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Abstract

Controlled fusion on Earth is one of the most powerful technological dreams
devised by humanity. The prospect of an artificial star on our planet could offer
reliable, clean, and widely accessible energy for all, using the most common element
in the universe as fuel. Despite all its prospects, an economic fusion power plant has
not yet been developed, due to the enormity and complexity of the challenges in the
way of such a feat. In tokamaks, where a high temperature plasma is confined using
strong magnetic fields, one of the most pressing issues is that of plasma exhaust.
As these fusion devices become more powerful and better confined, the peak heat
and particle loads on surrounding surfaces is enough to erode and damage even the
strongest materials.

The focus of this thesis is the study of alternative divertors, one proposed solu-
tion to the tokamak exhaust challenge. By modelling edge plasmas under different
conditions and geometries, this work furthers the understanding of how these dif-
ferent geometric features can influence divertor performance. The process of detach-
ment, characterised by significant power and pressure loss in an edge plasma, is a
key focal point for this modelling work.

By developing and extending reduced models, and comparing them to hun-
dreds of 2D simulations of alternative divertors, good agreement is found for the
predicted impacts of divertor features on detachment. These models are also com-
pared with experiment, where certain broad predictions and ideas from reduced
modelling seem present in experimental data. The agreement is not perfect, and
when it comes to the movement of so-called detachment fronts, the location of these
fronts is much more stable in 2D simulations and experiment than the reduced mod-
elling. Notwithstanding, this work provides first of a kind verification of a reduced
physics framework to understand the control of divertor detachment.
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Executive Summary

This thesis concerns plasma physics for nuclear fusion, making contributions to the
realm of alternative divertor physics through modelling and model comparison to
experiment. The motivation for this work is explored in Chapter 1, including the
need for nuclear fusion stemming from the adverse risks of energy insecurity and
climate change. The fundamental science of nuclear fusion is laid out, and the con-
cept of a tokamak is introduced. However, there are numerous physics and engi-
neering challenges preventing an economic energy-producing tokamak power plant.
Chief among these issues is the exhaust challenge, which describes how plasma fac-
ing components cannot withstand the unmitigated heat and particle loads emerging
from high-power, well-confined reactor tokamaks.

Most current-generation tokamaks implement a divertor configuration to divert
the scrape-off layer plasma escaping from the core towards target plates. For next-
generation reactor-like devices, one potential solution to alleviate strong plasma and
power loads is through detachment, where most of the plasma power and momen-
tum is dissipated before the plasma reaches the divertor targets. One prospective
method of optimising the process of detachment is by operating with an alterna-
tive divertor. Such divertors implement novel magnetic or geometric characteristics,
such as expansion of magnetic flux or implementation of multiple x-points. These
characteristics are thought to benefit plasma exhaust, though there is still much to
understand concerning their physics principles and how these emerge into opera-
tional benefits and disadvantages.

One powerful way of developing intuition and understanding of alternative di-
vertor features is through computational and theoretical modelling. As such, this
thesis primarily leverages modelling tools to contribute to the understanding of al-
ternative divertors and their features. Much of this modelling focuses on detach-
ment evolution in different geometries, an area which is still relatively nascent.

In Chapter 2, the theoretical groundwork for modelling alternative divertors in the
steady-state is laid out. Among the many modelling tools for divertors are fluid
codes, which solve the Braginskii fluid equations for a scrape-off layer plasma. One
such code is SOLPS-ITER [1]-[3], which couples a fluid code with a Kinetic Monte-
Carlo code for modelling the transport of neutrals, which can have a range of colli-
sionalities in the divertor. In addition to computationally expensive simulation tools,
simple reduced modelling is also introduced. In particular, the two-point model is a
powerful tool to study the relationship between upstream plasma parameters at the
midplane, and the critical plasma conditions at the divertor targets.

A more novel modelling tool introduced in Chapter 2 is the Detachment Location
Sensitivity (DLS) model. The DLS model is a simple tool to study how detachment
is accessed, and how sensitive the location of detachment fronts are with respect
to changes in key plasma parameters. The model, originally developed in [4], is
modified for this work, and the predictions made by the model are considered. The
model predicts that divertors which have long connection lengths, high total flux
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expansions, and high divertor averaged magnetic fields will have easier access to
detachment, benefiting plasma exhaust. Concerning the movement of detachment
fronts, the DLS model predicts that certain features will lead to reduced detachment
location sensitivity - corresponding to a detachment solution which is very stable
and insensitive to variations in the plasma. According to the model, regions of low
poloidal field, or high total magnetic field gradient, could lead to this reduced de-
tachment location sensitivity. The DLS model even predicts the presence of negative
location sensitivity regions in inner leg divertors, where the divertor plasma could
bifurcate into attached or detached solutions for the same plasma parameters.

As part of this thesis, the DLS model has been extended to produce fully self-
consistent heat flux and temperature profiles for arbitrary impurity radiators. This
extended DLS model outputs detachment access and location sensitivity predictions
which consider the effects of having a wide radiation region that could extend up to
the midplane. This model may allow for more accurate predictions of detachment
for reactor-like tokamaks, where impurities such as neon can radiate along the entire
SOL.

In Chapter 3, the efficacy of the DLS model is explored by comparing predictions of
the model to SOLPS-ITER simulations. The simulations used are of isolated divertor
legs in simplified geometry, extending from the x-point to the target. The upstream
heat flux, upstream electron density, and divertor impurity fraction are set and var-
ied. The reason these simplified geometries are used is because one or two features
may be varied in isolation. As such, they can be a powerful way of interrogating
individual divertor features methodically.

Concerning detachment access, the isolated leg SOLPS-ITER simulations are shown
to broadly agree with theoretical predictions. Specifically, divertors with high con-
nection length and total flux expansion achieve easier access to detachment, with a
stronger dependence on geometric features than predicted by the DLS model. The
isolated leg SOLPS-ITER simulations also agree with the DLS model in terms of de-
tachment location sensitivity. In regions of divertors with strong parallel magnetic
tield gradients, low poloidal pitch, or in regions closer to the x-point, the poloidal
movement of detachment fronts is less sensitive to changes in detachment control
parameters. In general, the SOLPS-ITER simulations display lower detachment lo-
cation sensitivity than DLS model predictions. One prediction of the DLS model
verified for the first time by SOLPS-ITER simulations is the presence of negative
sensitivity regions caused by geometry, where a divertor may bifurcate into deeply
detached or attached solutions for the same upstream conditions.

Work in Chapter 3 marks the first time the movement of detachment fronts in
simulations have been compared to reduced modelling. The favourable comparison
provides a framework to understand how detachment may evolve in different ge-
ometries, enabling designers of future tokamaks to optimise a divertor configuration
for detachment control.

In Chapter 4, simulations of the MAST-U Super-X geometry are used to study the
impact of divertor baffling on performance and detachment access. Density scan
simulations are performed for an extremely open divertor, and an extremely tightly
baffled divertor, at three different input powers. Simulations show the tightly baffled
divertor detaches at a lower density than the open divertor, consistent with previous
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studies [5]. However, this difference is notably lessened at higher powers.

In addition to detachment access, the geometries with different baffling show dif-
ferent behaviour when it comes to particle and heat transport. Specifically, neutrals
are trapped much more in the divertor chamber in the tight geometry; as a result, the
tight geometry shows much higher compression of neutrals in the divertor chamber.
Moreover, in the tightly baffled geometry radiation occurs in small, localised regions
in the divertor, whereas radiation occurs along the entire SOL in the open geome-
try. Because of this, the open divertor simulations tend to have lower heat fluxes
entering the divertor, and lower upstream temperatures.

The study contained in 4 is a simple one, yet is an important attempt to build
a fundamental understanding for a complex divertor design feature. If physicists
better understand the impacts of divertor baffling, then this understanding can feed
into the design choices of the material surrounding a divertor plasma.

In Chapter 5, results from alternative divertor experiments in the MAST-U toka-
mak are studied. Data from the Multi-Wavelength Imaging and Divertor Monitoring
Spectroscopy diagnostics are used to identify and track the location of the leading
edge of detachment fronts. Detachment front movement for these experiments are
compared against parameters controlling detachment, and in particular measure-
ments for the upstream electron density. To this end, the midplane interferometry
and Thomson scattering systems are leveraged.

In the second experimental campaign of MAST-U, the movement of detachment
fronts in an elongated conventional divertor density scan are compared against that
of a Super-X divertor. It is found that the sensitivity of the location of detachment
fronts in parallel space in the Super-X is significantly lower than that of the elon-
gated conventional. Conversely, when tracking the fronts in poloidal space, there is
little difference between the two configurations. This is in general agreement with
the DLS model, which also predicts a significant reduction in front sensitivity in par-
allel but not poloidal space. This work marks the first time experimental data of de-
tachment front movement has been directly compared to reduced modelling. Such
work could be beneficial for enhancing detachment control algorithms, or designing
alternative divertors around detachment control.

In Chapter 6, the studies and conclusions presented in this thesis are reviewed.
Highlighted output from this work are two first author publications, and one co-
author publication. Two of these documents are formed from work present in Chap-
ters 2 and 3, and are [6], [7]:

Optimizing detachment control using the magnetic configuration of divertors, by C.
Cowley, B. Lipschultz, D. Moulton and B. Dudson. Nuclear Fusion. DOI:
10.1088/1741-4326/ac7a4c

and:

Predictive SOLPS-ITER simulations to study the role of divertor magnetic geometry
in detachment control in the MAST-U Super-X configuration, by O. Myatra, B. Lip-
schultz, D. Moulton, K. Verhaegh, B. Dudson, S. Orchard, A. Fil and C. Cowley.
Nuclear Fusion. DOI: 10.1088/1741-4326 / acea33

As for the second first-author publication, this was built upon a collaborative
project at the The Massachusetts Institute of Technology, and focuses on development
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work for the SOLPS-ITER code. This work is tangentially related to this thesis, as the
code improvements were to allow for additional alternative divertor geometries to
be simulated. However, it does not exactly fit with the themes of the rest of the chap-
ters here, which mainly focus on isolating alternative divertor features and studying
detachment access and evolution. Thus, the work for this paper is omitted from this
thesis, but readers are invited to visit the original publication [8]:

Novel SOLPS-ITER simulations of X-point target and snowflake divertors, by C. Cow-
ley, A Q Kuang, D Moulton, et al. Plasma Physics and Controlled Fusion. DOI:
10.1088/1361-6587 /acb4ba

Finally, the scope of future work is outlined in Chapter 6. This includes perform-
ing more complex simulations, to study the impacts of drifts or impurity transport,
for example. One of the most interesting realms of future work is on developing fur-
ther experimental studies for understanding detachment front movement and con-
trol. After all, the work presented in Chapter 5 is a starting attempt to understand
the underlying principles of experimental detachment front movement. This work
can be vastly improved through more statistically significant datasets, looking at a
wider range of conditions, and using more diagnostics and techniques. In general,
there are many possible avenues for extension and improvement in this work, as
the daunting task of understanding divertor plasmas is far from complete; and the
broader field of plasma physics and controlled fusion is as complex and captivating
as ever.



Chapter 1

Introduction

1.1 The Need for Fusion

1.1.1 The Role of Energy in Society

The pursuit of scientific knowledge — though admirable in itself — is made more vir-
tuous by its potential to progress life on Earth. When used for the right reasons, sci-
entific advances have saved and improved countless lives, through new medicines,
complex materials, and safer homes and methods of transportation. Perhaps the
most important way in which science has fundamentally changed the quality of hu-
man life is through the development of efficient external sources of energy.

The role of external energy in human advancement has been present for 200,000
years, since prehistoric civilisations first harnessed fire for cooking and warmth [9].
As societies began to develop, animals such as horses and oxen were used for labour
and transport, allowing for more agricultural output than humans could achieve
using only their own biology [9]. Since then, advances such as the water wheel have
progressively alleviated humans from excessive manual labour, allowing for more
focus on advancement rather than survival.

Perhaps the most stark case of energy catalysing development is that of the in-
dustrial revolution. In less than one century, the advent of steam engines and tur-
bines caused the efficiency of production in the US and Europe to soar [10]. As a
result, GDP per capita growth, which remained fairly stagnant at 0.2 % for most of
early human history, rose to highs of 1.3 % during the industrial revolution [10]. This
growth in GDP was coupled with a monumental rate of progress of technological de-
velopment, and a fundamental shift in human workload. In 1900, the percentage of
the global workforce in the agriculture sector was more than 70% [11]. By 2019, this
proportion dropped to 27%, and the service industry now comprises half the global
labour force [12].

Today, a strong correlation between development indicators and energy con-
sumption can be seen [13]. In fact, data from the International Atomic Energy Agency
and the United Nations Development Programme show that countries with energy
consumption rate per capita above 1.4 kW have a human development index 60%
higher on average than countries with less than 1.4 kW energy consumption rate
[14]. Moreover, countries which have an energy consumption rate per capita of 5
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kW have a 10 times lower infant mortality rate on average, and roughly 4 more av-
erage schooling years than countries with a consumption rate per capita of 1 kW
[15].

Of course, these relationships between energy and development are limited, as
excessive and inefficient energy use does not contribute to economic or social de-
velopment [16]. These relationships are also correlations, and do not necessarily
provide insight into the underlying reasons for the improved development indica-
tors with higher energy use. However, by examining current global statistics, and
the history of energy and development, one clear conclusion emerges: development
is strongly linked to a minimum energy usage. Thus it seems a minimum energy
consumption is necessary for high development indicators, and a society which can
focus on science, education, and healthcare with an alleviation of burden from man-
ual labour. Though access to external energy sources seems a necessity for develop-
ment, our current energy consumption has not come without adverse consequences

and risks.

1.1.2 Climate Change

Prevailing among the consequences of human energy consumption is anthropogenic
climate change, which refers to the increase in global average surface temperatures
brought about by human activity. The most significant of these activities is the over-
consumption of fossil fuels since the industrial revolution, which has led to a strong
and rapidly growing increase in concentrations of carbon dioxide, methane, ozone,
and nitrous oxides in the atmosphere. Figure 1.1 for example, shows carbon dioxide
concentrations have almost doubled since before the industrial revolution, reach-
ing 400 ppm, the highest recorded value in more than eight thousand centuries of
records [17]. This has serious impacts on the climate because the aforementioned
gasses are highly absorbing in the infrared (IR), which means a smaller proportion
of the blackbody radiation from the surface of the Earth can escape the atmosphere,
warming the planet. This effect of trapping radiation is known as the greenhouse
effect, and the gasses that cause it are often referred to as greenhouse gasses [18].

Through increasing the concentration of greenhouse gasses in the atmosphere,
fossil fuel-based energy sources already have a measurable effect on the global aver-
age surface temperature. This initial temperature change has also catalysed feedback
mechanisms. Mechanisms such as the melting of ice caps, lowering the albedo of the
Earth and exacerbating the temperature change further. Data from NASA indicates
the global mean surface temperature has already risen 1.1 °C above its value in 1880
[19]. What’s more, if countries follow historic emission trends, on a pathway the
International Panel on Climate Change (IPCC) labels ‘SSP2-4.5" shown in Figure 1.2
[20], this is predicted to lead to a warming of roughly 2.8 °C by the end of the century,
as shown in Figure 1.3.

Modelling predicts stark consequences for the climate, biodiversity, and human

welfare under 2 °C of warming, which worsen severely with a warming of 4 °C.
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FIGURE 1.1: Historic annual carbon dioxide atmospheric concentra-
tions [17].
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FIGURE 1.2: Annual carbon dioxide emissions for five IPCC emission
pathways [20].

In terms of climate, antarctic sea ice extent is currently decreasing by an alarming
rate of 12% per year [21]. Current warming trajectories could cause melting severe
enough to make arctic summer waters ice free by 2050 [22], and will reduce global
glacier mass by 18% [23]. As a consequence, sea levels are expected to rise by roughly
0.75m by 2100, to flood an area containing between US $ 7.9 and US $ 12.7 trillion in
global assets [23], and displacing millions. Under the same SSP2-4.5 pathway, this
sea level rise is predicted to double to 1.5m by 2300 [24].

In terms of agriculture and vegetation, the significant effects of climate change
can already be seen, as 59% of global vegetation is showing a reduction in growth
since the 1990s [25]. This is predicted to worsen over the coming years, and by 2050
the proportion of agricultural area that will become unsuitable is 10%; a number
which may rise to 30% by 2100 under SSP5-8.5 [23]. Moreover, With 2 °C warming,
land area burned by wildfire is expected to increase by 35 %. In terms of species
biodiversity, 10 % of species assessed by the IPCC face a very high risk of extinction
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at 2 °C of warming, which rises to 12% at 3 °C warming.
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FIGURE 1.3: Global surface temperature change relative to 1850-1900,
predicted for various IPCC emission pathways [20].

The climate crisis, however, will not just affect economics and biodiversity, but is
expected to cause an unprecedented loss of human life. Under the ‘SSP2-4.5" path-
way, over 9 million excess deaths will be caused by 2100 due to direct temperature
increases alone (not considering effects of disease, food supply, and war), which in-
creases to 83 million deaths under 4 °C of warming [26]. This represents the same
amount of deaths than have been caused by all major armed conflicts from 1740-
1974, including both world wars [27].

Despite this sombre outlook, these consequences of climate change can be miti-
gated by immediately and imperatively decreasing global greenhouse gas emissions.
By following pathway ‘SSP1-1.9” for example, global warming could be kept to 1.5
°C or under by the turn of the century. Following this pathway, however, requires
sweeping changes in our energy infrastructure, electrifying agriculture and trans-
port, and moving towards entirely low-carbon sources of electricity and industrial
heat.

1.1.3 Energy Security

Though anthropogenic climate change is perhaps the greatest risk of fossil-fuel de-
pendence, it is by no means the only risk. The lack of energy security and national
energy independence is a growing and considerable concern, since the global supply
of fossil fuels are now heavily dependent on only a handful of producers. In fact,
40,000 TW hr of natural gas was consumed globally in 2021 [28], but 40 % of this
was produced by just two countries: the United States and Russia. Similarly, 51,000
TW hr of oil was used in 2021 [28] but 36 % of the supply originates from just four
countries: the United States, Saudi Arabia, Iraq, and the United Arab Emirates.

As a result of the growing lack of energy security, there have been several eco-
nomic crises caused by variability of fossil fuel suppliers. Chief among these is the
1973 oil crisis, sparked by the Yom Kippur War, a conflict between Israel and an
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Arab coalition led by Egypt and Syria in October 1973 [29]. As a result of this war,
the Organization of Arab Petroleum Exporting Countries introduced an oil embargo
in 1973 targeting Israel-supporting nations such as the US and the UK. The embargo
caused an increase in oil price of nearly four times, from $2.90 to $11.65 after the em-
bargo in 1974 [30]. Coupled with the effects of the Vietnam war, this led to the most
significant economic crisis in the US since the great depression, with unemployment
rising to 9 % in 1975 [31]. Inflation also increased from 3 % in 1972 to 12 % in 1974 in
the US, and GDP shrunk by 2 % in 1974 [32].

Another key example of consequences of energy insecurity is the economic fall-
out of the Ukraine-Russia conflict of 2022. In February 2022 Russia began a full-scale
invasion of Ukraine, and was met with international condemnation and sanctions
[33], [34]. In response to sanctions from the West, Russia threatened to cut off its
supply of natural gas to certain EU member states. This decrease and uncertainty in
supply caused a skyrocketing in gas prices, particularly in Europe. In the 12 months
preceding December 2022, UK gas prices rose by 128.9 % and electricity prices rose
by 65.4 % [35]. This was a main driver of inflation, and annual consumer price index
inflation peaked at 11 % in October 2022, the highest rate on record [36].

Whenever a country is hit with a strong fiscal crisis, it is often the poor and
vulnerable who are impacted the hardest. In fact, modelling from The Economist
estimates higher energy prices brought about by the Russian invasion of Ukraine
caused over 68,000 deaths in Europe in the Winter of 2022/2023 [37]. The onset of
financial crises is associated with an increase in poverty and income inequality, most
acutely affecting the most vulnerable [38]. As a consequence, it is important from the
perspective of human welfare to avoid these crises, by fostering a supply of energy
which is more independent of geopolitics.

1.1.4 Alternative Energy Sources

By now it should be clear that there is a dire need for sweeping changes in our sup-
ply of energy. Transitioning to a reliable, highly available, and low-carbon energy
supply that does not greatly depend on natural resources is not desirable, but vital.
Of course, for years there have been a plethora of excellent scientific and social reme-
dies to the energy crisis. Specifically, the advent of renewable energy sources such
as hydroelectric, onshore and offshore wind, solar, and geothermal energy have re-
duced our dependence on fossil fuels. Indeed, nearly 30 % of global electricity con-
sumption now comes from renewables, a number expected to increase to 60 % by
2030 [39].

However, every power source has its drawbacks, and relying too heavily on a
handful of renewable energy sources may be costly. This is because many renew-
ables such as wind and solar vary in their generating output; from minute to minute,
to diurnally and seasonally. Of these, significant seasonal variation is the most diffi-
cult to compensate for. In Canada and the Netherlands, solar generation output can
vary by a factor 6 seasonally [40], and the generating output of wind in Europe has
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been shown to vary seasonally by a factor 1.5 [41]. To counteract these variations, a
world powered entirely by renewables would either need a highly connected grid
(from Norway to the Equator), investment in long-term storage such as artificial fu-
els, a generation capacity vastly over the average use, or a combination of the three
[40].

Each proposed method of dealing with seasonal variability, however, typically
decreases the efficiency of the grid and adds cost; particularly when approaching
a 100% renewable grid. In fact, a study modelling the cost of renewable penetra-
tion in the US found that in the highest cost models, achieving a 100% renewable
grid would have 60% higher system costs than a grid which had no requirement on
renewable penetration [42].

Notwithstanding, if nuclear energy is included in these renewable grids, models
predict a much lower (roughly 10 % [42]) increase in system cost. This illustrates
that nuclear power, which is highly reliable, can be a cost-effective way of generat-
ing power when conventional renewables experience intermittency. And if nuclear
can help a renewable grid be more cost effective, this increases the chances of tran-
sitioning to renewables faster. The reverse can be seen in Germany, which recently
decided to completely phase out its nuclear reactors. As a result, Germany is still
highly reliant on fossil fuels, despite a growing renewable industry and reduction
in energy consumption. In fact, in 2022, German electricity generation from coal
increased by nearly 10 % [43].

Though nuclear fission has great potential to contribute to decarbonisation and
energy security, it also has its disadvantages. A conventional 1 GW uranium fis-
sion reactor, for example, produces 30 tons of high-level radioactive waste per year,
which requires costly long term storage [44]. Additionally, at the current rate of
consumption, the reasonably assured resources of fissile uranium will be depleted
in 100 years [45]. These uranium resources may also cause energy security risks in
the long term, since over 75% of global uranium is produced by just four countries:
Kazakhstan, Canada, Australia, and Namibia [46]. Because of this, it is desirable to
have a transition in the long term to a low-carbon source of power which has the
reliability of fossil fuels or fission, but without the prolonged issues of either. One of
the most promising candidates for such an energy source is nuclear fusion.

1.2 Introduction to Nuclear Fusion

1.2.1 Nuclear Fusion

Though humanity has considered a plethora of methods of energy generation, most
of these methods truly begin with energy from the sun. Whether it be directly from
solar cells, or from combusting long-dead fauna which once basked in solar radia-
tion, our energy supply consists of a chain of conversion processes that begin with
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nuclear interactions in the sun. It is only in the last century that we thought of skip-
ping these intermediate processes and building our own power-generating star on
Earth, by harnessing and controlling nuclear fusion.

Nuclear fusion is the process by which nuclei from several atoms combine and
fuse together to create a single more massive nucleus. In doing so, this process can
release energy, which is how fusion is able to power the sun and every other active
star in the universe. Principally, the energy released by fusion stems from the strong
interaction, the fundamental force that binds quarks into nucleons, and nucleons
into nuclei [47]. Every nucleus held together by the strong force has an associated
binding energy; the energy required to break apart the nucleus into its constituents.
When nuclei are broken into their constituent nucleons, then reformed into different
elemental nuclei, the end products can have a different binding energy than the
initial nuclei. This will release energy, if the binding energy per nucleon is higher
for the product than it is for the reactants.

Figure 1.4 [48] shows the binding energy per nucleon of common elemental nu-
clei. This figure illustrates that for the majority of atomic numbers higher than iron,
breaking nuclei apart will release energy. This is the process of nuclear fission, and is
the source of power for present-day nuclear reactors. For certain nuclear transitions
below iron, however, creating larger nuclei from smaller ones (such as the transition
from H? to Hej ) releases energy. This is the process of nuclear fusion, and per re-

action, can be significantly more energy dense than fission, as can be seen in Figure
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mass number for some common nuclei.
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Though fusion reactions are significantly more energy dense than fission, they
are also monumentally less likely to occur. This is because fusion requires two pos-
itively charged nuclei to combine; nuclei which feel a tremendous force of electro-
static repulsion between each other. Fusion reactions are so unlikely, in fact, that if
we collected all the hydrogen atoms in the observable universe, and contained them
with 1 atmosphere of pressure, the total fusion power output wouldn’t be enough to
power a light bulb. So how is the sun much stronger than a light bulb, and how can
we get nuclei on Earth to do the same? The first step is to give the fuel nuclei suf-
ficient energy to overcome (or tunnel through) the Coulomb barrier. This is usually
done by heating the fuel until it transitions into the state of matter that comprises
the sun: a plasma.

1.2.2 Plasma Physics

Under any thermonuclear fusion scheme, the fuel must be heated to at least the KeV
level, or roughly 10°C million. At this point, gasses become ionised; the majority of
atoms separate into ions and electrons, forming a plasma. A plasma can be described
as a combination of electrons, the ions, and neutrals, with density and temperature
n, T; n;, T;; and ng, Ty respectively. For the remainder of the thesis, temperatures will
be expressed in eV.

Because the fuels of fusion energy are in the plasma state, the physics of plasmas
is fundamental to the study of nuclear fusion. This is particularly true for this thesis,
which is first and foremost a study in plasma physics. As such, it is first important
to define a plasma, and describe the unique properties that they possess. A funda-
mental characteristic of plasmas is ionisation, and plasmas can range from weakly to
partially to completely ionised, depending on what fraction of the atoms have been
separated into ions and electrons.

The presence of charged particles caused by ionisation leads to the most cru-
cial property of a plasma: collective behaviour. Collective behaviour refers to the
fact that the charged particles in the medium are unbound and influence each other
through their charges, and thus the plasma can respond to perturbations in the elec-
tromagnetic field [49], [50]. The characteristic timescale of this collective behaviour
is defined by the (electron) plasma frequency [49], [51]:

2
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where m is the electron mass and ¢g is the vacuum permittivity. In addition
to this timescale, a length scale of this collective electromagnetic behaviour can be
described. This length scale stems from charge screening, a phenomenon by which
the potential of a free charge is screened by surrounding particles of the opposite
charge. The length scale of this potential screening, and hence the length scale under
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which plasma particles may interact electromagnetically with each other, is defined

by the Debye length [49]:
] Gok B T

Due to this charge screening, at length scales much larger than the Debye length,

the plasma is effectively neutral. This property by which plasmas are locally charged
but macroscopically neutral is known as quasi-neutrality [49], [52].

The final important aspect of collective behaviour is how significant it is relative
to the fluid properties of the plasma. The statistical importance of collective be-
haviour is described by the plasma parameter, A, which is a measure of the number
of electrons in a sphere of radius equal to the Debye length [49]:

A= %"n)\%. (1.3)

When this plasma parameter is much less than 1, this means the Debye sphere is
sparsely populated. Such a plasma is described as strongly coupled, and in such a
plasma the collective behaviour is less important than particle collisions. Contrarily,
a plasma with A much greater than 1 is a weakly coupled plasma, in which many
charged particles exist within a Debye sphere and collective behaviour is dominant
[50]. The plasmas dealt with in magnetic confinement fusion are weakly coupled
plasmas.

