observations of up-down asymmetries in “standard” divertor configura-
tions. Asymmetries are characterized as imbalances of the heat and particle loads between the different
divertor regions (upper and lower divertors, in the case of a double null, or inner and outer, for each

divertor). These asymmetries are frequently observed in experiments and simulations, and can arise from
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the ballooning nature of anomalous transport, drift effects, impurity radiation, geometric effects, or as a
result of other instabilities [40, 74]. Such asymmetries are observed in these simulations: the primary and
secondary divertors display vastly different characteristics, and the inner and outer divertors in each of
the primary and secondary divertors also display significant asymmetries (which will be identified and
discussed in later sections). Figure 5.3 shows the distribution of the heat flux entering into each of the

four divertor legs, which reflect the asymmetry in fluxes directed towards each of the divertors.

The primary cause of these up-down asymmetries are the transport mechanisms associated with the
disconnected double null magnetic topology, since other up-down symmetry-breaking effects, such as the
influence of drifts or impurity radiation, are not applicable here, as these simulations do not include drift
effects and include only trace impurity radiation. This effect, which is well-understood and observed in
“standard” disconnected double null divertors, also manifests in the long leg geometry; the disconnected
double null configuration of these simulation grids feature the primary X-point (and therefore the primary
divertor) at the lower part of the device. In this magnetic configuration, there are two separatrices in the
lower divertor, and rapid longitudinal transport along or very close to these separatrices amounts to a total

flux that is much greater than the flux to the secondary divertor [91].
5.4.2 Plasma detachment

The strong disbalance in heat fluxes induced by the asymmetric magnetic topology causes plasma
detachment to proceed with different dynamics in each of the upper and lower divertors. The results of
a simulation set with incrementally increasing particle content Nf)dge shows a rollover of plasma flux to
the divertor targets, shown in Figure 5.4. Across the simulation set, both the inner and outer secondary
divertors detach first and second, respectively, as particle count is increased. The outer primary divertor

detaches third, and the inner primary divertor never detaches.

Despite very different plasma conditions in each of the individual divertor legs (which are detailed
in subsequent sections) the rollover of the plasma flux to the target starts at (or never surpasses) the
same P,/ Grecycie Value of 20 N/MW, shown in Figure 5.5, which is consistent with existing theory and
understanding of divertor physics. To calculate the P,,/grecycie Tatio, the procedure detailed in [86] is

followed. A simulation with a strongly attached plasma in all four divertors is identified from Figure 5.4,
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Figure 5.3. Net heat flux crossing the divertor throat to enter each of
the four divertor legs. Each divertor is shown using the same color
convention and line style shown in Figure 5.2; the outer divertors are
shown with solid lines, and the inner divertors are shown with dashed
lines, and the primary divertors are drawn in red, while the secondary
divertors are drawn in blue.

x10%
] —8— Outer Primary
—8— Outer Secondary
—@— Inner Primary
—@— |nner Secondary
—. 067
)
\
=
i
=
2 4
0- T
0 1 2 3 4 5
edge %102
ND

Figure 5.4. Ion flux to each of the divertor targets. The outer divertors
are shown with solid lines, and the inner divertors are shown with dashed
lines. The primary divertors are drawn in red, while the secondary
divertors are drawn in blue.
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and the most loaded flux tube on each target plate in this simulation is determined. The four different
flux tubes that are identified are unique to each of the four divertors. Each of these four flux tubes is then
analyzed across the entire simulation set to see how the plasma parameters evolve in the same flux tube to
obtain the different profiles for each of the divertors. The upstream pressure, P, is the plasma pressure in
each flux tube at the midplane. The g, ¢cycie value is determined by taking the specific heat flux entering the
recycling region, where the recycling region is defined as the region where 85% of the total ionizations in
that flux tube are taking place. This is calculated by taking the integral of the total number of ionizations
in the flux tube from the target up to the heat flux stagnation point, and then identifying the cell where the
integral of the ionization events becomes > 85% of the total ionizations. The parallel heat flux entering
the cell where this region begins, which can be interpreted as the input energy to facilitate the recycling

process that maintains the upstream plasma, iS Grecycle-

Figure 5.5 shows the dependence of the saturation current to the target on the Py, /¢ecycle ratio for
all simulations in the particle count scan preceding the ion flux rollover observed in Figure 5.4 in each
divertor. All simulation results are included for the primary inner divertor, which never displays a rollover
in target ion flux; notably, the Py, /¢recycle ratio approaches, but never exceeds the “critical” value of 20
N/MW predicted for plasma detachment. The outer secondary divertor rolls over with P,/ Grecycle Value
of roughly 28 N/MW, which is higher than the other divertors and visible as the peak on the solid blue
line in Figure 5.5. This is not abnormal, since the physics basis for this ratio assumes a set of simplifying
assumptions and minor variations in adherence to this parameter, similar to this one, have been observed
in other simulation sets [86, 94]. In this case, the P, / Grecycle Value is likely higher than the prediction
since most of the fluxes are directed towards the primary divertor, and these strong up-down asymmetries
mean the effects of the primary divertor dominate, so heat flux to the outer secondary divertor is lower
and the stagnation of the upstream pressure on the outboard side does not occur until the primary outer

target detaches (shown in Figure 5.6).

We also notice a modest decrease in the average deuterium ionization cost, consistent with obser-
vations in other works [95, 96]. This effect is shown in Figure 5.7, where the averaged electron energy
dissipation per ionization of each deuterium atom (accounting for both the potential energy required to

ionize the neutral atom and the radiative energy losses from excitation collisions before the ionization,
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Figure 5.5. Dependence of the saturation current jy, on the Py, /qrecycie
ratio across all simulations for the flux tube corresponding to the most
loaded flux tube in a highly attached simulation in each divertor. Each
divertor is shown using the same color convention and line style shown
in Figure 5.2.
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Figure 5.6. Dependence of plasma pressure at the midplane on Nle)dge
for each of the flux tubes.
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Figure 5.7. Average energy cost per ionization in each of the divertor
regions across the simulation set.

divided by the total number of ionizations) is shown. The average energy per ionization is dependent on
density and temperature, and significant changes in this value might have an impact on the overall energy
balance as the plasma transitions to the detached regime. The small variation in the ionization energy cost
does not play a significant role in the energy balance in the transition to plasma detachment shown in

these simulation results.
5.4.3 In-out asymmetry

In each of the primary and secondary divertors, there is significant poloidal asymmetry between the
inner and outer legs. The secondary divertor, which is positioned at the top of the device and receives lower
heat and particle fluxes relative to the primary divertor at the bottom, shows lower heat and particle fluxes
to the secondary inner divertor and lower temperatures than the secondary outer divertor across the whole
simulation set. The plasma at the secondary inner divertor shows the “roll over” of the saturation current
to the target and detaches first, at lower number of particles Nle)dge, than the secondary outer divertor.
The blue lines in Figure 5.8(a), Figure 5.8(b), and Figure 5.8(c) show the peak heat flux, the target
electron temperature just outside the separatrix, and the total heat load, respectively, for the secondary
inner (dashed blue) and secondary outer (solid blue) divertors. The peak heat flux and total heat load
to the secondary outer target are consistently higher than the secondary inner target, while the electron

temperature at the secondary inner target decreases to volumetric recombination temperatures before the
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Figure 5.8. Distribution of target parameters for each divertor.

secondary outer target does. Volumetric recombination increases first at the secondary inner target, shown
in Figure 5.9, which is consistent with the rollover of ion flux observed in Figure 5.4. This distribution
of in-out symmetry, where the inner divertor detaches before the outer one, is common and expected in
“standard” divertor configurations, as higher fluxes are expected at the outboard side due to ballooning

effects [74].

However, the opposite asymmetric effect occurs for the primary divertor; while there is still significant
asymmetry in the heat and particle fluxes between both the primary divertor legs, the long legged primary
outer divertor “rolls over” and detaches first, while the ion flux to the short primary inner divertor reaches

a level of saturation and the plasma stays attached. The red lines across the quantities shown in Figure 5.8
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Figure 5.9. Atomic processes in each divertor.

show a cooler outer divertor and lower heat fluxes (red solid line) at high densities relative to the inner

divertor (red dashed line).

This “opposite” asymmetric effect appears to be a unique feature of the long leg in the primary
divertor, which has a larger power load than the secondary divertor. Experiments and modeling of lower
single null L-mode deuterium plasmas with a short inner leg and long outer leg on the KSTAR tokamak
also achieve plasma detachment in the long outer leg before the short inner leg [97]. Analogous results
from similar experimental setups were also observed on the TCV tokamak, but these discharges used
reverse By and featured a much longer connection length in the outer leg relative to the KSTAR results
or the simulations presented here [98, 99]. In the KSTAR experiments and simulations, the magnetic
geometry of the KSTAR tokamak features a lower single null divertor with an open, vertical inner target
with a short poloidal connection length and a much longer outer leg onto an open, inclined target plate.
The TCV geometry is similar to the KSTAR geometry, but with a highly-flared leg on a flat outer target.
The simulations presented in this work feature a similar short inner leg and longer outer leg in the lower
divertor, but include tight baffling along each of the divertor leg channels, unlike the open target plates
used in the KSTAR or TCV tokamaks. The KSTAR study attributes this asymmetry to target geometry,

while the TCV study concludes that the asymmetry is a consequence of flux flaring effects at the target.

While the specifics of target geometry might play a role in enhancing the detachment of the long
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leg, it is not clear that this is the dominant mechanism driving this significant asymmetry, since the same
effect is observed in only one of the divertors in this simulation set for a geometric configuration with
matching angled, closed divertors with long outer legs in the upper and lower divertor regions. In these
simulations, the secondary divertor targets are also angled with closed geometries and a long outer leg,
but detachment proceeds with the inner before the outer divertor in the particle count scan, consistent with
detachment in standard divertor configurations, but opposite to that of other long leg discharges. This is
likely due to both the tight baffling of the narrow divertor leg channel, in contrast to the open divertors
at the inner target in the KSTAR and TCV tokamaks, and the lower power entering the secondary inner
leg. The tight channel in the inner divertor facilitates neutral trapping and promotes detachment at the
inner target. A similar effect (although less pronounced than shown in these simulations, and only after
the detachment of the outer target) was observed on TCV, where modular baffles were installed at the

inner target to create a more closed inner divertor region and enabled detachment at the inner target [100].

