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Abstract

Alternative divertor con gurations are being investigated as a solution to the exhaust challenge in
nuclear fusion reactors.

In this work, imaging techniques are developed and used to characterize the physics of these
con gurations on the MAST Upgrade tokamak. A coherence imaging analysis technique is developed
and characterized to infer 2D pro les of electron density in the divertor, while a neural network was
trained on camera data of multiple spectral transitions to separate contributions to the deuterium
Balmer alpha emission from di erent types of plasma-neutral interactions.

Analysis of experimental discharges in L-mode and H-mode shows signi cant exhaust bene ts in
the Super-X and X-point target divertor con gurations. The power and momentum losses increase
as the divertor leg is swept to a larger major radius into a Super-X con guration, leading to lower
electron density, peak particle ux, and peak heat ux at the target, and demonstrating the better
exhaust performance of the Super-X as a divertor concept. The electron density is peaked at the
target even in strongly detached conditions, which is attributed to large momentum losses induced
via collisions with the molecules. Some discrepancies are observed with interpretative SOLPS simu-
lations of the discharges, including the electron density at the target and the spreading in the private

ux region due to drifts, which must be investigated further to increase con dence in the design of
future reactors. Initial observations in the X-point target con guration show a further increase in
performance compared to the Super-X, partially attributed to a broader electron density pro le and
the resulting additional plasma-neutral interaction volume available in the X-point target, leading to
more hydrogenic emission and volumetric recombination, and lower peak heat uxes to the target.

These results pave the way for a \mix-and-match™ approach to divertor design in which multiple
divertor strategies are combined to obtain a suitable solution to the speci ¢ reactor design under
consideration.
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Executive Summary

Nuclear fusion reactors are a promising renewable power source for the second half of the century,
but many challenges still need to be addressed on the way to a full reactor design. One of the main
remaining challenges is how to deal with the exhaust of the reactor, which will result in large power
and particle uxes out owing from the hot fusing core, and that would damage the material walls if
unmitigated. In current designs, these uxes are funneled to a specialized area of the reactor, the di-
vertor, where they can be mitigated through a combination of impurity radiation, cross- eld transport,
and plasma-neutral interactions before reaching the solid surfaces of the divertor. Future reactors are
envisioned to work in a state called divertor detachment, in which these mitigation strategies reduce
the temperature of the plasma enough to allow the creation of a \neutral cushion" shielding the walls
from the plasma.

Conventional divertor designs may not be su cient to simultaneously allow a strong enough re-
duction in the peak power and particle uxes to the divertor targets while also maintaining su cient
core performance. Furthermore, these conditions must be achieved in a wide enough parameter space
to allow control systems to respond in case of perturbations to the system before the hot plasma
\re-attaches", damaging the walls, or the core conditions deteriorate excessively, possibly resulting in
a radiative core collapse. Thus, alternative divertor con gurations, which can improve detachment ac-
cess and widen the operational window, are being studied as a mitigation strategy for future machines.
They will likely be required for \compact" fusion reactors, such as spherical tokamaks, in which the
exhaust challenge is exacerbated.

Detachment is a complex phenomenon, dependent on the interplay of multiple microscopic pro-
cesses as well as the macroscopic geometry of the magnetic eld, which con nes the plasma, and the
surrounding structures, which con ne the neutrals. A complete description of everything at play in the
detachment process is still lacking, and an improved understanding is needed to increase con dence in
the extrapolations from the behaviors of current experiments to future reactors. While sophisticated
modeling tools have been developed, discrepancies with experiments are still observed, which increase
the uncertainty on their reliability for reactor predictions and need to be investigated in detalil.

Spectroscopy diagnostics have long proven useful for characterizing the divertor state, both in terms
of measuring basic plasma parameters and in terms of determining the main processes determining
the divertor solution. More recently, imaging diagnostics have received attention for their ability to
extend these spectroscopic studies in 2D, allowing a full characterization of the divertor volume with
increased spatial and temporal resolution compared to dispersive spectroscopy. These measurements
can be used for experimental divertor physics studies, as well as for detailed comparisons against 2D
modeling of experimental discharges, and are of particular importance to explore concepts such as the
X-point target due to its complex 2D structure and the importance of volumetric processes happening
in the divertor.

The aim of this work is to investigate the driving physics and the improved exhaust performance of
alternative divertor con gurations, such as the Super-X and X-point target divertor con gurations on
MAST Upgrade. To this end, advanced imaging techniques have been developed and applied to study
their characteristics in 2D.

In the rst part of the thesis, multiple imaging analysis techniques developed during the degree
to study the divertor state are presented. These include new applications of multi-delay coherence
imaging spectroscopy, which is used to infer 2D electron density pro les in the divertor, applied for
the rst time in a tokamak in chapter 5, and to localize the carbon emission location and track
its movement during detachment in a stellarator island divertor in chapter 6. The electron density
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measurements are then complemented with a neural network able to distinguish di erent types of
plasma-neutral interactions in the divertor based on multi-wavelength imaging diagnostics to study
the relation between the density pro le and these processes in chapter 7.

In the second part of the thesis, the imaging analyses developed in the rst part are used to study
the physics of detachment in alternative divertor con gurations on MAST-U.

The coherence imaging inference is used in chapter 8 to study the evolution of the 2D electron
density pro le as a function of divertor geometry and with increasing depth of detachment in L-mode
density ramp discharges in Super-X divertor geometry. Additional power and momentum losses are
inferred as the strike point major radius is increased, leading to lower target electron densities and
particle uxes, and highlighting the improved performance of divertor geometries with larger poloidal
leg length and total ux expansion. A reduced model is developed to explain the observed peaking of
the electron density downstream of the detachment front, based on the competition of neutral drag
slowing the plasma ow and volumetric ion sinks, showing qualitative agreement with the measure-
ments, and highlighting the electron density is not expected to peak at the detachment front and how
accurate quantitative ion sinks rates are required to reproduce the experimental pro les. Extrapola-
tions to higher density, reactor-relevant conditions suggest an electron density pro le peaking closer
to the detachment front due to the increased role of electron-ion recombination at higher densities.
Comparisons of the 2D pro les with previous interpretative SOLPS simulations of the studied dis-
charges show reasonable agreement, but some discrepancies are observed and attributed to either an
underestimation of volumetric particle sinks, consistent with experimental ion sink estimates, or an
overestimation of the neutral drag. Some discrepancies of the density pro le with simulations that
include drifts are also observed and will be investigated further in future work using the imaging
system developed for the upper divertor.