The three collective behaviour parameters wy, Ap, and A are in many ways the
most important parameters of a plasma. Yet they are by no means the only important
quantities. One property which is important and reoccurring in this thesis is that
of collisionality. Collisionality is a measure of how frequent particle collisions are
relative to the observational length scale. Though the dimensionless collisionality
of various plasmas can have different definitions, the definitions always involve the
collision frequency of two species in a plasma. This collision frequency v of test
particle 1 on bulk medium 2, is defined by [49], [52]:

2
V2 = ( 912 > malnA (1.4)
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where g; and g; are the charges of the two species, n;, is the density of the bulk
medium, v; is the speed of the test particle, m; is the mass of the test particle, and
m, is the reduced mass of the two particles. It is important to note that in a weakly
coupled plasma, the plasma frequency is much greater than the electron-ion colli-
sion frequency. However, the importance of plasma collisionality extends past this,
as it describes how frequently energy is distributed between particles and species.
For example, the collisionality can strongly affect the heat conductivity of a plasma.
Additionally, highly collisional species will converge to a Maxwellian distribution
of energies, and if two species are very collisional, they will equilibrate to the same
temperature.
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1.2.3 Confinement

The first step in achieving efficient nuclear fusion on Earth is creating a hot plasma,
but this is by no means the only step. To illustrate what other factors are required,
consider the total fusion power output in a mixture of two fuels of ion density 7,
and #n; 5, which is given by [53]:

Pfusion = Efusz'on”i,lni,Z <UV> . (1.5)

Here o is the reaction cross section, a measure of the probability of a successful
fusion reaction, and Ef,s;,, denotes the energy released per reaction. v is the relative
velocity of the two reactants, and (ov) is the distribution-averaged product of cross
section and velocity, also known as the reactivity. To find the total power output one
must also consider the power lost from the fusion fuel, which can be related to the
thermal energy density and a so-called energy confinement time 7¢ [53]:

2(neT, +nix Ti + ninTy)

Ploss = o . (16)

From these equations some requirements for efficient fusion can be gathered.
First, it is clear the choice of fuel is important, as Ef,s0, and (ov) vary with fuel
mixture. In particular, a fuel mixture which has a high Ef,;,, is desirable, but also
a sufficiently high reactivity at low enough temperatures, such that losses can be
minimised. A plot of reactivities against temperature for multiple candidate fusion
fuel mixtures is shown in Figure 1.5. From this figure, the fuel mixture Deuterium-
Tritium (D-T) has the highest reactivity peak, and peaks at lower (40 KeV) tempera-
tures than other fuels. Because of this, D-T is the most commonly used fuel mixture,
with nuclear equation:

2D 43T —3 He (3.5 MeV) +{ n (14.1 MeV). (1.7)

Though D-T has high reactivities, it also comes with pragmatic issues. Crucially,
tritium is not naturally occurring, and is radioactive and can easily contaminate wa-
ter. Additionally, D-T fusion produces high energy neutrons, meaning reactors must
be built to withstand high neutron fluxes and the nuclear damage sustained as a con-
sequence. Now under the case of D-T fusion with a 50/50 fuel mixture, and equal
temperature for all ions and electrons, Equations 1.5 and 1.6 become

1
Pfusion = Efusionzlnz <UV> ’ (18)
and
3nT
Pross = —. (1.9)
TE

From these equations it becomes clear that - apart from a good choice of fuel - a

high density of reactants is required, as fusion power scales with n?, whereas losses
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FIGURE 1.5: The reactivities of seven common fusion reactions, plot-
ted as a function of centre-of-mass reactant temperature [54].

scale only linearly with n. Furthermore, a high temperature is required to maximize
reactivity. For D-T fusion this means achieving ion temperatures in the tens of KeV.
Finally, to reduce losses the energy confinement time should be maximized. Because
of these three requirements of high density, high temperature, and high confinement
time, a common figure of merit for nuclear fusion devices is the so-called ‘triple
product’, nTTE.

In summary, to achieve economic fusion on Earth requires confining both par-
ticles and energy in a high pressure fusion plasma. This confinement effectively
means keeping the plasma away from external material, preventing the fuel or en-
ergy from leaking out. Thus the ideal picture of a confined plasma is one which
has a very high pressure at the centre which drops off to a very low pressure at the
edge. This strong pressure gradient, however, will produce a strong force, pushing
the plasma outward like air pushes against the rubber of a high-pressure balloon. In
order to prevent loss of heat and particles, there must be either be a strong counter-
acting force or a considerable reduction in outward transport.

Of course, a balloon has the benefit of the tension of rubber, and the sun has
10% kg of mass creating strong gravitational forces counteracting the pressure gradi-
ent. In a man-made fusion reactor, however, there is no material that can withstand
contact with the high-temperature plasma directly, and there is not nearly enough
material to create a noticeable gravitational field. So what other methods could be
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used to confine a fusion plasma? There have been a number of proposed methods
of generating this confinement, including using an inward driven shock to rapidly
heat and compress a fuel. This approach is known as inertial confinement fusion
[55]. However, by far the most well-researched method is by magnetically confining

a plasma using a tokamak.

1.2.4 Tokamaks

The fundamental basis of a tokamak is to use magnetic fields to achieve the con-
finement required for nuclear fusion. Specifically, a tokamak leverages the fact that
the motion of a charged particle in a magnetic field orbits magnetic field lines [49].
So for a plasma in a magnetic field, the only way particles or energy can be trans-
ported perpendicular to the magnetic field is through collisions with other particles.
The radius of a particle’s guiding centre orbit is inversely proportional to magnetic
field strength, and as a consequence a strong magnetic field B can massively reduce
inter-particle collisions, and confine the transport of the plasma to the parallel (to
the magnetic field) direction.

So by leveraging strong magnetic fields, the transport of heat and particles can
be reduced, but not in the direction parallel to the magnetic field. To nullify this
transport, the ends of the plasma can be connected together, creating a loop in the
parallel direction, and effectively negating bulk parallel transport. This is the idea
of a tokamak (shown in Figure 1.6), a toroidal device with a set of toroidal field coils
applying strong toroidal field applied to the plasma, By, [56]. In such a picture, how-
ever, the magnetic field is much stronger on the inside of the toroid than the outside,
and the drifts caused by this magnetic gradient cause ions and electrons to separate
vertically [49], [56]. This charge separation leads to an electric field E, causing a bulk
drift of the plasma towards the outside of the device, and degrading confinement.
To remedy this, a poloidal magnetic field can be introduced, B,,;. The resultant total
tield B shown in Figure 1.6 is then helical, and forces the charged particles to rotate
poloidally; effectively short-circuiting the vertical charge separation.

This poloidal field is generated by inducing a current in the plasma, typically
by leveraging a time varying current in a set of coils nearby, known as the central
solenoid (shown in Figure 1.6). However, only using a central solenoid effectively
means pulsed operation, since the current cannot be indefinitely increased in these
coils. For true steady-state operation, non-inductive current drive is required; for
example, from bootstrap current or radio-frequency current drive [57], [58].

When discussing the fundamental picture of a tokamak, it is important to keep
clear the purpose of each set of magnetic coils. Here the toroidal field was introduced
as the only field which leads to confinement, but that is not strictly true. A toroidal
device with solely a poloidal field can also lead to confinement. In such a picture,
however, the plasma is prone to instabilities such as the sausage and kink instability
[56], [59] which are detrimental for the confinement of plasma. Fortunately, these
instabilities can be suppressed by applying a toroidal magnetic field to the plasma
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FIGURE 1.6: A conceptual diagram of a tokamak.

[59]. So both fields have their separate purposes; both can lead to confinement,
the toroidal field stabilises certain instabilities, and the poloidal field prevents the
formation of a vertical electric field.

In the picture of a tokamak in Figure 1.6 the radius of the toroidal column of
plasma is known as the minor radius a, and the distance between the plasma column
and central axis is the major radius, R. Now in real operational tokamaks, this simple
picture becomes much more complex. Each of the broad design complexities, and
the motivations behind these additions will be discussed throughout the following
section.

One of the most important nuances to a real tokamak is the magnetic field struc-
ture. In contrast to the simple picture introduced previously, operational tokamaks
modify the poloidal field using external coils for vertical stability. Additionally, the
poloidal field is modified to shape the divertor, the magnetic structure used to con-
trol plasma exhaust.

In addition to the magnetic field coils, tokamaks also need sources of power and
particles that allow the high pressures needed for fusion to be accessed and main-
tained. Deuterium and tritium can either be injected as gas or if the plasma tem-
peratures are too high for gas to penetrate into the core, frozen pellets of fuel can
be injected instead [60]. For reactor tokamaks, pumps are also required to facilitate
density control and pump out the helium ash produced by fusion reactions in the
core [61].

In terms of heating, moderate temperatures can be achieved through ohmic heat-
ing from the plasma current. However, this becomes inefficient at higher tempera-
tures due to the scaling of resistivity with temperature [56]. Beyond this, a myriad
of systems have been proposed and implemented, such as Neutral Beam Injectors
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(NBIs) [62], and Radiofrequency heating (including Electron-Cyclotron Resonance
Heating (ECRH), and Ion-Cyclotron Resonance Heating (ICRH) and lower hybrid
[63]).

Surrounding the actual plasma itself are the strong, heat-resistant plasma fac-
ing material of the first wall, typically made of materials such as tungsten or beryl-
lium. Beyond this lies the breeder blanket, whose purpose is to absorb the neutron
products of the D-T reactions [64]. Since most of the fusion power in D-T fusion is
outputted through neutrons, the blanket is an important component in heat capture
and conversion. Moreover, the blanket can be used to breed more tritium for the
fuel cycle. In order to do so, the blanket must contain lithium, and blanket material
candidates include liquid lithium-lead, water cooled lithium-lead, and the helium-
cooled pebble bed [64]. This section of the tokamak may also include diagnostics to
monitor the machine and contribute to scientific understanding.

Diagnostic port

cryostat
Breeder blanket

Heating port

Vacuum vessel

Divertor targets

Support systems
(for fuel cycle,
cryogenics)

toroidal field coils

Central solenoid

FIGURE 1.7: A cutaway diagram of the ITER tokamak. Image modi-
fied from [65].

By this point it should be clear that tokamaks in reality are exceedingly com-
plex devices that have hundreds of different systems that must work well in uni-
son. Currently there exist dozens of tokamaks across the globe, including the under-
construction ITER project, shown in Figure 1.7. These tokamaks range in important
characteristics such as machine power, size, magnetic field strength, and aspect ra-
tio. Standard aspect ratio tokamaks have a much larger major radius R than minor
radius a, whereas spherical tokamaks have more comparable major and minor radii.
Principal standard aspect ratio tokamaks include the Joint European Torus (JET) [66]
in the UK, the Axially Symmetric Divertor Experiment-Upgrade (ASDEX-U) in Ger-
many [67], Japan Torus-60 (JT-60) in Japan [68], Doublet III-D (DIII-D) in the US [69],
and Tokamak a Configuration Variable (TCV) in Switzerland [70]. Major spherical
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tokamaks include the Mega-Ampere Spherical Tokamak-Upgrade (MAST-U) [71],
and the National Spherical Torus Experiment-Upgrade (NSTX-U) [72].

Noting the wide collection of tokamaks operating today, one may ask why fusion
is not powering the grid yet. The short answer is that fusion is difficult, and no toka-
mak has yet achieved a triple product high enough to sell electricity to the grid. Re-
actor and reactor-like tokamaks are being designed and built today to demonstrate
fusion gain; devices such as the international collaboration ITER [65], [73] (under
construction in France), SPARC (being built by the private US company Common-
wealth Fusion Systems) [74], the Spherical Tokamak for Energy Production (STEP,
being designed by the UK government) [75] and DEMO [76]. However, there is still
a multitude of scientific challenges to be solved before fusion energy is economi-
cally viable, including finding advanced confinement regimes [77]-[79], verifying
the tritium fuel cycle [80], and disruption mitigation [81]. This thesis focuses on just
one potential solution to one particular challenge of tokamak operation: the plasma
exhaust [82].

1.3 Plasma Exhaust and Divertors

1.3.1 Divertors

In any tokamak, no matter how well confined the plasma is, there will inevitably be
plasma escaping from the core, eventually making contact with surrounding mate-
rial. Even if perfect confinement existed, it would not be desirable, since the helium
produced by fusion reactions must leave the core and be pumped away from the
machine. As such, reactors must be designed with a good plasma-material bound-
ary region in mind. For this reason most tokamaks operate with a divertor [56], a
poloidal magnetic structure which diverts plasma particles escaping radially from
the core and towards target plates, as can be seen in Figure 1.8. These divertor tar-
get plates are typically made of strong, heat-resistance material such as carbon or
tungsten (though tungsten is the leading candidate for reactor tokmaks) [82].

The primary benefit of operating with a divertor is that the plasma-material
boundary can be located physically far from the core (in contrast to a limiter con-
figuration, where the surrounding material is in direct contact with the core plasma
boundary). This has two main benefits: first, particles escaping from the core are
forced to travel a much longer distance before they reach the targets, acting like in-
sulation, and allowing a larger temperature drop between the core and targets [83].
Second, any sputtered material from the targets is less likely to penetrate and con-
taminate the core [84].

This thesis will focus chiefly on divertor plasma physics, which deals with un-
derstanding the transport of plasma and heat in the divertor. Although this realm of
physics is complex, and will be covered extensively in further chapters, the simple
picture can be introduced here. This picture starts with the core, which typically has
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FIGURE 1.8: A conceptual diagram of a conventional single null di-
vertor.

a relatively flat pressure profile, fuelled by gas or pellet injection and heating sys-
tems. In low confinement, or L-mode, there are shallow drops in temperature and
density from the core to the edge. With sufficient power, however, the machine can
enter high-confinement, or H-mode. In such a mode the core is separated from the
edge by the pedestal, a region of reduced cross-field transport [85], and significant
gradients in plasma pressure. In present-day devices, plasma pressures can drop
from 10 kPa to a few hundred Pa through this pedestal region [86].

Further outward from the pedestal top the closed field lines of the core terminate
and the open field lines of the Scrape-Off Layer (SOL) begin. The separatrix is the
tirst open flux surface, and defines the boundary between the core and SOL, shown
in Figure 1.8. The separatrix is often used interchangeably with the last closed flux
surface, and though they are located at the same boundary, the separatrix defines
the SOL side of this boundary, whereas the last closed flux surface defines the core
side.

The power and plasma entering the SOL, Pso;, comes from radial transport past
the pedestal region. It is important to note that the majority of plasma being radially
transported into the SOL emerges on the outboard side (higher major radius) of the
core, since here turbulent instabilities are enhanced by the magnetic field curvature
[52]. Consequently, the outboard divertor typically receives the majority of heat and
particles (though this does not necessarily mean the peak heat fluxes will be worse
on the outboard).

As a result of the open magnetic field lines in the SOL, plasma entering the
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scrape-off layer is transported in the parallel direction towards the divertor targets.
The competition between parallel and perpendicular transport leads to a cross-field
decay in plasma temperature, density, and parallel heat flux g)|. The characteristic
length scales of these decays are denoted by At, A,;, and A; [83]. These lengths are
crucial in governing the plasma exhaust challenge in the SOL, as the peak heat flux
entering the divertor scales inversely with A,.

When plasma enters the SOL it is transported in the parallel direction, starting
from what is called the “‘upstream’, and towards the divertor targets, which is termed
the ‘downstream’. As this occurs, heat and particles are also transported radially,
particularly to the cold Private Flux Region (PFR) shown in Figure 1.8. As a conse-
quence, as the plasma approaches the target, parallel heat flux profiles broaden, and
the peak heat flux both drops in magnitude and moves further into the SOL (away
from the PFR). Additionally, with a fixed upstream temperature parallel conducted
heat necessitates a drop in temperature towards the targets. The drop in tempera-
ture is related to the connection length L, defined as the parallel length along the
separatrix from the upstream (typically the outer midplane) to the target.

A drop in temperature along the SOL corresponds with an increase in density
if there is no large sink of plasma static pressure [83]. As such, the plasma at the
divertor targets is lower power, lower temperature, and higher density and higher
collisionality than the plasma upstream. Once the plasma reaches the target, it may
recombine at the surface of the material, and recycle back into the main plasma.
However, some plasma particles can also become trapped in the material, and some
material particles can be sputtered into the plasma, affecting the plasma profile up-
stream [84].

Through this broad description of divertor plasma physics, one idea should be-
come very clear: that divertor physics stands at the interface of many areas of study.
The boundaries of divertors extend to the hot core at one end, and low-temperature
solid materials on the other; the SOL is fed by cross-field transport, yet within it par-
allel transport dominates; in many cases, the opposite ends of the SOL can contain
highly collisionless plasmas, and highly collisional partially ionised gasses. Because
divertors lie at a fascinating junction of different areas of physics, they are exceed-
ingly complex to fully understand. However, this is also what makes them fertile
ground for study.

1.3.2 The Exhaust Challenge for Reactors

In the most high-performance present day tokamaks, heat and particle loads on di-
vertor targets are high, but manageable. However, planned tokamaks of the future
pose a significant challenge for the plasma facing materials. The reason for this is
twofold. First, as tokamaks transition to reactor and reactor-like machines, the out-
put power is expected to increase significantly, since producing power is the funda-
mental purpose of reactor tokamaks. ITER, for example, is expected to produce 500
MW of fusion power [73], and the output power of DEMO is expected to be of order
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2 GW [76]. This power is more than one hundred times greater than the maximum
fusion power output from present-day devices [87].

Secondly, reactor-like tokamaks are expected to operate with higher magnetic
fields, since this leads to better confinement. However, better confinement means
that plasma is also tightly confined within the SOL, leading to lower SOL heat
widths and higher peak heat fluxes. Figure 1.9 shows a multi-machine scaling of di-
vertor heat flux widths with midplane poloidal magnetic field strength. This scaling
shows a decrease in heat flux width with poloidal field. Using this scaling, SPARC’s
Ag will be ~ 0.3 mm [88], and ITER’s will be ~ 1 mm (though turbulence modelling
suggests the true ITER SOL width could be larger than that predicted by empiri-
cal scalings [89]). With these predicted heat flux widths, unmitigated parallel heat
fluxes entering the divertor are expected to approach the GWm™2 level. Of course,
the target heat loads can be significantly reduced by varying the striking angle of
the plasma (both toroidally and poloidally), but these deposited heat flux can still be
in the 100 MWm~2 range. This would cause significant damage, even to tungsten
monoblock tiles developed for ITER, which are rated for a 15 MWm 2 maximum
steady-state heat load [82].

A_[mm]

FIGURE 1.9: A multi-machine scaling of SOL widths with midplane
poloidal magnetic field strength [90].

In addition to heat loads, reactor tokamaks will have particle load challenges.
When high fluxes of plasmas are incident on material, a number of processes occur
including reflection, desorption, sputtering, arcing, blistering, and evaporation [84].
One of the most problematic of these is physical sputtering of material atoms, which
occurs when plasma particles impact material with sufficient energy to overcome
the surface binding energy [84]. Because of the requirement of sufficient incident
particle energy, sputtering yield increases significantly with temperature in divertor
relevant regimes. Moreover, future reactors are set to operate at higher pressures,
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which means the total flux of plasma incident on materials is set to increase. This
sputtering can be a primary cause of material erosion for metal targets [91], which
may reduce divertor lifetimes and increase machine cost. Moreover, if it enters the
core, sputtered high-Z material such as tungsten can radiate a significant amount of
core power, severely degrading confinement and limiting operational regimes [92],
[93].

Already the challenge for steady-state heat and particle load management is a
significant one. Exacerbating the challenge further are phenomena which can cause
transient and spatially varied target loads. For example, operating in H-mode typ-
ically brings about edge-localised modes [94], which in ITER can cause peaking in
heat loads from 1-10 GWm~2 [95]. Edge-localised modes can be mitigated through
resonant magnetic perturbations, yet these can introduce a toroidal asymmetry and
highly localised heat loads [96]. Finally, most reactor and reactor-like tokamaks will
require fuelling via pellets, such that the fuel can efficiently penetrate the core. Pellet
fuelling, however, unlike gas fuelling, is not continuous, and may cause temporal
variation in plasma density, which can affect divertor power balance [97]. Conse-
quently, finding methods to reduce heat and plasma fluxes in the divertor, and to
ensure they do not spike, is vital for operation of future tokamaks.

1.3.3 Detachment

Though the heat flux challenge for reactor tokamaks is incredibly difficult, it is not
without potential solutions. Of these solutions, most consist of operating under
some form of dissipative divertor. In such scenarios, either the deuterium itself,
or some external injected impurity such as nitrogen, argon, or neon, radiates a sig-
nificant portion of the heat entering the SOL [98]. Though the radiated power is
still deposited on surrounding material, this power is more isotropic and can lead to
significant reductions in peak power loads [99].

Given sufficiently high power losses along the SOL, the plasma can effectively
lose most of its power before it reaches the divertor targets. In this state, the hot,
high power plasma effectively terminates at some point upstream of the divertor
targets, leaving a cold (<5eV) region of partially ionised gas downstream of this
point, known as the detached region [4], [99]. Because the high power plasma ef-
fectively detaches from the targets, this state is referred to as detachment. In between
the high-power region, and the cold detached region, is a transition region of signif-
icant power loss and temperature gradients, often referred to as the detachment or
radiation front. Figure 1.10 shows four different levels of detachment in TCV [100],
where an increase in plasma density makes the carbon radiation front detach further
and further from the targets.

Because of the significant fraction of radiated power, detachment leads to drasti-
cally reduced peak divertor heat loads. Furthermore, detachment is associated with
a loss of plasma pressure due to volumetric atomic and molecular processes along
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FIGURE 1.10: Tomographic inversions of carbon III radiation in the
TCV tokamak. Adapted from [100].

the SOL [99], [101]. This reduction in pressure leads to a reduction in the plasma par-
ticle flux, as well as the heat flux [102]. Since detachment is one of the most effective
ways of reducing particle and heat flux, it is one of the few ways reactor-tokamaks
can operate without significant erosion of the divertor targets.

One final attractive aspect of detachment, is its potential to act as a shock ab-
sorber for transients [4]. In attached conditions, even small transient variations in
plasma parameters can lead to significant spikes in target temperatures. In a deeply
detached divertor however, as long as transient power variations do not reattach the

divertor, the targets will always remain at a reasonable temperature.

1.3.4 Alternative Divertors

In addition to detachment, another key way in which reactor tokamaks may solve
their heat flux challenges is through alternative divertor designs. These are divertor
configurations which implement some sort of novel geometric or magnetic charac-
teristics that differ from the standard single null divertor shown in Figure 1.8 [61].

Such features include:

* A long connection length, which allows for a larger temperature drop along
the SOL in attached conditions, radiates more easily, and likely enhances radial

transport.

¢ A high total flux expansion in the divertor volume, which spreads the instan-

taneous parallel heat flux density over a larger magnetic flux tube area.

¢ Poloidal magnetic flux expansion at the targets, which physically spreads

power and particle loads over a larger physical area.

¢ Multiple divertor targets, to allow for sharing of heat loads between multiple

surfaces.

¢ Additional plasma x-points, which may enhance cross-field transport and

raise connection lengths.
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¢ Modified physical baffling, which can potentially compress hydrogenic neu-
trals and impurities in the divertor region.

Over recent years several alternative divertor configuration designs have been
proposed, some of which are shown in Figure 1.11. These alternative divertor de-
signs include:

¢ The Double Null, which is a vertically symmetric divertor that shares power
over four divertor targets.

¢ The Snowflake [103], which generates long connection lengths and power
sharing between multiple targets through higher order x-points or multiple
x-points near the primary x-point.

¢ The X-divertor [104], which increases connection lengths and reduces the poloidal
magnetic field at the target by introducing an x-point inside the divertor tar-
gets.

¢ The Super-X divertor (SXD), which leverages all the benefits of an X-divertor,
but further increases connection lengths and introduces a total flux expansion
by bringing the target strike point to a high major radius [105].

¢ The X-point Target divertor [106], which typically leverages the benefits of a
Super-X, but with a secondary x-point in the plasma volume near the divertor
targets. This leads to power sharing between the targets, and is thought to aid
detachment control.

¢ The Tightly Baffled, Long-Legged Divertor [107], [108], which typically lever-
ages a long physical divertor leg which is closely surrounding by physical baf-

fling.
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FIGURE 1.11: Poloidal diagrams for four potential alternative diver-
tor configurations for the DEMO tokamak [109].

Currently the active field of alternative divertor research leverages theory, mod-
elling, and experiment throughout the world. Machines such as MAST-U and TCV
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have implemented and are performing experiments with alternative divertor ge-
ometries [110], [111]. The community is now building up an idea of which divertors
work better than others. However, there is still work to be done in understanding
why some configurations outperform others, and appreciating the isolated effects
that individual features of divertors have on plasma exhaust. These effects could
be on heat and particle fluxes, but also on detachment access and the transport of
impurities. Furthering this understanding is what this thesis hopes to contribute to,
primarily through modelling and simulation.

Because this work focuses on divertor features and design in general, its impacts
may be useful even if alternative divertors are not explicitly used in future devices.
Because even in more conventional divertors, it is important to understand what divertor
features can be changed, and what impact these modifications have on divertor performance.

1.3.5 The MAST-U Tokamak

In the realm of alternative divertor study, an incredibly important experimental de-
vice is MAST-U. MAST-U is a spherical tokamak with a major radius 0.85 m and a
minor radius of 0.65 m located at the Culham Centre for Fusion Energy in the UK. It
has a maximum plasma current of 2 MA, and a maximum pulse length of 5s [112].
MAST-U is equipped with on and off-axis NBIs, which together can currently gen-
erate a maximum heating power 5 MW.

FIGURE 1.12: Examples of divertor configurations possible in MAST-

U. Top row left to right: conventional, vertical target, and X-divertor.

Bottom row left to right: Super-X, snowflake, and inner leg Super-X.
Figure adapted from [71].

One of the key scientific motivations behind MAST-U is the study of alterna-
tive divertors. Because of this, each of the two approximately vertically symmetric
divertors are surrounded by eight poloidal field coils which shape the magnetic con-
tiguration of the divertor [71]. This considerable set of poloidal shaping coils allows
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MAST-U to operate with a number of alternative divertor configurations, including
the X-divertor, Snowflake, x-point target, and Super-X. Several such configurations
are shown in Figure 1.12.

Because MAST-U is one of the most well-equipped experimental tokamaks to
study alternative divertors, it will be a focus of some work in this thesis. In par-
ticular, Chapter 4 features work simulating the Super-X divertor configuration in
MAST-U, and Chapter 5 focuses on experimental data from MAST-U, comparing
detachment control in the Super-X configuration with an Elongated Conventional
Divertor (ECD).

1.4 Goals of This Work

The aim of the work contained within this thesis is to contribute to the understand-
ing of how alternative divertor designs can influence the control of plasma exhaust.
This work contributes to that understanding through developing and applying re-
duced models to advanced divertors and detachment, covered in Chapter 2. In addi-
tion, 2D SOLPS-ITER simulations of idealised geometries are used to verify predic-
tions made by reduced models, which is covered in Chapter 3. Full geometry simu-
lations of the MAST-U device are presented in Chapter 4, with a focus on studying
the isolated effects of divertor baffling. Finally, comparison of reduced modelling to
experimental results from the MAST-U tokamak is presented in Chapter 5.

Though the primary motivation of this work is for nuclear fusion, and the pri-
mary motivation for nuclear fusion is energy, this work may in fact have a myriad of
other applications. Nuclear fusion, for example, as well as being a potential power
source, could also be a source of neutrons for applications such as medicine [113].
Plasma physics as a subject has applications from medical plasmas [114], to plasma
etching of semiconductors [115], to understanding astrophysics and space weather
[116]. These applications should not be forgotten, as the aim of this thesis is to con-
tribute - in however minor of a way - to the advancement of the broader field of
plasma physics and fusion.
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Chapter 2

Models for Alternative Divertors

Thus far, it should be apparent that there are many good motivations for studying
divertor design and detachment physics in alternative divertors. In Chapter 1, some
cursory ideas in divertor plasma exhaust have been introduced, along with key SOL
plasma parameters such as A,. This chapter will delve much deeper into the physics
governing the scrape-off layer, starting with more physically accurate models, and
from those deriving simpler, more interpretable models. In particular, sections 2.4
and 2.5 contain original work on extensions made to analytical and 1D detachment
modelling for alternative divertors. The theoretical groundwork laid in this chapter
will be used in modelling and analysis for the remainder of this thesis. First, how-
ever, one of the most unique aspects of divertor modelling must be introduced: the
target boundary.