However, while the primary divertor also features tight baffling at the short inner leg that would
enhance neutral confinement, the plasma in the primary inner divertor never detaches from the target in
this simulation set. This seems to be related to the magnitude of the heat fluxes directed towards each
divertor; due to up-down asymmetry effects, more heat flux is directed to the primary divertor target,
and any improvement in neutral confinement due to this tight slot geometry is mitigated by the shorter
connection length and smaller overall divertor volume that do not appear to have the capacity to dissipate
the incoming power. The decomposition of the heat flux into major sources/sinks and identification
of spatial characteristics of each divertor leg in the simulation with the maximum particle flux to the
outer divertor leg is summarized in Table 5.1. The relevant quantities relating to the energy available for
ionization in Equation 5.2 are shown, where Q;, is the component of Qgo;, that is directed towards each
divertor leg (from Figure 5.3), O, is the perpendicular losses to the side walls (from Figure 5.11), and
Qion 1s the total energy available for ionization (from Figure 5.7 and Figure 5.9(b)), such that the energy

hitting the target Q44 (from Figure 5.8(¢)) is:

Qtarget = Qin— Q1 — Qion- (53)
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Table 5.1. Decomposition of incoming heat flux into heat sinks in each
divertor leg just before plasma flux rollover in the outer primary divertor
(Ngdge = 3.54e20), with the total volume and surface area of the walls
in each leg. Q;, is the heat flux crossing the divertor throat and entering
into each leg. Q) is the heat flux crossing the north and south boundaries
of the computational domain for each divertor region. Q;,, is the energy
loss from plasma ionization. Qyag. is the total heat load to the target.
The divertor volume and surface area in each leg are included.

Leg Oin 0 Qion Otarger | Volume | Wall Area
Outer Primary 6.6 MW | 23MW | 26 MW | 1.7MW | 0.19 m> | 8.92 m?

Inner Primary 42MW | 0.8 MW | L.OMW | 20 MW | 0.13 m® | 3.81 m?
Outer Secondary | 3.1 MW | L6 MW | 1.4 MW | 0.2 MW | 0.16 m> | 8.88 m”
Inner Secondary | 1.2 MW | 0.6 MW | 0.6 MW | 0.0 MW | 0.09 m° | 4.25 m*

The volume and surface area for each divertor leg are also included.

As in the KSTAR and TCV tokamaks, the outer target in the primary divertor does detach, while the
inner one remains attached. The magnitude of the heat flux received by the outer divertors is consistently
larger relative to the inner ones, as shown in Figure 5.3, but the outer divertor volume itself is also much
larger than the inner one, shown in Table 5.1. This equates to a larger space for a higher particle inventory
for more dissipative processes to occur, but it also increases the surface area of the divertor walls. The
cumulative perpendicular heat loss to the divertor side wall, Q| , is a significant energy sink in the power
balance in the outer leg. While the baffled, angled target of the various long leg divertor configurations
likely enhances the detachment of the plasma, as mentioned previously, it cannot explain the mismatch in
the observations of the detachment in the primary and secondary divertors observed in these simulations.
Instead, the energy balance indicates that it is likely that the dominant mechanism behind the strong in-out

asymmetry in detachment is the influence of perpendicular transport.

5.4.4 Perpendicular transport

5.4.4.1 Divertor heat flux

The effects of perpendicular transport appear to be extremely important in the transition to detachment
in the long leg in several ways. To help clarify the following discussion, a schematic of the outer divertor
leg and associated heat fluxes and sinks is shown in Figure 5.10. As described in the previous section, a

significant portion of the divertor heat flux is directed out of the plasma and onto the material surfaces
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Figure 5.10. A cartoon illustrating various regions, defined by their
proximity to the two magnetic separatrices, in the outer divertor and
associated heat fluxes. The private flux region is shown in yellow, the
near SOL is shown in orange, and the outer SOL is shown in light purple.
Heat flux is shown in dark purple; the majority of heat flux enters the
divertor throat in the near SOL (where the shading for the zones begins).
The perpendicular heat flux, Q |, Separatrix, is shown in the small purple
arrows, orthogonal to the separatrices and directed away from the near
SOL. The divertor side wall, which receives a significant heat flux, is
identified with the light blue lines as Q, , Divertor.

on the tightly baffled divertor leg, acting as an additional energy sink identified in Equation 5.2 and
represented as the blue surfaces in Figure 5.10. These losses are displayed in Figure 5.11 and identified in

Table 5.1.

The perpendicular transport enhances heat flux spreading and delocalization in the outer divertor leg.
The total cross-field heat transport directed across the separatrix, illustrated as the small purple arrows in
Figure 5.10, is shown in Figure 5.12. The heat flux entering the private flux region from the SOL is shown
in Figure 5.12(a), while the heat flux passing through the near SOL and entering the outer SOL is shown
in Figure 5.12(b). The majority of the heat flux directed into each primary divertor region is carried by the
primary separatrix, and passes through the near SOL region (the orange-shaded channel in Figure 5.10),
flanked by the primary and secondary separatrix legs. The heat flux passing into the near SOL in each
primary divertor leg is shown in Figure 5.13, while the total heat flux entering the divertor legs is shown

in Figure 5.3; roughly three quarters of the total power to each leg travels into this region, so this region
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Figure 5.11. Total Q, to the divertor walls in each leg.

will be the focus of this analysis. Across the particle count scan, roughly 1 MW of the incoming heat
flux to this near SOL region is consistently transported across the separatrix into the private flux region
(the yellow-shaded channel in Figure 5.10), providing a strong reduction in the heat flux directed towards
the near SOL divertor target. In comparison, the cross-field transport across the separatrix to the private
flux region of the inner leg is much weaker relative to the outer leg; the near SOL in the inner divertor
consistently receives a portion of incoming heat flux equivalent to approximately 75% of the power to the
near SOL in the outer leg, but only loses an equivalent of approximately 50% of the power lost to the PFR

from cross-field transport in the outer leg.

At the secondary separatrix in the primary divertor, there is significant asymmetry in the cross-field
transport crossing from the near SOL to the outer SOL. At very low densities, there is essentially no
transport across the separatrix (there is even a small flux in the reverse direction, back towards the near
SOL, at the lowest densities in the outer divertor). However, as the particle count increases and the
secondary divertors detach, the cross-field transport towards the outer SOL in the outer divertor increases
significantly, and continues to rise as the outer primary divertor detaches. The inner primary divertor

cross-field transport to the outer SOL remains very low and never increases.

The spread of the overall heat load in the near SOL helps to reduce power density to a tolerable level

where either the cross-field transport can continue to carry the heat flux to the side walls of the leg, or the
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each divertor, towards the private flux region. secondary divertor leg in the primary divertor, leaving
the near scrape off layer and directed towards the outer
scrape-off layer.

Figure 5.12. Heat flux crossing the separatrix into the PFR (for all
divertors) and into the outer SOL (for the primary divertors).

dissipative processes can deplete the remainder of the heat flux before the plasma starts to recombine. In
contrast, the heat flux to the inner target remains fairly localized at the primary separatrix, which seems to

prevent detachment altogether.

To assess whether perpendicular transport plays a significant role in the energy balance in the
divertor heat flux spreading in the detached plasma, additional simulations were generated with transport
coefficients reduced by one third to | = 0.33 m?>s~! and D| = 0.1 m>s~'. A comparison between
the electron temperatures in the primary divertor for the simulation at the highest N, gdge value with the
"original" (a) and "reduced" (b) transport coefficients is shown in Figure 5.14, dramatic increase in
temperature all along the separatrix and to the target that is incompatible with the detachment processes
described earlier in the paper. In this simulation, which displays the "most" detached outer leg with the
original transport coefficients, the perpendicular heat flux interacting with the main chamber side walls
reduces from around 16 MW to 7.6 MW, greatly increasing the heat flux received by each of the divertor
legs, and the plasma fully reattaches at the primary outer leg with modified transport coefficients. As
shown in the Figure 5.14(b), the simulation with the modified perpendicular transport coefficients has
considerably higher electron temperatures all the way down the leg to the target in both the near SOL

and outer SOL than shown in the original simulation. In the primary outer leg, the heat flux entering
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Figure 5.13. Total heat flux entering the near-SOL region, outside the
primary separatrix and within the secondary separatrix, in the primary
divertor.

into the divertor leg increases from 6.7 MW to 10.4 MW, the perpendicular heat flux to the divertor side
wall O is reduced from 1.9 MW to just under 1 MW, and heat flux to the primary outer target increases
from virtually nothing to 2 MW. Similarly, the secondary outer divertor (not shown in the figure) also
reattaches, despite receiving considerably less heat flux than the primary divertor; the heat flux entering
the secondary outer divertor leg increases from 3.1 MW to 3.7 MW and the O to the secondary divertor
side walls reduces from 1.5 MW to 0.8 MW, while the heat flux to the secondary outer target increases

from virtually nothing to 0.8 MW.
5.4.4.2 Main chamber heat flux

While detachment processes proceed "as expected" with similar behavior and scaling criteria to
standard divertors, perpendicular transport also plays a significant role in the reduction of heat fluxes
entering each divertor leg, which ultimately lowers the incoming power in the legs to a tolerable level
for the "standard" dissipative processes to become effective and the "expected" detachment behaviors to
proceed. There are significant perpendicular losses to the side walls as particle count increases, shown in

Figure 5.15, which eventually saturate and stop increasing with higher densities.

At low plasma densities, power exhaust from the core enters the scrape-off layer and travels straight

to the divertor legs. As the particle count is increased, the heat flux leaving the plasma and impacting
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Figure 5.14. Distribution of electron temperature in the primary divertor
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Figure 5.15. Losses resulting from perpendicular transport to the inboard
(blue) and outboard (red) side walls in the main chamber. Total losses
are shown in black.
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the main chamber walls increases, observed in Equation 5.2, and the remaining heat flux that enters the
divertor legs decreases, observed in Equation 5.1. This effect occurs until the outer divertor reaches
its peak in the ion flux rollover curve, at which point the synergistic effect of losses to the side walls
and ionizations in the divertor volume reduce the temperature in the divertor. At this low temperature,
volumetric recombination processes begin in the outer leg, and upstream pressure saturates. A significant
increase in volumetric recombination processes in the primary outer divertor, shown in Figure 5.9(a), with
a saturation of the total ionization events in the primary outer divertor, shown in Figure 5.9(b), correspond

to the upstream pressure saturation (Figure 5.6) and rollover at the outer target (Figure 5.4).