In chapter 9, the X-point target divertor con guration, obtained by adding secondary X-points
close to the separatrix in the divertor chambers, is compared to the Super-X geometry to try to push
its bene ts even further. This divertor topology combines the bene ts of the secondary X-point with
the large strike point radius e ect of the Super-X divertor in the strongly ba ed divertor chambers
available on MAST-U.

Initial experimental evidence is presented, comparing H-mode discharges in Super-X and X-point
target divertor con guration with the maximum heating power currently available on the machine (3.5
MW). Both con gurations are strongly detached, even with no divertor fueling and no seeding, which is
a testament to their good exhaust performance. The X-point target has an increased connection length
due to the area of low poloidal magnetic eld, which would decrease target electron temperatures in
conduction-dominated regimes. A wider electron density pro le is inferred by the coherence imaging
analysis in the X-point target con guration, attributed to the wider poloidal ux expansion near the
secondary X-point, increasing the volume available for plasma-neutral interactions. This is con rmed
by the stronger hydrogenic emission in the divertor, which is mostly attributed to recombination
processes by the neural network analysis presented in chapter 7. The Langmuir probe data, the
coherence imaging density measurements, and the electron-ion recombination emission inferred by the
neural network are used to infer the target electron temperature and the peak heat ux to the target,
indicating strongly reduced values in the X-point target case. The comparison of two geometries is
extended to more attached conditions than achieved in experiment using reduced modeling of the
detachment front location sensitivity. The secondary X-points are expected to promote easier access
to detachment and a \jump" of the radiation to the secondary X-point, where it is then held stably.

In more strongly detached conditions, when the radiation is able to move upstream of the secondary
X-point, the reduced modeling suggests that the front movement should become comparable to the
Super-X case, in agreement with experiment, retaining its reduced front sensitivity and highlighting the
advantages of synergistically using multiple alternative divertor strategies simultaneously to combine
their advantages.

These results present a characterization of the improved exhaust performance of alternative divertor
con gurations on MAST-U and some of the physics processes determining their behavior, enabled by
novel imaging analysis techniques which have been developed for detailed measurements of 2D divertor
parameter pro les with high spatial and temporal resolution.



Chapter 1

Introduction

Global electricity demand is rising as developing countries continue to increase their standard of
living and developed countries shift away from using fossil fuels for their energy production in the
ght against climate change [1]. Further increases in demand are predicted from the electri cation of
industrial processes, the wider adoption of electricity-based means of transport, and the expansion of
large data centres [1]. Electricity consumption has been found to be correlated to metrics such as the
Gross Domestic Product and the Human Development Index [2] [3]. Thus, access to clean and cheap
electricity will be needed to ensure increasing living standards while respecting commitments on CO
reduction, such as the Paris agreement [4].

Figure 1.1: Improvements in fusion experiment triple product between plasma density, temperature, and
con nement time throughout the years (blue). Compared to the improvements in computing power (red) and
particle energies in accelerators (green). Image adapted from [5].

Nuclear fusion has the potential to contribute signi cantly to the power mix of the future [6]. It
could be a nearly inexhaustible, low-carbon source of energy able to act as the baseload electricity
production and complementing intermittent renewable sources, such as solar panels and wind turbines
[7]. Compared to current nuclear reactors, based on nuclear ssion, fusion reactors do not produce
high-level radioactive waste, and the low-level radioactive waste produced using low-activation material
decays much more rapidly, with radiotoxicity levels hundreds of times lower than a comparable ssion
reactor after a hundred years and even lower than a coal power plant after a thousand years [8].
Furthermore, fusion reactors do not require uranium and instead use more widely available resources as
fuel. Leading fusion power plant designs use deuterium, naturally found in seawater, and tritium, which
reactors are designed to produce themselves as a secondary output in addition to electricity [9] [10].
While the production of large amount of tritium can pose a risk for nuclear proliferation, it is deemeed
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to be lower than for ssion reactors, if suitable safeguards are put in place [11]. These are some of
the advantages that have led to fusion being an active research eld since the 1950s [12], with great
leaps in the physics understanding and technological developments since. Much of this understanding
has been built on a variety of experimental fusion devices around the world, which have been built
throughout the years with increasing performance. A simple metric for the performance of a fusion
machine is given by the \triple product” between the plasma density (n), temperature (T), and energy
con nement time () achieved in the core of the experiment. Improvements on this metric have grown
steadily until the late 90s at a rate faster than Moore's law on semiconductors, as shown in gure
1.1. A large international e ort has since been devoted to the design of the next-generation fusion
experiment, ITER [13]. While the design has been completed in the early 2000's, following the trend,
the construction and assembly of this fusion device of unprecedented scale and cost has taken multiple
decades, leading to the stalling of the progress in this metric. ITER targets producing 10 times
the amount of power input into the plasma in 2035 and the demonstration of fusion-reactor-relevant
technologies that will be required for a rst-of-a-kind power plant. Some examples of these technologies
are the breeding of tritium, remote handling of the radioactive materials in the reactor, and advanced
materials able to survive the harsh conditions of a reactor for long time scales. Di erent countries
are also pursuing plans for a demonstrator fusion power plant after ITER, such as the STEP program
in the UK [14], DEMO in the EU [15], and CFETR in China [16] , while some private companies
are aiming to commercialize fusion power in parallel to ITER's construction, such as with the ARC
reactor in the US [17].

In recent years, many start-up companies have been created that aim to deploy their rst com-
mercial power plant on a faster timeline compared to the public sector, with some promising a small
amount of net electricity as soon as 2026. Across the private sector, a variety of di erent approaches
to a fusion reactor are being pursued [18], and these companies have been able to raise a signi cant
amount of capital, totaling over 5 billion dollars [19].