2.1 Recycling and the Sheath

All of the physical models to be introduced in this chapter are comprised of two fun-
damental pillars: the governing equations which evolve a plasma solution in space
and time, and the model domain and boundary conditions. Modelling parallel trans-
port in the SOL, there are two main physical boundaries; the upstream at the core
interface, and the downstream at the target, which henceforth will be denoted by
subscript . Boundary conditions at the core are typically inputs into models, which
are determined by machine parameters such as fuelling rate. Conversely at the tar-
get, three important phenomena occur which act to impose boundary conditions:
recycling, sheath acceleration, and sheath transmission.

Recycling is the process whereby charged particles incident on divertor targets
return to the plasma as neutrals and are re-ionised, effectively self-fuelling the di-
vertor plasma. Recycling can occur via recombination of incident plasma particles
on the material surface, forming a weakly bound neutral molecules which are then
desorbed back into the plasma [117]. However, fast reflection of ions as atoms can
also significantly contribute to recycling [83]. Of course, plasma particles can also
become embedded into the material, and not all of the particles incident on the tar-
gets will be recycled. Because of this, it is important to define a recycling fraction for
a divertor target, Ryec,c, which produces recycling flux [83]:
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rrecyc = ri,t Rrecyc: (2.1)

where T'yecyc is the recycled neutral flux, and T';; is the incident ion flux at the
target, related to the target ion velocity v;; via:

Fip =nipviy. (2.2)

For a steady state reactor, the target material may become saturated and have a
100% recycling fraction. In such a case, though the incident and recycling fluxes
are equal, it is important to keep in mind that the direction of the fluxes differ
greatly. Since plasma particles travel along the direction of the magnetic field, the
bulk plasma flux is in the parallel direction. Desorbed neutrals, however, are on
average ejected perpendicular to the divertor targets.

The second important phenomena in modelling the target boundary is caused
by the formation of the sheath, which is described as follows. At the boundary be-
tween the divertor targets and plasma, the target material acts as a sink for plasma
particles. Due to the high mobility of electrons, the wall becomes negatively charged
(if it is floating), and an ambipolar electric field forms, accelerating ions towards the
wall [118]. As it turns out, solving for this potential results in some interesting con-
sequences. Specifically, combining Poisson’s equation with the Boltzmann relation
and ion continuity results in a condition for non-oscillatory solutions. This condi-
tion, derived for cold ions (T; ~ 0), places a limit on the ion flow velocity at the
sheath entrance:

2eT;
Vie 2 = | (2.3)
1

In other words, the ion velocity at the sheath entrance must equal or exceed the
ion sound speed, cs;. This condition is known as the Bohm criterion [119], and
implies that ions are accelerated even before they arrive at the sheath, in a region
known as the pre-sheath. Although the Bohm criterion is derived for the sheath
entrance, the sheath itself is typically very thin, meaning it contains negligible par-
ticle and heat sinks. As such, the heat and particle fluxes entering the sheath are
equivalent to the target fluxes, and thus the Bohm criterion is often applied to target
conditions, and the subscript ¢ for target is used.

In addition to the Bohm criterion, one may attempt to solve for the plasma flow
velocity in the sheath. In such a case, the solution for the isothermal plasma velocity
forms a singularity for supersonic flow [83], [120]. As such, many enforce the con-
dition that the plasma flow must be less then the sound speed. Combined with the
Bohm criterion, this means the ion velocity must be equal to the sound speed at the
sheath entrance:
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2€T1‘,t
m;

Vip = (2.4)
Though the plasma at the sheath is not quasi-neutral, the equation above is still a
good approximation [83]. Note that this condition can be broken; in non-isothermal
sheaths, but also in the presence of particular ion particle sinks [120]. Hence, Equa-
tion 2.4 is not to be taken as a general result, but can nevertheless be a useful one for
modelling.

The final important interaction at the target is the transmission of heat into the
material from the plasma. This target heat flux can be determined by considering
the deposited power from Maxwellian distributions of electrons and ions impacting
a material surface. This heat flux is typically given by the particle flux multiplied by
the average energy of the impacting species. In the main plasma this energy is sim-
ply related to the Maxwellian temperature, but at the material surface the ions have
been accelerated by the sheath potential, and slower electrons have been repelled
from the material surface [83], [118]. To account for this sheath, a sheath transmis-
sion factor v is introduced, which typically takes values between 7 and 8 [83]. With
this transmission coefficient, the parallel heat flux at the target is:

2eT;
), = veTl'y = yneeTy \/7 (2.5)
1

These three phenomena of recycling, sheath acceleration, and sheath transmis-

sion, are crucial to building simple models for divertors. Even for complex com-
putational models, they help to form a set of boundary conditions enforced on the

computational domain.

2.2 Computational Models

2.2.1 Edge Fluid Codes

Now that the boundaries of a divertor plasma have been introduced, the equations
governing the plasma evolution may be considered. In general, when there are a
range of collisionalities present, or when collision length scales are similar to the
characteristic length scale of the problem, particles should be treated kinetically
[121]. In this formulation, the distribution functions of particles (distributed across
spatial and velocity dimensions) are evolved via kinetic equations. Indeed, kinetic
codes have a range of applications in fusion plasma physics, from gyrokinetic mod-
elling of turbulence [122]-[124], to particle in cell modelling of laser plasma inter-
actions [125]. A particular application of kinetics to edge physics is in modelling
the transport of neutral atoms or molecules, which have a range of collisionalities in
tokamaks.
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Though the kinetic treatment of plasmas is generally accurate, kinetic codes are
often difficult to formulate and computationally expensive. When collisionalities
are sufficiently high, however, plasmas can be treated as fluids. The fluid approach
evolves bulk quantities of a plasma, such as density and temperature, and is a much
less computationally expensive formulation than kinetics. The fluid equations for a
collisional plasma can be derived by finding the moments from the governing kinetic
equations. Taking the first order moment, by simply integrating the kinetic equation
over velocity space, and noting that collision operators conserve particles, gives the
continuity equation [51], [126]:

aants + V- (ngvs) = S, (2.6)

where:

. aa% is the time evolution of particle density.

* V- (n,vs) is the divergence of particle flux.

* S, is any additional particle source or sink (from ionisation, for example).

By integrating the kinetic equation multiplied by v,m;, the second order moment
can be obtained, which describes the conservation of momentum][51], [126]:

Vs

ngtig ot

+Vps +V -1, + Zsens(E+ vs x B) = F, 1, (2.7)
where:

. mn% is the acceleration of the fluid.

Vps is the force created by the gradient of the thermal pressure p.

V - 11 is the force created by viscous stress in the fluid, calculated from viscos-

ity tensor I1;.

Zsens(E+ v x B) is the electromagnetic force on species s, with effective atomic

number Z;.

F; .01 is the force on species s due to collisions with other species.

Finally, by integrating the kinetic equation multiplied by 3m;v?, the third order
moment can be obtained. The resulting equation is the fluid conservation law for
energy [51], [126]:

3dps 5

S TPV vt VI v £V q = W, (28)

o %7 is the time varying pressure (internal energy) of the fluid.
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* 3psV - v; is the rate of work done on the fluid due to thermal pressure.
e V(I - v;) is the rate of work done on the fluid due to viscous stresses.
* V- q, is the divergence of the species heat flux density.

* W; is the rate of energy transfer to species s from collisions and radiation.

Equations 2.6, 2.7, and 2.8 form the Braginskii fluid equations for a plasma species
s, which could be electrons, ions, or neutrals [127], [128]. A set of three coupled
Braginskii equations for electrons, ions, and neutrals can be used to evolve species
densities, temperatures, and fluxes, across a computational grid using a computa-
tional fluid dynamics code. However, the Braginskii equations by themselves do
not form a complete model for a divertor plasma. To this end, one must introduce a
closure scheme, which allows unknown quantities such as I'l; and q, to be expressed
in terms of known plasma quantities such as 15 and Ts.

The standard scheme for the Braginskii equations is the Chapman-Enskog clo-
sure scheme [129], which yields expressions for unknown quantities in terms of
transport coefficients, such as conductivity and diffusivity. This is performed by
expanding the kinetic distribution function in terms of a Maxwellian background
and higher order corrections. Solving for the first order correction, the resultant heat
flux obeys the law of heat conduction:

q, = —#; VT, (2.9)

where «; is the species thermal conductivity.

It is important to note however, that this closure scheme is only valid when the
species distribution can be approximated as a Maxwellian with a first order correc-
tion. This is only true when particles are sufficiently collisional, such that the mean
free path is much shorter than the system scale length, and expansions higher than
first order can be neglected.

Closure schemes are vital for self-consistently modelling plasmas as fluids. How-
ever, the resultant viscosity and heat fluxes produced by the Chapman-Enskog clo-
sure scheme depend upon transport coefficients, such as thermal conductivity. If
these transport coefficients were purely diffusive, they could be computed fairly
easily from plasma parameters. However, much of transport in the SOL (and partic-
ularly radial transport in the SOL) is non-diffusive or anomalous, and emerges from
phenomena such as turbulence. This is an important point, and is one of the largest
sources of uncertainty in non-turbulent simulation codes for the edge. And as a con-
sequence, fluid simulations using this closure scheme can never be fully predictive.
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2.2.2 SOLPS-ITER

From the accurate yet abstract governing equations of scrape-off layer plasmas, com-
putational models can be built to solve such equations and determine plasma solu-
tions. Of these, one of the most widely used simulation architectures is SOLPS-
ITER (Scrape Off Layer Plasma Simulator - ITER) [1], [2]. This code is a combination
of B2.5, a fluid simulator solving the multi-species Braginskii equations [126], and
EIRENE, a kinetic Monte Carlo solver applied to the Boltzmann equations for neu-
tral atoms and molecules [130]. The B2.5 simulation domain is a 2D grid in the
poloidal plane with assumed toroidal symmetry. The geometry of the 2D grid is
aligned to the magnetic flux surfaces as shown in Figure 2.1. As a result, the stan-
dard coordinates for SOLPS-ITER are the poloidal (along magnetic flux surfaces)
direction x, and the radial direction y (perpendicular to flux surfaces in the poloidal
plane).

Though B2.5 and EIRENE are the two primary physics modules of SOLPS-ITER,
in reality the code is a combination of the following submodules:

B2.5, the fluid solver for the plasma species [3], [126].

Eirene, the kinetic Monte Carlo solver for the neutrals [3], [130], [131].

Divgeo, a graphical user interface that allows users to build the basic input
structure of the simulation, such as the machine walls and targets.

CARRE, a grid builder, required to create the plasma simulation grid domain.

ADAS, the modules containing relevant atomic and molecular rate data, such

as ionisation and recombination cross-sections.

SOLPS-ITER is the primary simulation tool leveraged in this thesis. When run-
ning SOLPS-ITER simulations, there are several important inputs to consider. First,
there is the plasma domain itself, which is generated from equilibria from a real toka-
mak, or artificially generated. Then the surrounding wall material must be specified,
including recycling and pumping coefficients and whether sputtering and tracking
of wall material is active.

Finally, one must consider the boundary conditions of the plasma grid itself. The
plasma boundaries in SOLPS-ITER fall into three categories:

* The upstream boundary, which corresponds to the core boundary for a full
geometry simulation, or the x-point for an isolated leg simulation. In terms
of energy, the most common boundary conditions for the upstream are a fixed
flux of power, equally spread over the entire boundary, or a fixed flux density
for each cell. In terms of particles, a fixed density, or fixed flux boundary condi-
tion are the two most common conditions applied. These boundary conditions
are meant to model the sources of fuelling and heating in the core.
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FIGURE 2.1: The poloidal B2.5 grid for a MAST-U double null diver-

tor. The SOLPS-ITER poloidal (x) and radial (y) coordinate directions
are indicated at the midplane.
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¢ The downstream boundary, which corresponds to the divertor targets. At
the targets, the sheath boundary conditions are applied for particle and heat
fluxes. Incident ions are re-injected into the plasma - calculated through the
specified target recycling coefficients. Recycled neutrals are launched through
EIRENE with a distribution centred around 90°to the target surface.

¢ The radial boundaries, at the SOL and PFR edges of the plasma. At these
boundaries a decay length is specified for the electron and ion temperatures. In
terms of particles, either a density decay length or leakage factor are specified.
An important aspect of these boundaries to keep in mind is that any plasma
leaving radially from the grid is re-injected into the plasma as neutrals (at the
ion temperature). This is meant to approximate main chamber recycling, but
will inevitably fail to capture the real effects of having a plasma fully extend to
the first wall.

It is important to remember that there are many scrape off layer plasma simu-
lators, such as UEDGE [132], EMC3-EIRENE [133], SOLEDGE2D [134], and SOLPS-
ITER. For this thesis, however, SOLPS-ITER will be the main simulation architecture
used. The reason for this is that SOLPS-ITER is one of the most widely used in the
boundary modelling community, and has good coupling between the fluid and ki-
netic species [1]-[3]. Simulations using SOLPS-ITER are presented in Chapters 3 and
4,

2.3 The Two-Point Model and Divertor Regimes

When it comes to high fidelity, accurate predictions of the divertor, fluid and kinetic
simulations can be powerful tools. However, these tools can be expensive, and from
the governing equations alone very little intuition can be drawn as to how diver-
tor targets may fair in different conditions. For this reason, divertor physics also
leverages reduced models, which allow for more rapid, heuristic understanding of
divertor regimes and geometries. Among these, the most frequently used is the two-
point model [83].

Fundamentally, the two-point model deals with energy and momentum bal-
ances similar to the Braginskii equations. However, the two-point model deals with
this balance only in a single flux tube, which is defined as an elementary volume
bounded by two magnetic flux surfaces, and which contains a constant value of
magnetic flux along the tube [83]. The model also only considers transport in the di-
rection parallel to the magnetic field. Because of this, the heat flux is only considered
in the parallel direction.

As the name suggests, the balance of the two-point model is considered between
two points. The first of these two points, shown in Figure 2.2, is the “upstream’ point,
typically located at the outer midplane, and denoted by subscript u. The second of
these is the downstream point located at the target, and denoted by subscript ¢. Since
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FIGURE 2.2: The basis of the two-point model.

this is a reduced model, some assumptions must be made. One critical assumption
is that the heat flux upstream of the sheath is all electron conducted, such that:

4 = 49||,cond = Ke,OTS/ZZ- (2.10)

Here x, is the Spitzer electron conductivity divided by T°/2, which is typically

constant for a constant ion charge state Z. Consider first the heat balance in a divertor

which has no significant power losses. In such a case, the parallel heat flux density

will simply scale with the parallel area of the flux tube, which decreases with total
magnetic field B:

B
9(s) = qug (2.11)

u
where ¢ ,, is the upstream heat flux entering the divertor, fed from radial transport
from the core. From this equation one can relate the upstream and target heat fluxes

via:

B
A = Fj‘ﬂ\,t = Frq)|+ (2.12)

Here a new term known as the total flux expansion of the divertor has been in-
troduced, Fr = %j, a measure of the expansion of the parallel flux tube area from
upstream to downstream [135]. This expansion can be a very useful geometric fea-
ture to optimize in divertors, since for a given input power, the target parallel heat
flux density decreases with high total flux expansion. Now at the targets, the heat

flux density must satisfy sheath transmission:

2eT,
90 = vem Ty [~ L (2.13)

1
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Thus the upstream heat flux and target conditions are related through:

2eT,
Tl = Fryen Ty |~ L, (2.14)

1

Second, consider the impact on temperature this conducted heat flux will have.
Given the definition of conducted heat flux in Equation 2.10, the upstream and target
temperatures are related through

7 u
T2 =14 5 [ g, (2.15)

Then, assuming the magnetic field profile varies roughly linearly between upstream
and target, this can be simplified to

T7/2 = T7/2

ZLIH,MLH [IH(FR)] . (2.16)

2 Ke ﬁ

Finally, consider the balance of pressure from upstream to downstream. Assum-
ing no loss of total pressure along the SOL, p, = p;. Upstream, we expect the flow
velocity to be low, and hence the total upstream pressure p, should be dominated by
static pressure p, = 2n,T,. At the target, however, the accelerated ions have a high
velocity, and hence the downstream pressure is a combination of static and dynamic

pressure,

¢ = 2m Ty + nmc? = 4, Ty (2.17)
P s

Thus, equating the upstream and downstream pressures gives the relation:

21, Ty = 1y T (2.18)

In other words, the Bohm criterion means without pressure loss, the static pres-
sure at the target is half of the upstream static pressure. Equations 2.14 , 2.16, and
2.18 form the basis of the two-point model [83]. Given an upstream density and heat
flux, the upstream temperature, and target density and temperatures can be com-
puted. Thus, this model can be a very powerful tool to study the relationship be-
tween upstream and target, and how this relationship varies with regime and diver-
tor configuration. The two point model equations can be interrogated and modified
to study different divertor regimes, which will be done over the following sections.

2.3.1 The Sheath Limited Regime

First consider a regime where temperatures in the SOL are sufficiently high, such

that the temperature gradient from conduction is negligible compared to the up-

7 Al [In(Fg)
2 KeQ FR—l

stream temperature. To put this mathematically, T//2 > } . Insuch a

case, the SOL is effectively isothermal, T, ~ T;.
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How then is this isothermal temperature set in the context of the two point
model? Using Equation 2.14 for sheath transmission, and substituting T;, ~ T; gives:

TV/2 o Ml [T 2.19
“ Fryep: \ 2e (2.19)

Then, noting the relationship between upstream and downstream pressure in 2.18,
this equation can be expressed:

T3/2 o _llu T 2.20
U Fryen, \ 2e’ (2.20)
or
2/3
T, « q!”;. (2.21)
n2/

Thus, in this high temperature regime, the upstream (and downstream) SOL tem-
perature is simply proportional to the ratio of upstream heat flux to density to the
power 3/2. Quite intuitively, this means operating with lower densities or higher in-
put powers should lead to higher temperatures in the SOL. Because this SOL temper-
ature is determined by the heat flux boundary for sheath transmission, this regime
is termed the sheath-limited regime. Additionally, though it is trivial, the target den-

sity can be found using pressure conservation and T, ~ T;. The result is:

By
5
Consequently, for the sheath-limited regime, the target density is entirely deter-

ny = (2.22)

mined by the upstream density (though not exactly equal due to the presence of
dynamic pressure at the sheath). When considering the sheath-limited regime, re-
member that the equations of the two-point model rely on the assumption of equal
electron and ion temperatures. However, the sheath-limited regime by definition is
high temperature, and not very collisional, meaning there is no reason to assume

electron and ion temperatures will equilibrate.

2.3.2 The Conduction Limited Regime

Now consider the characteristics of the SOL if the upstream temperature is signif-
icantly reduced past the sheath-limited regime. The T%/? term in Equation 2.10 in-
dicates that with a constant heat flux, lower temperatures will lead to higher tem-
perature gradients along the SOL. As such, if temperatures are reduced past the
sheath limited regime, conduction can begin to drive a significant temperature drop.
In fact, this drop can be significantly larger than the target temperature, T/ 2«
%% [l?R(—le)} . In such a case, the upstream temperature is entirely determined by

the conduction-driven temperature difference:
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/7 2/7
(7L \*7 [In(Fg)
T, ~ <2 . gl (2.23)

Unsurprisingly, this regime of conduction determining upstream temperatures
is known as the conduction-limited regime. Inspecting Equation 2.18 for pressure
conservation, note that by driving low target temperatures, the conduction-limited
regime also results in high target densities. According to Equation 2.2, higher densi-
ties at a constant pressure leads to higher particle fluxes. These high particle fluxes
are characteristic of the conduction-limited regime, and the recycled fluxes can there-
fore be an important source of particles in the divertor. As a result, the conduction-
limited regime is also known as the high-recycling regime.

From 2.23 there are already a few apparent consequences for the conduction-
limited regime. In particular, this equation shows the upstream temperature - an
extremely important parameter for the pedestal - is impacted by divertor geometry
in several ways. First, obtaining a higher upstream temperature can be achieved
through a long divertor leg with a high L. Additionally, T, can be raised by lower-
ing the total flux expansion of the divertor. Both of these effects, however, are weak,
and the effect of flux expansion is particularly so.

In addition to upstream temperatures, the conduction-limited two-point model
can be used to study how target temperature can be reduced through divertor de-
sign. Combining equations 2.14 and 2.18 yields

2 —4/7 —4/7
=M M (74 In(Fr) 224
2e F2y2e?n2 \2 ko Fr—1 ’ '

or:

Ty o g/ 7L Y7 L2, (2.25)

11 I
Equation 2.25 indicates that longer connection lengths can be used to reduce target
temperatures, in addition to increasing upstream temperatures. Moreover, since the
Fr 2 term dominates over other flux expansion terms in Equation 2.24, an increase in
total flux expansion can be a powerful way to reduce target temperatures.

Finally, the two-point model may be used to determine how target particle flux
varies with divertor configuration in the conduction-limited regime. In particular,
the target density can be determined by combining equations 2.14 and 2.18, resulting
in:

= MiFk <7‘l|,u |> ’Ye{ln(FR)} . (2.26)

- q|2\,u 2 ko Zmi FR—l

Combining this with Equation 2.2 Equation 2.24 leads to the relation:

T niqﬁ/ "L 7 Fg (2.27)

Tl
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From this equation, we see that many tools which can be used to reduce tar-
get temperatures, also increase target densities. This is unsurprising, given that to-
tal pressure must remain constant, but leads to the result that low target temper-
atures may exacerbate the issue of particle erosion. However, particle sputtering,
though proportional to target flux, is also proportional to the sputtering rate. This
rate has a strong dependence on temperature, and often, even if raw particle fluxes
increase through a reduction in temperature, the lowering of the sputtering rate is
typically sufficient to lower the overall erosion rates [83]. Particle fluxes can be re-
duced, however, even at low temperatures, by accessing strongly radiating regimes

and detached regimes.

2.3.3 The Strongly Radiating and Detached Regimes

If temperatures are reduced past the conduction-limited regime, access to low tar-
get temperatures can catalyse a plethora of atomic and molecular processes in the
divertor. These processes such as ionisation, radiation (from hydrogen or some in-
jected impurity), and charge exchange, can act as significant sinks of power and mo-
mentum. This regime of strong power and pressure sinks is known as the strongly
radiating regime [99].

Clearly, such a regime breaks the assumptions of the simple two-point model in
that neither pressure nor power are conserved from upstream to target. However,
one can assume most of these losses occur in a small region near the target, and
introduce fractional loss terms of momentum and heat. These factors of fy,m and
fraq are defined by [101]:

)t = ynkTicss = (1 — fpower)qlljll: (2.29)

These equations, combined with the usual expression for upstream temperature,
form the extended two-point model. Using these equations to formulate expressions
for target temperature and density results in:

2 - —
o M (740l T )] (A frower?
2e F]%’)’Zezn% 2 ko FR -1 (1 — fmom>2 . .
and
4/7
o = Dok (ZA0) T 2 [lnw)r” (0 fuon)? o1
qﬁ,u 2 ko 2m; | FR — 1 (1 _ fpower)Zl

From these equations it is clear to see how important these momentum and
power losses are in determining target conditions. As the power loss along the SOL
increases, the target temperature and heat flux will decrease, which will lead to more
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gentle heat loading at the target. However, power losses alone may not solve all the
exhaust challenges of a divertor, since target density increases with (1 — fpower)*%
and thus the particle flux will increase with a higher f,ouer. Combining the two equa-
tions above, it is clear that I'; « % Thus, momentum loss is a crucial method
of reducing particle fluxes at the target.

This modified two-point model can be used to study and understand the strongly
radiating regime, and the detached regime. Detachment can reach temperatures in
the sub-eV range, and is also associated with significant pressure loss, such that
in the detached regime the total particle flux at the target begins to decrease with
decreasing temperature. In fact, the point at which the particle fluxes change from
increasing to decreasing with temperature is known as the rollover point, and is
commonly associated with the threshold of detachment [99], [101]. This is by no
means the only definition, as definitions such as a low (5 eV) peak target temperature
are also used to define the detachment threshold.

One interesting output of the two-point model is that it can be used to determine
the upstream density required to achieve a specific target temperature, and hence, to
access detachment. This can be done by combining equations 2.28 and 2.29 to result

in:

1 _
E’)’kcst(l - fmom)nuTu = ‘ﬂ\,u(l _fpower)FR L (2.32)

Rearranging for upstream density, this gives:

qH,u (1 _fpower)
’)’kcstTu (1 - fmom)

Given a constant upstream heat flux density, and constant power and momen-

ny = Fg' |2 . (2.33)

tum losses, a given target temperature means everything but T, and Fr on the right
hand side of Equation 2.33 will remain constant. Now with a constant upstream
heat flux, connection length, and target temperature, T;, is weakly dependent only
on total flux expansion. Here this effect is neglected, and a roughly constant T}, is
assumed. In this case Equation 2.33 can be expressed:
ny o« Fgl = BB;. (2.34)
This is an important result, as it shows the density required for a given low target
temperature scales with the inverse of total flux expansion. In other words, this
equation predicts that the density required for detachment access should be lower
for divertors with high total flux expansions. As a result, configurations such as
the Super-X divertor which leverage high total flux expansions should have easier
detachment access.
Though this is a powerful prediction, it is also a severely limited one. In par-
ticular, inherent to this scaling is the assumption that power and momentum losses
(or at least the ratio of the two) remain constant across different divertors with the
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same target temperature. There is no basis for this assumption, and in fact the use of
power and momentum loss specified as inputs of this model is a severe limitation to
generally applying the two-point model to the detached regime. Detachment - at its
core - is characterised by power and momentum losses, and the two-point model on
its own can predict nothing when it comes to these losses. Thus, any application of
the two-point model to the detached regime must be considered with a healthy dose
of caution.

Another limitation of the two-point model is its inability to effectively describe
deeply detached divertors, which may be desired in future reactors to prevent reat-
tachment. This is because, to derive the extended two-point model equations, it was
assumed that all the power and momentum loss occurs near the divertor targets.
One alternative model, known as the Detachment Location Sensitivity model, can

be a useful tool to self-consistently study such deeply detached states.

2.4 The DLS Model

One of the most vital ways in which alternative divertors influence plasma exhaust
is through the process of detachment. As such, a simple way of understanding how
divertor features can influence access to and control over detachment would be of
great utility for divertor design. Here the Detachment Location Sensitivity (DLS)
model is introduced; a model that predicts how detachment is accessed and evolves
in a given divertor when key plasma parameters are varied. This model uses pre-
vious work on thermal fronts and detachment location sensitivity [4], [136]. In this
thesis, extensions are made to the model, including formulating the model with an
arbitrary magnetic field profile, and allowing calculations of self-consistent heat and

temperature profiles.

24.1 The Simple DLS Model

At the centre of the DLS model is the idea of the thermal front. A detached thermal
front is defined as the region of strong temperature gradients, transitioning from a
hot conduction-dominated plasma to the cold convection-dominated detached re-
gion [136]. This thermal front typically coincides with regions of steep power loss
from radiation, which are often referred to as radiation fronts. Fundamentally, the
DLS model deals with the location of the cold end of these fronts, where the heat
flux and temperature are effectively reduced to 0, as shown in Figure 2.3. This loca-
tion is an important measurable quantity related to the degree of detachment, and
this location will henceforth be referred to as the detachment front or location of
detachment.

The DLS model can be derived by first considering heat balance between the
location of a detachment front and upstream. Assuming all heat flux is dissipated

entirely by radiation from some injected or intrinsic impurity species a, we can write
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FIGURE 2.3: A conceptual diagram showing the fundamental basis of
the DLS model.

the volumetric impurity radiation W, in terms of an impurity fraction f, = ’;—“, where
14 is the total ion density of impurity a, summed over all charge states. The impurity

radiation is then given by the product of this impurity fraction, n?, and the electron

cooling function of the impurity L,(T) = 2« [137]. This function is also called

nng

the radiative loss parameter and can be computed for a given impurity at coronal
equilibrium. In the divertor, however, impurities are generally not at coronal equi-
librium, as the average time a given impurity spends in the divertor before being
transported away can be as short as ionisation and recombination times [98]. This
so-called residence time T,, leads to non-coronal effects, and the cooling curve for
short residence times can be calculated using collisional radiative models.