At this point, radial transport towards the main chamber walls and divertor legs stays fairly high, but
stops increasing, while the heat flux to the outer primary divertor leg walls starts to decrease, shown in

Figure 5.11.

This effect is the result of the upstream pressure saturation; density increases, temperature lowers,
and as the pressure saturates, the radial gradient in the temperature relaxes, which nearly eliminates the
conductive component of the cross-field heat fluxes, shown in Figure 5.16. There is strong variation in
the radial temperature profile at lower number of particles Ngdge, which flattens out after recombination
processes begin in the outer leg. All versions of the SOLPS code use a diffusive ansatz for radial transport,
which is an approximation of turbulence that emulates a spatiotemporal average of cross-field transport

through spatial gradient with diffusion coefficients. This follows an equation of the form

5 on oT;
=——D—T,—x—=n 54
QJ_ 2 ar 1 % ar Y ( )
where D and ) are the user-specified diffusion and thermal diffusivity coefficients that articulate the
convective and conductive cross-field heat fluxes, respectively. The saturation of the upstream pressure
and the relaxation of the temperature gradient mean that essentially the only contribution to the cross-field
transport is the convective heat flux. This convective contribution is significant, which is typical and

expected for edge plasmas, but does not increase with increasing particle count because of the saturation

in pressure.
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Figure 5.16. Midplane ion temperature for a lower particle count simu-
lation and a higher particle count simulation.

The consequence of this is a synergistic beneficial effect of the flux rollover and transition to
the detached state: as recombination begins, the conductive component of the cross-field transport is

eliminated, limiting the cross-field transport to a fixed level and stabilizing conditions upstream.
5.4.5 Trace impurity radiation

A trace neon impurity consisting of a fixed inventory of 1e17 particles is present across the entire
simulation set. All charge states of neon are fully resolved, meaning neutral neon atoms (and the
associated atomic reactions) are treated by the EIRENE code and continuity, momentum, and energy
balance equations are solved for all ten charge states in the B2 fluid code. The neon is primarily localized
next to the core in the intermediate region between the primary and secondary separatrices, rather than
radiating in the divertor legs and away from the core plasma. Since the overall contribution of neon to
the overall energy balance in the transition to plasma detachment is small, we do not anticipate that the
impact of this trace impurity was significant on the analysis presented here. However, it is noted that the
localization of the neon close to the core, even in this trace amount, is not ideal for future reactor-relevant
situations. While neon is often considered to be a favorable radiator because it is inert and will not
introduce complexities with molecule formation, strong localization to the core plasma can decrease core
performance, which should be avoided, and further study is required to understand the distribution and

spread of impurity radiation in these long-leg configurations.
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5.5 Conclusions

A scan of plasma particle count is performed with the SOLPS 4.3 code package to assess the physics
of detachment in a long-leg divertor configuration, which is a promising mitigative feature of the magnetic
topology used in many alternative divertor configurations. Up-down and in-out divertor asymmetries are
observed, with plasma behavior in the primary divertor that is consistent with experiments and modeling
of other long leg divertor geometries. Across this scan, which displays the typical “rollover” of ion flux
to the material surface as the plasma detaches, it is observed that the physics-based scaling relationship
between upstream plasma pressure and incoming divertor heat flux during plasma detachment corresponds
well to the existing physical understanding of divertor detachment in “standard” divertor configurations.
However, in the absence of impurities, significant spreading of the heat flux and losses to the side walls
from perpendicular transport are required for the "normal" atomic and molecular detachment processes to
begin, and a new energy balance is suggested for long leg configurations to address the perpendicular
energy losses, as Equation 5.2. The influence of losses to the side walls, characterized here as Q| , was
not initially identified as an important component of the scrape-off layer energy balance, but appears to
be significant in long leg geometries [20, 81]. Once detachment proceeds, a synergistic effect between
the limitation of cross-field transport and divertor plasma recombination and detachment is observed.
Overall, the existing theory and many features of divertor plasma detachment in standard divertors appear
to translate to long leg divertor geometries. With this foundation, several other key aspects of the physics
of long leg divertors can be studied in future simulations, including the spread of impurity radiation, since

this study indicates that localization of impurity radiation to the core plasma might be a major concern.
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Chapter 6

Mechanisms behind impurity spreading in a chan-
neled, long-leg divertor configuration

Abstract

One suggested benefit of long-leg, tightly baffled divertor configurations, a common feature included
in the designs of many next-generation fusion devices, is access to a delocalized "spread" of impurity
radiation along the leg, allowing for a substantial radiation region while maintaining both sufficient
distance from the core to prevent pollution of the plasma fuel and avoiding local overheating of the
plasma-facing materials. However, it is unclear whether this increased connection length and divertor
volume afforded by the long-leg configuration is compatible with impurity transport, and whether it
will enable this desired impurity radiation spread at all. Here, the SOLPS 4.3 code is used to assess the
distribution of nitrogen and neon impurity radiation in a long-leg, tightly baffled divertor geometry. There
is a strong correspondence between the distribution of impurity radiation in the long leg and impurity
recycling on the divertor side walls with both the nitrogen simulation set and the neon simulation set,
suggesting that impurity spreading along these long legs is due to the interplay between the cross-field

transport and associated neutralization of the impurity on the material surfaces.

6.1 Introduction

Impurity radiation in the plasma edge is vitally important for power dissipation and divertor detach-
ment [16]. In reactor-relevant regimes, this impurity radiation must provide enough dissipation to reduce

incoming power and protect the material surfaces without reducing core plasma confinement, and the
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impurity must remain localized to the divertor region to prevent diluting or poisoning the plasma with
intrinsic or injected impurity. However, to avoid local overheating of the first wall, the impurity radiation
must also be spread throughout the volume of the divertor leg, necessitating compatibility of the location
and distribution of the radiation with these requirements of the core and material surfaces. Additionally,
although stable impurity radiation localized at the X-point (as an X-point radiator, or XPR) has recently
been demonstrated as a suitable option for reducing energy fluxes into the divertor in tungsten-walled
machines [10, 11, 101-104], strong radiation at the X-point can cause excessive plasma cooling and
trigger unstable MARFESs [15] that can lead to radiative collapse in machines with other wall materials
that are susceptible to higher chemical erosion [33, 105-107], meaning that a stable XPR and mitigation
of MARFEs is dependent on the specific tokamak design and operating conditions and that radiation
localization might not be compatible with all future reactor designs [24]. One promising solution that
enables a fair spread of impurity radiation along the divertor leg (away from both the core plasma and the
material surfaces) are long-leg divertors, which are common features used in many proposed alternative
divertor configurations and included as integral components in the design of conceptual tokamaks [23, 32,
93, 108] and future fusion pilot plants [109]. These long legs, usually situated in the outer divertor, allow
for a larger plasma volume in the divertor and a longer connection length, both of which are favorable for

containing and enhancing radiative losses.

Enabling a strong, stable spread of the radiation front across the divertor leg is one of the hallmark
design features of the long outer leg, and this effect has been studied in many simulations [7, 8, 79, 80].
Studies [8, 79, 80] of the ADX conceptual tokamak across several alternative divertor configurations with
long outer legs (including an X-point target divertor, Super-X divertor, and long vertical leg divertor) using
the UEDGE plasma edge code [51] show desirable spreading of impurity radiation along the entire outer
leg in high-power discharges. However, the calculations used in the UEDGE code to determine radiation
losses use the "fixed fraction" model for radiative dissipation, which does not include any characterization
of impurity transport and tends to overestimate radiation losses [110]. While the results shown in this
work are promising for the viability of radiation spreading in the long leg since they indicate that favorable
temperatures for impurity radiation can be achieved along the divertor leg, the limitations imposed by the

fixed fraction for radiative losses justify further investigation with a higher fidelity model. Simulations
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[7] of the MAST-U divertor (using several different iterations of the Super-X divertor) using the SOLPS
code, which features a multispecies model for radiation that calculates contributions to radiative losses for
each charge state of impurities individually, show strong radiation spreading along the entire length of the
long outer leg. Spectroscopic investigations of plasma detachment of MAST-U seem to corroborate the
distributions of neutral and impurity radiation shown in this work, albeit with much lower input power
and an intrinsic carbon impurity instead of seeded nitrogen [111]. However, the mechanisms that cause
the impurity spreading observed in these simulations and experiments are unclear. In the simulations,
the regions of substantial radiative losses associated with the impurity species coincide with regions of
hydrogenic neutral radiation that is also spread all along the outer leg. Though it was not discussed in
these works, the only source of hydrogenic neutrals available at the temperatures consistent with impurity
radiation is from plasma recycling on the divertor side walls. It is feasible that the impurities, which would
also be subject to the side wall recycling, are spread along the leg as a result of perpendicular transport
and recycling on the side walls. Additionally, recent simulations [112] have indicated a strong influence of
perpendicular transport on the overall plasma state for a channeled, long-leg divertor configuration, which
shares several features with the alternative divertor configurations described here. These simulations also
included a trace neon impurity, which was localized near the core plasma rather than radiating in the legs

and warrants further investigation.

In this work, we assess the mechanisms behind impurity radiation spreading in a long-leg divertor
configuration with tightly-baffled channels along all the divertor legs by studying the effects of cross-field
transport on the distribution of impurities in the edge and divertor plasma. We use the SOLPS4.3 code,
following a similar approach and using the same computational grids detailed in other studies [93, 112],
to scan impurity concentration across simulations with fixed deuterium content and fixed input power,
and vary the transport coefficients used in the simulation to asses the impact of small and large transport
coefficients on the impurity distribution. One simulation set features a nitrogen impurity and the other
features a neon impurity to rule out species-dependent effects on impurity distribution in the edge plasma.
These simulations show that for both species, impurity radiation spread is largely dependent on cross-field
transport to the divertor side walls and associated impurity recycling processes. Section 6.2 provides

details on the simulation setup and parameters for these scans. Results are shown in Section 6.3, while

94



analysis and discussion are presented in 6.4. The conclusions are presented in Section 6.5.