While the interest in commercial fusion reactors is growing, there are still many challenges that
need to be addressed on the way to a complete design. These range from a better understanding of the
physics regimes that will be relevant for reactors, which are not always achievable on current machines
and that ITER will investigate, to addressing the remaining gaps in some required technologies, such
as large-scale tritium breeding and material activation under strong neutron uxes, and demonstrating
the capability to operate continuously for extended periods of time.

In the remainder of the chapter, the basic nuclear fusion process will be described, setting the
plasma parameters required for a reactor. In order to achieve these parameters, some of the leading
fusion reactor types are then presented. Finally, \the exhaust challenge" in these reactors is explained,
and how this work ts into a better understanding of how it can be solved.

1.1 Nuclear Fusion

Nuclear fusion is a nuclear reaction in which two lighter nuclei are fused to create a heavier nucleus.
It is an exothermic reaction for nuclei lighter than iron and the released energy is then carried away
from the fusion products in the form of kinetic energy. For the reaction to take place, the nuclei
must overcome the Coulomb repulsion that would tend to repel similarly charged particles, and thus
high initial kinetic energies are required. While highly energetic particles can be produced using
particle accelerators, the probability of elastic scattering is much higher than the probability of a
fusion reaction, losing the energy required to accelerate the particles in the rst place and making
the process energetically ine cient. Thus, fusion reactor designs use a con ned, thermal plasma in
which a large number of particles can collide with each other multiple times, until a fusion reaction
is achieved, before losing their energy. The average time before energy and particles are lost from the
system can be expressed in terms of con nement time (), with a larger con nement time leading to
more particle collisions, and thus a higher probability of a fusion reaction, before the energy and the
particles are lost.

The most commonly used reaction for the purpose of energy production is the fusion of two hydrogen
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isotopes, deuterium and tritium, into a Helium nucleus and a neutron:
D+T! * He(3:5 MeV ) + n(14:1 MeV) (1.2)

with most of the energy carried by the neutron due to its lower mass. This reaction releases a
large amount of energy compared to alternatives due to the strongly stabléHe nuclei, which have a
relatively low mass. The small charge of the reagents involved and the strongly boundHe nucleus
lead to a larger probability for the fusion process at a lower temperature. This is captured by the
larger reaction rate < v > (T) for a thermal plasma at temperature T, which is compared to other
fusion reactions in gure 1.2. The larger probability of a fusion reaction results in a larger number of

Figure 1.2: Reaction rates for commonly considered fusion reactions. Image adapted from [20].

reactions per second and thus a larger fusion power, which is given by
Pfus =n DnT < Vv > E fus (1.2)

with np;nt the deuterium and tritium densities and Egs = 17:6 MeV the energy released in a
single reaction. The strong drop in reaction rate towards lower temperatures highlights how high

temperatures are a requirement for a reactor, with typical designs operating with temperatures of
tens of keV. More generally, a condition for the self-su ciency of a reactor can be found on the triple

product by balancing the fusion power against the power losses due to the limited energy con nement
time. This is based on the original Lawson Criterion [21]. For a reactor using the D-T reaction, this

can be expressed as:

nkyT '3 atm s (1.3)

If the typical values of temperature are set by the reaction rate, the same amount of fusion power can
be obtained by trading o the plasma pressure against the con nement time. Inertial con nement
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fusion concepts rely on compressing the plasma to high density for a short amount of time ( <1 ns),
for example, using high-power lasers. The National Ignition Facility (NIF) managed to create more
power via fusion reactions than the power delivered to the plasma in 2022 [22], a rst for any fusion
device. The other approach, magnetic con nement fusion (MCF), consists of using magnetic elds to
con ne a low-density plasma but with a relatively long energy con nement time ( s). This work
will focus on the latter.

1.2 Magnetic Con nement Fusion

A large number of magnetic con nement concepts have been developed throughout the years,
chasing after improved performance in the con nement of the plasma and reduced size. Initial designs,
such as magnetic mirrors, -pinches, and Z-pinches, su ered from excessive particle losses and plasma
instabilities. While some of these challenges were later partially addressed [23] [24], and have recently
resurfaced in the private sector as possibly cheaper avenues to a fusion reactor [25] [26], most of the
e ort in the community has been dedicated to the tokamak and stellarator concepts. Both are toroidal
machines, where the charged plasma particles follow the magnetic eldlines around the torus, and
combine a con ning toroidal magnetic eld with a stabilizing poloidal magnetic eld. In a stellarator,
both the toroidal and poloidal components of the magnetic eld are created by magnets, while in a
tokamak the poloidal eld is created by inducing a toroidal current in the plasma. Tokamak concepts
hold the record for the triple product achieved in MCF, with recent stellarators achieving comparable
results, as shown in gure 1.3. A short comparison between them is given in the following sections,

Figure 1.3: Triple product (n 9 Tip g) achieved in di erent MCF concepts and equivalent for ICF (n<T ; >, ).
Includes projection for the next generation machines, ITER and SPARC. Image adapted from [27].

highlighting some of their advantages and disadvantages, starting with the most technologically mature
con guration: the tokamak.

1.2.1 The tokamak

Invented in the Soviet Union in the 50s, the tokamak concept uses a set of planar coils winding
around the plasma to create a toroidal magnetic eld and a solenoid in the center of the torus to
induce a current in the plasma, which acts as the second winding of a transformer, leading to the
poloidal magnetic eld. A schematic representation is shown in gure 1.4.
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Figure 1.4: Schematic representation of a tokamak. The toroidal magnetic eld coils generate the toroidal
magnetic eld (yellow), the plasma current (red) generates the poloidal eld (blue), and the combination of the
two gives the total eld (green) that spirals around the torus. Image adapted from [28].