Using this formulation for impurity radiation, heat balance along a flux tube can

be written:

B;S <qB|) = n?fy Ly (T). (2.35)

By multiplying the equation by %, and using the chain rule, Equation 2.35 can be
written:

2 2
AT _,ad (a2 fula(T)
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This may be integrated from the x-point, denoted by subscript X, to the leading edge
of the detachment front, denoted by subscript f:
2 _ 2
q qr s=sx 2qn° fuLa(T
Lx L/ 2 ST 4 (2.37)
s

BX B} Js=o B2

f
In the context of this simple model, the detachment front is the region where all of
the heat flux is dissipated by impurity radiation, and as a result the heat flux at the
downstream end of this front disappears. Hence:

‘7\2|,X X 24|\”2faLa(T)
B2 / B2

u

ds. (2.38)
SEl

Next, the front is assumed to be sufficiently narrow compared to the size of the
divertor, as is the case in Figure 2.3. Under this assumption, the impurity fraction
and magnetic field should not vary significantly within this front, and they can be
taken out of the integral as their average values at the front location:

2

fNx _ fo [, 2

L% _ 2 / 29,2 Lo (T)ds. (2.39)
i ¥ Usgl

Here, it is also assumed that the electron static pressure above the downstream end

of the front remains constant, such that density can be expressed: n = ”“T“ The

resulting equation is:

2 2
”'X _ oty T/ 24, T~ *Lo(T)ds. (2.40)
Sl

Then, the heat flux is assumed to be entirely electron conducted, such that g;| can be

replaced with x, T5/2 ‘%:

2
qH/X fl’énZ T2 Tzl

= 28wt [ ox TV 2L, (T)dT, (2.41)
B2 By Jr, 7 ¢
or:
Ty T 1/2
= Vi /T 20 TV/2Ly (T)dT. (2.42)
f

Finally, the upstream temperature can be expressed as an integral of heat flux
above the front, using the definition of electron conducted heat flux from Equation
2.10. Because it was assumed that all heat flux is dissipated in a thin region at the
front, then for the majority of the integral above, the heat flux varies only due to
magnetic flux expansion. Now, however, the derivation arrives at a junction; the
upstream temperature and heat flux profile above the front depend on what point is
chosen for the upstream. There are two options here:
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* Define the upstream temperature and density to be at the midplane, and model
the heat flux to be fed by some constant source from the midplane to the x-

point.
¢ Define the upstream temperature and density to be at the x-point, and model

the heat flux to originate at the x-point.

Consider the latter case first. In this case, the heat flux above the front is g =
q ‘,X%. Integrating this conducted heat flux, and noting that TJZ/ 2 < T7/? gives:

v q s 2/7
_ HrX/X
T,=|—7F~ Bds . 2.43

! <2K60 BX sf/H ) ( )

Substituting this definition of upstream temperature into Equation 2.42 results in

2Ke0 Bx Jsy), Ty

2/7
S Tu
o XBds) V ATRL(TIT, ()
f

q),x o ny
B W“(

or

-2/7 —-1/2
u ® B S Tu
M/ fa -t (1/ i Bds) 7727 (21,9) 73/ 14 < Tl/zLa(T)dT> .
S£l

qi/ 7 Bx \ Bx Ty
(2.45)
The above equation gives us a very powerful relationship between parameters
controlling detachment - parameters such as the divertor impurity fraction or up-
stream density - with the location of a detachment front in a given geometry. To
make this relationship more clear, a lumped detachment control parameter C can be

introduced,

c = vl (2.46)

5/7 °
7,x

Here C takes into account the variation of the three parameters one may use to ac-
cess and control detachment: plasma fuelling (1,,), impurity seeding (f,), and power
variation (g x)-

To express Equation 2.45 more clearly, three terms can be introduced on the right
hand side of the equation. First, one can incorporate the parameter Cy,

-1/2

Ty

C0=7_2/7(2K50)_3/14< Tl/zL“(T)dT> : (2.47)
Ty

This parameter depends on the impurity electron cooling function, and (in this sim-
ple version of the model) remains constant with a sufficiently high T, and low Ty
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(out of the effective range of L,(T)), such that the radiation is not affected by varia-
tions in these limits. However, a constant Cy also assumes a constant x,y across the
divertor, which is not true in regions of sufficiently high collisionality [120].

Secondly, the term Ljs = sx —s5,) can be introduced; the parallel connection
length between the detachment front and upstream (x-point). Finally, the line-averaged
magnetic field upstream of the front can be introduced, given by:

s
<B>abovef = (2.48)

With these substitutions, Equation 2.45 can be rewritten in the neater form:

2/7

Bf o a7 Bx

C=ClrL L S (2.49)
Bx Ilf <B>abovef

Equation 2.49 is the primary governing equation of the DLS model, or simple
DLS model as it is called here. The equation gives a clear relationship between pa-
rameters controlling detachment, and the location of a detachment front in a given
geometry. In particular, we see that the parameters controlling detachment (1,, fx,
q)),x) required to achieve a given front position f are affected by:

* The parallel distance from the front to the x-point, L‘ Lf-

¢ The total flux expansion of the magnetic field from the x-point to the front

. B
location, B—f.

* The line-averaged magnetic field above the front, relative to the magnetic field

-DOi Bx
at the x-point, B

above f

Consequently, the DLS model can be an effective way to determine how detach-
ment is accessed and evolves in different geometries. However, just like the two-
point model, there are many assumptions built in that are certainly to be broken in
experiment. As such, the DLS model is likely most well-suited to qualitative compar-
isons between geometries, rather than accurate predictions concerning the specific
movement of detachment fronts in a single geometry.

Before examining such applications of the model, let us briefly return to the junc-
tion concerning the definition of the most upstream point in this model. If, instead
of the x-point, the midplane is chosen to be the location of n, and Ty, then g must
be modelled above the x-point. For this region, q; = 0 is assumed at the midplane,
and the heat flux fed by a constant source of radial transport from the core, rising to
q)|,x at the x-point:

B (L) —5s)

— - > . )
U= 91xp, (L —sx) for L >s>sx (2.50)

Using this new profile of heat flux, the upstream temperature becomes (fors¢ || < sx)
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Ly B (L) —s)
T/ = = / , 251
u 2x0q” < o Bx (L _SX . B (2.51)
and the detachment control parameter is:
-2/7
By Ly B (LH—S) sx B
C=¢C ——————ds + ——ds . 2.52
OBX ( Sx BX (LH —Sx) S| BX ( )

Inspecting this equation reveals that flux expansion, connection length, and the
magnetic field upstream of the front still play a roll in determining the detachment
control parameter. However, the length that matters here is a combination of the
distance between the front and x-point, and distance between the x-point and mid-
plane. When the distance between x-point and midplane is small compared to the
divertor, the model converge with results form Equation 2.49. When this distance is
large, then C should vary less with the location of the front.

2.4.2 Detachment Threshold Predictions

Now that the equations of the DLS model have been derived, the model can be
used to gain insights pertaining to detachment access and control. First, consider
predictions from the formulation which models only up to the x-point. One of the
simplest uses for the DLS model is to set the front location to be at the target, s || = 0.
In this case Equation 2.49 becomes:

2/7 B2/7
Ci = CoL M TF' —0—, (2.53)
< >abovet

Where the control parameter on the left hand side is the detachment threshold C;,
the parameters required to just barely detach. In other words, this number describes
how easy or difficult detachment is to access in a given divertor. Equation 2.53 shows
first that the threshold of detachment depends on Lﬂz/ 7, and consequently longer di-
vertors should have lower detachment thresholds (remember L | here is the distance
between the target and x-point, not midplane). In the derivation of the DLS equa-
tions, this term arises because the upstream temperature, and hence the upstream
pressure, scales with Lﬁ/ 7 with a fixed upstream density. A higher upstream pres-
sure means higher density in the radiation region, and thus longer divertors radiate
more strongly. This is an important point, as one may assume longer divertors ra-
diate more strongly because they have “more space to radiate’. In the context of the
DLS model, however, the use of conduction allows the total integrated radiation to
be expressed as an integral of temperature, and the size of the divertor does not ex-
plicitly play a role in this integral. Instead, the divertor connection length affects the
pressure, which allows for more or less total radiation.

In addition to connection length, Equation 2.53 indicates that the total flux ex-
pansion of the divertor, Fr = %’f has a role to play in determining the threshold of
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detachment. In particular, the DLS model predicts an inverse relationship between
detachment threshold and total flux expansion; in other words, detachment thresh-
old scales linearly with target magnetic field given a constant x-point magnetic field.
In the derivation of the DLS model, this term arose because the parallel heat flux
density varies with magnetic field along a field line, since lower magnetic fields cor-
respond to larger parallel flux tube areas. Thus heat flux density entering the front
is not ) x, but g, X%- This heat flux, which is effectively the heat flux density that
must be dissipated, scales with g—}f{. Another way of viewing this term is that for a
finite flux tube with fixed input power, a higher total flux expansion leads to more
volume available to radiate the total power.

Finally, Equation 2.53 shows that detachment threshold scales with the divertor

2% Specifically,

averaged magnetic field relative to the x-point magnetic field, By

with a constant target and x-point magnetic field, if the divertor averaged magnetic
field increases (through a change in equilibrium between target and x-point) then
the detachment threshold should decrease. In the derivation of the DLS model, this
term arose in the expression of upstream temperature, since a high divertor mag-
netic field means a high average electron conducted heat flux density. This leads
to a higher upstream temperature and pressure, which leads to more radiation; as
a result, divertors with a higher averaged magnetic field are easier to detach. This
relationship, however, is very weak, since the averaged field itself is difficult to sig-
nificantly modify, and since the C does not scale with the averaged field, but with
the averaged field to the power 2/7.

When discussing a reduction of Cy, it is important to remember that C does not
scale the same with all control parameters. Specifically, a lower detachment thresh-
old C; means a lower minimum density or impurity fraction required to detach, but
can also mean a higher maximum allowable power before the plasma reattaches.

2.4.3 Relationship to the Two-Point Model

Some of the discussion concerning the DLS model and detachment thresholds may
seem eerily familiar, since detachment access was discussed in the context of the
two-point model in Section 2.3.3. One may remember that in this section, the two-
point model predicts that the density required to detach scales with the inverse of
total flux expansion. Then, in section 2.4.2 it was shown that the DLS model can
predict how the control parameters required to access detachment vary with divertor
configuration. In fact, if Equation 2.53 is rearranged slightly to find only the density
required to access detachment, the result is:

5/7 2/7
_ 1),x —oy7p—1  BY

\% f”‘ I <B>ak/>0vet

With a constant upstream heat flux and impurity fraction, and neglecting the

(2.54)

contribution of (B) then the scaling

above ¢
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1y o Fy ! (2.55)

is recovered. And so, quite fortuitously, DLS model seems to give the same result
as the two point model; The upstream density required to detach is predicted de-
crease linearly with total flux expansion. One may think that the agreement of these
two models is expected, and indicative of some deep, shared physics. However, the
agreement is a complete coincidence. In fact, both models arrive at this prediction
because both models find a linear proportionality between target heat flux and up-
stream pressure. However, the models arrive at this proportionality for completely
different reasons.

On one hand, the two-point model arrives at this condition using sheath trans-
mission, which states for a constant temperature the target pressure and heat flux
are proportional. On the other hand, the DLS model does not consider target tem-
peratures nor target heat fluxes at all. Instead, the DLS model considers impurity
radiation, which is proportional to upstream pressure. For all the heat flux in the
flux tube to be dissipated, this radiation must equal the effective heat flux at the
front location, which for detachment access is at the target. Hence, upstream pres-
sure scales with target heat flux.

This difference between the two models is worth emphasising, since the scaling
of detachment access with total flux expansion is an important one, and one may
think the two models are saying the same thing. They are not, and this must be kept
in mind if they are used predict or analyse the threshold of detachment in simulation
or experiment. Fundamentally the models have different definitions of detachment,
and different physics is considered and neglected in each.

2.4.4 The Window of Detachment

Another important detachment parameter that varies with different divertor con-
figurations is the detachment window. This key value is a measure of how much
detachment control parameters can vary before detachment causes a severe degra-
dation of the core plasma - through a MARFE, for example (Multifaceted Asymmet-
ric Radiation From the Edge) [136], [138], [139]. In effect, the window of detachment
specifies the operational limits of the control parameters. In past experiments, the
onset of a MARFE or some form of radiative collapse has been associated with de-
tachment fronts approaching the x-point. As such, the detachment window can be
defined as the ratio of the detachment control parameter(s) corresponding to a front
at the x-point compared to those corresponding to detachment onset, %‘

In other words, a detachment window of 2 means that electron density can be at
maximum doubled whilst still maintaining stable operational detachment. Now of
course a detachment front moving to the main x-point does not always correspond
with radiative collapse. In fact, there are divertor regimes such as the x-point ra-
diator which benefit from stable radiation fronts at the plasma x-point [138], [140],
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[141]. Nevertheless, many tokamaks still aim to achieve a stable detachment front in
the divertor region, and for this purpose the window of detachment is a very useful
parameter.

So what does the DLS model predict concerning the window of detachment in
different geometries? It is relatively straightforward to notice that in the context of
the DLS model which only extends to the x-point (Equation 2.49), Cx is infinite, and
so is the window of detachment. In other words, it is infinitely difficult to push a
detachment front to the x-point; this should make sense, as in this version of the
model the x-point is the source of heat. Hence, this version of the model is not very
useful concerning the window of detachment. Instead, one can turn to the version of
the model which extends to the midplane (Equation 2.52). In this case, the window

becomes:
2/7
Cx fosx Bids
— = F 1 X 2.56
TR T N ) (2:56)
Sx BX (L‘lfsx)

This equation produces several interesting consequences. First, the window of
detachment scales linearly with the total flux expansion of the divertor. In addi-
tion, the window scales with the ratio of two line integrals in different regions of
the equilibrium. From these integrals, it should be clear to see that the window of
detachment increases if the distance sy is increased relative to the distance LH‘ This
means that if the length of the divertor is increased relative to the total connection
length (from midplane to target), then a wider detachment window can be achieved.

Crucially, Equation 2.56 also shows that if two divertor equilibria have the same
configuration upstream of the x-point, then the detachment window is entirely de-
pendent upon the threshold of detachment. Thus, comparing divertor configura-
tions with the same rough upstream profile, any difference in detachment threshold
tells us how the detachment window changes. For this reason, much of the analysis
and discussion in subsequent sections will focus on detachment thresholds.

This last conclusion is quite an important one, and is related fundamentally to
setup of the DLS model. After all, the DLS model deals with the characteristics of
a plasma and magnetic equilibrium upstream of the cold end of a detachment front.
Consequently, any physics downstream of the front location is not important for
the location of detachment in the context of the DLS model. This implies that plas-
mas which have a similar magnetic configuration upstream of the x-point should
show similar front movement physics as the detachment fronts approach the x-point.
Whether it be a Super-X divertor or X-point target or standard configuration, if two
equilibria look the same upstream, then the behaviour of detachment fronts should
converge as the fronts are pushed upstream. Of course, a reader should not infer
from this discussion that the DLS treatment of detachment front movement is cor-
rect. One may expect that physics downstream of a detachment front can affect
power balance, through the strength of recycling for example. This aspect of the
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DLS model is explored in Chapter 5.

2.4.5 Detachment Location Sensitivity

In addition to examining how detachment thresholds vary, the DLS model, as the
name suggests, can be used to study the location sensitivity of detachment. Here, the
detachment location sensitivity is defined as the rate of change of a detachment front
location with respect to a change in the lumped control parameter C. In other words,
if a detachment front moves a great deal when the power of a device is modified
slightly, then the detachment front is in a region of high sensitivity. Sensitivity is
a crucial parameter for detachment control, and if it is beneficial for a detachment
front to be passively held in a location, that location should be engineered to have
low detachment location sensitivity.

To find an equation for detachment location sensitivity, Equation 2.49 can be dif-
ferentiated with respect to parallel front location from the target, s;||. Taking the

inverse of the resulting expression gives:

_|_ - -
dC C Bf de,H 7 LH,f 7 <B>abovef de’H

the equation for parallel detachment location sensitivity. From this equation several

ds dB dBaove B
f,|:1<1 ;21 2 1 d(By f>’ 25

conclusions can be drawn. Firstly, detachment location sensitivity should decrease
1 4By

. - . . . A

Physically, this is because if a detachment front will encounter higher magnetic fields

with an increase in fractional magnetic field gradient at the front location

moving along a SOL ring, this effectively means it encounters higher heat flux den-
sities (or less volume for radiation). Consequently, it becomes harder to dissipate
this higher heat flux density, and the control parameter must increase significantly
to compensate.

Concerning this magnetic field gradient term, Equation 2.57 indicates that it
should be theoretically possible to have a negative detachment sensitivity, given a
sufficiently negative ;%f” term. In other words, given a sufficient total flux contrac-
tion along a divertor - as is seen in horizontal inner leg divertors for example - there
may be regions of negative location sensitivity. This negative sensitivity means thata
lower control parameter is needed to access a more detached state; in other words, it
is ‘easier’ to be more detached. Hence, the location of fronts in these regions should
be unstable, as any detachment front in a negative sensitivity region should become
increasingly more detached until a region of positive sensitivity is reached.

Additionally, Equation 2.57 demonstrates that sensitivity should naturally de-
crease as detachment fronts move towards the x-point. This is because, as detach-
ment fronts move further from the targets, the control parameter C tends to increase,
and the effective connection length L  decreases. From Equation 2.57, both of these

changes will contribute to lowering the detachment sensitivity. One may understand
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this as partly due to the non-linear variation of upstream pressure with effective con-
2/7
I’
larger relative upstream temperature drop if a front is very close to the x-point.

nection length. Because T;, « L/, a given step in parallel length will cause a much

Inspecting Equation 2.57, one may notice that if the detachment front approaches
the x-point, and L)  goes to 0, the sensitivity will approach 0. In short, it becomes
infinitely hard to push a detachment front to the source of heat, which is the x-point.
Remember, however, that the upstream can also be defined as the midplane, through
Equation 2.52. Under this formulation, the detachment sensitivity will not be re-
duced to 0 at the x-point, and detachment fronts may move past the x-point towards
the midplane. However, this is not an incredibly useful application. This is because
as radiation fronts move past the x-point, it has been experimentally observed that
they tend to start moving radially inwards to the core, rather than continuing in the
parallel direction along a flux tube [138]. As such, a detachment model for move-
ment along a flux tube is not well suited here.

Additionally, Equation 2.57 tells us that the gradient of the averaged magnetic
field also contributes to sensitivity. However, this slope will always be less than the
magnetic field gradient at the front, and its contribution is less given the 2/7 factor.
As such, this term will generally have negligible contributions to the detachment
location sensitivity.

Thus far the sensitivity of detachment front locations measured in the parallel
direction have been considered. Indeed, the front location in parallel space may be
important for determining parameters such as the upstream temperature. However,
it is also useful to consider the poloidal distance between front and target, s¢, /-
Since this is typically how the front is measured and controlled in experiment, and
determines the proximity of the front to physical structures. Using coordinate trans-
formation ds, = %ds, Equation 2.57 can be rewritten in poloidal space,

1
dsppor 1 (1 dBf 21 By 2 1  d(Blapovey (2.58)
dcC C ’ '

Bf dsf,pol 7 LH,f Bpol,f 7 <B>abovef dsf,pol

Now it is clear Equation 2.58 looks very analogous to Equation 2.57, but with an
additional term %. This term indicates that in regions of low poloidal pitch, that
the detachment location sensitivity should be low in the poloidal plane. Because
this term is not present in Equation 2.57, the term does not impact the physics of
detachment, but is simply a result of coordinate transformations. As such, when
the location of a detachment front becomes less sensitive in regions of low poloidal
pitch, this is simply be due to the change in conversion between parallel and poloidal
space; poloidal distance being smaller in that region, for a given change in parallel

distance.
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2.5 The Extended DLS Model

2.5.1 Formulation of the Model

When it comes to detachment, the DLS model is a powerful tool to understand how
certain features of divertor geometries influence detachment. However, the inter-
pretability and quasi-analytical nature of this formulation comes at a price, as many
assumptions have been made that may be broken in real divertors. One assumption
in particular changes very little about the formulation of the model, but makes the
output of the model more interpretable; and that is the assumption of a thin thermal
front. For high power reactors with radiators with wide electron cooling functions,
this assumption may be broken. Consequently, it may be useful to solve the heat bal-
ance of the DLS model without making this assumption. The resultant formulation
has been created as part of this thesis, and is termed the Extended DLS Model.

The formulation of the extended DLS model is similar to the simple DLS model,
in that it solves Equation 2.35 upstream of the cold end of the detachment front, as-
suming constant static electron pressure. Like the simple model, the extended DLS
model takes a front position in a given divertor geometry as an input, and outputs
control parameters required to achieve said front location. Rather than making at-
tempts to solve the power balance analytically, the extended DLS model solves it
through numerical integration. The equations

A _ miTifaLa(T)
d < B > = BT2 ds, (2.59)
and
dT
_ 5/2
qH = Ke()T 7dS ’ (260)

form a set of coupled differential equations that can be solved using any compu-
tational integrator to give temperature and heat flux profiles for a given divertor
geometry.

The only extra information needed are the boundary conditions, and the values
of ko0 Lo (T), Ty, 1y, fa- For the boundary conditions, the model begins by integrating
from the front, and in the previous formulation of the model, this is where both T
and g should reduce to 0. The same treatment cannot be made for computational
integration, since electron cooling functions are 0 at T = 0. Consequently, if the
heat flux is 0, the temperature cannot evolve, and if the temperature is 0, the heat
flux cannot evolve, and the profiles are entirely invariant. Because of this, one may
simply specify a low temperature and heat flux density. As shown in Appendix A,
the specific choice of these values does not matter as long as they are sufficiently
low. For results in this section, the choice of q.f =1MWM 2, and T=1eV is used.

In terms of the constants, kg, ~ 2000 Wm—1eV~7/2 [83]. Moreover, for a given
impurity residence time, L,(T) [142] can be calculated from a collisional radiative
model, or an analytical approximation can be made. T, is more difficult to provide,
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since it is both an input to the dissipation model, and an output of the numerical
integration. As a result, the extended DLS model runs this integration iteratively in
order to determine the correct T, and begins this iteration with an initial guess:

2/7
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depending on the definition of the upstream. Integration with this initial guess will
then produce an output upstream temperature T; outpur, Wwhich will inevitably be
different from the input T,. Thus, the integration will be repeated, with a new input
temperature Ty input = (1 — Fru) Ty input + FruTuoutpur. The under-relaxation factor
Fry, is typically 0.2. The iteration is complete when the difference between the input
and output upstream temperature is below a user-requested tolerance.

The final requirement now to produce a self-consistent detached temperature
profile from the extended DLS model is the knowledge of n,, f,, and q),x- However,
remember that the purpose of the DLS model is to determine the control parame-
ter(s) required for a detachment front in a particular location in a given geometry.
As such, one of these three parameters is the output of a model run, and the other
two are inputs. Specifying and measuring 7, and f, is straightforward, but the con-
trol parameter ¢ x is less so. If the modelled region extends up to the x-point, || x
is simple to define, since it is simply the fixed heat flux entering the top of the mod-
elled region. If the modelled region extends up to the midplane, however, g x is
controlled through a fixed radial source of heat from the x-point to midplane.

In the case of n, and f, as inputs, the code determines whether the area from
x-point to midplane is being modelled or not. If not, iterations of the integration
are performed until the input and output upstream temperatures agree. The final
temperature and heat flux profiles are the output of the model, and with this output
q)|,x can be found, and thus the lumped control parameter C is calculated.

If the upstream area between x-point and midplane is considered, however, then
there is an additional iterative loop that guesses a strength of the radial heat source,
and varies it until a heat flux at the midplane of 0 is achieved (within a user specified
tolerance). The x-point heat flux can then be extracted from the resultant heat flux
profile.

When g x is used as an input for the model, the situation is more intricate deal-
ing with a domain ending at the x-point, and less so for a domain extending to the
midplane. For a domain extending to the midplane, a constant radial heat source is
specified, and either n, and f, are varied until the heat flux density at the midplane

is 0 within the user-specified tolerance.
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In the case of a domain spanning to the x-point, initial guesses must be made for
the output of the model (be it density or impurity fraction), and when the consistent
temperature profiles are achieved, the code determines whether the outputted g x
is greater or less than the requested input g, x. If the output heat flux is greater, the
control parameter output (either density or impurity fraction) will be lowered, and
the entire process begins again. In this way the code iterates until the residual be-
tween the requested and determined heat flux is lower than some user-determined
threshold.

Though using g x can be slightly more difficult to run with than the other control
parameters, it is still worth using since - the context of the extended DLS model - not
all control parameters are equivalent. As shall be shown shortly, using different
control parameters produces different detachment windows and sensitivities for the

same geometry.

2.5.2 Results from the Extended DLS Model

The formulation of the extended DLS model has several advantages over the sim-
plified DLS model. First, the model does not simply produce control parameters
as a model output, but entire self-consistent profiles of temperature, heat flux, and
radiation which may be interrogated. For example, the DLS model has applied to
an outer leg geometry for the MAST-U Super-X divertor, with an upstream density
of 5x10 m~3. The model has been run for five detachment front locations using
a cooling curve approximating neon at T = 1 ms, shown in Figure 2.4. The output
control parameter was upstream heat flux, and the impurity fraction was fixed at
5%. The resultant heat flux and temperature profiles for these extended DLS model

runs can be seen in Figure 2.5.
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FIGURE 2.4: Analytically approximated electron cooling function for
argon and neon at T = 1 ms.

Figure 2.5’s results show that using neon, even at incredibly high powers, results
in very gradual radiation along the divertor leg. In these cases, the concept of a thin
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FIGURE 2.5: The a) electron conducted heat flux density and b) tem-
perature profiles for four varying degrees of detachment as calculated
by the extended DLS model with an artificial neon impurity.

radiation region or thermal front is likely not valid, and thus the simple DLS model
will likely not be perfectly suited. To quantify just how much the detachment front
movement results may differ to the simple DLS model predictions, a more fine scan
using neon at 1,=5x 10 m—3, fa = 5% was performed, but this time with 30 points
along the scan. This process was also repeated with a cooling curve approximating
argon radiation at T = 1 ms, shown in Figure 2.4. The results of front movement
against normalised control parameter are shown in Figure 2.6a, where the control
parameter is qf&/ 7.

From Figure 2.6a it is clear to see the variation in front movement of the extended
DLS model (labelled ‘neon C:qr‘,‘;’f)’ can differ significantly from the results of the
simple DLS model (labelled ‘Simple DLS’). In particular, the extended model run
with neon predicts nearly a 2x higher window than the window of 2.78 from the
simple DLS model for a front to move from Om to 12m (roughly 80% to the x-point).
Even running with argon produces a difference in window or location sensitivity,
shown by the curve labelled ‘argon Czqﬁg{ 7)’. However, the reduction in sensitivity
here is only ~10%. This lessened difference for argon is expected, since the cooling
curve in Figure 2.4 has a much more localised peak than that of neon, and thus
radiation occurs in a much more narrow physical region.

Overall Figure 2.6a indicates there can be significantly different detachment lo-
cation sensitivities and windows when the effects of a wide thermal front are con-
sidered, but it does not indicate exactly what these effects are. Remembering the for-
mulation of the simple DLS model, the assumption of a thin thermal front allowed

four simplifications:

¢ The upstream temperature can be found analytically, since the heat flux den-
sity upstream of the front location is assumed to vary only due to magnetic

field variation.

¢ The term Cp remains constant, since with a thin thermal front the changing
temperature limits of . TTf “TY2L,(T)dT do not significantly impact the integral.



54 Chapter 2. Models for Alternative Divertors

1600 :
121 Ne

— Ar

1400 -

10 —:— X-point

1200 -

sf[m]

—— Simple DLS
Neon C=q;;>/

Neon C=P33/

—_— ArC:(Iﬁ,Si 200 A
of I Ar C=pP53/ ol i
1 2 3 4 5 0 5 10 15 20 25 30
C/C; s [m]

() (b)

FIGURE 2.6: The a) The parallel detachment front position plotted as
a function of detachment control parameter for several power scans
in the MAST-U Super-X geometry. Results are for the DLS model, and
the extended DLS model with neon and argon impurities, using two
definitions of the power control parameter. b) The parallel heat flux
profile along a field line for the first and last points of the scans in a).