6.2 Simulation setup

Simulations for this work were performed using the SOLPS 4.3 code package [35, 45], which is
comprised of the implicit B2 multifluid plasma edge code for all ion species and electrons to solve
the plasma state and the explicit 3D Monte Carlo code EIRENE to evaluate neutral trajectories and
atomic processes. Together, self-consistent equations for continuity, momentum, and energy are solved
in a realistic magnetic configuration of a tokamak, with classical transport along the field lines and
some "anomalous" cross-field contributions approximated as a radial diffusion. These calculations are
used as a background plasma for an EIRENE calculation of the state of the neutral particles, where a
corresponding grid is overlaid over the plasma domain where the plasma densities and temperatures are
used to calculate neutral trajectories and detailed atomic processes, such as ionization, charge exchange,
elastic collisions, and radiation. No neutral-neutral collisions are included, but are not expected to have a
significant impact [113]. Collisions between the neutral neon species and the main deuterium ion species
are included, while collisions between the neutral nitrogen species and the main deuterium ion species are
not included because they are not available in the AMJUEL reaction database used by the EIRENE code
[42]. Molecule-activated recombination processes (MAR) were not included since the MAR process is not
expected to contribute significantly to the effective recombination in the divertor plasma at high densities
and temperatures [87]. Drifts were not used in these simulations, as the drift model is not included in the

SOLPS4.3 code package.

The computational grid is the same as the one featured in other studies [112], with a heat flux width
7Lq of 0.2 mm and a disconnected double null configuration [91] with tightly baffled outer divertor legs in
both the upper and lower divertors. The toroidal field is 12.2 T. Both inner divertors are short, relative
to the long outer leg, but also have tight baffling. We will refer to the surfaces along the sides of the
divertor legs as the "side walls". The computational grid for the plasma state is shown in Figure 6.1. As
shown in the figure, the unbalanced double null is biased towards the lower divertor, which will receive
the majority of the fluxes in the computational domain, and is denoted as the "primary" divertor, while

the upper divertor is denoted as the "secondary" divertor, to avoid a loss of generality in this work. The
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1.4 1.6 1.8
R [m]
Figure 6.1. The simulation grid. The grid for the B2 plasma code is
shown in the thin black lines, the primary separatrix is denoted with the
thick solid black lines, the secondary separatrix is denoted with the thick
dashed black lines, and the vacuum vessel geometry (and the extent
of the domain of the EIRENE neutrals) is approximated in blue. The

primary divertor is identified in red, with solid red lines corresponding
to the outer divertor and dashed red lines referring to the inner divertor.

distance between the two separatrices is 2 mm at the midplane, while the full scrape-off layer width is
5 mm at the midplane, with an additional 2 mm gap between the very edge of the scrape-off layer and the
vessel wall. All losses to the radial boundaries of the computational domain are assumed to be losses to

the material surfaces.

In these simulations, boundary conditions were selected to achieve a "closed box" setup for particles
to emulate the physics of the high-recycling regime [114]. A fixed particle content provides a more
natural evolution of plasma parameters for physics studies, and is more likely to capture behaviors such as
hysteresis or bifurcations that could be obscured or otherwise not captured by manipulating the upstream
density or other boundary settings as the control parameter for the scan. In these simulations, fixed particle
content enables the precise examination of the physics that are specific to the impurity species, as opposed
to capturing other effects (like density changes inducing ionization/recombination effects that will have

significant impacts on the overall material and energy balances) that are more general to the divertor
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plasma.

To enable the closed box configuration, recycling is set to 100% at the targets and all boundaries,
where all ions hitting the boundaries and material surfaces are neutralized and reflected back as neutral
particles. To maintain a fixed number of particles, there is zero flux from the core and no specific puff
or pump included at any location. Because there is no particle source, it is not possible to use source
scaling terms, the usual particle conservation technique used in the SOLPS code [115] to compensate for
inherent particle losses that are an unavoidable consequence of the implicit-explicit coupling between the
implicit fluid and explicit Monte Carlo codes [35]. Without these corrections, these slight mismatches in
the particle balance between the coupling steps can become significant over the course of the thousands
of iterations required to achieve steady state. Instead, particle count is maintained at a user-specified
level for each species using a unique feedback system in the SOLPS 4.3 code framework, which has been
shown to have no impact on steady state plasma parameters when enabled [116]. The feedback system
has two components, both of which are controlled independently, and can be applied to one or multiple
species in the simulation space: one element at the core-edge interface that dynamically adjusts a flux
of the main ion species based on neutral/plasma fluxes at the core-edge boundary to assure zero flux
at the core, and the other element along entire outboard wall, providing a source of neutral gas that is
spatially uniform and continuous from upper outer target plate to lower outer target plate. During every
iteration, the feedback system on the outer wall takes the input/output total number of particles of the
given species and adjusts a very small gas puff that is emitted uniformly across the entire outer wall that
will introduce an equivalent number of new particles to compensate for any loss from the coupling step.
For each individual call to the feedback system, the relative magnitude of the effective puff is only a few
fraction of a percent of the overall particle flux calculations in the code (which includes the fluxes from
atomic processes and surface interactions), making it largely inconsequential to the physics resolved by
the code in each individual step, but crucial for maintaining the overall particle balance over thousands of
iterations of the code. Once the system reaches steady state, the fluxes determined by the feedback system
no longer change; the final values of the flux determined by the dynamic response are maintained at this

level, which prevents changes in the steady state that might result from Monte Carlo noise.

Using this feedback system, the total number of deuterium and impurity particles is held fixed in each
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simulation, and the simulation is run to steady state. The steady state simulation is then replicated, the
impurity content is incrementally adjusted while all other parameters are held fixed, and the simulation is
run to steady state with this new impurity content. This process is repeated several times across a wide

range of impurity content, denoted here as &y e, such that

edge

N,Ne

edge’
ND

5N,Ne =

where Nﬁ,[ff,i corresponds to the total number of particles of nitrogen and neon in the plasma edge,
respectively, and Nf)dge is the total number of deuterium particles in the plasma edge. We refer to the
"plasma edge" as the region of the B2 simulation domain that includes the divertors, private flux region,
and scrape-off layer, but does not include the region of the core plasma included in the B2 grid. A
simulation was selected with Nf)dge = 2.3¢20 particles to use as a starting point for both the nitrogen
simulation set and neon simulation set. We note that a "fixed particle content” is not repeatable in an
experimental context, where impurity content in the edge is usually maintained by a controlled puff of
impurity gas into the divertor region, and emphasize that these studies are intended to guide our theoretical

analysis and provide a thorough examination of the possible physics mechanisms at work that may inform

experimental operation, rather than to serve as a guide for any real experiment.

This feedback system is implemented in the SOLPS4.3 code package and has been extensively
verified [116], which enabled the use of the "closed box" setup used in these simulations. We are not
aware of the status of any similar feedback system in the SOLPS-ITER code package, which is largely
why SOLPS4.3 was used for this work instead of the SOLPS-ITER code package. We are aware that
the SOLPS 4.3 code package does not contain several modules that are available in the SOLPS-ITER
code package, which features a different formulation of the underlying equations that enables the study
of drifts, and a recent upgrade that includes a more complete description of parallel impurity transport
[117-119] that incorporates fully multi-ion collisional Grad-Zhadanov closure for the thermal force model
into the code. Despite these new functionalities, we are aiming to study the physics of the cross-field
transport of the impurity in this work, which necessitates the use of the "closed box" model, and we do

not think the inclusion of drifts or an improved parallel transport model will significantly impact our
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conclusions. We expect that the influence of drifts would be minimal, since drift effects are minimal in the
presence of a strong magnetic field (a toroidal field of 12.2 T is used in this work), and that the effects
of drifts on SOLPS-ITER simulations using similar disconnected double null configurations (like the
one used in this work) were shown to be negligible [90]. The aim of this work is to study the impact of
perpendicular transport, and despite the updates to the parallel transport model, the cross-field terms are
retained across all impurity models, and provide a reasonable estimation of the qualitative behavior of
the perpendicular transport of the impurity in the simulation, which is the primary focus of this analysis.
As it stands, SOLPS4.3 and SOLPS-ITER have evolved enough that they can and should be considered

different tools, and SOLPS4.3 is the appropriate tool for the physics study in this work.

These simulations are performed with 30 MW of input power exiting the core, split evenly between
ions and electrons. Cross-field transport coefficients are constant and set at D; = 0.3 m2s~1 and XL =
1 m?s~! for particles/momentum and heat flux, respectively, in scans of impurity content for both species
(denoted as "large" transport coefficients) and reduced to D; = 0.1 m?s~!' and x, = 0.33 m2s~! for a
comparison case (denoted as "small" transport coefficients) for both species. The B2 surfaces along the
scrape-off layer and private flux region have boundary conditions of a 3 cm decay length for temperature
and density, and energy fluxes out of these surfaces are assumed as losses to the walls. The Bohm sheath

boundary condition is applied at the targets.

6.3 Simulation results

Scans for both nitrogen and neon impurity species were performed using the "large" transport
coefficients. The distribution of the impurity particles is shown in Figures 6.2(a) and 6.2(b). In this
configuration, the impurity particles are primarily localized in the primary divertor and scrape-off layer
for both species. Because of this, the impurity radiation in the divertor region is also primarily localized

to the primary divertor, so the secondary divertor will be ignored for this analysis.
6.3.1 Scans on impurity content

The scans on nitrogen and neon shown here use a feedback condition on the total number of impurity
particles in the edge plasma relative to the total number of deuterium particles (both ions and neutrals) in

the edge plasma, which only includes the divertor, private flux, and scrape-off layer regions of the B2
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(a) Fraction of nitrogen particles in each region. (b) Fraction of neon particles in each region.