The con ned plasma is heated, partially through the Joule e ect on the plasma, which acts as a
resistor, but mostly through external heating systems such as neutral beam injectors and microwave
systems. Once high enough temperature and density are reached, the power generated by the fusion
processes can become larger than the auxiliary heating power, a condition called breakeven, which is
expressed as Q 1 with

Q — F':fusk-)n (1_4)
heating

The energy released in the fusion reaction will be added to the kinetic energy of the helium nucleus
and the neutron. The helium nucleus is a charged particle and will still be con ned in the core, ceding
its energy to the plasma via collisions and helping to heat up the plasma. In principle, Q ! 1 can
be achieved if the fraction of the fusion energy ceded by the helium ions to the plasma is enough to
entirely self-sustain the process, and no external heating is required. The neutron, instead, is not
con ned by the magnetic eld and will penetrate through the walls of the device, interact with the
blanket to breed tritium, and cede its energy to the surrounding structures. This energy can then be
converted to electricity using standard steam-based turbines.

In order to obtain a high enough triple product, the con nement time and the density need to be
increased. The energy con nement time depends on the machine and plasma parameters, and many
empirical scaling laws built on large multi-machine databases have been built to extrapolate results to
ITER and future reactors. One of the most renowned scaling law, called IPB98(y,2), is given by [29]

IIEPBQ8 = 0:0562I 02938 0215P 0:69 n0241M 0219R1297A 0:58 2278 (15)

With | the plasma current, B the magnetic eld strength, P the heating power, n the plasma density,

M the mach number of the toroidal rotation speed of the plasma, R the major radius of the torus,
A = R=a the ratio of major and minor radius and , the elongation of the plasma. From the scaling,
it is clear that a signi cant improvement in con nement time can be obtained by increasing the size
of the device (R). This has led to the creation of larger and larger tokamaks to increase the plasma
con nement, such as the JET tokamak in the UK and JT60-SA in Japan (R 3 m) and the ITER
tokamak under construction in France(R 6 m).

Both the con nement time and the triple product can be increased by increasing the plasma density,
but it cannot be increased to arbitrarily high values, and is instead bound by plasma instabilities that
can develop for high plasma density [30] or high plasma pressure [31]. Higher density limits can
be achieved by using higher magnetic eld strength values, which in the past have been limited by
magnet technology. Recent progress in high-temperature superconductors [32] has enabled the design
of tokamaks with much higher elds, which require a smaller radius to achieve the same performance.
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An example is the SPARC tokamak [33] under construction, which targets breakeven (Q = 1) but
with a reduced R 2 m through its higher eld on axis ( 12 T, comparedto 5 T on ITER). While

this reduced size is attractive due to a correspondingly reduced capital cost, some of the challenges
become even more extreme in these compact devices (see section 1.3).

1.2.2 The spherical tokamak

The con nement time scaling law (eq 1.5) also shows improved con nement in devices with a low
ratio between the major and minor radius of the torus (also known as aspect ratio A) and high plasma
elongation, favoring vertically stretched shapes instead of circular cross sections. Both of these con-
ditions are achieved in spherical tokamaks(ST), devices designed to have a smaller aspect ratio (A
1.3-1.8) and that can push to higher elongation ( 2:3 2:5) compared to conventional tokamaks
(A 3, 1:5 1:7). The cross-section of the spherical tokamak MAST-Upgrade and the con-
ventional tokamak ASDEX-Upgrade are shown in gure 1.5 as a comparison, where the di erence
in major radius on the x-axis for comparable minor radius is clear. Improved con nement has been

Figure 1.5: Cross-section of the spherical tokamak MAST-U (left) and the conventional tokamak ASDEX
Upgrade. Images adapted from [34] and [35].
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shown on spherical tokamaks, with indications that it might scale better to reactor conditions (higher
temperature, lower plasma collisionality) compared to conventional tokamaks [36] [37] [38]. Further-
more, spherical tokamaks have demonstrated improved stability at higher plasma pressures for the
same magnetic eld, before being limited by plasma instabilities [39] [40]. These attributes suggest a
spherical tokamak design would allow for a more compact fusion reactor compared to a conventional
tokamak for the same fusion power, but it does have its own challenges:

" The smaller space in the center of the torus limits the size of the central solenoid, and thus the
maximum ux swing (I 2t), which limits the discharge plasma current and/or duration in current
machines and will make starting-up the device more di cult in reactor-sized machines. This
can be mitigated using non-inductive means of driving currents, such as microwaves, which is a
current area of investigation.

" The smaller surface area limits the space available for capturing the neutrons for energy and
tritium production. This also complicates the use of NBI heating systems, which would require
large openings and take up much-needed surface area. Neutron shielding also becomes more
challenging.

" The exhaust problem becomes even more challenging in a spherical tokamak, due to the lower
surface area. Further details are given in section 1.3.

Investigating the trade-o s between these bene ts and drawbacks, and how they would scale to reac-
tors, is one of the objectives of current-day spherical tokamak experiments, such as MAST-Upgrade
(see section 8.1) and ST40 in the UK and the upcoming NSTX-U in the US. These studies are par-
ticularly timely given the current design work on a spherical tokamak reactor, STEP [14], to be built
in the UK as a public-private partnership, which is targeting the 2040s for electricity production.

Similarly to conventional tokamaks, recent improvements in magnetic technologies have prompted

the design of higher magnetic eld STs, which could lead to even more compact machines [41], but
exacerbating the challenges further.

1.2.3 The stellarator

Figure 1.6: Top-down view of the magnetic eld coils designed to generate the plasma of the NCSX stellarator,
along with the plasma shape in pink. Image adapted from [42].

Relying on the plasma current to generate the poloidal eld simpli es the designs of the magnets,
which need only generate the toroidal eld, but makes the tokamak subject to so-called \current-
driven” instabilities [43] which can violently terminate the plasma and could be damaging to future
reactor-class machines such as ITER [44]. Stellarators, instead, rely on magnets to produce both the
poloidal and toroidal components of the magnetic eld. This signi cantly complicates the magnet
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system [45], but can have favorable stability properties, especially regarding higher plasma pressure
limits and no disruptive plasma density limit in the absence of toroidal currents [46]. In order to
achieve these favorable con nement properties, however, stellarators are not toroidally symmetric
machines, and the plasma poloidal cross section changes for di erent toroidal angles. As an example,
the twisted set of magnetic eld coils designed for the NCSX stellarator is shown in gure 1.6, along
with the plasma shape. Another advantage of stellarators is their intrinsically steady-state behaviour,
as they do not require a solenoid in the core continuously ramping up its voltage to induce a current
in the plasma and thus can operate for long periods of time.