¢ The magnetic field can be taken out of the integral of impurity losses, as its
value at the front location. Remember that this term can be thought of as a

scaling of volume available for radiation.

¢ The total dissipated power corresponds to the peak heat flux at the x-point,
since there it is assumed there is no dissipation upstream of the x-point.

The degree of breaking of each of these simplifications can be assessed for the
extended DLS model data, to determine what the leading causes of difference are.
In the case of both neon and argon, the upstream temperature difference of a front
at Om vs 12m is only ~10% lower than the simple DLS model predictions. Hence,
the difference in upstream pressure is not a significant source of variation between
models.

The constant Cy, however, increases by 50% as the detachment front moves from
0 to 12m in the neon power scan, making the scan less sensitive. This increase should
be expected, since in this power scan the conducted heat flux is lowered consider-
ably, as can be seen in the heat flux profiles for the Om and 12m runs in Figure 2.6b.
This leads to a sizable drop in upstream temperature, drastically reducing the inte-
gral f TTf” TY?1, (T)dT, and increasing Cp. In the case of argon, the constant Cj is also
raised as the divertor becomes more detached, though only by 27% as the cooling
function is much more localised around a lower temperature of 25 eV.

In terms of the effect of magnetic field, an impurity with a wide radiation region
is expected to have more sensitive front movement than the simple DLS model. This
is because in such a case the volume available for radiation does not scale with the
magnetic field at the cold end of the front, but instead scales with the magnetic field

over the entire front region. Consequently, as detachment fronts move in a given
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FIGURE 2.7: The a) The parallel detachment front position plotted
as a function of detachment control parameter for a power and den-
sity scan in the MAST-U Super-X geometry. Results are for the DLS
model, and the extended DLS model with a neon impurity, using two
definitions of the power control parameter. b) The parallel heat flux
profile along a field line for the first and last points of the scans in a).

geometry, the effect of the front magnetic field on movement is lessened. Indeed in
the case of neon, this effect of a non-constant magnetic field in the radiating region
increases the sensitivity on average by 50%. In the case of argon, this magnetic field
effect increases the sensitivity by 30%.

Finally, the extended DLS model results may differ significantly from simple DLS
predictions since ¢ x does not always correspond to the total heat flux dissipated by
impurity radiation. This is because radiation upstream of the x-point may cause the
peak q) to drop for the same total heat source. As such, as input power is reduced
and a front moves close to the x-point, 4| x may drop more than the total input
power, and the front movement should appear less sensitive. Indeed, the location
sensitivity of the entire power scan for neon is reduced by a factor of 2 due to his
effect. For argon, the sensitivity reduces by 10%. This can be seen explicitly if the
same curves are plotted, but with the power into the SOL, Pspr, used as the control
parameter. This power can be calculated using the strength of the heat source above
the x-point, and the curves using Psor. as a control parameter are labelled with ‘C =
P;gL/ 7’ Comparing these curves to the curves which use q)|,x as a control parameter
indeed reveals a sizable reduction in detachment location sensitivity when g x is
used.

Now another interesting output of the extended DLS model alluded to previ-
ously is that not all control parameters have the same impact on detachment, and
the regime of the run can impact results. In other words, a percentage change in n,,
is not necessarily the same as an identical percentage change in qﬁg(/ 7. In particular,
the upstream heat flux is a key parameter in determining how physically wide a ra-
diation front is, and heat flux scans can therefore change the physics of detachment
in more nuanced ways than the simplified model assumes.
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To demonstrate this, the detachment scan performed previously with neon was
repeated, but with density as the varied control parameter rather than power. The
comparative results of the power and density scan are shown in Figure 2.7a. From
the curve labelled Figure2.7a the density scan is more sensitive in certain locations
than simple DLS model predictions, in stark contrast to the power scan. Why are the
two scans so different? Well, the reduced importance of magnetic field due to wide
fronts increases the location sensitivity of the density scan by roughly 30%. How-
ever, this is similar to the power scan, and does not explain the difference between
the two.

The primary difference between the two scans is that the peak heat flux is not
reduced as much in the density scan, and so the front width at the end of the scan
is smaller when density is the varied control parameter. This can be seen in the
parallel heat flux profiles of the start and end of each scan, shown in Figure 2.7b.
This thinner front in the density scan has two effects; first, the integral in Cy is not
as affected, and indeed Cj is only raised by 10% in the density scan. Secondly, there
is less radiation upstream of the x-point at the end of the density scan. Thus, the
reduction of q) x with a fixed Psor, only reduces the overall location sensitivity by
40%. In the power scan, on the other hand, this effect reduces the sensitivity by
roughly a factor of 2. The impact of this effect can be seen comparing the density
‘_&/7 incorporated as a control parameter, and the same plot where PS_S 1{ 7

is instead used as a control parameter (labelled ‘'C = nuPS_Osf’). Though there is a

scan with g

significant reduction in sensitivity between these two curves, it is not as stark as the
difference between the two versions of the power scan.

Overall, these initial results from the extended DLS model reveal several conclu-
sions about the impact of wide thermal fronts on detachment evolution. In partic-
ular, these results have shown that there is no uniform deviation of the extended
DLS model from the simple DLS model. Several effects act to reduce the location
sensitivity of detachment, whereas others act to raise the location sensitivity. A key
effect which increases detachment location sensitivity is the lessened dependence of
control parameters on the magnetic field at the cold end on the front. An impor-
tant effect which reduces location sensitivity is the variation of Cy, assumed to be
constant in the simple DLS model. Finally, these results highlight how there can be
important nuances related to the choice of control parameters. It has been shown
that both the choice of varied controller, and the specific definition of divertor heat
flux, can have significant effects on the perceived location sensitivity of a detachment

scan.

2.6 Summary

Throughout this chapter the underlying physical principles of transport in tokamak
divertors has been outlined, and various models for divertor physics have been in-
troduced. When it comes to high-fidelity accurate models, SOLPS-ITER is a standard
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widely used architecture in the community. The code is a combination of a fluid
code and Kinetic Monte-Carlo code modelling the plasma and neutral species re-
spectively, and can model the full 2D geometry of a tokamak divertor. SOLPS-ITER
is used in later chapters of this thesis to further understand how divertor conditions
and detachment control vary with alternative divertor configurations.

In addition to complex 2D simulations, reduced modelling is a very powerful
tool for developing understanding of divertor transport. The two-point model is
one of the most powerful of these reduced tools, and predicts how upstream and
downstream conditions along a flux tube vary with divertor configuration. Several
versions or corrections of the model exist depending on the regime of focus.

Finally, the DLS model is a more recently developed tool which predicts the vari-
ation of detachment access and the movement of detachment fronts with respect to
changes in detachment controllers [4], [136]. One particularly important applica-
tion of the model is in predicting and understanding how resistant or sensitive front
movement is in different geometries.

As part of this thesis, the DLS model has been generalised to be applied to any
arbitrary divertor configuration and corresponding magnetic field profile. Several
versions of the simple DLS model have been developed, including a version which
treats the upstream as the midplane, and one which treats the upstream as the diver-
tor entrance. Finally, an ‘extended’ version of the DLS model has been developed,
which outputs numerically computed, self consistent heat and temperature profiles
along a detached flux tube. This extended version of the model can deal with an ar-
bitrarily wide radiating region, and can be applied using different impurity cooling
curves. The widening of this radiating region can even cause the relative effects of
electron density, impurities, and power to differ relative to the simple DLS model.
Consequently, this extended model could be used to study detachment where radi-
ation is expected along an entire divertor leg, not in a localised front.
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Chapter 3

Simulating the Impacts of
Alternative Divertor Features

In Chapter 2, several reduced models for alternative divertors were introduced, in-
cluding multiple versions of the two point model, and detachment location sensi-
tivity model. These models can produce results quickly, and allow for better under-
standing of the underlying physics, which can help influence design and operation
choices for reactor tokamaks. However, the benefits of clarity and intuition come at
the cost of many simplifying assumptions that may be broken in reality.

As a consequence, it is important to assess the accuracy of predictions from sim-
plified modelling, and whether given divertor features have the predicted impact on
performance when more complicated physics is taken into account. To investigate
this topic, SOLPS-ITER simulations [1], [2] have been developed of isolated divertor
legs in simplified geometry, as shown in Figure 3.1. These simple geometry sim-
ulations allow for complex physics modelling, whilst still being able to isolate the
effects of individual divertor features.

Over the following chapter, the features of divertor connection length, magnetic
flux expansion - both poloidal and toroidal - and physical baffling will be inves-
tigated using these isolated divertor SOLPS-ITER simulations. Results from these
simulations are compared to the two-point model and DLS model. Much of the
work presented in this chapter forms the basis of a paper published in Nuclear Fu-
sion [6].

The effect of individual features on target conditions, detachment access, and
detachment evolution is studied. Broad agreement between these simulations and
simple modelling is found, though physics such as radial transport of heat and vol-
umetric momentum loss is required to fully understand the effect of a given feature.

Beyond simple simulations, it is also crucial to understand how individual fea-
tures interact to influence the performance of a fully integrated divertor in complex
simulations and experiments. These topics are investigated further in Chapters 4

and 5 respectively.
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3.1 Simulation Setup and Comparison Methodology

Before delving into a comparison between simple models and SOLPS-ITER, it is first
important to set out how this comparison may be achieved. The simulations pre-
sented in this chapter are of isolated divertor legs [143], which model the region of
a tokamak divertor downstream of the x-point. These legs were created by Matlab
scripts, which generate an orthogonal grid; the length, width, grid resolution, and
angle of the leg to the vertical are all user-specified (though typical grid resolution is
roughly 300x50). The grid is split by a ratio 1:4 into the PFR and SOL, separated
by the separatrix. These rectangular divertor legs can then be further modified.
Modifications used in this study include introducing poloidal flaring or contrac-
tion through conformal mapping, used in Section 3.3, and bending of the grid paths
through the introduction of an intermediate circular segment, used in Section 3.5.
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FIGURE 3.1: a) A diagram of an isolated divertor leg at 30 °to the
vertical. A 2D electron temperature profile for a detached SOLPS-
ITER simulation of this geometry is superimposed on the diagram.
b) An electron density profile for the simulation in a) at the top of the
grid, plotted as a function of cross-field poloidal distance from the
inner edge at the divertor entrance. ¢) A conducted electron heat flux
density profile for the simulation in a) at the top of the grid, plotted
as a function of radial distance from the inner edge at the divertor
entrance.

For this study, the grids have a magnetic field profile B = %, where By is user-
specified. If the grid is straight with no poloidal flaring, the poloidal field is cal-

culated through a constant user specified poloidal pitch, ® = Bg“l. The divertor
legs have fixed density and heat flux density boundary conditions at the upstream
boundary (x-point), with a user-requested heat flux and density decay profile, as
shown in Figure 3.1. The upstream heat flux is split 50 /50 between the electron and
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ion channel, and the target has a 100 % recycling fraction. Pumps with a pumping
fraction of 1% are implemented, situated near the far SOL side of the target. The
upstream boundary conditions are chosen to roughly replicate what MAST-U is ca-
pable of: separatrix densities of ~ 1E19 m > and peak parallel heat flux densities of
~ 50 MWm 2. Heat flux widths are specified such that they are of the order 1cm at
the midplane, though due to flux expansion they are much larger measured at the
x-point. The anomalous radial transport coefficients are constant across the entire
domain, and do not change from simulation to simulation.

In order to effectively study detachment and strongly radiating regimes, the
SOLPS-ITER simulations in this chapter have been run with an artificial impurity
energy sink model. This model assumes a uniform user-defined impurity fraction,
and uses an analytic electron cooling function which approximates that of nitrogen

with non-coronal effects, at 17,7, = 102 m—3ms [4], [98]:

—34 (T-1)'*@80-T7) .
Ln(T) = 5.9 10 1+3.1x103(T—1)%’ if1 <T < 80. -

0, otherwise.

A plot of this electron cooling function is shown in Figure 3.2. To ensure 1D
models along a field line are compared meaningfully to the 2D code SOLPS-ITER,
the characteristics of the “killer” flux tube in SOLPS-ITER will be used for comparison
to simple models. This is the flux tube where the target heat flux density peaks;
though it can change with plasma parameters and detachment, for consistency the
average killer flux tube is used. Unless otherwise stated, it is the third poloidal grid

ring from the separatrix.
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FIGURE 3.2: An analytically approximated electron cooling function
for Nitrogen, the form for which is given in Equation 3.1.

In addition, comparing simple detachment models with simulation is not en-
tirely straightforward since the location of detachment can have many definitions.
In the context of the DLS model, the detachment front location is the point at which
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FIGURE 3.3: The SOLPS-ITER detachment location for the third SOL

ring of grid II-1, plotted as a function of control parameter variation.

The control parameter varied is the impurity fraction, and the detach-

ment front position is determined using a range of different methods.

These methods are compared to DLS theory, indicated by the dashed
curve.

the heat flux and temperature drops to 0, and is the cold end of a thin region in

which all of the heat dissipation occurs. In simulation, however, radiation can occur

throughout the divertor leg, and at no point does temperature or heat flux drop to

exactly 0. Consequently, one could use many analogous definitions to track the front
in SOLPS-ITER. Definitions for the location of detachment considered in this work
include:

The point at which the electron temperature drops to 5eV. This uses the def-
inition of a detachment front as the transition to a low-temperature detached

region.

The point at which conduction and convection are equal. This tracks the def-
inition of the detachment front as the location that separates the upstream
conduction-dominated plasma and downstream convection-dominated par-
tially ionised gas.

The location of peak static pressure loss. This uses the definition of the de-
tached region as a region containing significant volumetric momentum sinks.

The location of the peak in electron-conducted heat flux loss. This tracks the
definition of a detachment front as the location at which all the heat dissipation

occurs.

The smallest physical region containing most (50%) of the electron-conducted
heat flux loss. This is analogous to the DLS definition of a detachment front as

the location at which all the heat dissipation occurs.
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These various definitions of detachment can be seen for an isolated divertor leg,
plotted as a function of detachment control parameter, in Figure 3.3. To match most
closely to the DLS model definition of a detachment front, the peak in electron con-
ducted heat flux loss is used as the location of detachment for these isolated divertor
simulations. Moreover, from Figure 3.3 one can see that the window comprising
50% of power loss roughly encapsulates all other definitions of the location of de-
tachment. Because of this, and because this window is analogous to the DLS model
definition of a detachment front, this 50% power loss window is used for the uncer-
tainty in detachment front position.

A final consideration to make when comparing the DLS model to SOLPS-ITER
simulations is the definition of the detachment control parameter C. Unless oth-

erwise stated, the detachment control parameter for simulations is equal to n“qﬁéfj
Here, n, is the electron density at the divertor entrance on the killer flux tube, f,
is the input impurity fraction, and g x is the parallel electron conducted heat flux

density at the divertor entrance on the killer flux tube.

3.2 Connection Length and Long Leg Divertors

One of the simplest ways to change the performance of a divertor is through mod-
ifying the parallel connection length. This length - along with the machine power -
is important in setting the temperature difference between the upstream and target.
As such, increasing this connection length can be a powerful way of maintaining
good pedestal pressures and acceptable target conditions simultaneously.

Moreover, as discussed in Chapter 2, a long connection length will increase the
density at a given temperature along the SOL given a constant upstream pressure,
and because of this, longer divertors generally radiate more efficiently. Of course,
intuition also tells us that longer divertors should have more radial transport losses
of heat, leading to broader target heat load profiles, though this is generally not
explicitly incorporated into simple 1D models.

Over the following section, the effects of connection length on divertor perfor-
mance and detachment will be investigated. To study the effects of connection length
on divertor performance, four divertor leg grids of poloidal length 0.75, 1, 1.25 and
1.5m were generated, and are shown in Figure 3.4. Each leg has identical flux ex-
pansion and width. All are tightly baffled, with the walls located at the edge of the
plasma domain. This connection length study has implications for divertor concepts
such as the x-divertor, snowflake, Super-X, and long-legged tightly baffled divertor,
which all leverage long connection lengths.

3.2.1 Attached Target Conditions

Simulations of divertors of various lengths can be used to validate two-point model
predictions for attached target conditions for alternative divertors. In particular,
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FIGURE 3.4: The poloidal cross-sections of four vertical box divertor
grids with varying connection lengths.

in Chapter 2 it was shown that in an attached conduction-limited regime, the tar-
get temperature of a divertor should scale as L‘_|4/ 7, according to Equation 2.25. To
verify this, the target temperatures of the killer flux tube are plotted for attached
simulations of each of the four grids in Figure 3.4 with identical density, heat, and
impurity boundary conditions n, = 1E19 m~3, q,x =50 MWm~2, fy = 0.1%.

The variation of target temperature, shown in Figure 3.5a demonstrates good
agreement with the L”M 7 dependence predicted by the two-point model. As a result,
increasing the connection length of a divertor can be an effective way to alleviate

target temperatures, but this change grants diminishing returns due to the nonlinear

—4/7 dependence.
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FIGURE 3.5: a) The target temperatures for attached simulations of

legs I-1 to I-4, plotted as a function of connection length. b) The tar-

get densities for attached simulations of legs I-1 to I-4, plotted as a
function of connection length.

It is important to note the agreement in target temperature variation is not per-
fect, and that there is a weaker dependence of T; on connection length in SOLPS-
ITER compared to the two-point model. This is because the temperatures here are
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still quite high, and the simulations are in between the conduction and sheath lim-
ited regimes.

In addition to target temperatures, the two-point model predicts that increasing
the connection length of a divertor should increase the target density with Lﬁ/ 7 ac-
cording to Equation 2.26. A plot of target density on the ‘killer’ flux tube against
connection length is shown in Figure 3.5b. In this figure, the target density is in-
deed higher with longer divertors, with an increase which matches well with the
two-point model.

3.2.2 The Threshold of Detachment

In addition to variations in attached target conditions, modelling predicts divertor
connection length should influence access to and control over detachment. Specifi-
cally, the DLS model predicts the detachment threshold should vary with L‘_|2/ 7 due
to the higher pressures in longer legged divertors. This prediction is tested by per-
forming a scan in impurity fraction, and determining the location of the detachment
front in each simulation in the scan. The detachment threshold is then determined
by finding the control parameter(s) of the last attached simulation before the front
moves completely off the target. However, since the true detachment threshold is
actually between the last attached and first detached simulation, we associate an
uncertainty in the threshold given by the difference in control parameters between
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FIGURE 3.6: a) The SOLPS-ITER-determined detachment thresholds,

connection length to the power -2/7, and a best fit polynomial for

the simulated detachment thresholds for each of the four grids, nor-

malised to the value in case I-1. Parameters are plotted as a func-

tion of connection length. b) The detachment front position plotted

against normalised control parameter for an impurity fraction simu-
lation scan in grid I-2.

The detachment thresholds as a function of connection length for the grids in Fig-
ure 3.4 are plotted in Figure 3.6a. It is important to note that the thresholds are not
absolute, but are normalised to the detachment threshold of grid I-1, since the pri-
mary use of the DLS model is for relative qualitative comparisons. From this figure,
one can see the detachment threshold does decrease with longer connection lengths
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in SOLPS-ITER simulations. However, the dependence is much stronger than DLS
model predictions, being more akin to a L=*/7 rather than L=2/7, as can be seen from
the polynomial fit in Figure 3.6a. The causes of this difference will be explored in
Section 3.6. And as a result, doubling the divertor connection length leads to a 35%
decrease in detachment threshold in these simulations, indicating modifying con-
nection length could be a powerful tool for designing divertors around detachment.

3.2.3 Detachment Location Sensitivity

The connection length of a divertor, and the effective detached connection length
L) (parallel length between the detachment front and upstream), can also have an
impact on the location sensitivity of a detachment front. In fact, inspecting Equation
2.57, an increased detached connection length should decrease detachment sensitiv-
ity. In other words, as a detachment front is pushed away from the target, it becomes
harder to push it further. Physically, this is due to the nonlinear decrease of pressure
with detached connection length.

To test this prediction, an impurity fraction scan was performed on grid I-1 in
Figure 3.4, and the detachment front location was determined for each simulation in
the scan. The variation of detachment front location with normalised control param-
eter for this scan is shown in Figure 3.6b. From this figure, one can see a reduction
in slope, corresponding to a reduction in detachment sensitivity, towards the end of
the scan. In fact, the sensitivity from 0.25 to 0.35m is 2.1 times lower than from 0 to
0.1 m in the simulated data. This reduction is also seen in DLS predictions, which
predict a factor 1.6 difference in sensitivity across the same regions.

Though both the SOLPS-ITER and DLS results show a reduction in sensitivity at
the end of the scan, the two differ in the actual front movement. This is expected,
since the DLS was formulated with many assumptions baked in, and it was never
designed to be used for accurate quantitative predictions. Looking into how the two
differ, the SOLPS-ITER results are significantly less sensitive than the DLS predic-
tions. For a front to move 0.35m off the target, the DLS model predicts the control
parameter must only increase 15% above its threshold value, but the SOLPS-ITER
results show a required control parameter 37% higher than the threshold. In other
words, the fronts in SOLPS-ITER are more resistant to changes in control parame-
ter than the DLS model predicts. As will be seen later, this is a consistent outcome
across many simulations, and the causes of it will be explored in section 3.6.

3.3 Poloidal Flux Expansion and X Divertors

Another effective way to optimise alternative divertors is to vary the poloidal field
across a divertor. By reducing the poloidal field towards the targets, a poloidal flux
expansion is introduced, defined as the ratio of poloidal pitch at the target and
x-point, Fg = %’f [144]. This reduction in poloidal field can increase connection
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lengths. However, investigations into connection length effects have been covered
in the previous section. Here the effects specific to poloidal flux expansion are high-
lighted, and specifically the effect on detachment location sensitivity. Conclusions
presented here may be relevant for configurations such as the X-divertor, Super-X di-
vertor, Snowflake, and X-point target, which all leverage a reduction in the poloidal
magnetic field strength along the divertor.

3.3.1 Detachment Location Sensitivity

According to Equation 2.58 of the DLS model, decreasing the poloidal pitch in a
particular region of a divertor will decrease the sensitivity of a detachment front
location in the poloidal plane. The reason for this is that the control parameter re-
quired for front movement is governed by physics in the parallel plane, according
to Equation 2.57. Thus, all else being constant, a poloidally flared and non-flared
divertor should have the same detachment front movement in the parallel direction.
When this movement is mapped to the poloidal plane, however, there should be a
difference in front movement, since the mapping from parallel to poloidal space is
different for a poloidally flared geometry. As such, regions of poloidal flaring should
have lower location sensitivity than comparable regions with higher poloidal field,
according to Equation 2.58.

To test these predictions SOLPS-ITER simulations have been performed for a
straightdown isolated divertor leg, and one which is poloidally flared near the tar-
get. The grids are shown in Figure 3.7a, with the poloidal field profile shown in
Figure 3.7b. It is important to note that these geometries have identical physical
baffling, and on the killer flux tube they have identical total flux expansions and
connection lengths. The detachment front locations were determined for each simu-
lation, and the movement of these fronts, with respect to control parameter variation,
are shown in parallel and poloidal space in figures 3.8a and 3.8b respectively.
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FIGURE 3.7: a) The poloidal cross-sections of straight and poloidally
flared vertical grids. b) The magnetic pitch profile for the separatrix
of the grids in a).

From Figure 3.8b, a reduction in poloidal location sensitivity (figure slope) can
clearly be seen in the flared region of the flared grid relative to the straightdown
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geometry. In fact, the SOLPS-ITER results show a =~ 2.6 times difference in sensitivity
and the DLS model predicts a factor 2.1 difference in the first 0.1 m. Moreover, Figure
3.8a shows that this same movement is similar between the two grids when it is
expressed in parallel space. This supports the idea that front movement is primarily
governed by physics along a field line. Note that the SOLPS-ITER front positions do
not move in exactly the same way in both grids in parallel space. However, this is
most likely due to 2D effects, since these grids do not have identical properties (such

4

as total flux expansion) on flux tubes which are not the killer flux tube.
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FIGURE 3.8: The a) parallel and b) poloidal detachment front posi-

tions for the straight and flared grids in Figure 3.7a, plotted against

the detachment control parameter normalised to the SOLPS-ITER-

determined threshold. DLS location evolution profiles are indicated
by the unbroken and dashed lines.

3.4 Total Flux Expansion and Super-X Divertors

One of the most powerful tools for alleviating target heat fluxes, particularly in
B

B
This is typically done by having a target strike point at a much higher major ra-

dius than the x-point, as is the case in the Super-X divertor; but this could also be

spherical tokamaks, is modifying the total flux expansion of the divertor, F, =

achieved with sufficient poloidal flux expansion from poloidal field coil shaping. An
increase in total flux expansion will increase the parallel area of a given flux tube,
and therefore decrease the local heat flux density along said flux tube. As a result,
the two-point model predicts that configurations such as the Super-X should have
lower peak target heat fluxes in attached conditions. Moreover, the DLS model pre-
dicts configurations with higher total flux expansions should be easier to detach than
standard configurations.

To test the flux expansion effects predicted by simple modelling, four divertor
legs with identical baffling and size have been generated, but are rotated with re-
spect to the vertical from 0°to 90°. The grids, shown in Figure 3.9a, have the same
x-point locations, but different target major radii. This leads to a reduction in the
total magnetic field from the x-point to the target, as shown in Figure 3.9b. From
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FIGURE 3.9: a) The poloidal cross-sections of four box divertor grids
at varying angles to the vertical. b) The total magnetic field profile
along the separatrix of the grids in a).

grid II-4 to II-1, this leads to a doubling of the total flux expansion, as in these simple
grids the total field is simply given by %.

3.4.1 Attached Target Conditions

To verify the scaling of target heat loads with flux expansion in the attached regime,
attached simulations of the grids in Figure 3.9a were run, with identical boundary
conditions 1, = 1E19 m~3, qx = 50 MWm 2, fn = 0.1%. The target parallel heat
flux densities, which are plotted in Figure 3.10a, follow a similar trend to reproduce
the 1%’( relationship predicted by the two-point model. However, the target heat flux
in SOLPS-ITER decreases more strongly than predictions for an increase in total flux
expansion. Similarly, the variation in target temperatures plotted in Figure 3.10b
shows the expected decrease with increasing total flux expansion, but the variation
is stronger in SOLPS-ITER.

This discrepancy between the two-point model and SOLPS-ITER is due to the
fact that there are power losses along the SOL in these simulations, contrary to the
assumptions of the conduction limited two-point model. Moreover, these losses be-
come 30% stronger for grids with higher total flux expansions, as they move closer to
detachment onset. Hence both the target temperatures and heat fluxes are reduced
further than expected.

3.4.2 The Threshold of Detachment

For divertors leveraging total flux expansions, the DLS model predicts higher total
flux expansions should lead to better access to detachment. This is because the lo-
cal heat flux density that must be dissipated in order to detach is lower in divertors
with higher total flux expansion. Another way to conceptualise this is that for a fi-
nite volume flux tube, the volume in the radiating region is increased. To confirm
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FIGURE 3.10: The a) target heat flux densities and b) target electron

temperatures on the ‘killer’ flux tubes of SOLPS-ITER simulations for

the four grids in Figure 3.9a. Variations predicted by the two-point
model are plotted as unbroken curves.

this, impurity fraction scans have been performed for the grids in Figure 3.9a, and
the detachment threshold has been determined for each grid. The thresholds, plot-
ted as a function of inverse flux expansion, are shown in Figure 3.11. According
to the DLS model, the relationship between C; and Fy 1 should be roughly linear,
but slightly weaker due to the -2/7 dependence of threshold on divertor-averaged
magnetic field.
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FIGURE 3.11: The SOLPS-ITER and DLS model detachment thresh-

olds, total flux expansion to the power -1, and divertor-averaged

magnetic field to the power -2/7 for each of the four grids in Fig-

ure 3.9a, normalised to the value in case II-1. Values are plotted as a
function of the inverse of total flux expansion.