Figure 6.2. Impurity particle content in each divertor leg relative to the
total impurity content in the edge, versus the impurity particle content in
the edge relative to the total number of deuterium particles in the edge.

domain. This specifically excludes the component of the computational domain in the region of the core
plasma: particles from the edge are free to travel to and from this region, but a particle from the edge that
enters the core region will no longer be counted for the feedback condition, while a particle from the core
region transferring into the edge region will be counted for the feedback condition. These settings were
chosen to enable a more careful study on the specific behavior of the impurity in the divertor legs, and
give insight on the compatibility of the power handling requirements imposed on the specific impurity
with possible core accumulation. This means, however, that there is some variation in the power crossing
the separatrix into the scrape-off layer, since the impurity content in the core does not necessarily reflect
the same &y y, ratio used as the tuning parameter for the particle scan. The fraction of the total input
power radiated in the core region can be seen as the dashed black line in Figure 6.3, where the fraction of
radiated power in the core never exceeds roughly 10% (Figure 6.3(a)) for nitrogen and roughly 15% for

neon (Figure 6.3(b)).
6.3.1.1 Nitrogen

Across this scan, the majority of the nitrogen particle content in the plasma edge is localized to the
scrape-off layer region, with a larger fraction in the outer primary divertor only at the highest densities,

which is shown in Figure 6.2(a). Compared to the neon density distribution (which will be discussed in

100



detail in the next section), more nitrogen stays in the scrape-off layer for equivalent concentrations of
each impurity than for the neon simulations. Leakage of impurities into the main chamber scrape-off layer
region has been noted to occur because of frictional coupling with the main ion species, with more or less
efficiency depending on the location of the region of the greatest ionization potential of the respective
impurity species and the location of the poloidal flow velocity stagnation points [120, 121]. Although
neon ionizes closer to the X-point than nitrogen, we do not observe increased impurity leakage into the
upstream scrape-off layer region compared to nitrogen. Instead, it is likely that the strong gradients in the
temperature that result from the more efficient radiation from neon impact the flow velocity profile of
the main ion species and result in higher flows of the impurity species towards the divertor legs; further
analysis on this subject is beyond the scope of this work. This hypothesis is consistent with low nitrogen
radiation in the divertor legs, which only increases with increased nitrogen particle content in the outer
divertor leg. The fraction of the total power radiated from impurities across the scan is shown in Figure
6.3(a), and decomposed into the total radiated power from nitrogen in each region; nitrogen radiates
very little in the scrape-off layer region and only radiates a small amount in the inner primary divertor
leg at high impurity concentrations. Overall, about half of the total power radiated from the impurity
species is radiated in the divertor leg, as shown in Figure 6.4(a). The plasma parameters, including
electron temperature and peak heat flux at the outer target, as well as Z, ¢y and ion density at the separatrix

midplane, for nitrogen are shown as the red solid line in Figure 6.5.
6.3.1.2 Neon

In the scan of increasing neon particles, the majority of impurity particles are initially concentrated in
the scrape-off later, but the proportion of particles in the outer divertor leg increases with increasing neon
content, shown in Figure 6.2(b). There is considerable radiation in the core across all simulations (Figure
6.3(b)) which is higher than the simulations with equivalent concentrations of nitrogen. Radiation in the
scrape-off layer region remains fairly low, while radiation in the divertor leg eventually increases, and
remains fairly consistent for the remainder of the simulation set. The total radiated power from the neon
impurity "saturates” to this level at lower concentration than the nitrogen impurity scan. Like nitrogen,
about half of the overall impurity radiation is in the outer divertor leg, although there is some contribution

to the total balance of radiated power from the inner divertor leg at the highest concentrations (Figure
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Figure 6.3. Total radiation from impurities in the simulation domain,
broken down into each "region" of the edge plasma and core, relative to
the total input power P, = 30 MW.
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Figure 6.4. Fraction of total radiation from impurities in each "region"
of the simulation domain (edge and core) relative to the total impurity
radiation in the entire simulation domain.
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Figure 6.5. Plasma parameters. Nitrogen is shown in the solid red line
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midplane.
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6.4(b)). The plasma parameters for neon taken at the outer target and the separatrix midplane are shown

as the black dashed line in Figure 6.5.
6.3.2 Impurity radiation distribution

To assess the distribution and spreading of impurity radiation in the outer leg, a simulation with
considerable impurity radiation in the outer leg was selected from the each of the scans for further analysis.
The distribution of impurity radiation is shown in Figure 6.6(a) for nitrogen and 6.7(a) for neon. Both of
these cases show considerable spread of impurity radiation along the outer leg, with the radiation front

(the region with the majority of the overall radiation) positioned away from the target and the core.

The corresponding first ionization of the impurity species (going from the neutral particle to the first
ionization state) for nitrogen and neon are shown in Figures 6.6(b) and 6.7(b), respectively. In both species,
there is strong ionization near the edge of the B2 plasma domain (which is flush with the tight baffling of
the divertor side walls) in both the inner divertor and outer divertor. In particular, the strong ionization
region (shown in yellow) is thick towards the target and extends in a small sliver next to the wall all the
way up the outer wall in the outer divertor, which corresponds with the regions of high impurity radiation
in Figures 6.6(a) and 6.7(a). This near-wall ionization region going up the leg towards the X-point is more

substantial for neon, but is still present for the nitrogen simulations.

To analyze this correspondence further, the total radiation in the outer divertor leg and the flux of
all charge states of the impurity to the wall is shown in Figures 6.8(a) and 6.8(b) for nitrogen and neon,
respectively, across the entire scan. Under the full wall recycling conditions used in these simulations, all
impurity flux to the wall is neutralized and reflected back as neutral impurity particles. From this, there
appears to be strong correspondence between an increase in recycling flux to the side walls and the total

radiation in the divertor leg.
6.3.2.1 Reduced particle transport

Two simulations shown in Section 6.3.2 are repeated with reduced transport coefficients to assess
the influence of cross-field transport and recycling on the impurity species. Deuterium particle inventory
is maintained at N&'¢° = 2.30¢20 for both species, while impurity particle inventory is held at N =

3.31e18 particles for nitrogen and Ni'¢° = 3.96¢18 particles for neon, giving &y = 1.44% and &y, =
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Figure 6.8. Radiation from impurity species (red solid line) recy-
cling/neutralization of impurity along side walls (blue dashed line) versus
increasing impurity concentration for simulations with large transport
coefficients.

1.72%. The transport coefficients for both the plasma and impurity species are reduced to a factor of 1/3

1

of the "large" values for each simulation, giving values of particle and heat flux of D| = 0.1 m?s~! and

X1 =0.33 m?>s~!, respectively. The distributions of impurity radiation and impurity ion source are shown
in Figure 6.9 for nitrogen and Figure 6.10 for neon. Values of radiation and flux of impurity ions to the

side walls, for the associated species and transport coefficients, are shown in Table 6.1.

6.4 Analysis and Discussion
6.4.1 Plasma parameters

Parameter scans were performed with large transport coefficients for both species. Across the
simulation sets, neon radiates more in the core than the nitrogen, seen in Figure 6.3 and Figure 6.4. Higher
neon radiation in the core relative to nitrogen has been observed in other simulations [120, 122-125]
and seen in experiments [126—130]. The fraction of total radiated power in each region of the edge is
fairly consistent between both simulations, except neon has considerably more radiated power in the
inner divertor (which is a "standard" leg length) than nitrogen at higher impurity concentration. Both the
increased core radiation and radiation in the inner leg observed in the neon simulations are namely due to

the differences in radiation potential between neon and nitrogen, which is shifted to higher temperatures
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Figure 6.10. 2D Distributions for a simulation with 1.72% neon impurity
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Table 6.1. Transport coefficients, total radiated power from impurity,
radial particle flux to the divertor side walls for nitrogen and neon,
and impurity particle distribution percentage for two different sets of
transport coefficients, in the inner and outer legs of the primary divertor.
Each simulation has a fixed inventory of impurity, relative to a inventory

content of Ngdge = 2.3¢20 particles, noted as &. Peak g, has units of
MWm 2.
Nitrogen Neon
D, 03m?’/s | 0.1m?/s 03m?/s | 0.1m?/s
XL 1.0m?/s | 0.33m?/s 1.0m?/s | 0.33m?/s
& 1.44 % 1.44 % 1.72 % 1.72 %
P4 (edge) 473 MW | 6.87 MW 7.17TMW | 6.92 MW
P, (core) 248 MW | 0.84 MW 454 MW | 4.04 MW
P,.q (outer) 3.93 MW 1.85 MW 3.0 MW | 0.72 MW
P, .4 (inner) 1.91 MW | 4.65 MW 201 MW | 6.09 MW
Peak ¢ o 8.5 143.7 02 15.4
T, outer leg || 7.3e20 57! | 4.8e19 57! || 1.3e21 57! | 2.0e19 s~
I'yai, inner leg || 1.0e19 s 1] 14e205 1 || 6.7e19 57! | 4.5¢20 57!
NI TNedse 21% 3% 56% 2%
N [Nede 1% 24% 4% 88%

(and therefore further upstream) for neon. Accordingly, the separatrix temperature and peak perpendicular
heat flux (Figures 6.5(a) and 6.5(b)) at the target are lower for neon than in simulations with equivalent
concentrations of nitrogen, since neon also radiates more effectively in the edge and the power crossing
the separatrix is lower, because more power is radiated in the core. The reduction in main ion density at
the midplane observed in 6.5(c) is a consequence of the increasing impurity density in the simulations
and the closed box approximation, which forces the plasma species towards the divertor legs [18]; as
the population of impurity species increases, more energy is radiated, the divertor plasma near the target

becomes colder, and the plasma from the hot upstream region flows into the cold divertor recycling region

[9].
6.4.2 Effective charge

The effective charge Z, s shown in Figure 6.5(d) for both species is higher for neon than nitrogen,
consistent with observations in other impurity studies [18]. Under these conditions, a high value of
Z.rr is observed at the midplane for both species, which is achievable in the code, but would not be

realistic for actual experiments. Despite this very high Z, ¢, the fraction of the total power radiated from

108



the impurities is well under 40% across all simulations shown here, which is far below the necessary
volumetric radiation losses to reach practical operating points. These values are consistent with estimates
of impurity concentrations in similar tokamak geometries [93, 131]. It is concerning to see such a
high Z, ¢ in order to achieve such a low radiation fraction, and raises questions about whether the core

performance will be compatible for reactor-relevant conditions.

Between the results from this work and other simulations [18] and experimental data [29] of impurity
radiation in long legs, from the perspective of Z, ¢, there does not appear to be a benefit for core-edge
integration from moving the radiation front away from the core plasma. From these simulations, the
overall losses associated with impurity radiation are low, despite an increased divertor volume intended to
provide a larger region for impurities to radiate, and the separatrix Z, is high, despite increased distance
between the divertor radiation front and the plasma core. Similar effects were observed on TCV, where
studies [29] on nitrogen seeding and divertor closure in alternative divertor configurations revealed no
meaningful improvement in core confinement or core Z, ¢ by extending the radiation away from the core

plasma.