Historically, stellarators have shown worse performance than tokamaks due to the poorer con-
nement time in unoptimized stellarator geometries, which has led to greater interest in tokamaks.
More recently, improved physics understanding and computational tools have led to the design of \op-
timized" stellarators, which exploit plasma geometries with speci ¢ symmetries to suppress the the
dominant type of cross- eld transport. This improved con nement has been experimentally tested
in the Wendelstein 7-X stellarator in Germany [47], which will be discussed further in section 4.2.
Building on these results, further design tools have been created to also optimize the plasma shape
to improve the con nement of fast ions and suppress turbulence [48]. Combined with recent improve-
ments in coil optimization tools to obtain more easily manufacturable coils [49] [50] [51], this has
recently led to a renewed interest in the concept in both the private sector [52] [53] and the public
German sector [54].

1.3 The exhaust challenge

In the simplest description, the plasma particles follow the direction of the magnetic eld lines as
they spiral around the torus. Projecting these magnetic eld lines in the poloidal plane leads to a series
of nested \magnetic surfaces", shown in blue in gure 1.5. In this simple description, a particle that
starts on a surface will stay on that surface inde nitely and will equilibrate with the other particles
on that surface, reaching an equilibrium temperature. In reality, particles slowly di use outward, for
example due to turbulence, and will eventually reach the walls of the device. While this causes particle
and power losses, which need to be compensated by external heating or fusion power to maintain a
steady state solution, it is necessary for the sustained operation of the device. This is to ensure that
any impurities are ushed out of the core, including the helium ash produced in the fusion process ,
without excessively diluting the core fuel.

A common challenge in both stellarators and tokamaks is to deal with this out ow of power from
the core and pumping out the helium ash. In particular, the design of the reactor must ensure that:

" Heat uxes and erosion rates must be kept below material limits on all plasma facing components.

" The core plasma is shielded from an excessive amount of impurities (i.e., non-hydrogenic nuclei),

which can dilute the core plasma and increase the power losses due to radiation in the core. These
impurities could either be purposely injected (extrinsic) to cool the plasma before reaching the
walls of the device or produced by erosion of the reactor walls (intrinsic).

" Ensure good pumping of the impurities and the helium ash produced, which must be continuously

removed from the reactor.
A common solution is to employ designs that include a divertor to spatially separate the core region
from the interactions with the walls and localize the interaction in a dedicated region.

1.3.1 The divertor solution

By adding one (or more) X-points, characterized by a null poloidal eld, to the magnetic con gu-

ration, the region within the reactor rst wall can be topologically separated into three regions:

" The core is characterized by \closed" magnetic eld lines, such that if the particles were always
to follow the direction of the magnetic eld, they would always be con ned to the same magnetic
surface.

" The scrape-o layer (SOL), characterized by \open" magnetic eld lines which intersect the
walls of the device.
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" The private ux region (PFR) is not in contact with the core region. Particles and power
can only reach this region by cross- eld transport from the SOL.
The last closed ux surface, which separates the core from the SOL and contains the X-point, is also
called the separatrix. A schematic representation of this setup is shown for a tokamak in Figure 1.7.

Figure 1.7: Schematic representation of a divertor, highlighting the separatrix dividing the core region from
the scrape-o layer (SOL) and the private ux region (PFR). The region of the separatrix between the X-point
and the inner and outer targets is referred to as the inner and outer legs, respectively. The open eld lines in
the SOL are shown in blue.

As the plasma particles drift outward from the core, they eventually cross the separatrix and reach
the SOL. Following the open eld lines, they are then quickly \diverted" to the inner and outer targets,
away from the core. The advantages of this approach are that the interactions with the targets (and
related impurities produced in this interaction) are kept away from the core region. Furthermore,
signi cant temperature gradients can develop along the divertor legs, allowing for a hot core but a
cold plasma near the targets. Finally, carefully designing the magnetic geometry of the divertor legs
and the surrounding structures allows the build-up of a high neutral density near the targets compared
to the region near the core (also referred to as a high \neutral compression"), which is favorable for
good pumping of the impurities as well as power exhaust.

One of the challenges is that the fast transport of the particles along the eld lines , which dominates
over the cross- eld di usion and is favorable in the core region, still holds true in the SOL and leads
to the plasma particles being con ned in a region of small width just outside the separatrix, as the
particles quickly reach the walls of the device before having the chance to di use outward signi cantly.
This leads to most of the power and particles being deposited in a narrow region of the target, with
expected widths of several millimeters on a reactor [55]. If unmitigated, the related heat loads would
strongly surpass current material limits. The temperature of the plasma reaching the target should
also be reduced below 5 eV to avoid excessive erosion of the material.

Thus, some of the main metrics characterizing the performance of a divertor design are its ability
to reduce the surface heat ux to avoid damaging the target, to reduce the impurity in ux to the core
(for example, by lowering the electron temperature and particle ux at the target, reducing erosion),
and for these conditions to be achieved in an operational window compatible with the desired core
plasma scenario. A wider operational window is also advantageous for improved divertor operational
control.

Signi cant improvements can be obtained by tilting the tiles to be almost parallel to the direction
of the magnetic eld, thus spreading the power on a larger area, albeit engineering limits put the lowest
angle achievable to be of 1 . Even still, expected heatloads (e.g. § 36 MW/m 2 for DEMO [56])
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surpass the engineering limits for tungsten tiles, the currently preferred material ( 10 MW/m 2).