Inspecting Figure 3.11, SOLPS-ITER simulations show the same broad trend as
the DLS predicted variation of thresholds, but the dependence of threshold on flux
expansion is stronger in the simulations. Indeed, the DLS model predicts the thresh-
old of grid II-4 should be a factor 1.75 higher than grid II-1, but the SOLPS-ITER
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simulations show the threshold differs by 2.3. It is important to remember here that
C « 4/ fa. Hence, if the threshold control parameter is 2.3 times higher in grid II-4,
the impurity concentration required to detach is more than 5 times higher.

3.4.3 Detachment Location Sensitivity

In addition to detachment threshold, the DLS model predicts that variation in mag-
netic field along a field line should strongly affect the sensitivity of detachment front
movement. In particular, Equation 2.57 indicates that a higher total magnetic field
gradient in a given location, ‘2—?, should lead to a lower detachment location sen-
sitivity in said region. To investigate this, the detachment front positions for the
SOLPS-ITER impurity scans of grids II-1 and II-4 are plotted as a function of control
parameter in Figure 3.12a. Here the control parameter is normalised to the detach-
ment threshold of each grid, such that only the normalised sensitivities are com-

pared, & d‘ifCH . The front position variation plotted as a function of absolute control

parameter C is shown in Figure 3.12b.
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FIGURE 3.12: a) The poloidal detachment front positions of grids II-1

(Horizontal) and 1I-4 (Vertical), plotted against the detachment con-

trol parameter, normalised to the SOLPS-ITER-determined threshold.

The unbroken and dashed lines indicate the DLS predictions for each

grid. b) Identical results to a), but plotted as a function of absolute
control parameter C.

From Figure 3.12a, two conclusions are clear; first, both the DLS predictions and
SOLPS-ITER simulations show the horizontal grid (II-1) is significantly less sensi-
tive than the vertical grid, due to the presence of strong magnetic field gradients
along the flux tube in case II-1. In fact, the difference in sensitivity between the two
grids in the first 0.1m is well predicted by the model; the DLS model predicts a dif-
ference of a factor 2.5, and the SOLPS-ITER simulations show a difference of factor
2.4. Secondly, the DLS predicted and SOLPS-ITER front movement are not in per-
fect agreement, with simulations showing lower locations sensitivities than the DLS
model predictions.
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Upon first examination, Figure 3.12b seems to convey a much different story.
Due to the lower detachment threshold in the horizontal grid, the absolute detach-
ment location sensitivity appears similar in the horizontal and vertical cases. In
fact the horizontal grid’s sensitivity is slightly reduced, but this is not as apparent
as in Figure 3.12a. However, one must be careful when making conclusions about
absolute changes in control parameter. For example, even though the detachment
thresholds of the two geometries are different, an experimentalist may leverage that
difference to operate at a higher power, but with the same density in both geome-
tries. Now when asking the question of how much does the upstream density need
to increase by to move a detachment front 0.1m off the target, the change in absolute
density is 2.6 times lower in the horizontal. In summary, changes in absolute control
parameters depend upon the operating regime, and it is difficult to make general
conclusions about these. For this reason the emphasis is placed upon the relative

sensitivity, % d’ifCH .

3.4.4 Detachment Stability

Finally, Equation 2.57 tells us that it should be theoretically possible to have a nega-
tive detachment sensitivity, given a sufficiently negative ;S—l;f” term. In other words,

given a sufficient total flux contraction along a divertor - as is seen in horizontal in-

ner leg divertors for example - there may be regions of negative location sensitivity.
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FIGURE 3.13: a) A grid for a divertor leg at an angle of -10 °to the ver-
tical. b) The detachment location evolution profile of the third SOL
ring from the separatrix in a), calculated by the theoretical DLS equa-
tions. Green arrows indicate stable continuous regions, blue arrows
indicate stable regimes only accessible from an attached state, orange
arrows indicate stable regimes only accessible from a deeply detached
state, and black arrows indicate unstable regions not accessible from
either direction.

Yet what do such regions of negative sensitivity correspond to physically? To
help understand this, the DLS model has been applied to a isolated divertor leg
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at -10° to the vertical, shown in Figure 3.13a. The results of the DLS model are
shown in Figure 3.13b. From this figure, regions of negative location sensitivity
imply thatitis ‘easier’ (one needs a lower C) to have a detachment front further away
from the target, than more towards it. Thus, one may expect that when detachment
fronts encounter such regions, they become unstable, and quickly move further and
further upstream. They should stop only when they reach the next stable (positive
location sensitivity) point which requires the same control parameter as the start of
the unstable region. So in Figure 3.13b, as the divertor detaches at C/C; = 1, the
front should quickly jump past the unstable region and stop at s¢ . = 0.4, the next
location with C/C; = 1.

Another interesting consequence of negative sensitivity is that when the diver-
tor begins attached and detaches, it should immediately move past the unstable
region, but also move past the region from 0.25m to 0.4m, which is stable with a
positive sensitivity. There is no reason, however, that this area should be inaccessi-
ble if the divertor started very detached, and the control parameter was lowered. In
this case, the control parameter can theoretically be lowered even below the detach-
ment threshold, to C = 0.98C;. If decreased further, the divertor would immediately
reattach, as there are no valid detached solutions beyond this point. This presence
of a bifurcated detached solution is another unique property of negative sensitivity
geometries.

To verify these fascinating behaviours predicted for divertors with strong total
flux contraction, two impurity fraction scans were performed for the divertor leg in
Figure 3.13a. The first scan (‘forward” scan) starts in an attached state and succes-
sively the impurity concentration is increased, whilst the second scan (‘backwards’
scan) begins in a deeply detached state and the impurity fraction is decreased. The
measured front locations are plotted as a function of control parameter (normalised
to the forward scan threshold) in Figure 3.14.

In Figure 3.14 one can see that both qualitative behaviours predicted by the DLS
model are present in SOLPS-ITER simulations. Firstly, if the impurity concentration
is increased marginally above its threshold value, the detachment front jumps more
than 0.25m upstream. Secondly, if the divertor begins detached and the impurity
concentration is decreased, it seems that detachment can still be maintained with
a control parameter 8% lower than the ‘forward” detachment threshold. In other
words, for the same control parameters, two bifurcated solutions exist; one clearly
attached, and one deeply detached.

These conclusions concerning divertors with strong total flux contraction may
have important consequences for geometries such as inner divertor legs on spherical
tokamaks. For example, if detachment can truly be accessed below the ‘forward’
detachment threshold, then it could be beneficial to detach the divertor early in a
pulse, then decrease the seeding of impurities. Or, the divertor targets themselves
could be modified to shorten the divertor leg, to avoid the presence of an unstable

region entirely.
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FIGURE 3.14: The detachment location evolution profile for the grid

in Figure 3.13a, calculated from SOLPS-ITER data. The circular data

points labelled ‘SOLPS forward’ are for an impurity fraction scan

starting from an attached state and becoming more detached. The

triangular data points labelled ‘SOLPS backward’ indicate an impu-

rity fraction scan starting from a detached state and becoming less
detached.

These results must be expressed with a few caveats. Firstly, the SOLPS-ITER
simulations here lack a full geometry, drifts, and impurity transport, which all may
modify detached solutions. Furthermore, the SOLPS-ITER simulations presented
are steady state solutions, and do not describe how detachment truly evolves in
time from one state to another. Finally, detachment bifurcations have been seen in
previous models and experiments [145]-[147], where detachment fronts may oscil-
late between two significantly different solutions on the threshold of detachment.
However, this is the first time cliff behaviour and detachment bifurcation has been
shown to be explicitly caused by total magnetic flux contraction, since identical outer
leg geometries in this study show no such behaviour. The verification of such spe-
cific predicted behaviour from the DLS model tends to support at least some physics
principles of the model.

3.5 Averaged Magnetic Field and Pathing

According to the DLS model, the divertor averaged magnetic field is a contributing
factor to the detachment threshold in a given divertor geometry. The model predicts
that with the same target and x-point magnetic field, C; o (B) 2. Thus diver-

tors with high divertor-averaged magnetic fields should have a lower detachment
threshold.
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FIGURE 3.15: a) The poloidal cross-sections of four kinked box di-

vertor grids with various divertor shapes; all with the same By /B;

at the third SOL ring from the separatrix. b) The detachment thresh-

old, connection length to the -2/7, averaged field to the -2/7, and the

DLS predicted detachment threshold for each of the four grids, nor-

malised to their values for case III-1. Values are plotted as a function
of average divertor magnetic field strength.

To test this prediction, four divertor legs (shown in Figure 3.15a have been gen-
erated with identical total flux expansions on the flux-tube of interest, but with dif-
ferent paths from the x-point to the target. In grid III-4, for example, particles spend
more time at a low major radius than they do in grid III-1. Consequently, the line-
averaged magnetic field in III-4 is higher than III-1, and the averaged field in III-3 is
higher than III-2. Impurity fraction simulation scans were performed for these four
grids, and the threshold of detachment was determined for each. The corresponding
variation in thresholds are shown in Figure 3.15b. Of course, it is clear to see that
grids III-1 and III-2, for example, have different leg lengths as well as pathing. The
difference between these grids should scale as C; « Lﬁj/ 7 <B);b%szt

The variation of detachment thresholds in Figure 3.15b show a trend in opposi-
tion to DLS model predictions. Specifically, the DLS model predicts that grid III-4
should have a lower detachment threshold than III-1 by roughly 10%; however, the
figure shows a detachment threshold roughly 10% higher in grid III-4. Similarly, grid
III-3 has a higher threshold than III-2, which is contrary to DLS model predictions.
Overall, this disagreement between the DLS model and SOLPS-ITER, in addition to
the marginal differences between the grids, suggest that modifying pathing does not
represent a strong or clear way of impacting detachment.

3.6 Missing Physics of Simple Models

Over the previous sections, SOLPS-ITER simulations have replicated some broad
predicted trends of the DLS model. However, the actual variation in detachment
thresholds, and detachment front location in SOLPS-ITER do not agree very well
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with the DLS model. What is the cause of this disagreement? One may recall that in
the formulation of the DLS model, several assumptions were made. In particular:

1. The impurity radiation in the divertor can be modelled by a fixed fraction of
species & with cooling function L.

2. The parallel width of the thermal front is much smaller than the gradient
length of the B field strength.

3. The electron static pressure above the cold end of the thermal front remains
constant.

4. There are no sources or sinks of heat flux apart from impurity radiation, and
the heat flux above the front is entirely electron conducted.

5. The electron conductivity does not vary along the divertor, and «, ¢ is constant

(i.e., there are no flux limiters).

Thus, if there is disagreement between SOLPS-ITER and the DLS model, it should
be due to the breaking of one or more of these assumptions. Now assumption 1 is
not broken in these simulations, a fixed fraction artificial impurity model is used. For
the rest of the assumptions, three equations can be formulated that solve the same
heat balance as the DLS model, but with various assumptions relaxed. For example,
relaxing the assumption of a thin front gives:

2/7 Ty 1/2 —1/2
””\/]T"‘—q"X1<2Ke / L(D)T dT) . (3.2)

- 0
777 Tu Bx 1, B2

Moreover, additionally relaxing the assumption of constant pressure above the ther-

mal front gives:

-1/2
- u e . .
a0 Bx o B

Next, relaxing the assumption of a constant «.q (i.e., allowing for flux limiters) gives:

“1/2
N/ fu /7 1 (/SX WL“(T),;ZS> (3.4)
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Finally, relaxing the assumption of impurity dissipation being the dominant sink for

electron conducted heat flux gives:

—-1/2
Hu\/ﬁ Y 1 /SX ZanzL“(T) n 2‘1||Wother Js (3.5)
B X 0 B? Bzf& ’ ‘

where W,y is the sum of all other sources and sinks for electron conducted heat
flux, including exchange with other heat flux channels like convection. With these
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three equations, one can compute the predicted detachment control parameters for
a given front position in SOLPS-ITER. The final equation is simply an expression
for heat balance with no assumptions, and so if all the true sources from SOLPS-
ITER are taken into account, this last equation should simply give the true control
parameter in SOLPS-ITER. By comparing the control parameters predicted by these
various models, the importance of the different assumptions in the disagreement
between SOLPS-ITER and the DLS model should be revealed.

3.6.1 Connection Length Studies

To assess the importance of the DLS assumptions in the effect of connection length,
Equations 3.2, 3.3, and 3.4 were applied to the detachment threshold simulations
of the grids in Figure 3.4. The resultant control parameter variation is shown in
Figure 3.16a. In this figure, it is clear to see going from the original DLS model and
relaxing the assumption of a thin front by applying Equation 3.2 makes very little
difference to results (curve labelled ‘true front width’). Relaxing the assumption
of constant electron pressure, however, leads to a significant difference, and brings
the threshold calculations much closer to the SOLPS-ITER values (curve labelled
‘true pressure variation”). Relaxing the assumption of non-impurity sources and
sinks then leads to a measurable change (curve labelled ‘true heat sources’). Overall,
however, this figure shows that the assumption of constant pressure is the most
important in causing the difference between SOLPS-ITER and DLS predictions for
this study.
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FIGURE 3.16: a) The SOLPS-ITER and DLS detachment thresholds for

grids I-1 to I-4, plotted as a function of connection length. The predic-

tions from the relaxed versions of the DLS model are also shown. b)

The detachment front position plotted as a function of control param-

eter for impurity-scan SOLPS-ITER simulations of grid I-2. The DLS

determined detachment control parameter is overlaid, including the
relaxed versions of the model.

Similarly, Equations 3.2 to 3.4 have been applied to a detachment scan of grid I-
2, to understand what causes differences between SOLPS-ITER and the DLS model
when it comes to detachment front movement and sensitivity. The application of
these equations to this detachment scan is shown in Figure 3.16b. From this figure,
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FIGURE 3.17: A decomposition of several important forms and

sources of plasma pressure, plotted along the killer flux tube for de-

tached (left) and deeply detached (right) SOLPS-ITER simulations of
grid I-2.

one can again see that the relaxation of the constant pressure assumption leads to the
most significant difference, and thus the variation in pressure is the primary cause
for disagreement here.

To show the importance of pressure variation more clearly, the electron pressure
is plotted along a field line for a barely detached and deeply detached simulation
of grid I-2 in Figure 3.17. In this figure the detachment front region is indicated,
and several key pressure balance quantities are also plotted, including the ion static
pressure, convected pressure, and the plasma pressure sink due to neutrals (labelled
‘neutrals”). Upon first glance, a reader may notice that the ion static pressure is
quite high in these simulations compared to the electron static pressure. This is
certainly true, and is a result of using a 50/50 split between electron and ion heat
flux entering the top of the grid. In full-geometry simulations, one would expect
this ratio to be more electron-dominated, due to the difference between electron and
ion conductivities.

Figure 3.17 demonstrates several important points, including the fact that in the
radiating region the electron static pressure is far from constant. In fact, though it
remains reasonably constant upstream of the front region, inside the front region
itself the electron static pressure drops more than 50%. This shows the DLS assump-
tion of constant static electron pressure is broken. However, this figure also shows
the assumption is not entirely unfounded, as the front region remains upstream of
the region of total pressure loss. In fact, the electron static pressure loss in the front
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region seems driven by an increase in convected momentum.

Figure 3.17 also indicates the electron static pressure in the front is subtly dif-
ferent between the barely detached and deeply detached simulations. In particular,
there is a slight source of pressure from neutrals in the front region, and that source is
larger in the more attached case. This reduced source in the more detached simula-
tion partly explains why the location sensitivity in Figure 3.16b is reduced compared
to DLS theory. As the front moves off the target, this source of pressure reduces, and
the average electron static pressure in the front also reduces, decreasing radiation
for a given upstream density and impurity fraction.

3.6.2 Flux Expansion Studies

The analysis of DLS model assumptions can be used to determine the dominant
physics causing discrepancies between SOLPS-ITER and the DLS model when it
comes to total flux expansion. Applying Equations 3.2 to 3.4 to the detachment
threshold simulations of grids II-1 to II-4 produces the results shown in Figure 3.18a.
From this figure, it is clear to see that the addition of other sinks of heat flux and the

presence of a flux limiter leads to the largest difference.
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FIGURE 3.18: a) The SOLPS-ITER and DLS detachment thresholds

for grids II-1 to 1I-4, plotted as a function of inverse total flux expan-

sion. The predictions from the relaxed versions of the DLS model are

also shown. b) The detachment front position plotted as a function of

control parameter for impurity-scan SOLPS-ITER simulations of grid

II-1. The DLS determined detachment control parameter is overlaid,
including the relaxed versions of the model.

To demonstrate this strong effect of energy sinks, the electron conducted heat
flux, and several key power sinks are plotted as a function of parallel distance along
the killer flux tube, and this is shown in Figure 3.19. Comparing the detachment
threshold vertical leg (top left) against the horizontal leg (top right) simulations,
the total impurity power losses are much (nearly 2x) lower in the horizontal case
at the same upstream density. One may assume this is due to the lowering of heat
flux densities due to total flux expansion, but remember this effects the heat flux
per unit area; the DLS model assumes the total dissipated power in Watts is the
same. Because the requirement for impurity dissipation is lower in the horizontal
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leg, the detachment threshold is even lower than DLS predictions. The reason for
this lower requirement on impurity losses can be attributed to the increase in losses
from deuterium, which is expected given the larger volume for radiation. More

surprisingly, there is also a significantly stronger sink from radial transport.
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FIGURE 3.19: The electron conducted heat, and other fluxes of heat, in

addition to the cumulative power sinks from deuterium, radial trans-

port, and impurities, plotted as a function of parallel distance from

the target. The data used for the plots are from SOLPS-ITER simula-

tions of the threshold case for a vertical grid (top left), the threshold

case for horizontal grid (top right), and a deeply detached case for a
horizontal grid (bottom right).

In addition to threshold variation, the relaxed versions of the DLS model can
be used to analyse discrepancies in detachment location sensitivity results in grids
with high total flux expansion. Indeed, Equations 3.2 to 3.4 have been applied to an
impurity fraction scan for grid II-1. The results, shown in Figure 3.18b, indicate that
the assumption of no flux limiters and no non-impurity sinks is a significant cause
of disagreement.

Delving into the role of heat sinks, one can examine the electron conducted heat
flux profile and several key power sinks for a deeply detached simulation of grid II-1
in Figure 3.19 (bottom right). Comparing this to the simulation on the threshold of
detachment (top left), the deeply detached simulation radiates more than 2.5x more
power through impurity radiation. This increased requirement on impurities as the
detachment front moves further off the target aids in explaining why the detachment
sensitivity in SOLPS-ITER in this grid is significantly lower than expected.

This increased requirement on impurity radiation seems driven by the fact that
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more power is lost overall in the deeply detached simulation. Additionally, there are
also slight reductions in radial transport and deuterium power sinks in this more de-
tached simulation. The radial transport reduction in particular is quite intuitive and
expected. In Figure 3.19, the radial transport in the detached simulation effectively
stops downstream of the detachment front. Thus, the effective length over which
these radial transport losses are active is reduced. One would similarly expect radial
transport in any configuration to reduce as divertors become more deeply detached.

3.6.3 Pathing Studies

Finally, in previous sections there were significant deviations between the DLS model
and SOLPS-ITER when it came to the effect of pathing and divertor-averaged mag-
netic field. As such, to determine the source of this discrepancy, Equations 3.2 to
3.4 were applied to the threshold simulations of grids III-1 to III-4. The resultant
detachment thresholds, determined with various relaxed assumptions, are shown in
Figure 3.20. From this figure, it seems that the assumption of a thin width, constant
pressure, and impurity-dominated losses of electron conduction all play a roughly
equal role in the deviation between the DLS model and SOLPS-ITER.
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FIGURE 3.20: a) The SOLPS-ITER and DLS detachment thresholds for

grids I1I-1 to III-4, plotted as a function of divertor averaged magnetic

field. The predictions from the relaxed versions of the DLS model are
also shown.

In general, analysing the sources of discrepancy between the DLS model and
SOLPS-ITER simulations, several conclusions can be drawn. Firstly, it seems the
assumption of a thin thermal front generally holds true in the SOLPS-ITER simula-
tions presented. The breaking of this assumption plays a very small role in any dis-
crepancies between the simulations and the DLS model. In many cases presented,
the variation in pressure seems to contribute significantly to deviations between the
DLS model and SOLPS-ITER simulations. Though the assumption of total pres-
sure conservation seems reasonable, in the front region a great deal of momentum
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is transferred from the static to dynamic pressure, and there are small momentum
sources from neutrals.

3.6.4 The Impact of Different Control Parameters

Throughout this chapter detachment access and sensitivity has been studied with
regards to changes in impurity fraction. An important question is how would these
results and conclusions change if a different controller - such as upstream density or
heat flux - were leveraged. Though the entire study has not been repeated with all
three control parameters, several particular scans were. In particular, the impurity
scan in the horizontal divertor leg has been repeated, but instead using a density
scan (with fixed ¢ x = 50 MWm~2 and f, = 1.7), and a heat flux scan (with fixed 1,
=1x10' m~3). The front movement from these three scans is shown in Figure 3.21.
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FIGURE 3.21: a) The poloidal location of detachment fronts, plotted

as a function of control parameter variation for grid II-1. The three

different SOLPS-ITER scans represent scans using impurity fraction,

power, and density as control parameters. Also shown is the DLS
predicted profile.

Figure 3.21 first and foremost shows that the effects of n,, \/fs, and q‘_&ﬁ , are
indeed not equivalent in SOLPS-ITER simulations. Specifically, the detachment lo-
cation sensitivity of the impurity fraction scan is measurably lower than that of the
density and power scans. Consequently, the higher location sensitivity (or smaller
detachment window) results of density and power are much closer to the DLS pre-
dictions. This is an important point, and indicates that the disagreement between
SOLPS-ITER and the DLS model presented earlier may have been less pronounced
if density or power were used as detachment controllers. Indeed when density
scan detachment studies have been performed previously, better matching has been

found with theory [143].
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3.7 Summary

In this chapter, more than one hundred simulations have been performed in SOLPS-
ITER for the purposes of validating simplified models. In isolated leg simulations
of various lengths and magnetic field profiles, detachment was accessed and con-
trolled by varying the fixed-fraction of an artificial nitrogen impurity. The move-
ment of the detachment front in these simulations is compared to predictions from
the DLS model, and though the broad shape of the profiles is similar, front move-
ment in SOLPS-ITER simulations is consistently less sensitive than the DLS model.
In general, the SOLPS-ITER simulations show a location sensitivity 2-3 times lower
than DLS predictions.

Put simply, the difference in impurity fraction required to push the front from
one location to another is always larger in simulations than DLS predictions. Put
even more simply, as more complex physics is introduced, detachment fronts be-
come more resistant to changes in the plasma. As will be seen in Chapter 5, this is
a consistent finding across different avenues of study, and is important to keep in
mind. The main causes of difference between SOLPS-ITER and the DLS model are
the presence of electron static pressure sources and sinks, and non-impurity power
losses. Specifically, it has been shown that the electron pressure can change signif-
icantly in the front region, primarily due to exchange with convected momentum,
and pressure sources from neutrals. In terms of power balance, the strength of radial
transport and deuterium losses can vary significantly with geometry and regime.

Instead of using the DLS model to simply predict front movement in a single
geometry, this work illustrates that the real strength of the DLS model is predict-
ing how detachment control differs between geometries. When comparing the DLS-
predicted variation in detachment access, SOLPS-ITER simulations confirm the non-
linear decrease in detachment threshold with connection length, and the roughly
linear increase in detachment threshold with target magnetic field strength. The
variation in the threshold between grids is consistently stronger than DLS predic-
tions.

One of the most novel outcomes of this work is verifying how detachment loca-
tion sensitivity varies between geometries. In particular, the simple DLS model pre-
dicts that detachment fronts should become less sensitive to changes in controllers
as they move further from the target; a prediction verified by SOLPS-ITER simula-
tions. Additionally, the DLS model predicts the presence of strong gradients in the
total magnetic field along a divertor should lead to less sensitive front movement
of detachment fronts with respect to variation in impurity fuelling. Indeed, SOLPS-
ITER simulations show a reduction of factor 2.4 in location sensitivity in a horizontal
divertor leg with a strong gradient in the magnetic field, agreeing well with the DLS
prediction of a factor 2.5 difference. The DLS model also predicts that a reduction
in the poloidal magnetic field should reduce the sensitivity of the poloidal location

detachment fronts, whilst not significantly affecting the movement in the direction
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parallel to the magnetic field. SOLPS-ITER simulations have confirmed this effect,
with a poloidal flared grid showing a reduction in poloidal location sensitivity of 2.6
compared with a straight grid. In good agreement, the DLS model predicted a 2.1
difference in sensitivity for this case.

The DLS model even predicts the presence of unstable regions in inner leg di-
vertors caused by magnetic field gradients, which allows for bifurcation in detached
and attached solutions for the same control parameters. SOLPS-ITER simulations of
increasing and decreasing impurity seeding scans confirm the presence of such re-
gions in an inner divertor leg at -10 °to the vertical. The confirmation of such specific
behaviour predicted by the DLS model seems to support the underlying physics of
the model.

Overall, the work contained in this chapter has validated the idea that reduced
models can be used to predict and understand the differences between alternative
divertor geometries. However, the comparative simulations used in this work are
still relatively simple isolated divertor legs, designed to focus in on one magnetic
feature of a divertor at a time. More complex simulations of real machines, and
comparisons to experiment are required to completely understand the difference
between simple intuition and the governing physics of real divertors.
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Chapter 4

Simulating the Impact of Divertor
Baffling

In Chapter 3, simple models and predictions of alternative divertors were tested us-
ing SOLPS-ITER simulations of divertor legs in idealised geometry. By implement-
ing such simple geometries, these simulations are able to put certain alternative di-
vertor features under the microscope, studying each feature in isolation. Using such
simple geometries, however, means that some crucial physics pertaining to the true
2D structure of a tokamak may be lost. Consequently, in this chapter more intricate
simulations are performed, using real tokamak geometries.

Specifically, this chapter centres around the impacts of divertor baffling - which
refers to the shape of the physical material surrounding the divertor. Baffling is a
feature which is fundamentally difficult to model simply, as it impacts the 2D trans-
port of neutral hydrogen and impurities throughout the entire tokamak chamber.
As such, this chapter features SOLPS-ITER simulations of full MAST-U divertor ge-
ometries. In keeping with the purpose of this thesis of studying alternative divertor
features in isolation, the geometries used implement extreme cases of baffling with
no changes to the magnetic geometry. Moreover, the impacts of baffling solely on a
hydrogenic plasma are explored, and the impact of impurities is neglected.

In this chapter it is found that the tightly baffled simulations tend to access de-
tachment easier than the open baffled geometries. The tightly baffled configurations
also seem to have higher upstream temperatures and heat fluxes than the open cases,
which may be an important impact to keep in mind for pedestal stability. However,
the simulations here show these differences between geometry reduce going from
low to high power, which indicates research into baffling on low-power devices may
not be very applicable to reactors. The conclusions contained within this chapter
may have consequences for configurations such as the tightly baffled, long-legged
divertor [107], [108].

4.1 Simulation Setup

Apart from the magnetic structure of the plasma, the other important aspect of diver-
tor design is the baffling and shape of physical structures surrounding the divertor
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plasma. Of course, this feature differs from magnetic characteristics in that simple
analytical models often have very little intuition to offer. After all, effects of baffling
are complex and fundamentally two dimensional. Nevertheless, one may begin to
understand qualitatively what effects the physical baffling of a divertor may have
on plasma performance and detachment by performing simple code experiments.

Such an experiment has been carried out, by performing SOLPS-ITER simula-
tions of a symmetric double null MAST-U Super-X divertor. The simulations have
boundary conditions for fixed density and heat flux at the core, with no external
sources of gas puffing. The decision was made to fuel the plasma entirely from the
core to keep the study simple and reactor relevant, since pellet fuelling in the core
will be a dominant source of fuelling in reactor-class tokamaks. A radial profile of
anomalous transport coefficients is implemented, with weaker radial transport in
the SOL compared to the core. The coefficients were chosen to replicate midplane
profiles from experimental campaigns in MAST-U, and are held constant across all
simulations contained in this chapter.

To investigate the impacts of baffling, the same equilibrium is simulated with two
very different surrounding physical structures. The first, shown on the left in Figure
4.1, has an extremely open geometry, and any neutrals recycled from the target are
free to move around the entire chamber. The second, shown in the same figure on the
right, is extremely tightly baffled around the divertor leg. Both geometries have the
same plasma facing component material (100% recycling tungsten), and implement
the same vertically symmetric divertor pumping system with a pumping fraction of
10%.