6.4.3 Influence of cross-field transport

6.4.3.1 Divertor leg

Recycling along baffle surfaces was an important consideration reported in the design of the TCV
baffles [100, 132, 133], and it appears to play a very important role here. In the long outer divertor
leg, there is a considerable impact on the distribution of impurities from perpendicular transport on the
side walls of the divertor, evident in the differences seen between the simulations with large transport
coefficients (Figures 6.6 and 6.7) and the simulations with small transport coefficients (Figures 6.9 and
6.10). In the simulations with large cross-field transport coefficients, there is a significant correspondence
between increases in the impurity radiation in the leg and fluxes to the side walls that does not appear to
be directly correlated with a simple increase in particle count, seen in Figure 6.8(a) and 6.8(b) for each
species. In the initial simulations, the impurity radiation is spread along the leg, away from the target
plates and away from the core, which is the desired impact of this geometric choice. This is visible in
Figures 6.6(a) and 6.7(a), where the yellow region (corresponding to strong impurity radiation) is spread

along the leg and away from the target.
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The strong recycling of the impurity species results in a strong incoming flux of neutral impurity,
which are quickly ionized; the first ionization of the neutral species is shown in Figures 6.6(b) and 6.7(b)
for each species. In both cases (with the neon case exhibiting a much stronger effect than the nitrogen),
the source of ionized nitrogen extends all the way up the divertor leg, with very strong ionization in the
region in the vicinity of the outer wall. For nitrogen, this ionization source is close to the target, but very
strong along the outer wall and extending upwards, whereas for neon, the recycling/ionization region
is strong at both the inner wall and all along the outer wall. These regions correspond to the regions
of strong radiation in the corresponding Figures 6.6(a) and 6.7(a), where the majority of the impurity
radiation happens slightly upstream (relative to the target) of the strong ionization regions. The long
leg seems to facilitate the spread of impurities by allowing for an ionization and neutralization process
along the leg’s side walls. As impurity inventory increases, this ionization/neutralization process enables
the impurity particles to "climb" towards the X-point, but not further: the recycling along the surface of
the tight channeling in this configuration enhances dissipation related to the impurities, which in turn
allows the plasma to cool below this region and near the target. This pushes the radiation front away from
the target and towards the X-point, but eventually establishes a stabilized radiation region within the leg
volume, where the interplay between dissipation and side wall recycling prevents the radiation region

from climbing further towards the X-point or escaping the outer leg entirely.

In contrast, after reducing the transport coefficients, there is significantly less radiation in the outer
leg and significantly less recycling flux to the side walls, described in Table 6.1. The radiation that does
appear in the outer leg, shown in Figures 6.9(a) and 6.10(a), is primarily localized at and near the target,
which is also where the majority of the first ionizations of the neutral impurity are taking place, shown in
Figures 6.9(b) and 6.10(b). The region of the radiation localization is consistent with the charged impurity
species being carried down the entire leg and neutralizing on the target, where it is re-ionized outside
the separatrix, but still in the vicinity of the target plate, and not spread along the divertor leg. For both
species, both the total power radiated in the leg and the total recycling flux is considerably lower with

reduced transport coefficients, while the peak heat flux also significantly increases, listed in Table 6.1.

The reduction in transport coefficients results in a redistribution of the impurity particles between

the divertor legs and scrape-off layer, with a compression of the impurity species at the inner divertor.
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The shorter connection length and more dominant parallel transport effects relative to the perpendicular
transport effects in these simulations cause the accumulation of the impurity species at the inner target,
increasing both the impurity radiation in the inner divertor and the impurity wall recycling (recorded
in Table 6.1). With the set of high transport coefficients, the impurity species is continuously moved
across the magnetic field to be recycled and re-ionized along the outer divertor side walls, allowing the
impurity species to remain in the outer divertor, and to spread along the leg. This effect is consistent with
observations in other works which study the influence of impurities on alternative divertor configurations.
In other simulations investigating the impact of perpendicular transport on impurities in a long-leg divertor
configuration [134], no significant direct relationship between the total number of impurity particles
and cross-field transport was observed. However, the simulations analyzed in that work used grids with
an open private flux region and open SOL along the long divertor legs, whereas the grid used in the
simulations shown here is closed on both legs, where the impurities can recycle along the surfaces of
the tightly baffled walls and enhance radiative losses. Simulations of the large spherical tokamak STEP
[135] with a standard-length, channeled inner divertor leg and long, channeled outer divertor leg show
strong argon spreading along both legs, with similar characteristics of the spread and distribution of the
first impurity ionization along the leg and near the walls observed in the 2D distributions shown in our

simulations (though only the inner divertor was analyzed in detail).
6.4.3.2 Main chamber

The majority of the nitrogen particles are localized in the scrape-off layer region (Figure 6.2), whereas
the majority of neon particles are localized to the outer divertor leg at higher impurity concentration.
The localization of nitrogen in the scrape-off layer seems to be a consequence of the recycling of the
perpendicular flux of nitrogen to the main chamber walls, which is much lower for neon (Figures 6.11(a)
and 6.11(b)). Recycling contributes to the accumulation of impurity in the scrape-off layer region because
in the edge plasma, an impurity particle will either be transported across the field line into the main
chamber wall, where it will be neutralized and ionized, or it will be transported down the field line to the
target, where it will be neutralized there instead. Once the particle is neutralized, it will be re-ionized,
where it will radiate until it is neutralized on the wall, or neutralized on the target. Because of the narrow

scrape-off layer width and proximity to the hot core plasma and the strong cross-field transport of the
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Figure 6.11. Impurity flux to the main chamber walls and plasma ion
flux to the target for each species.

nitrogen to the main chamber walls, the nitrogen is continuously neutralized and re-ionized on the main
chamber surfaces, preventing the majority of nitrogen particles from leaving the scrape-off later and going

into the divertor legs.

This effect is not observed in the neon simulations for two reasons: first, because the upstream
cross-field transport is limited due to the onset of recombination in the outer leg, and because the neutral
neon has a longer mean free path than the neutral nitrogen [122], and would be able to travel further away
from the wall before being ionized. Previously, it was observed that the onset of plasma recombination in
the divertor plasma limited further increases in cross-field transport due to the saturation of the upstream
pressure [112], which appears to be the case here: the saturation of the main chamber recycling flux for
neon saturates with the drop in ion flux to the target (also shown on both plots in Figure 6.11), which is a
signifier of the onset of plasma recombination and divertor detachment. The nitrogen simulations only see
a modest reduction in the ion flux to the target compared to neon at the highest impurity concentrations,
and cross-field impurity flux to the main chamber walls never saturates. The strong recombination onset in
the outer leg likely happens for neon and not nitrogen because the power radiated from the core is higher
in the neon simulations, so there is lower power entering the divertor legs. It is also important to note
that this accumulation effect is due to the close proximity of the main chamber wall to the bulk plasma

(see the black grid relative to the blue wall in Figure 6.1), since the neutralized particles are not able to
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"escape"” re-ionization, making this effect dependent on the geometry of the device. However, the main
chamber walls in the designs of many compact tokamaks with high fields are tightly enclosed around the
core [23, 32, 93, 108, 109], and it is likely that this effect could also be observed on these machines that

share this feature.

6.5 Conclusions

In this work, we have assessed the distribution of impurity radiation and identified a possible physical
mechanism for the spread of impurity radiation in a long-leg, channeled divertor configuration with high
input power. Across many simulations with increasing concentrations of nitrogen and neon impurities,
nitrogen and neon show similar behavior, although nitrogen radiation is primarily localized to the outer
divertor, while neon radiation increases in the inner leg and at the X-point at higher impurity concentrations.
Overall, these simulations show low impurity radiation with very high Z, 7, which might be incompatible
with core performance required for reactor conditions. The spread of impurity radiation along the long
outer leg shows strong correspondence with the neutralization of the ionized impurity particles along the
side walls for both species. This effect disappears when transport coefficients and resultant wall recycling
are reduced, and the impurity species is localized at the divertor target under these conditions, suggesting
that this mechanism is the cause of the stable, delocalized radiation front often observed in simulations of

long-leg divertors.
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Chapter 7

Conclusions

Magnetic confinement of a plasma fuel using a tokamak device is one of the most well-developed
paths to achieving the nuclear fusion process on earth, but there are still many gaps in understanding the
physics at work in this approach. A critical component of a tokamak is the exhaust system (the "divertor")
which directs heat and particle exhaust away from the confined core plasma. To avoid deleterious
effects of this plasma exhaust interacting with the material surfaces of the divertor, the plasma must be
extinguished from ~ 10* eV to ~ 1 eV, while maintaining high temperatures in the core plasma to sustain
the fusion reaction. Several new divertor features have been suggested that could introduce or enhance
various processes that might protect material surfaces, but a thorough physics analysis of these proposed
configurations has not been conducted, and it is unclear whether these desired improvements can actually
be achieved using these novel techniques. Here, we have used numerical simulations to assess the physics
associated with two features that have been suggested to improve conditions of the plasma exhaust in the

divertor: the "inverse" plasma sheath and long-leg divertor configurations.

In Chapter 4, we investigated the impact of the recently-proposed "inverse" plasma sheath at the
plasma-material interface using the 2D edge plasma modeling code UEDGE. The inverse sheath, which
is thought to repel (rather than accelerate) ion flux towards the target, was suggested [S] as a novel
mechanism to promote divertor detachment by ion repulsion and subsequent charge-exchange-induced
cooling and as a preventative measure to avoid material erosion. To investigate this claim, our study
involved the first reported implementation of a non-Bohm sheath boundary condition at the divertor targets,

where the ion particle and energy flux boundary conditions were set to zero to emulate the physics of the
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inverse sheath regime. In our simulations, we observe no tangible impact on plasma cooling resulting
from the inverse sheath, and a significant increase in specific heat flux to the target from electrons, which
are now free-streaming to the target. We do observe bifurcations in our solution set across increasing
plasma density, which are not observed in the comparative solution set with the standard Bohm plasma
sheath. These bifurcations are present in simulations with and without impurity radiation, in simulations
with no drifts and constant transport coefficients, leaving the only likely cause of the bifurcation to
be an effect related to temperature sensitivities associated with plasma recombination that leads to a
redistribution of particles in the divertor. To elucidate upon this recombination-induced bifurcation, we
describe an analytical model for the bifurcation that is consistent with the plasma parameters observed in
our simulations, which suggests the presence of two separate sets of stable solutions that correspond to

low and high neutral pressures.