Thus, further power losses are needed to drive the heat loads down. A common method is injecting
impurities , such as nitrogen, argon, or xenon, in the divertor region to radiate away power via line
radiation in the divertor volume and spreading it on a larger surface. Even though the electron
temperatures can be reduced to below 5 eV in this way, a large number of relatively cold charged
particles impinging on a target can still deposit signi cant heat ux via surface recombination. In
addition to power losses, patrticle losses are also required to drive down this component of the heat ux.
These can be achieved at low enough temperatures via volumetric recombination, as discussed further
in section 2.2.

Strong volumetric power, momentum, and particle losses can be achieved in the divertor region
by operating in a \detached" divertor state, where the hot ionizing plasma has moved away from the
target surface and a protective neutral cushion has developed in front of the target. Future machines
will have to operate in a detached state to keep the heatloads below material limits, and many e orts
have been devoted to studying the physics leading to divertor detachment, its consequences, the
interplay between the magnetic geometry and the detachment characteristics, as well as the role of
the machine geometry surrounding the target in containing the neutrals and its e ect on detachment.

As a form of risk mitigation against \conventional" divertor concepts not performing su ciently
well for a reactor design (such as DEMO), recent years have seen a strong interest in \alternative”
divertor con gurations (ADC), some including additional X-points and some including additional
shaping of the divertor legs, to improve the exhaust performance. These are of particular interest
for spherical or high- eld reactor designs, in which the exhaust problem becomes harder due to the
smaller surface of interaction with the target resulting from their reduced size. Devices such as TCV,
MAST-U, AUG, and the future DTT are particularly suited to these kinds of studies as their exible
magnetic systems allow varying signi cantly the divertor geometry with similar core conditions, thus
enabling the exploration of a varying divertor magnetic geometry in a wide parameter space as a risk-
mitigation for DEMO. More details on the physics of detachment and the advantages of alternative
divertor con gurations will be given in chapter 2.

Overall, the microscopic processes leading to the power, particle, and momentum losses in a de-
tached divertor are not fully understood, and their dependencies on the plasma parameters and the
integrated divertor design are under active investigation. Even less understood is how alternative
divertor con gurations and strong ba ing can a ect these processes, with experimental evidence for
the strong improvements achieved in some of these divertor con gurations only becoming available
very recently [57]. Further work is thus needed to understand the physics driving detachment, the
dependencies on the magnetic geometry and the ba ing, and to experimentally validate the current
models, which are being used to design next-generation machines and future reactors.

1.4 This work

Before the physics of alternative divertor con gurations can be studied, suitable diagnostics must
be developed to perform detailed measurements of the relevant experimental parameters and, from
those, infer the physics driving the detachment process. Divertor physics studies often rely on target
measurements, which are not able to directly capture the volumetric processes happening in the
divertor that fundamentally drive detachment, or dispersive spectroscopy measurements, which lead
to line-integrated measurements with limited spatial resolution and are unable to resolve 2D structures
in the divertor.

This work aims to contribute to the body of literature on divertor detachment with advancements
in imaging diagnostics, allowing studies on the 2D structure of divertor detachment, and by exploiting
these analyses to better understand the role of detachment in alternative divertor con gurations and
to enable detailed validation of 2D high- delity modelling tools such as SOLPS-ITER. In particular,
the main contributions in terms of diagnostic techniques can be summarized as:

" Development of an inversion technique to infer 2D electron density pro les in the divertor using

Stark-broadening based coherence imaging spectroscopy measurements, for the rst time in a
tokamak. These measurements allow a characterization of the divertor electron density pro le
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in 2D, enabling comparisons with the 2D pro les obtained from SOLPS-ITER simulations and
investigating possible missing physics in the code.

Development of a Bayesian technique to reconstruct the divertor C Il emission distribution
using coherence imaging spectroscopy in the Wendelstein 7-X stellarator. This allows tracking
the onset of detachment and the movement of the carbon emission region, acting as a proof
of concept for the measurement of the emission distribution in 3D in non-toroidally symmetric
reactors. The technique has been used to measure the e ect of magnetic geometry on the
sensitivity of the emission location and may be used for detailed model validation in the future.
Design and implementation of 3-camera multi-wavelength imaging diagnostics and, as a proof-of-
principle, development of a neural network able to distinguish di erent plasma-neutral interac-
tions in the divertor region. This extends previous work in 1D using 3 spectral regions measured
via dispersive spectroscopy to 2D pro les in the divertor. Furthermore, these diagnostics ex-
tend the previously available multi-wavelength imaging spatial coverage in the lower divertor of
MAST-U to the X-point region, including the inner divertor leg and the upper half of the outer
divertor leg, as well as the upper divertor chamber. Initial results from these systems allowed
exploring the detachment behaviour of the inner divertor, the weakening e ect of the neutral
ba es as the ionization region exits the ba e throat, and the presence of up-down asymmetries

in the upper and lower divertor chambers.

These contributions in the eld of plasma diagnostics are complemented by physics studies on the
improved performance of alternative divertor con gurations:

~

Investigation of the evolution of the electron density proles in the detached region of long-
legged divertor con gurations on MAST-U. The results show qualitative agreement with reduced
modelling based on the competition of neutral drag, slowing down the plasma and increasing the
density, and volumetric recombination particle sinks. These studies also suggest stronger power
and momentum losses with increasing total ux expansion and divertor leg length, as well as
a build-up of electron density in the detached region, which is attributed to momentum losses
incurred via ion-molecule collisions.

Preliminary study of the X-point target alternative divertor con guration, which shows a further
improvement in exhaust performance compared to the Super-X divertor, which already showed
signi cant improvements compared to conventional designs [57]. These include a broader electron
density prole and area of interaction with the neutrals, resulting in additional volumetric re-
combination, as evidenced by the additional hydrogenic emission measured. It results in stronger
power and momentum losses, leading to lower electron densities, temperatures, and heat ux at
the target. Furthermore, these experiments highlight how multiple alternative divertor con g-
uration strategies can be used synergistically, such as the large strike point radius e ect of the
Super-X divertor and the 2nd X-point of the X-point-target, paving the way for a \mix-and-
match" approach to divertor design in which multiple alternative divertor con guration features
are combined to achieve a suitable divertor solution for the reactor design of interest.