As part of this study, a scan in core density has been performed for both ge-
ometries, ranging from attached to deeply detached simulations. This density scan
was repeated at three input powers: 3MW, 6MW, and 12MW. An artificial nitrogen
impurity model was used with the cooling curve in Figure 3.2 with an impurity frac-
tion fixed at 3%. It is important to emphasise this is an artificial impurity, since one
proposed benefit of baffling is how it should modify impurity transport, keeping
impurities seeded in the divertor confined in the divertor region. The study here
neglects this effect, and instead attempts to isolate the other potential impacts of
baffling.

4.2 Detachment Access and Power Balance

One important way in which divertor baffling may impact divertor performance
is through detachment access. To investigate this, the location of detachment was
calculated for each simulation in the density scans for each geometry and power
level. For this study the location of detachment is defined as the point at which T=5
eV on the killer flux tube, which is the third SOL ring into the SOL. This detachment
front position is plotted as a function of midplane density on the killer flux tube,
shown in Figure 4.2.
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FIGURE 4.1: A 2D plot of the electron density for SOLPS-ITER simu-
lations of an open (left) and tightly baffled (right) MAST-U Super-X
divertor with 12MW input power at the threshold of detachment.

From Figure 4.2, one can see a measurable difference between the tightly baffled
and open baffled cases. Specifically, at SMW the open case detaches at a density 91
% higher than the tight case, where detachment here is defined as the last simulation
with a target temperature over 5 eV. This lower threshold required for the tight con-
figuration is present at the higher powers, though the effect is reduced. At 6MW, the
difference in threshold density is 52 %, and at 122MW the difference is 8%. In general,
this seems to indicate that easier detachment access can be a benefit of tightly baffled
divertors, but a benefit which may not necessarily scale to reactor-like powers.

To investigate why the tightly baffled case detaches more easily than the open
case, the power balance of the simulations can be examined. The sinks of total
plasma power in the simulation domain are decomposed by type, including the
neutral sink, nitrogen radiation, and loss to plasma facing components. This de-
composition of sinks is shown for the threshold simulations at all 3 powers for the
tight and open geometries in Figure 4.3a.

From Figure 4.3a, one can see that the power sinks in the tight and open baffled
geometries are remarkably similar. At all three power levels, neutral losses account
for roughly 30% of power dissipation, and impurities account for roughly 50%. The
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FIGURE 4.2: The detachment front location on the lower outer diver-

tor, plotted as a function of outer midplane density on the killer flux

tube for SOLPS-ITER simulations of a tightly baffled, and open baf-
fled MAST-U divertor.

only exception is 12MW, where the tight case has reduced nitrogen radiation and in-
creased heat flux to plasma facing components. This similarity in dissipation mech-
anisms is interesting, given that at 3BMW the upstream density is 2 times lower in
the tight simulation. The fact that the tight case is able to have the same strength of
power sinks at a lower density begins to explain why it is able to access detachment
more easily.
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FIGURE 4.3: The balance of total plasma power for the threshold of

detachment simulations at three different input powers, for an open

and tightly baffled geometry. a) Shows the balance of power decom-

posed by sink type, and b) shows the power loss decomposed by re-
gion.

The simulations can also be analysed in terms of where the power is being dis-
sipated. For the six threshold of detachment simulations, the total plasma power
sink is separated into the power leaving the grid towards the walls and targets, and
the volumetric dissipation in three regions: the core (inside the separatrix), the SOL
(outside the separatrix and upstream of the x-points), and the divertor (the regions
downstream of each x-point). This decomposition of heat sink by location is shown
in Figure 4.3b. From this figure, a clear distinction can be seen between the tight and
open geometries in terms of location of power dissipation. In the SMW case, there is
10 times more radiation in the divertor than SOL, in the 6MW there is 9 times more,
and at 12MW there is 7 times more. The significantly reduced upstream power loss
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seems characteristic of the tightly baffled geometry, and may be a key reason why
some dissipation mechanisms are strong in this geometry despite the lower density
required for detachment.

Inspecting Figure 4.3a there is another interesting trend concerning power bal-
ance. For the open geometry, the power incident on the outer targets at SMW out-
weighs that incident on the inner targets. However, at 12 MW, this relationship
reverses, and the power incident on the inner target is much greater than the other.
This implies the communication between the inner and outer divertors evolves with

power, and at high powers it seems the outer divertor detaches before the inner.

4.3 Neutral Transport and Power Dissipation

Noting the analysis of power balance between threshold simulations, one may ask
how in the 3BMW simulations, the tight case is able to dissipate the same amount of
power through neutrals, with roughly half the density? As indicated by the analysis
of power balance by region, it seems one of the most telling differences between the
two grids is the amount of dissipation occurring in the main chamber. One would
expect this is partly because neutrals can escape the divertor more easily in the open
case and are ionised more upstream.

To show this explicitly, the divertor neutral trapping of the simulations can be
calculated. This trapping is defined as the ratio of total ionisation rate to the to-
tal neutral recycled flux from the target. Here the ionisation is summed radially,
then the cumulative poloidal sum of this ionisation is calculated for each succes-
sive poloidal grid away from the target. So, if the neutral trapping is 1 at a certain
poloidal location, that means 100 % of the recycled neutrals have been ionised by
that point. Comparative plots of this neutral trapping are shown in Figure 4.4 for
3MW and 12MW at the threshold of detachment.

From these figures a stark difference in neutral trapping between geometries can
be seen. Unsurprisingly, the open geometry, in which recycled neutrals may leave
the divertor more freely, shows barely 50% of recycled neutrals are ionised in the
lower outer divertor region. In contrast, the tight geometry shows that nearly 100%
of recycled neutrals are ionised in the divertor, which is consistent with the geometry
making it harder for neutrals to escape. As a result of this difference in trapping, the
neutral density upstream is much lower compared to that of the divertor region.
This can be seen in the neutral density plots at 3MW and 12MW; shown in Figures
4.5, and 4.6 respectively.

The fact that neutrals are much more trapped in the divertor in the tight geom-
etry explains a few outcomes of power balance. First, this helps describe why most
of the power loss occurs in the divertor region in the tight case, since most of the
ionisation is occurring in the divertor, and the neutral density here is much higher
than upstream, leading to more neutral losses.
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FIGURE 4.4: The neutral trapping plotted along poloidal steps of the

plasma grid for SOLPS-ITER detachment threshold simulations of

open (a and c) and tight (b and d) baffled geometries. Trapping here

is defined as the radially summed, then cumulative poloidal sum of

the ionisation particle source, divided by the total neutral recycling

rate from the target. a) and b) are at SMW input power, and c) and d)
are at 12MW input power.

Differences in trapping also help explain why the same neutral losses can be
achieved at a lower density in tight geometry. Ionisation near the target pushes the
tightly baffled geometry into a very high recycling regime, as most recycled particles
are ionised quickly and directed back towards the targets. Thus, for a given input
particle source, there is significantly more ionisation in the tight case. Or for the
same total ionisation rate, the tight case may operate with a lower density upstream.
This is indeed the case, since at 3MW, the total ionisation rate is 1.14 x10% s~ ! in the
open case and 1.16 x10% s™! in the tight case at the threshold of detachment.

Another interesting impact of this difference in trapping is how the two geome-
tries are fuelled. Because a great deal of ionisation from recycling occurs upstream
in the open geometry, it is fuelled quite effectively by the recycled particle flux. As
such, the open geometry needs significantly less fuelling from the core to reach simi-
lar separatrix densities. A consequence of this is that the core density is much flatter

in the open case relative to the tightly baffled case, as can be seen in the 2D electron
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FIGURE 4.5: A poloidal plot of the logarithm of total deuterium neu-

tral density for SOLPS-ITER simulations of an open (left) and tightly

baffled (right) MAST-U Super-X divertor with SMW input power at
the threshold of detachment.

density profiles in Figure 4.1.

These trapping and neutral density figures also show interesting trends in terms
of how neutral transport varies with power. In particular, Figure 4.4 also shows
the neutral trapping is slightly higher in the tight case at 122MW compared with
3MW. This is expected, since the higher temperature, higher density plasma more
easily ionises incident neutrals, and acts as more effective plug or baffle. In a sim-
ilar manner, the trapping in the open case is also raised at 12MW. However, this is
perhaps not as significantly as one may think, given that neutrals should be very
quickly ionised in this high density, high power (200 MWm 2 peak parallel heat
flux) plasma.

In fact, Figure 4.6 shows that - due to the angle of the MAST-U outer targets
-recycled neutrals may enter the low-field side chamber relatively easily, as they
do not have to cross a significant area of plasma. This allows the low-field main
chamber to fill with neutral gas. As expected, the plasma does act more like a baffle
at high powers, and this low-field side neutral gas cannot cross to the high-field side
easily. As aresult, Figure 4.6 shows a significant asymmetry in neutral density on the
inner and outer sides of the chamber. This may partly explain why there is a change
in inner-outer target communication in the open case at higher power discussed in
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FIGURE 4.6: A poloidal plot of the logarithm of total deuterium neu-

tral density for SOLPS-ITER simulations of an open (left) and tightly

baffled (right) MAST-U Super-X divertor with 12MW input power at
the threshold of detachment.

the previous section.

4.4 Nitrogen Power Dissipation

One important outcome of power balance analysis was that (particularly at low
power), the tightly baffled divertor is able to achieve similar levels of nitrogen ra-
diation than the open geometry, but with roughly half the midplane density at the
threshold of detachment. Since a simple artificial radiation model is used, it is rela-
tively straightforward to assess what may be different between the two geometries.
There are two likely causes for the increased nitrogen radiation in the low power
tight simulations. Either this increase is caused by a difference in where the radia-
tion is occurring (and thus how much total volume is available for radiation) or a
difference in pressure for the same density. This first point is particularly important
given that the equilibrium is a Super-X, which leverages high total flux expansions
and thus expanded volumes near the target.

To assess the volume available for radiation, the radiation-averaged magnetic
field can be calculated for simulations at the threshold of detachment. At 3MW, this
nitrogen radiation averaged magnetic field is 0.36 T for the tight geometry and 0.43
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T for the open geometry. This means the effective magnetic field strength in the
radiating region is higher in the open case, and thus the average volume used for
radiation is 20% lower. This 20% difference in effective volume partially explains
why the tight case is able to detach more easily.

To assess the difference in effective pressure, the electron temperature profiles
have been plotted as a function of parallel distance from the upper outer divertor
targets on the ‘killer’ SOL ring at the threshold of detachment. The results for all
three powers are shown in Figure 4.7, and indicate that the upstream temperatures
in the tight geometry are consistently higher than the open geometry. In fact, at SMW
the tight case has a 40% higher temperature than the open. Though, much like the
variation in detachment access, the difference in temperatures drops to 24% at 6MW
and 14% at 12MW. This higher temperature leads to higher pressures for the same
density, and this partially explains why the tightly baffled grids are able to achieve
the same amount of nitrogen radiation at a lower density.

upper target lower target upper target lower target upper target lower target

T(eV)

FIGURE 4.7: The electron temperature profiles along the killer flux

tube for the detachment threshold SOLPS-ITER simulations of a

tightly baffled and open baffled MAST-U geometry, at a) 3MW, b)
6MW, and c) 12MW input powers.

The fact that the upstream temperatures differ between open and tight geome-
tries imply that the heat flux profiles in physical space also differ. To investigate
this, the parallel heat flux density profiles at the divertor entrance (x-point) have
been plotted for the threshold simulations for both geometries, at all 3 input pow-
ers. These plots in Figure 4.8 show the peak heat flux entering the divertor in the
open geometry is roughly half that entering the tight geometry at SMW. This differ-
ence is primarily caused by the increased power losses in the region upstream of the
x-point in the open geometry. Consistent with the variation in upstream tempera-
ture and detachment access, the difference between the peak heat fluxes reduces at
high power. The main reason for this change in relative heat fluxes is the variation
in heat flux widths with power. As input power increases, the heat flux width of the
open case decreases whilst that of the tight geometry increases.

This difference in heat flux alone, however, is insufficient to completely explain
the difference in upstream temperature. After all, in these simulations at the thresh-
old of detachment, one would expect T, o qﬁ/ ; Using this relation, a factor 2 re-
duction in the peak heat flux at 3BMW should not cause the factor 2 reduction in T},
that is observed. One may think that perhaps the average electron conducted heat flux
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FIGURE 4.8: The parallel heat flux density profile at the lower outer

divertor entrance, plotted as a function of radial distance from the

separatrix mapped to the midplane. The heat flux profiles are for

tightly and open baffled geometries at a) SMW, b) 6MW, and c¢) 12MW
of input power.

along the entire flux tube changes more significantly. However, this is not the case
as the line integrated electron conducted heat flux only changes by a factor ~2. This
implies that the effective electron conductivity also varies between the geometries.
Indeed, a flux limiter is implemented in these simulations. However, such a flux
limiter is an approximation for varying collisionalities, and the flux limit applied is
fairly arbitrary. As such, it is not wise to draw any conclusions about the physical
implications of this conductivity variation.

These higher temperatures for a similar level of detachment are not only optimal
for achieving good detachment thresholds, but can also impact the height and shape
of the pedestal. Though in general a high pedestal temperature is desirable for per-
formance, it may also adversely impact the pressure gradients across the pedestal,
degrading pedestal stability [148].

When discussing the conclusions from this simple baffle experiment, one must
keep in mind these simulations neglect one of the most important predicted impacts
of baffling: impurity transport. The simulations presented here have a fixed-fraction
model for impurities, where the concentration is the same at all locations. In reality,
baffling is predicted to have a significant impact on impurity transport, and tightly
baffled divertors are thought to compress impurities more in the divertor chamber.
It is also important to recall that these simulations have fixed core density boundary
conditions. As such, the plasma is fuelled entirely from the core and recycling. One
would expect these results could change significantly with an external puff. Finally,
remember that this comparison was performed with the same pumping fraction,
but not the same total pumping rate. It would certainly be interesting to see this

comparison repeated with the same total pumping rate.

4.5 Summary

Over the course of this chapter, real-geometry simulations of the MAST-U divertor
have been performed. In particular, SOLPS-ITER simulations have been performed
with a tightly baffled MAST-U Super-X divertor with high neutral trapping, and
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compared against a more open divertor with less neutral trapping. It is found that
the more tightly baffled divertor may access detachment easier, at lower upstream
densities. By comparing simulations on the threshold of detachment, the differences
in profiles and power balance can be assessed.

One stark difference between geometries is that ionisation and power loss occur
mostly in the divertor in the tightly baffled case, whereas power loss occurs along
the entire SOL in the open geometry. Baffling also impacts the transport of neutrals,
and the greater fraction of ionisation in the divertor occurring in the tightly baffled
geometry leads to more neutral losses for the same density, and leads to higher gra-
dients in the core density profile. At higher power, the communication between the
inner and outer legs of the open geometry seems reduced, due to the plasma acting
as baffling for neutrals in different sections of the chamber.

Another key difference in geometries is an enhancement of nitrogen radiation
and upstream temperatures with tight baffling. This enhancement of nitrogen radi-
ation is partly because radiation occurs more near the targets in the tightly baffled
geometry. In the Super-X configuration this divertor radiation occurs in regions of
low magnetic field, where there is more volume available for radiation. Moreover,
because the majority of power loss occurs downstream in the tightly baffled geom-
etry, the upstream heat flux tends to be higher, and this leads to higher upstream
temperatures. These two effects mean the tightly baffled divertor can access detach-
ment more easily.

One curious conclusion from this simulated baffling study is that the benefits of
a tightly baffled divertor seem to reduce at higher power. Specifically, the upstream
temperature at higher power is more similar between tightly and open baffled ge-
ometries than it is at lower powers. This leads to more modest nitrogen radiation,
and thus a reduced difference in detachment threshold. This conclusion could be
important when considering tightly baffled divertor designs for tokamak reactors.
However, it must be emphasised that the study here does not feature true impurity
transport, which is expected to be affected significantly by divertor closure.
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Chapter 5

Comparison of Detachment
Modelling to Alternative Divertor

Experiments

Over the previous chapters, various models for alternative divertors have been intro-
duced, and simulations have been performed to study the physics of alternative di-
vertors and detachment. However, even the most sophisticated models incorporate
assumptions and numerical approximations, and will never perfectly represent real-
ity. For the most substantial understanding of the underlying physics, these models
must be compared to experiment.

Over the following chapter, detachment front movement is experimentally mea-
sured and analysed from experiments performed on the MAST-U tokamak. This
front movement is compared to predictions made by the DLS model, and the exper-
imental front movement is found to be consistently less sensitive than DLS model
predictions.

Some qualitative predictions made by the DLS model are compared against the
experimental movement of detachment fronts, including the effects of changing di-
vertor configuration on location sensitivity, and the dominating influence of the
plasma upstream of the detachment front. Though the DLS model is not expected
to work well in the regime of these experiments, there is evidence to suggest broad
predictions made by the model agree with experiment.

Despite the positive outlook, significant further study is required, analysing larger
sets of data across campaigns in MAST-U, and comparing results to other devices.
However, this work makes a useful step forward in the physical understanding of
detachment control in experiment, which could be used to optimise design choices

and control algorithms for future devices.

5.1 The MAST-U Device and Diagnostics

The focus of this chapter is the study of experimental detachment front movement,
and the comparison of such movement to DLS theory. In order to achieve these
goals, a specific set of experimental data is required. In particular, such a study
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requires experiments from a machine which can operate with alternative divertors
in a range of detached states. For this investigation the MAST-U tokamak is used,
which is one of the most capable machines when it comes to detachment studies and
alternative divertors [112].

Additionally, to compare against the DLS model, two sets of experimental data
are required. The first is an accurate measurement of the detachment front location.
To this end, the Multi-Wavelength Imaging (Section 5.1.2) and Divertor Monitoring
Spectroscopy systems (Section 5.1.3) are used. Secondly, a measurement of the vari-
ation in detachment control parameters (density, power, and impurity fraction) is
required. For the experiments in question, density is the primary varied controller.
As such the midplane Thomson (Section 5.1.4) and interferometry (Section 5.1.5) di-

agnostics are used for midplane density measurements.

5.1.1 The MAST-U Experimental Campaign

The scope of this study focuses on the second campaign of MAST-U, MUO02, and in
particular the RT22-07 EUROfusion work package experiments. These shots were
run for the purposes of physics understanding of alternative divertors, as a risk
mitigation strategy for DEMO. As part of these experiments, the device was oper-
ated with a deuterium plasma in L-mode, a plasma current of 750 KA, and an input
power of 1.5 MW. The shots consisted of divertor configurations including a con-
ventional configuration, an Elongated Conventional Divertor (ECD), and a Super-X
Divertor (5XD); all vertically symmetric, roughly connected double nulls.

Though there are many more detached experiments in MAST-U, and in particu-
lar in the first campaign of MAST-U, MUO1, only a handful of shots from MUO02 were
chosen for this study. The choice to omit shots from the first campaign are twofold;
first, MUO1 experiments were operated at a lower power, meaning the DLS model is
less applicable. Moreover, the low plasma densities needed to achieve more attached
scenarios led to locked modes in the plasma. As a result, the splitting of the plasma
strike point was observed [110], [149], which makes detachment tracking difficult.
In MUQ2, strike point splitting was significantly reduced.

5.1.2 The Multi-Wavelength Imaging System

When investigating detachment evolution in experiment, it is of primary impor-
tance to detect and track the location of a detachment front reliably. In MAST-U, one
of the most effective ways to do this is through the Multi-Wavelength Imaging di-
agnostic (MWI). This diagnostic is a tangentially-viewing camera with 11 different
filtered imaging channels, and a maximum acquisition frequency of 400Hz [149]-
[151]. Cameras 1 to 10 have filters from 380 - 950nm, whilst camera 11 is reserved
for coherence imaging spectroscopy [152].

Of the filtered imaging channels in the MWI, the primary channel for detach-
ment tracking is camera 9, which filters the deuterium Fulcher band, located at ~



5.1. The MAST-U Device and Diagnostics 99

600nm [110]. This Fulcher band corresponds to excitation emission from deuterium
molecules. Since the molecules need sufficient energy for excitation, but not so much
as to cause complete dissociation, Fulcher emission is typically strong only within
a small range of plasma temperatures. Hence, Fulcher emission can be a powerful
way to track low temperature locations corresponding to the location of detachment
[110].
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FIGURE 5.1: The inverted emissivity profile from the MWI diagnos-
tic in MAST-U, at t=0.55s for shots a) 47079 (elongated conventional
configuration) and b) 46860 (Super-X configuration).

Because the MWI does not view poloidally, the image data must be inverted to
determine the poloidal emission profile of the plasma. Such inverted profiles for
an elongated conventional shot and a Super-X shot are shown in Figures 5.1a and
5.1b. Using this inverted profile, combined with equilibrium data from the equilib-
rium fitting (EFIT) code, one may construct an emission profile along a SOL ring, an
example of which is shown in Figure 5.2. Here this profile is integrated between nor-
malised flux surfaces of ¢ = 0.97 to i = 1.1, so as to not place too much importance
on the emissivity of one radial location.

After obtaining a profile of integrated emissivity along a SOL ring, the peak of
the emission can then be determined. This maximum strongly correlates with a
temperature of roughly 4 eV [110]. Though this peak could be chosen as a definition
of a detachment front, the point corresponding to a fall-off in this emission is chosen
instead, which marks the trailing edge of detachment at lower temperatures. Values
used for this study include the 50% fall-off and 20% fall-off, corresponding to 2.4
and 2 eV respectively.

Though the MWI is an incredibly effective tool to study detachment, it is not
without its limitations. In particular, though the MWI can technically view up to the
nose of the MAST-U baffle, the inversion becomes highly uncertain in this region.
Additionally, certain inversion artifacts can form, such as the apparent bending of
the emissivity profile towards the underside of the baffle in Figure 5.1b. This means
that data close to the divertor entrance may not be very accurate, and indeed, when

the MWI is compared to the divertor monitoring spectroscopy for the same time, the
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FIGURE 5.2: The inverted MWI emissivity plotted as a function of

distance along the separatrix, integrated cross-field between ¢ = 0.97

and ¢ = 1.1. The profile is from shot 46860 at t=0.55s. The 50 %

drop in Fulcher emissivity is marked, calculated assuming the peak

in emissivity is in the MWI range (peak in view), and assuming the

true peak has moved out of view, and a constant peak value is chosen
instead (peak not in view).

data upstream for the MWI seems inaccurate. Such a comparison is shown in Figure
5.4, and from this figure one can see a drop in emission from the MWI after the 17th
line of sight, which is not measured by the spectroscopy.

Because the validity of the MWI is uncertain near the divertor entrance, and be-
cause the peak in emission often occurs near the divertor entrance, there is conse-
quently a significant uncertainty around the true peak in emission used for the front
tracking. To help quantify this, two methods of front tracking for the MWI are used.
The first method assumes the peak in the MWI range for a given time is the true
peak. The second method assumes the peak is beyond the range of the MWI, and
instead takes the peak in emission to be a constant value throughout the shot, inde-
pendent of the peak measured at a specific time. In this method, the constant peak is
simply the average peak throughout all times; for shot 47079 this value is 5.89x 108
ngrs and for shot 46860 this value is 4.51x10'® m’g—?rs. The front position and uncer-
tainty are then given by the average and standard deviation of these two methods.
An example of the front location determined by these two methods is shown in Fig-
ure 5.2.

5.1.3 The Divertor Monitoring Spectroscopy System

In addition to the MWI, another useful diagnostic to study detachment front move-
ment is the Divertor Monitoring Spectroscopy (DMS) system. This diagnostic is
composed of two spectrometers, observing different spectral ranges, from high-n
hydrogenic Balmer lines at 365nm, to the D, Fulcher band at 600nm [110]. Each
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spectrometer system has 20 different fibers, whose lines of sight spread across two
fans covering the entire lower divertor chamber, as shown in Figure 5.3.

DMS chords (DMS-York / DMS-CCFE)
Dri‘vertor Thomson Scattering (DTS)

#45371 - = 500 ms (SXD)
#44895 - t=500 ms (CD)

FIGURE 5.3: The lines of sight of the MAST-U DMS diagnostic.
Adapted from [110].

To track the location of detachment using the DMS, one can employ a similar
method to front tracking with the MWI. Specifically, the Fulcher emission from each
line of sight can be calculated. Then, by finding the intersection between a given
line of sight (LOS) and the separatrix at a given time, the emission for each LOS can
be associated with a position along the separatrix. The profile of emission along the
separatrix can be analysed to find the peak, and then the 50 and 20% fall-off in this
peak can be found through interpolation of the emission profile. The DMS views
throughout the entire divertor, and since the raw data does not require inversion,
the data is likely to be more accurate than that of the inverted MWI. For every shot
analysed, the peak of the DMS emission always occurred within the viewing range,
so there was no uncertainty associated in the peak location.

Despite its low uncertainties in emission profiles, the DMS also has its associated
disadvantages. In particular, the spatial resolution of the emission profile is much
worse than the MWI, since the DMS only has 20 lines of sight. Moreover, the DMS
was operated with an acquisition frequency of 70 Hz, which means significantly less
data for a given shot than the MWI. The DMS data is also associated with a line
of sight, not a location in the divertor plasma. For this study, the DMS data can
be associated with a location by finding the intersection between the line of sight
and plasma separatrix. However, each line of sight will inevitably have integrated
emission from other areas of the plasma.

Finally, upon analysing the DMS data for MUO2 it was found that the lines of
sight were misaligned. This was determined by integrating the MWI emissivity
across the DMS lines of sight for shot 46860 at t=0.54s. This gives a synthetic DMS
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the profiles. If both diagnostics are correctly calibrated and are com-
pletely accurate, they should show the same profile.

profile from the MWI data, which can be used to determine the validity of both di-
agnostics, since if both are flawless the profiles should be identical.

Comparing this synthetic profile against the true DMS data in Figure 5.4, it is
clear there is significant disagreement both at high and low lines of sight. The dis-
agreement at high LOS numbers (at the divertor entrance) is most likely due to the
MWI, as covered in the previous section. At low lines of sight, however, and in par-
ticular the sharp change in emission around LOS 10, suggests an error in the DMS.
In particular, the drop in emission at LOS 10 seems to indicate there is more overlap
between the two fibre sets than expected, and hence the lower 10 fibres are likely

misaligned. Because of this, only fibres 10 to 20 will be used for the analysis.

5.1.4 Midplane Thomson Scattering

To properly study detachment evolution in experiment, one must measure detach-
ment control parameters in addition to tracking detachment fronts. In the shots used
for this study, plasma fuelling is the main varying controller, since input power is
roughly fixed and intrinsic carbon radiation did not dominate power balance. Con-
sequently, accurately determining midplane density is crucial for studying detach-
ment evolution.

One useful diagnostic for measuring upstream density is the midplane Thom-
son system [153], [154]. Thomson scattering is a common plasma diagnostic which
measures plasma density and temperature by recording the scattering and Doppler
shift of laser light incident on a plasma. The midplane Thomson scattering system
in MAST-U consists of eight Nd:YAG lasers with a sampling rate of ~ 180Hz. The
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light is collected and split across 130 fibre bundles [154]. The light from these fibres
can then be analysed to produce a radial profile of electron density at the midplane.

Given a radial profile of electron density, one may assume the best way to define
upstream density is simply the electron density at the major radius corresponding
to the separatrix. However, it is important to remember that the separatrix loca-
tion used for this analysis is from an EFIT code, which reconstructs the magnetic
profiles using magnetic diagnostics [155]. This process, however, has significant un-
certainties associated with it, and the location of the separatrix should not be taken
as completely accurate. Because of this, the midplane density is not taken at exactly

the separatrix, but is instead averaged from 4cm to 7cm inside the separatrix.

5.1.5 The Midplane Interferometry System

Interferometry is another diagnostic technique that can be used to estimate the de-
tachment controller of upstream density. Interferometry allows properties of a plasma
medium to be studied by measuring the interference of two or more beams of co-
herent light. The path difference between light travelling through a vacuum and
through a plasma is proportional to the refractive index and length of the medium.
Since the refractive index is proportional to density, the path length difference scales
with the line integrated density of the plasma. This is the principle by which inter-
ferometry can measure the line-integrated density of a tokamak plasma.