Starting with Chapter 5, our study changed focus to assess the physics of detachment in a long-
leg divertor configuration with tight baffling along the divertor legs, which are common features of
the magnetic topology and vessel design used in many alternative divertor configurations and next-
generation fusion machines. To establish a baseline for the physics of the transition to detachment
in these configurations, we used the SOLPS4.3 plasma edge code to simulate a disconnected double-
null plasma equilibrium in this configuration, and incrementally increased the total number of particles
in the simulation domain to observe plasma behavior as the system transitions to detachment. We
observe detachment of the long outer leg, and scaling parameters consistent with the existing theoretical
understanding of plasma detachment. In these simulations, we observed up-down and in-out divertor
asymmetries, attributed to the imbalance of power fluxes resulting from the disconnected double null
configuration and cross-field transport associated with the compact configuration in the main chamber
and tight baffling along the divertor legs. The influence of losses to the side walls, characterized here as
0 |, was not initially identified as an important component of the general energy balance in the scrape-off
layer energy balance, but appears to be significant in compact devices and long leg geometries [20, 81].
As the detachment process begins with the onset of recombination, our simulations show a saturation
of the upstream cross-field transport that coincides with a flattening of the upstream temperature profile

that would eliminate the conductive component of the diffusive approximation of the turbulence. Our
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work shows that the existing theory and many features of divertor plasma detachment in standard divertors
appear to translate to long leg divertor geometries, and that the cross-field transport to the main chamber

and divertor leg walls is likely to be a significant concern for compact devices.

Chapter 6 continues the study of perpendicular transport in the same tokamak configuration with the
long outer divertor legs. In particular, the focus of this study was to assess whether the impurity radiation
would spread out along the long leg instead of localizing to the target or at the X-point, which has been
suggested as a way to protect material surfaces and improve core-edge compatibility. We have shown that
impurities are distributed along the long leg, and that the perpendicular transport is responsible for the
spread of impurity radiation: strong recycling of impurity species against the side wall of the divertor leg
introduces a back-and-forth neutralization-ionization "loop" that enables the impurity species to climb up
the side walls and radiate in the divertor volume, rather than localizing at the target or core. This behavior
is observed for simulations with a nitrogen impurity and in simulations with a neon impurity, indicating
that this effect is not species-specific. Nitrogen and neon behave similarly, with neon radiating more in
the core, but neither species radiating more than 40% of the total input power, which is unacceptably low
for realistic operating conditions. Despite proximity away from the core plasma and low radiation overall,
the effective charge at the outer midplane exceeds Z, sy = 4 for both nitrogen and neon simulations. This
is concerning for one of the supposed benefits of the long-leg divertor in this geometric configuration and
core compatibility for reactor-relevant conditions, since a similarly high Z, ¢, in the core would not be

viable for a reactor.

In general, these results establish an informative basis for design and operational choices for future
divertors. While the inverse sheath regime was shown to increase specific electron heat flux to the
target with no tangible benefit to the promotion of detachment in the divertor plasma, and introduces
the possibility of a bifurcation correlated to the temperature and neutral pressure, it is possible that the
inverse sheath may prevent material erosion of the target by limiting bombardment from incoming ion
flux, and could be applied in that context. Our studies reveal a strong influence of perpendicular transport
on plasma detachment in long-leg regimes with tightly baffled divertor legs. The importance of the impact
of the perpendicular transport also significantly affects the impurity species, the distribution of which was

shown to be strongly dependent on cross-field impurity recycling effects.
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Appendix A

Equations evaluated in the UEDGE code

The full version of the equations (that is, those including contributions from drifts and electric fields)
are presented here for consistency with the user manual [68], but the calculations for drifts and electric
fields were not included in any of the simulations shown in this work. Typos present in the user manual
have been (hopefully) fully corrected here. Attempts have been made to paraphrase and reexplain the
existing text corresponding to the equations listed in the user manual, but a distinct lack of lingual dexterity
has made the riveting task of describing equations in any kind of novel capacity rather difficult. I apologize
in advance for any overt and excessive repetition already present in the existing text upon which this
appendix is based, and my greatest regard is owed to the original authors of the UEDGE manual, who
achieved the pinnacle of a succinct and robust verbal framework to present their equations that simply

could not be elaborated upon. It is truly a triumph.

In the UEDGE code, the coordinate system is such that x corresponds to the poloidal direction and
y corresponds to the radial direction. The total velocity is denoted by u, classical components use the

symbol v, where these two terms differ by an anomalous diffusive term.

The poloidal ion velocity is:

B
Uej, = fxveiu + VxE + Vei, VB (A.1)

where the second term is the E x B/B? drift and the third term is the sum of the curvature and VB
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drifts (scaling in tokamaks as ¢7;/RB, and —gT,/RB where q is the ion charge and R is the major radius
of the tokamak). The drift terms are written to give a finite divergence of the plasma fluxes, since they
also appear inside the divergence terms in the transport equations. The last term is only included in
the ion velocity equation, which describes the non-ambipolar anomalous viscous drift that connects the
electrostatic potential on neighboring flux surfaces. This term is neglected for electrons because of the

small electron gyroradius. This, paired with the difference in scaling of the VB, lead to a finite current.

The radial velocity for the electrons and ions is:

D, dn,;
Uei, = — =4 Vat v+ Veiy VB T+ Vi, vis) (A2)
Nej ay ’ ;

where D, and V,, are anomalous transport coefficients characterizing the turbulence-driven transport
(assumed ambipolar). The third and fourth terms in Eq. (A.2) describe the radial components of the

cross-field drifts.

The fluid variables are described with dynamical equations. The ion continuity equation is

0 0 0
atniJré%(V ) 1 (V

h—xn,-u,-x + Vay hyn,-u,-y) = (OVe)eng — (OeVe)Neh; (A.3)

The terms (o;v,) and (o, v,) are rate coefficients for ionization and recombination, respectively. The
terms h, = 1/||Vx|| and hy = 1/||Vy|| are metric coefficients, and V = 27Rh.h, is the volume element
for toroidal geometry with radius R, which describe the curvature and nonuniformity corresponding to

the physical mesh of each cells in the computational domain. For brevity of presentation, these metric

coefficients are suppressed in the remaining equations.

The neutral continuity equation (where the subscript "g" denotes the hydrogenic gas atoms) is

d d d
5" + a(ngvgx) + jy(ngvgy) = —(OjVe)Nelg + (OeVe)Neh. (A4)
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The source term in Eq. (A.4) is the negative of the corresponding ion source.

The ion parallel momentum equation is

i()Jri I 49 oy
o1 mlnzle ox mz”zV,Hlftlx Nix ox ay m,n,vl”uly T]lyiay
B (AJS)

[ oP
— 2 <_a;> — MiNgVex (ViH _ng)

where P, = P, + P, Nix = (Bx/B)ZnH is the classical viscosity, 1;, = m;nY, | is the anomalous
viscosity. The electron momentum equation is assume to ahve no inertia and has been used to eliminate the
parallel electric field and the ion-electron friction term, which are replaced by the P, component of P,. The
hydrogenic species neutral density is 7, ¢ = 1;(OV; is the ion-neutral charge exchange frequency for
the hydrogenic species, and u, | is the (atomic) neutral hydrogen parallel velocity. The classical viscosities
and thermal conductivities are flux-limited, as discussed in Section 3.2.1, which prevents unphysically

large values in regions with long mean-free paths. The classical terms are obtained from [38].

The corresponding equation for the parallel momentum of the hydrogenic neutral gas species is

J J v\, 9 Iy
o1 (mg”g"gl\) + Ix Mghg V| Ugx — Tlng +87y MghgVe| Ugy — ngyTy

B (ﬁ%

(A.6)
9x ) +mingVex (Vi\l _Vg\l) )

B

where the 1,, and 1, terms are the viscosities determined by charge-exchange collisions. These
viscosities, and the corresponding neutral thermal diffusivities described below, are given by D, =

T, /(mgVey), where Ty is the neutral gas temperature, and flux-limited to prevent unphysically large values.

Similar to the formulation for ions, the neutral velocity has two main components: the parallel velocity
(as just described) and the other from the charge-exchange and ionization processes in the directions

perpendicular to B, or
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Vig=-— V(ngT) (A7)
1 ming(ni(Gcxvi) +ne(oive))’ '

such that the total neutral velocities are

B B,
Ugx = Vi|| — VgWa (AS)

where B; is the total toroidal component of the B-field, and v, is the perpendicular component of

V| ¢ in the binormal direction GH X iy). For the radial ion velocity,

Ugy =y V4. (A.9)
The electron energy equation is
d 8 aT, 0 aT,
exneuexT Kex 0 71 T H + N ngneueyTe - Keyie
ot (9 dx B en,| dy d
_ B. 9P, (A.10)
|: zyal MLWB Ox :|+E -J— K (7;_7})+SEe

Here, the poloidal heat conductivity is classical, with k,, = (B,/B)* K|, radial heat conductivity
is anomalous, as K., = ny,, and K is the collisional energy exchange coefficient. The velocity u;,, is
the velocity in the direction binormal to B and the radial direction (il\ X fy), which is only used when

cross-field drifts are included. Typical values for convection coefficients Cey ¢, are 5/2 or 3/2.

The ion energy equation below has an implied sum over the ion and neutral species with T, = T;.
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9 (3 9 FIANF aT\
5 <2niTi> +5; [CixniuixTi - Kjxax:| + ER <Ciyniuini - ij8y> = [u;- VP]

o o\ (A.11)
n < V[j) s < th) +K,; (T, —T-)—i—lm-vzn‘\’- +Sg;.
ix Ox iy ay qj\‘e ! 2 iz J

The electron poloidal thermal conduction (and viscosity) coefficients are classical and the radial
coefficients are anomalous; the same typical values for convection coefficients Cj, ;, = 5/2 or 3/2 are

used.

The equation for the potential is obtained by subtracting the ion and electron continuity equations,

and assuming quasineutrality, such that n; = n, :

d d
V. =—(y)+=(0)=0. A.12
In this case, J means the currents, excluding the magnetization current, since the divergence of the

magnetization current is automatically zero because it is the curl of a vector. This means that the remaining

current components are

~

e B ° 0
J = |ne(vivp—Vevs) i +Jj gx iy 7€ (Viyt — Veyt) ly. (A.13)

Note that the terms arising from the vyg-drift do not explicitly depend on @, so they act as source
terms in Eq. (A.12). The expression for the parallel current, Jj, comes from the parallel momentum

equation for electrons with m, — 0, yielding

en B, <1 P, d¢ BTe> , (A14)

/I (A S
I 0.51m,v. B \ n dx 68x+ ox

where V, is the electron collision frequency, and the numerical coefficients are described in [38].