Overall, this work has contributed to the eld of divertor physics through the development of
advanced imaging diagnostics, which can now be routinely used on MAST-U for further divertor
physics studies and model validation, as well as through their exploitation to improve the current
understanding of the detachment process in alternative divertor con gurations and to experimentally
verify their improved exhaust performance in MAST-U discharges.
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Chapter 2

A Dbrief introduction to divertor physics

An intuition for the behavior of the divertor can be developed by studying simpli ed models that
highlight the main physics and parametric dependencies of the plasma parameters in the divertor re-
gion. The 2-point model (2PM), discussed next, is one of the simplest models expressing the behaviour
of the plasma parameters near the target as a function of the parameters at a point upstream of it
and has been found to work well in attached divertor conditions.

An introduction to the main physics leading to detachment is given in section 2.2, as well as some
extensions made to the 2PM to allow the description of the detached state in a similar formalism.
A more detailed look at the importance of plasma-neutral interactions on detachment is given in
section 2.3, while the expected improvements from alternative divertor con gurations are described
in section 2.4. In addition to simple modeling, high- delity simulation tools have been developed
to accurately simulate the divertor state in 2 and 3 dimensions. Validating these tools on current
machines is important to increase con dence in the modeling of future reactors. A short description
of the SOLPS-ITER simulation suite is given in 2.5, as some of its predictions are compared to
experimental data in section 8.3.4.

2.1 The 2 Point model

As the name suggests, the 2-point model [58] relates the parameters in two points: the target and a
generic point \upstream" (this could be the X-point, the outer midplane, or a stagnation point). It is
based on the conservation of power and momentum along each ux surface, thus neglecting cross- eld
transport. In this formalism, the upstream parameters, the parallel heat ux gj,, and the plasma
pressure gy, are the control parameters that can be varied via heating power and fuelling, and
they are linked to the target heat ux and pressure, ¢j; and pott . The simplest version of it can be
obtained by assuming no power or momentum losses along the eld lines , meaning the target pressure
and heat carried in the ux tube will be equal to their upstream values. The cross- eld area of the
ux tube scales inversely with the total eld magnitude |Bj, thus

Ptotu = Ptott = Pstatict + P dynamic,t (2.1)
Gju _ Gt
Bi. B =2
If a dominantly toroidal eld is assumed jBj jB rj R ' and
Gj:u Ru = djje R (2.3)

Decreasing jBj, usually by increasing R;, will then increase the ux tube cross- eld area between
the upstream point and the target, spreading the same heat on a larger surface. Assuming also
Tt =Te=Ti, nty=ne = n; and that the plasma ow velocity at the target is equal to the sound
speed (¥ =cs = 2kTiy=m; i.e. the Bohm criterion [59]), the target values can be expressed in terms
of plasma parameters as

Pstatict = N eKTe + N iKTi = 2n (kT (2.4)

13
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Pdynamic,t =N tmin2 = 2n KTy (2.5)

Gt Rt = KT ¢ jRt = n tkTicstRy (2.6)

where  7:5 [58] is the sheat-transmission coe cient and accounts for the ions being accelerated
in the plasma sheath just in front of the target, while j = nv; is the particle ux at the target.
Thus, the upstream and target parameters are linked as

Protu = 4n¢KTy (2.7)

Giu Ru = n tkTicstRy (2.8)

It is worth explicitly mentioning that this formulation does not account for the heat deposited to the
target via surface recombination. The two conservation equations can be rearranged to give:

2 2
8m' i R
T2PM = 2I p(jju FTU (2.9)
tot,u t
2 3 2
2PM _ Potu  Ru
n = 4 2.10
t 32m; %M R: (2.10)
2 1
R
U Potu  Ru (2.11)
8m, Cij;u Rt

If an assumption of zero plasma ow at the upstream location is made (or the upstream location is
taken to correspond to the point of zero ow), then the upstream pressure can be expressed in terms
of upstream density and temperature directly (poty = 2n4Ty).

The basic intuition these equations give is that for increasing power entering the SOL, the temper-
ature of the plasma at the target becomes higher. Contrarily, the target temperature can be decreased
by increasing the upstream pressure (for example, by increasing the upstream density via fuelling),
which will also cause the target electron density and particle ux to increase. The upstream pressure
cannot be increased without limits, however, due for example to stability limits as discussed in section
1.2.1. Increasing R and consequently the\total ux expansion” is also a possible way to decrease the
target heat ux , and it is discussed more in section 2.4. A more general version of the model, which
relaxes some of these assumptions, is given in [58].

If the heat is carried purely by conduction instead of convection (i.e. assuming that all ionization
happens immediately in front of the target ), the upstream and target temperatures are related through
the thermal conductivity of the plasma and the connection length L j , the distance parallel to the
magnetic eld between upstream and the target,:

TE =T+ Lgd (2.12)
t 2 ]

Where T; is often neglected as target temperatures are much smaller than upstream (%F <<T u%).
Note that L j; can be much larger than the distance in the poloidal plane, as the toroidal eld is usually
much larger than the poloidal eld, meaning that following the eldline for a small step in the poloidal
plane will require moving a large distance in the toroidal direction. This is particularly true near the
X-points in tokamaks, as the poloidal eld becomes small. In this assumption:

7a:... L. 2
Potu =2nyTy =2ny % : (2.13)

can be substituted in the previous equations. The signi cance of this expression is in the fact that
increasing L has the same e ect as increasing the upstream pressure, thus lowering the target tem-
peratures and increasing the target densities. Increasing Rwill also often come with an increase in
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Lj, but L can also be increased for the same {Roy reducing the ratio between poloidal and total
magnetic eld, as it will lead to the eldline wrapping around the torus more times. ADCs based on
this concept are discussed more in section 2.4.

The equations presented up to here are based on the assumption of no power (and momentum) loss
along a ux tube. This is not a realistic scenario for a reactor, where it would lead to excessive heat
loads at the target. By comparison, 98 % and 90 % of the upstream heat ux will need to be
lost before reaching the target in ITER and in an ARC-like reactor, respectively [58]. High fractions
of power loss can be achieved by injecting impurities in the divertor, which can radiate away power
via line radiation over a wide surface area. However, injection of impurities to cool the divertor tends
to also increase the impurity contamination in the core, degrading performance.