The interferometry system in MAST-U consists of a CO, and a HeNe laser inter-
ferometer [156]. These two-colour systems are used to distinguish interference due
to the plasma density, and due to vibration of the optical instruments themselves.
The beam line is at the plasma midplane and is tangent to the central column at a
distance of 0.3m. The uncertainty in density measurements for this diagnostic are
1E18 m~3, and the temporal resolution is 4MHz [156].

Knowing the approximate width of the plasma through equilibrium reconstruc-
tion, the line-integrated density measurements from interferometry can be converted
into a line-averaged density of the plasma, (n). Though this value is not a control
variable in detachment models, the variation in line-averaged density likely scales
with separatrix midplane density, which is a parameter in the DLS model.

5.2 Comparison of Front Movement

5.2.1 DLS Predictions

Using the diagnostics and analysis tools covered in the previous section, experi-
mental front movement from MAST-U can be compared to the DLS model. Before
comparing, however, it is paramount to ask how valid this comparison is, and what
specific predictions should be tested. In terms of validity, the DLS model is not ex-
pected to model the shots used for this study well. This is because initial simulation
and experimental analysis has shown that MU(2 experiments are low power, and



Chapter 5. Comparison of Detachment Modelling to Alternative Divertor

104 Experiments

dominated primarily by hydrogenic radiation along the entire divertor. In other
words, the assumptions of impurity-dominated power balance, and a thin thermal
front in the DLS model are broken in this regime.

Despite the non-ideal regime presented by the MAST-U experiments, there is
still a wealth of interesting physics that may come from a comparison to the DLS
model. In particular, the aim of this study is to determine whether there is any un-
derlying physics of the DLS model that holds true despite the significant difference
in regimes. In fact, one would expect many of the underlying physical processes of
the DLS model to appear in experiment. For example, no matter what the regime in
question is, moving a front further away from a target should lower the upstream
temperature (and hence pressure for the same density). Similarly, in regions of high
magnetic field gradient, detachment fronts may see stronger gradients in instanta-
neous heat flux density along a field line.

Consequently, though the following comparison is not ideal, it is still useful for
extracting broad, underlying physics principles, if there are any. Though this in-
vestigation is by no means all-encompassing or precise, it is an effective step in the
nascent topic of physical processes governing detachment front movement. The sim-
plest comparison to start with is simply examining the measured front movement as

density is ramped.

5.2.2 Experimental Comparison

Using the DMS and MWI diagnostics, the detachment front locations for shots 47079
and 46860 have been determined using the 50% fall-off in Fulcher emission towards
the target. These shots are density ramps with the same input powers and plasma
currents, but with 47079 operating with an elongated conventional divertor (ECD)
46860 operating with a Super-X divertor (SXD). Both shots lasted roughly 900ms.
For each front location in the scan, a corresponding upstream density is calculated,
separately using the midplane Thomson and interferometry diagnostics.

Once the front locations are calculated for both shots, the DLS model is applied
to every timestamp. The simple DLS model is used here, applied to the EFIT equilib-
rium data for the given timestamp, with the upstream defined as the midplane (i.e.,
Equation 2.52 is used). The experimental front location is inputted into the model,
which then returns a control parameter required for that front position. Thus, for
each shot the predicted variation in density can be calculated.

In Figure 5.5 the MWI-determined front movement is plotted against density
variation, with the DLS predicted density variation (normalised to the density of
the first timestamp) also plotted. The left figures show the profiles for shot 47079,
and the right hand figures show the results of shot 46860. The upper plots use the
density calculated from the interferometry, and the lower plots use the density from
the Thomson.

As expected, these figures do not show very good agreement between the DLS
model and experimental results. However, similar to the SOLPS-ITER results in
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FIGURE 5.5: The detachment front position variation measured by the

MWI plotted with respect to the interferometry line-averaged density

(top) and Thomson upstream density (bottom). The density variation

predicted by the DLS model for the given front positions are over-

laid, normalised to the first chronological point in the shot. The left

figures show this comparison for shot 47079 (ECD), and the right fig-
ures show this comparison for shot 46860 (SXD).

Chapter 3, the front movement is significantly (3 to 5 times) less sensitive in experi-
ment compared to DLS predictions. The consistency between simulation and exper-
iment is encouraging, and reinforces the overarching conclusion that adding more
complex physics leads to wider windows of detachment than predicted by the DLS
model. Or, in other words, the density variation required in experiment to move the
same distance is always higher than predictions.

In terms of qualitative profiles, the shapes of the curves predicted by the DLS
model are similar to the experimental front movement with respect to changes in
density. In particular, the experimental ECD front movement shows a very tightly
packed linear trend with respect to density; the DLS model predictions show a sim-
ilar trend.

In addition to Figure 5.5, the detachment front location against density variation
is plotted in Figure 5.6 (for both the ECD and SXD, interferometry and Thomson),
but for front locations determined by the DMS. Inspecting the ECD data first, we
again see a tightly packed linear trend of front evolution against density variation,
both for the DLS and experimental data. The SXD data, on the other hand, shows a
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FIGURE 5.6: The detachment front position variation measured by the

DMS plotted with respect to the interferometry line-averaged density

(top) and Thomson upstream density (bottom). The density variation

predicted by the DLS model for the given front positions are overlaid,

normalised to the first chronological point in the shot. The left figures

show this comparison for shot 47079 (elongated conventional), and
the right figures show this comparison for shot 46860 (SXD).

scattered profile with no clear consistent trend. Interestingly though, the DLS model
is able to well replicate the shape of this data, including the steep slope (sensitiv-
ity) at the start of the scan, and a flattening of the slope for the last 6 points in the
scan. Consistently, the comparison again shows the experimental data is generally
3-5 times less sensitive than DLS model predictions.

5.3 The Influence of Divertor Configuration on Detachment

Location Sensitivity

5.3.1 Modelling Predictions

In addition to investigating the absolute front movement in a particular configura-
tion, it is perhaps more valuable to investigate predictions made by the DLS model
as to how detachment evolution varies across different configurations. Unlike the
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absolute front movement, one may expect the DLS model to better predict varia-
tions between equilibria, since some effects may hold true even if some DLS model
assumptions are broken. In particular, the ability for magnetic flux expansion to re-
duce instantaneous parallel heat fluxes is true regardless of plasma regime or power
dissipation mechanisms.

When it comes to the influence of total magnetic flux expansion on detachment,
the DLS model predicts variations in both detachment access and location sensitiv-
ity. The effect of total flux expansion on detachment access has been studied ex-
perimentally [111], and has been investigated in the initial campaigns in MAST-U
[110], [157]. What has not been studied in any device, however, is the variation of
detachment location sensitivity, across configurations with different magnetic field
profiles, and across the profile of a single configuration. One key prediction made
by the DLS model is that in regions of high magnetic field gradient %‘;—f, the location
of detachment fronts should be less sensitive to variations in control parameter(s).

5.3.2 Testing Predictions

To test this prediction, the detachment front movement in the elongated divertor
configuration in shot 47079 is compared to the front movement in the Super-X con-
figuration of shot 46860. The idea here being that at the same major radius, the more
horizontal leg of the Super-X should have a higher local gradient in the total mag-
netic field strength. The same data presented in the previous section is also analysed
here; front position and density variation data for the density ramps. Rather than
comparing to the DLS model, here the front movements in the two configurations
are compared against each other. Figure 5.7 shows the front movement with re-
spect to density variation, for a front defined as the 50% and 20% fall-off in peak
Fulcher emission. The four sub-figures show different combinations of diagnos-
tics, with the following combinations: a) MWI/Interferometry, b) MWI/Thomson,
c) DMS/Interferometry, and d) DMS/Thomson. It is important to note that the front
movement for this plot is in the parallel direction.

From Figure 5.7 several conclusions can be drawn. An initial point to note is that
for the same density, the SXD configuration is significantly more detached than the
ECD, with the parallel front position from the target differing by more than 2m at
maximum. This is expected since the Super-X is predicted to detach easier due to
total flux expansion, and indeed does so in experiment. A significantly more novel
conclusion is that the four sub-figures show consistently that the front movement
is less sensitive (lower slope) in the Super-X configuration. In fact, on average the
location sensitivity is 2.5 times lower in the Super-X than in the ECD. In other words,
the same variation in density causes the front to move 2.5 times less in the parallel
direction in the Super-X than in the ECD. This agrees reasonably well with the DLS
model, which predicts a 3.3 times lower sensitivity in the Super-X scan than in the
ECD.
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FIGURE 5.7: The front position variation measured by the MWI (a and

b) and the DMS (c and d), plotted with respect to the line-averaged

density from midplane interferometry (a and c) and the upstream

density from the midplane Thomson (b and d) for shots 46860 (SXD)

and 47079 (ECD). Data in these Figures is the same as that of Figures
5.5and 5.6

At first the interpretation of Figure 5.7 may seem straightforward: the Super-X
configuration, which should have higher magnetic field gradients, is predicted to
have a lower location sensitivity in the detachment scan than the ECD, and experi-
mental results show this is indeed so. However, though it is true that the experimen-
tal and predicted sensitivity in parallel space is lower in the Super-X, the figure does
not necessarily indicate why. To investigate why, the total magnetic field profiles are
plotted for all timestamps used, and are shown in Figure 5.8, with darker shades
corresponding to equilibria later in time. The range in front movement measured by
the MWI is indicated in this figure by grey lines.

From figure 5.8, one may pick out the equilibria at the start of each scan and
ask whether the magnetic field gradient in the Super-X is significantly higher than
the conventional in the regions of front movement. The difference in magnetic field
at the start and end of the front movement, for the starting stationary equilibrium
is indicated by ABitationary- Surprisingly, for the static equilibria at the start of each
scan, the total magnetic field gradients are quite similar between the two configura-
tions. As a result, the magnetic field difference considering the front movement if
the equilibrium is higher (15%) in the ECD than in the SXD (6%).
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FIGURE 5.8: The total magnetic field profiles for the shots A) 47079

(ECD) and b) 46860 (SXD), plotted for all timestamps where darker

lines are later in time. The bounds of MWI-measured front movement
are shown by dashed grey lines.

So why is the front movement predicted to be different, if the equilibria at the
start of each scan have similar magnetic field gradients? Well, Figure 5.8 shows that
both equilibria are evolving measurably in time. In fact, the magnetic field of the
ECD decreases with time, and that of the SXD increases in time. As a result, the
actual difference in front magnetic field at the start and end of the scan is greater is
greater in the SXD (12 %) than the ECD (9%).

One may initially think that a change in magnetic field of a few percent may
not be great enough to cause the large difference in sensitivity. However, one must
remember that the detachment fronts are moving in a small area in the machine, and
what really matters is the relative difference in the magnetic field change between the
SXD and ECD. In the static equilibria, the change in magnetic field in the ECD case is
2.5 times larger than the SXD case. However, when the time variation is considered
this factor is 0.75, meaning the relative magnetic field gradients between the two
grids changes by more than a factor of 3 depending on whether the time varying
equilibrium is considered. Thus, the time variation in magnetic field is likely what
causes front movement to slow down with regards to changes in density. Not, as
was previously thought, the magnetic field profile in a single static configuration.

Noting this in-depth analysis of the magnetic field profiles, what can now be
concluded about the predicted impacts of magnetic configuration on detachment
location sensitivity? At the start of this section, the aim was to answer whether
the predicted impact of magnetic field gradients on detachment location sensitivity
hold true by comparing two static configurations. In this investigation, the DLS
model predicted that a scan in density for a given dynamic shot would lead to less
parallel front movement in the Super-X case compared to the conventional. In other
words, the scan (rather than configuration) in the Super-X should have led to a lower
sensitivity in parallel space. This was confirmed, with a good degree of confidence.
Consequently, this study supports the idea that principles of the DLS model can be
used to predict how front movement changes in different divertor geometries.
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5.3.3 The Impact of Poloidal Field

Another interesting exercise for this investigation is to plot the detachment front
movement data in Figure 5.7, but with front location expressed in poloidal space.
This distance is a very important one for detachment control, as it is often used in
control algorithms, and this distance is likely more important than parallel front lo-
cation in determining the strength of atomic and molecular processes downstream
of the front. The poloidal front movement data is shown in Figure 5.9, and con-
veys a very different story to the parallel front data in Figure 5.7. In particular, the
figure shows the poloidal front movement in the Super-X configuration has similar
sensitivities to the movement in the conventional configuration. In fact, the aver-
age location sensitivity in the Super-X scan is only 10% lower than the conventional.
Why is this?
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FIGURE 5.9: The front position variation measured by the DMS plot-

ted with respect to the a) line-averaged density from midplane inter-

ferometry and b) the upstream density from the midplane Thomson
for shots 46860 (SXD) and 47079 (ECD).

Ultimately, the only reason front movement would look different in the poloidal

o TS - : T .
direction compared to the parallel direction is a variation poloidal pitch, -§*. Specif-

ically, the fact that a very small variation in parallel position in the Super-X corre-
sponds to a large variation in poloidal position implies that the poloidal pitch in-
creases at the end of the scan. To investigate this, the relationship between parallel
and poloidal distance along a field line is shown for all equilibria for both shots in
Figure 5.10, with darker shades corresponding to equilibria later in time.
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Figure 5.10 indeed shows the poloidal pitch varies with time, particularly in the
SXD shot. In this shot, the average pitch in the divertor increases, meaning a parallel
distance from the target corresponds to more poloidal distance. Thus, even though
the front only moves a small amount in parallel space, in the SXD this given amount
corresponds to a further and further poloidal distance as the equilibria evolves. in-
crease in the poloidal pitch in the divertor later in the scan for the SXD. Hence the
effective front movement throughout the scan seems less sensitive in the poloidal
plane for the SXD.
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FIGURE 5.10: The relationship between poloidal and parallel distance

along the separatrix for the shots a) 47079 (ECD) and b) 46860 (SXD),

plotted for all timestamps where darker lines are later in time. The

bounds of MWI-measured front movement are shown by dashed grey
lines.

5.4 The Importance of Physics Upstream of the Front

5.4.1 Modelling Predictions

One of the most important elements of the DLS model is that it models the region
upstream of a detachment front, and neglects physics downstream of this front lo-
cation. Hence, how the location of detachment moves is entirely determined by
physics upstream of the front. A consequence of this is that, if a divertor geometry
is changed, and the magnetic field profile upstream of the front is not significantly
modified, then a detachment front will maintain a constant L, £ defined as the dis-
tance from the front to the midplane. This does not mean of course that the distance
from the front to target will remain constant, and in fact the DLS model predicts this
will change as the divertor equilibrium is varied with constant upstream conditions.

5.4.2 Testing Predictions

To test the prediction of upstream physics dominating front dynamics, the detach-
ment front has been tracked for the shot 46895 in MUOQ2. In this shot, the density
and input power were held roughly constant, whilst the magnetic equilibrium was
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varied. As a result, throughout the 800ms shot, the outer strike point varied from
R=0.9m (corresponding to a conventional divertor) to R= 1.5m (corresponding to a
Super-X). Inverted emissivity plots from the MWI for this shot are shown for several

timestamps in Figure 5.11.
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FIGURE 5.11: Inverted emissivity profile from the MWI diagnostic,
for shot 46895 at t=a) 0.5s, b) 0.6s, ¢) 0.7s, and d) 0.8s. Overlaid is the
magnetic equilibrium.

Because the density and input power were held roughly constant in this shot, the
DLS model predicts that the front location (measured from upstream) should be held
constant. Of course, this front location measured from the target should be varying
significantly. The MWI-determined front location is plotted against the strike point
major radius in Figure 5.12a, and from this figure a clear picture emerges. Indeed,
at the start of the discharge, the target is attached, and as the strike point is swept
out to a larger major radius, the divertor becomes more detached and the distance
between the front and target increases.

What's more, Figure 5.12b shows the variation in divertor connection length as
a function of strike point major radius. The variation in connection length is a very
similar profile to the variation in front position from the target in Figure 5.12a, which
tends to support the DLS model predictions. After all, this similarity shows that the
increase in front distance from the target may simply be due to an increase in length
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FIGURE 5.12: a) The poloidal detachment front location, measured
from the target, plotted against strike point major radius for a strike
point sweep experiment in shot 46895 in MAST-U. b) The divertor
connection length, plotted against strike point major radius for a
strike point sweep experiment in shot 46895 in MAST-U. The colour
of the points indicates the interferometry midplane density, which
only varies by a maximum of 10% throughout the entire scan.

downstream of the front; the distance upstream of the front may remain the same.
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FIGURE 5.13: The variation of detachment front location in the paral-
lel direction, plotted with respect to strike point major radius for shot
46895. The two sets of data correspond to the detachment position
measured from the target, and from the midplane. Variation is plot-
ted relative to the mean location in the scan.

To investigate this further, the variation in front position measured from the mid-

plane is calculated and plotted in Figure 5.13. On the x-axis, the variation in distance

from the front to the target is plotted. From this figure it is clear to see while the front

location measured from the target varies significantly, the distance measured from

the midplane varies less so. In fact, while the distance from the target varies by a

standard deviation of 0.8m, the distance from front to midplane only varies by 0.25m

in the scan. Curiously, the front still seems to be moving towards the upstream as

the strike point leg is swept out, even when measured from the midplane. Perhaps
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this is due to a change in atomic and molecular physics near the targets, or a change
in effective baffling and recycling due to a different strike point angle.

Finally, the importance of the front position measured from the midplane can be
further investigated by analysing shots 46860 and 47079 used in the previous sec-
tions. In particular, the front movement from these two shots - which have the same
input power - can be plotted in terms of the parallel distance from the midplane,
rather than the target. If the magnetic field strength is roughly constant, the front
location movement relative to the density variation should be identical in the two
configurations. The MWI front movement defined by the 50% fall-off in Fulcher
emission is plotted with regards to interferometry density and Thomson density in
Figures 5.14a and 5.14b respectively. Indeed, these figures show the front movement
measured from the midplane is very similar between the two configurations. In fact,
whereas the front location measured from the target consistently varied by 2m, the
front location measured from the midplane differs by 0.5m at maximum for the same

density.
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FIGURE 5.14: The variation in detachment front location defined as

the 50% fall-off in the peak emission from the MWI. The front loca-

tion is measured from the midplane for shots 46860 (SXD) and 47079

(ECD), plotted with respect to a) interferometry density and b) Thom-
son density.

Overall, it seems that the location of a detachment front measured from the mid-
plane is what is more likely what is determined by detachment control parameters;
not the front position from the target. This supports the underlying physical prin-
ciple of the DLS model that detachment front location is determined by the plasma
profile upstream of the front. Moreover, this conclusion may be vital for understand-
ing and controlling detachment front movement in machines which may operate
with different configurations. After all, if one attempts to control the front location
measured from the target, it may seem as though there is a different relationship
governing front movement for each different configuration. This complexity may be
simplified by instead focusing on the front location measured from the midplane,
which seems to present a unifying relationship throughout multiple equilibria.

Of course, this is not to say the physics downstream of a detachment front is not



5.5. Summary 115

important. In fact, this distance is critical in removing further energy and momen-
tum fluxes, and determining the all-important conditions at the target. Studying
how this target measured front distance can affect target conditions is an incredi-
bly important area of study, filled with a complex array of atomic and molecular
physics. However, this complex study of the detached region lies outside the scope
of this thesis.

5.5 Summary

For the first time, experimental detachment evolution has been compared to mod-
elling predictions in the MAST-U tokamak. The front locations, determined by the
MWTI and DMS diagnostics, have been compared to the electron density variation
recorded by the midplane interferometry and Thomson scattering systems. The pro-
file of front movement against plasma density does not match perfectly well with
DLS model predictions. Furthermore, the experimental front movement is signifi-
cantly less sensitive then the DLS model predictions. This is in line with the conclu-
sions found in Chapter 3 when comparing the DLS model and SOLPS-ITER simula-
tions.

When comparing front movement in an elongated conventional and Super-X di-
vertor, modelling predicts the movement should be less sensitive in parallel space
in the elongated conventional than in the Super-X. Indeed, a factor 2.5 reduction in
sensitivity is seen experimentally in the Super-X. However, this reduction in sensi-
tivity seems less to do with the properties of the stationary Super-X configuration,
and more pertaining to the evolution of the equilibrium throughout the shot.

Finally, the definitions of front location defined from the target and from the
midplane were compared. The DLS model predicts that the front location measured
from the midplane is the important quantity in determining the required detachment
control parameter(s), and consequently this should not change as an equilibrium
is varied with constant control parameters. Investigating experimental front move-
ment in the Super-X and elongated conventional density scans, in addition to a strike
point sweep experiment, it indeed seems as though the location of detachment from
the midplane is held roughly constant for a constant set of control parameters.

This work is presented with the caveat that it has been applied to early cam-
paigns of MAST-U, on L-mode discharges at modest powers. The DLS model, how-
ever, is best geared towards impurity-seeded, high-power H-mode experiments. Be-
cause of the experimental uncertainties and the non-ideal plasma parameters, this
comparative study must be developed further. In MAST-U, this can be done by ap-
plying the DLS model to high power H-mode discharges in alternative divertors,
which are planned for future campaigns. Moreover, more diagnostics are set to be
applied in the MAST-U device, including an X-point imaging camera which views
outside the MWI view, and could act to decrease some of the experimental uncer-
tainties of the MWL
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Chapter 6

Conclusions and Outlook

In this thesis, the physics of divertor features has been explored through modelling
techniques, for the end purposes of alternative divertors, divertor design, and the
plasma exhaust challenge. From the various strands of work contained in this thesis,
several novel conclusions have been reached concerning how alternative divertor
features can affect exhaust and the process of detachment. These conclusions fall
into three basic categories; pertaining to reduced modelling, simulation work, and
experimental comparison.

Concerning reduced modelling, the DLS model has been introduced as a tool
to study detachment, and unique extensions have been made to the model as part
of this body of work. The DLS model predicts how detachment access and control
can be facilitated through the magnetic configuration of a divertor. Specifically, the
model predicts that detachment fronts should be less sensitive to control parameters
in regions of strong magnetic field gradients, low poloidal field, or regions close to
the x-point.

As part of this thesis, the DLS model has been extended, to allow for numerical
computation of self-consistent heat flux and temperature profiles in a detached di-
vertor. This extended model differs from the standard DLS model when there is a
significant proportion of radiation occurring upstream, and the assumptions of the
simple DLS model fail. The extended model should give better results for reactor-
relevant devices, where the injection of high-Z impurities will likely cause radiation
along the entire SOL.

If verified, the DLS modelling framework has the capacity to aid divertor design
for future tokamaks, and contribute to developing experimental systems for detach-
ment control.

Concerning simulations, analytical predictions of detachment front evolution
have been compared against simulations for the first time. Specifically, hundreds of
isolated divertor leg SOLPS-ITER simulations have been run in different geometries
to test predictions made by the DLS model.

From this comparison, the DLS predicted impact of divertor features on detach-
ment location sensitivity are largely confirmed by SOLPS-ITER simulations. Regions
with strong magnetic field gradients, regions close to the x-point, and regions with
poloidal flaring all have reduced detachment location sensitivity - both predicted
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by the DLS model and simulated by SOLPS-ITER. The DLS prediction of negative
location sensitivity regions is also confirmed by SOLPS-ITER simulations. In such
regions, for the same control parameters, the simulations may converge to attached
or deeply detached solutions. This agreement verifies the DLS model as a tool to pre-
dict the impact of magnetic geometry on detachment front movement. This marks
the first verified analytical framework for modelling detachment location sensitivity.

Simulations have also been performed on a real MAST-U symmetric double-null
Super-X geometry. This geometry is used to perform a baffling code-experiment
in SOLPS-ITER. Density scans were performed for the Super-X geometry with ex-
tremely tight baffling and extremely open baffling, with an artificial nitrogen impu-
rity. These experiments show easier detachment access in the tightly baffled case,
and at the same level of detachment the tightly baffled case can maintain higher up-
stream temperatures. This ability for tightly baffled divertors to access good target
conditions whilst maintaining a low upstream collisionality indicates tightly baffled
divertors have significant benefits for core-edge integration. However, these benefits
of the tightly baffled divertor seems to reduce at higher power; calling into question
whether knowledge gained by baffling studies on low-power devices can extrapo-
late to reactor tokamaks.

Concerning experiments, for the first time an effort has been made to under-
stand the physical processes governing the experimentally observed movement of
detachment fronts. This effort is made by comparing detachment front tracking data
and midplane density data in MAST-U to the DLS model. Notably, comparing the
detachment front movement in a Super-X divertor to an elongated conventional di-
vertor, the difference in detachment location sensitivity is found to be consistent
with DLS model predictions.

Experimental analysis of detachment fronts in MAST-U show that front move-
ment in different geometries is remarkably similar when the location of detachment
fronts is measured from the midplane. This tends to support a fundamental idea
of the DLS model that the location of detachment fronts is determined by physics
upstream of the leading edge of detachment. Though in general this experimental
work is not a concrete validation of the DLS model, it is preliminary data to support
certain overarching principles of the model.

Ultimately, for every conclusion made in this body of work, there are a myriad
of unanswered questions and areas to explore. For example, this work has shown
that though reduced modelling can be powerful, it is by no means perfect, and many
of these models neglect important physics such as pressure variation and cross-field
transport. Finding ways to meaningfully implement physics such as pressure loss,
hydrogenic power losses, and radial transport losses in 1d flux tube models, for ex-
ample, is a ripe area of study. The DLS model also says nothing concerning how
target parameters evolve as detachment fronts move; since the formulation only
models upstream of the front location. Relating this front location back to target
parameters is a significant open question. Another crucial aspect of divertor design
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not considered by this simple modelling is engineering and cost constraints. Thus,
these simple modelling considerations should be coupled with engineering infor-
mation for a more integrated design of divertors.

The simulation work presented here lacks drifts and neglect the full transport
of impurities and their different charge states. Studying how this impurity trans-
port varies with divertor configuration is another fertile area of study. Moreover,
the simulations presented are fluid /kinetic simulations of the mean-field profile of
a tokamak plasma boundary, and the radial transport coefficients are set by the user,
and are not set empirically. Other types of simulations, such as gyrokinetic simula-
tions of plasma turbulence can shed light on how alternative divertor features may
affect cross-field transport in the SOL and across the separatrix.

Finally, it must be stressed that the experimental work presented in this thesis
marks the start - not the completion - of understanding physical processes behind
detachment evolution in real devices. The experimental campaigns studied here are
only a handful of 1.5 MW L-mode discharges. For more apt comparison to the DLS
model, a higher power H-mode scenario should be used, with a seeded impurity
such as nitrogen. Moreover, developing better statistics, by leveraging more exper-
iments across different scenarios or even devices, would help alleviate much of the
experimental uncertainty, and allow more certain conclusions about the potential
uses of the DLS model.

With the work presented here, and the further work that may evolve from it, this
thesis contributes to the field of alternative divertors and the physics of detachment.
And by advancing exhaust physics one step further, this work progresses solutions
to the challenges facing reactor tokamaks. Contributing to the global, generation-
spanning effort to achieve controlled fusion on Earth.
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Appendix A

Boundary Conditions for the
Extended DLS Model

In the extended DLS model, the differential equations governing heat and tempera-
ture evolution are integrated from the target, and boundary conditions T; = 0 and
4+ = 0 cannot be used. As such a sufficiently low temperature and heat flux can
be used. Figures A.la and A.1b show the outputted heat flux profiles for the start
and end of a detachment scan using the extended DLS model. In Figure A.la, the
scan is repeated with two target temperature boundary conditions; 1 eV and 5 eV. In
this Figure, the two profiles produce almost identical results, indicating the choice of
target temperature does not matter as long as it is low but not beyond the boundary
of the cooling function used.

Similarly, Figure A.1b shows the outputted heat flux profiles when two very dif-
ferent target heat flux boundary conditions are used; 10 KWm~2 and 1000 KWm 2.
These profiles are also very similar, highlighting the choice of target heat flux also
does not matter significantly as long as it is low compared to the upstream heat flux,
but not too low as to not lead to significant temperature gradients.
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FIGURE A.1: The outputted heat flux profiles from the DLS model for
a) two different target temperature boundary conditions, and b) two
different target heat flux boundary conditions.
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