Note that the expression for the radial current is different from that in [37].
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A basic model for the impurity parallel velocity is obtained from the ion parallel momentum equation,

but neglecting inertia and viscosity terms,

78 (m n;v ) + 78 MmN, v; | Uz;x — LVZH + 78 m,n,v, Uy — LVZH
o Ve z|| ox ZMVi|| Uz — Tax Ox ay 22V || Uzy — Tzy ay
By dP, T, oT; P
- (B) (‘ ax Oy HhnGy ‘Ze”zax> (A1

- (”Hz - unh) mpnyp V.

Note that the B, /B converts the poloidal gradients into parallel gradients, i.e, (B/B)d/dx = d/ds,
where s is the parallel distance along a field line. The thermal force coefficients come from [137] and

[138]:

0, = 2.27% (1+0.52Zcg¢ ) [(1+2.65Z0) (1 +0.285Zesr ) Zesr | (A.16)

B, =1.56 (1 + ﬁzo) (140.522) (1 n \fzzo) (1+0.5229) 2 (1 v ﬁzo) (1+0.52Z)
[(1 +2.6579) (1+0.285Zp) {zo + (g, +my) /2mz)1/2H (A.17)

+0.6 (Zzl’ltz/l’th() - 1) ,

where Zy = n,Zesr /ny — 1, Z is the charge of the impurity ion, the & subscript refers to the hydrogen ion,

and ny, is the total impurity ion density summed over all charge states (with a common ion temperature).

A more complete option is to include the individual impurity ion inertial terms Eq. (A.15); this is
achieved in UEDGE my setting an input variable to the total number of full ion momentum equations
desired (generally one each for hydrogen ions and neutrals, plus the number of impurity charge states,

excluding the neutral impurity).
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Appendix B

Equations evaluated in the SOLPS code

The SOLPS code suite is a package consisting of the B2 fluid code for the plasma and the EIRENE
3D Monte Carlo code for neutral particles. Underlying equations of the B2 Code (taken from [139] and

[61]) are described, and the reactions from the EIRENE package are listed.

B.1 B2 Equations

In Egs. (B.1) to (B.5), the subscript x denotes the transport coefficients in the parallel direction, and
the subscript y stands for the perpendicular direction. The terms denoted with u characterize the parallel
velocity, while the terms associated with v characterize the radial ion velocity. Terms associated with g

are geometric coefficients that characterize the shape of the mesh in the computational domain.
B.1.1 Ion equations
Egs. (B.1) to (B.3) are taken for each ion species «.

B.1.1.1 Continuity equation

dng 1 9 (V8 19 /(e _ o
ot +\/§8x < hy naua> + V8 9y ( hy, nava> =S (B.1)

where S, is the sources of particles due to interaction with neutrals.

123



B.1.1.2 Parallel momentum balance

9 J (V8 V8 oY
E(manau“a) \fé)x( MoNoUaglt||q — hijzcn;x axa +
1 d g V8 du
(B.2)
Bel _aﬂ_zanaape_i_ Zi_l 7 %4_. Zia_] 7 %4_
B h, ox ne Ox Ce Zosf alta g ¢ Zosf altay

where S’””H is the sources of parallel momentum due to interaction with neutrals, ¢; and c, are the
coefficients of the thermal force (which can be important for impurities), Fyg is the friction force between

species & and 3, and Z is the effective charge:

ZaZ Ng,

Y4 =
eff — Za Zana

B.1.1.3 1Ion energy balance

d (3
8t< n,T—i—Z manau|a>

19 [V2[ws | 1 >l V& |,:9T 1 ,%a

@w(m TGt B ymonanate| = [ GE+ v G )+ 3
(B.3)

1 0 (s VE 1 ol it

%aiy <h} |:Z ”locuocT + Z m(xn(x‘}(xu|a:| - 75 [ky&y + ; EV;])‘ ay fy

uaape Vocape i
- - — kei (T, — T;) + S§,
he dx  hy, dy ki )45

where S% is the source of ion energy due to interaction with neutrals, p, = n,T,, it is assumed that all

ions have the same temperature 7;, and n; =Y, ng.
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B.1.1.4 Radial transport

Radial transport is determined using a diffusion equation, where D, and D), are the diffusion coeffi-

cients:

D% D2
Vo = —Tya—y(lnna) —hiyaiy(lnpa) (B4)

B.1.2 Electrons

B.1.2.1 Density and velocity

The electron density and average velocity are found from the conditions of quasi-neutrality and

ambipolarity:

1 1
ne = ZZOCnOh Ue = ;ezzana”a, Ve = ;ezzanava- (B.5)
o o o

B.1.2.2 Electron energy balance

d (3 1 9 (85 V8,.0T.
2 <2neTe) +ﬁ$ <hxzne”eTe_h)2C “Ox +
(B.6)
1 d (85 Vg 90T, _Ug dpe | va 9dp. e
ﬁjy (fzyZHeMeTe_h%ky dy —iTx ox h*yaiy_kez(Te—Tz)"‘SEa

where S, is the source of electron energy due to interaction with neutrals.
B.1.3 Transport coefficients

Transport coefficients are expressed in terms of two basic collision times. The collision time for

electron-ion collisions is

3/2 3/2

3/m.T, T,
g, = —VMele g aqq00te (B.7)
4\/7tnZe*In A Zn,InA

while the collision time for ion-ion collisions is
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3/2

3/2
3 /m,m;T, T. /L
G= NPT 5 09.q0B3 0 VT (B.8)
4\/%241’11' InA Z4I’ll‘ InA

All the formulas with reduced numerical coefficients throughout this subsection yield the result
(by default) in SI units. They are given for temperatures in eV and densities in~3. The ion mass m; 1S
expressed in proton masses 1, (amu). Initial expressions taken from [140] use CGS units. The Coulomb

logarithm In A is calculated using the approximation:

e Te
e L 15In (B.9)

InA=17.38-0.51
n 38 05n1020 1000

The typical value is 5 — 15.

Spitzer-Harm [141] thermal conductivity for electrons:

5/2 5/2
n.T,7, 24 T T,
¢=32-""= < =3.07-10*° B.10
I M, VTmge* ZInA ZInA ( )
Ion thermal conductivity:
5/2 5/2
=" m, 4,/Tmye* /mZ*e*InA Vm:Z*In A ’

Eqgs. (B.10) and (B.11), with numerical coefficients, give the result in W/(m-eV). For a hydrogen

ion, kﬁ is a factor ~ 30 smaller than kﬁ .

The Braginskii formula for parallel viscosity is:

0.406. /i, /mi T 72 Jimi
n = 0.96n,T;7; = PV T gy et VM (B.12)

et Z41nA Z4InA

This is the dynamic viscosity, expressed in kg/m?-s(P-s).
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Egs. (B.10) to (B.12) are generalized for the case of multi-species plasma according to Braams:

5/2
T 24 T,
¢ =3t L (B.13)
me \/Tmee ZefflnA
) 5/2
= 173'7 Y Za e ?’A (B.14)
mye Mo n
P E y g (Zng )
_ 5/2
= Lt i (B.15)

et Y5 (”ﬁ%%\/%) InA

Egs. (B.13) to (B.15) represent a simplification of the complete multi-species transport theory. They

are valid for the case if one species dominates.

The energy exchange coefficient k,; generalized for the multi-species case:

4,/2 4 Z2 InA Z2 InA
ko m TTmge (2: aﬂa)iQ;L ::475.109<2: ana>’%;;z (B.16)
mP o m Tg o Mo TE

The effective Mean Free Path (MFP) of electrons and ions derived from Eq. (B.7) and Eq. (B.8):

3/2 3/2

: T,
¢ MFP, =vi 1, =2.05-10"7 -1 (B.17)

MFP, =% -1, =25-10"7 —%—
e =V te Z%n,InA’ Z*n;InA

Here v = \/% and vi. = / % are the estimates if the electron and ion thermal velocities (for

approximately 7, = 10! m=3 and 7, = 100eV, MFP, ~ MFP; ~ 18 m).

Flux limits:

—1
e IdT, (xa“Ha

|SH 9x - | —ox
| M =
FeneTe mic momp’ o

ki iim = Kjsu |1+ (B.18)
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Here, k¢

sH is the Spitzer-Héarm coefficient given by Eq. (B.13) and n“f‘ is calculated by Eq. (B.15).

Default values of the flux limiting factors F, and F,,,, are 0.2 and 0.5, respectively.

B.2 Eirene Reactions

The references are given to the records in the EIRENE databases HYDHEL [43] and AMJUEL [42]

which can be found on www.eirene.de. Neutral-neutral interactions are not considered here.

Reaction Type Database | Set | Number
p+H(ls) — H(1s)+p Charge-exchange HYDHEL | H.1 3.1.8
p+H(ls) — H(1s)+p Charge-exchange HYDHEL | H.3 3.1.8
e+H——2e+H* Ionization AMJUEL | H4 2.1.5
e+H— H" +2e Ionization AMIJUEL | H.10 2.1.5
p+Ne — p+Ne Elastic scattering (Ne) | AMJUEL | H.1 0.5T
p+Ne —p+Ne Elastic scattering (Ne) | AMJUEL | H.3 0.5T
e+Ne ——e+Net+e Ionization (Ne) AMJUEL | H2 | 2.10BO
e+N—e+N-+e Ionization (N) AMJUEL | H.2 2.7B0
e+Hy(X Z,") — Dissociation HYDHEL | H.2 2.2.5
e+ H» (b3):u+, azX +, C3Hu) —

e+ H(1s)+H(1s)

e+Hy(X;Z,") — Ionization HYDHEL | H.2 2.2.9
e+HyT(v)+e

e+Hy(X 1 Z,5) — Dissociation HYDHEL | H.2 2.2.10
e+ [Ha(Zg, ) e] —

e+HH(ls)"e

H*+e —— H(15s) Rad. recombination AMIJUEL | H4 2.1.8
H*+e—H Rad. recombination | AMJUEL | H.10 2.1.8
p+H, —p+H; Elastic scattering AMIJUEL | H.O0 0.3T
p+H, — p+H Elastic scattering AMIJUEL | H.1 0.3T
p+H, —p+H, Elastic scattering AMIJUEL | H.3 0.3T
e+H," —2e+H"+H' Diss. ionization AMJUEL | H4 2.2.11
e+H,t —e+H+H' Dissociation AMIJUEL | H4 2.2.12
e+H,* — H+H Diss. recombination AMJUEL | H4 2.2.14
e+H,"(v) — Diss. recombination | AMJUEL | H.8 2.2.14
H(ls)+ H*(n)(v=0-9,n>2)
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