From the target perspective, the e ect of impurity radiation is the same as reducing g : a lower
temperature and an increasing particle ux. By continuously increasing the radiated power, the target
temperature should continue to drop and the particle ux continue to rise. For every ion reaching the
target, an energy Eec = 13:6+2:2 eV will be ceded to the target via surface recombination. Thus, the
total heat ux from the plasma to the target will include a surface recombination term and a kinetic
term

Git = (Erect KT &) jjt (2.14)

with the former dominating for low temperatures (Te < 1 eV). This surface recombination term would
then continue rising with the particle ux, which would be unfavorable, and would keep the peak
values achievable above material limits. As described next, this is not what is observed in experiment,
where instead the particle ux often reaches a peak value and then starts decreasing, lowering the
heat ux as well.

2.2 Divertor detachment

By using equations 2.9 and 2.11, the particle ux at the target can be related to the target pressure
and the target temperature as
(1 P (2.15)
T?

Thus, even as T keeps decreasing, ; can \roll over" and start decreasing as well if the target pressure
1

starts decreasing faster than 2. This can happen either due to the upstream pressureg, decreasing,
for example, due to neutral reaching the upstream region and cooling the plasma, or due to momentum
losses happening along the ux tube before reaching the target. As keeping a high upstream pressure
is usually desired to avoid degrading the core performance, inducing momentum losses is the preferred
way to achieve detachment. The roll-over of the particle ux is routinely observed in experiment and is
one of the indicators of the plasma reaching a \detached" state [60]. An example of the experimental
particle ux rollover, measured via Langmuir probes at the target, induced by increasing the upstream
density is shown in gure 2.1. The line-averaged densityne is used here as a proxy for the increasing
upstream density, and is expressed as a fraction of the Greenwald densitysfy =n ¢=ngw, with
now [10%°] = I ,[MA]= a ?[m?] [61], and |, and a the plasma current and minor radius respectively.
Another metric used to indicate the onset of the detachment is the movement of the ionization region
(Te > 3 eV) away from the target. This allows the creation of a neutral bu er between the ionization
region and the target, in which the plasma is too cold to destroy the neutrals via ionization, and where
plasma-neutral interactions can lead to power, particle, and momentum losses. More details on these
interactions and the microscopic origin of these momentum losses will be given in section 2.3.
Operation with a detached divertor is desirable, as the power, particle, and momentum losses help
drive down the heat ux at the target. ITER and future reactors are envisioned to work in a detached
state [62] to reach manageable heat uxes. However, if not properly controlled, \excessive" detachment
can result in negative e ects on core performance. This could be via loss of neutral con nement near
the target, leading to neutrals and impurities reaching the core, and resulting in a disruption [63],i.e.
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Figure 2.1: Rollover of the particle ux at the target, indicating the onset of detachment, as the upstream
density is increased in MAST-U discharge 50833. The total particle ux to the tile is here expressed as the
integral over the tile surface of the currentj, =e .

a sudden loss of con nement, followed by a fast drop in temperature and plasma current [64]. This
can be mitigated by designing divertors with a reduced sensitivity of the location of this cold radiating
region to the impurity concentration (or other input parameters), as described further in section 2.4.
2.2.1 Extending the 2 point model

The 2-point model can be generalized to include power and momentum losses along a ux tube.
In this case, the power and momentum conservation equation can be expressed as

(L f mom)Ptotu = Ptott (2.16)

(1 f cool) Gju Ru = Qjjit Re (2.17)

with f mom and foo representing the fraction of momentum and power lost before reaching the tar-
get, respectively. These are general terms and could represent cross- eld transport e ect, impurity
radiation, friction, and more. The 2PM equations then become [58]

2
T2PM = 8mi Gu (1 f coo)® Ru ?

Ru (2.18)
2 ptzot;u (l f mom)2 Rt
Pu (L f mom)® Ru 2
n,[ZPM — 02t,u mom 5 u (219)
32m; Ch;u (1 f cool) Ry
2PM _ Potu (1 f mom)® Ru 7 (2.20)

! - 8m; Gy (1 f coon) R7t

These equations are more general and can be used to describe the detached state as well; however,
they have less predictive power in suggesting how the target parameters will evolve with the upstream
parameters, as no simple expressions exist forbm and feoo. For example, increasing the upstream
pressure should increase the target particle ux, but if the momentum losses increase and (1 fiom)
decreases faster than the increase in pressure upstream, then the particle ux rolls over and a detached
state is achieved. These loss factors depend not only on the target plasma parameters, but also on
the entire 1D pro les along the ux tubes, the magnetic geometry, and the neutral pressure, which is
in turn a ected by the divertor state and the surrounding ba e structure. While a full understanding

of all the dependencies is still lacking, a strong dependence on target electron temperature is found
empirically, with the momentum losses starting to appear below 10 eV [58]. Despite the incomplete
understanding of the loss factors, these simple equations can be a powerful interpretative tool to
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understand the evolution of the divertor. For example, the relative increase in power and momentum
losses as a function of divertor shape is inferred experimentally using these expressions in section 8.3.3.
The relative importance of di erent power and momentum loss mechanisms can be studied using high-
delity modeling, as explained more in section 2.5, helping to shed light on the main processes driving
detachment.

While these equations hold regardless of the heat transport being conductive or convective [58], the
e ect of non-negligible convection can also be included in equations 2.12 and 2.13 by considering that
only a fraction f ¢ong Of g; is conducted, assumed uniform along the SOL. The equations then become

.
; 17 L. TfcondGiuLij 2
T =T¢ + éfcond%*” Potu = 2N uTy = 2Ny % (2.21)
Substituting in equations 2.18 - 2.20 gives
2 2 3 2
T2PM _ 2mi Giu (@ f cool) 7ot 7 Ru (2.22)
U T T2z AT g ¢ 2 20 Ry .
u cond (1 mom)
6=7 3 § 2
ntZPM _ 2 ﬁfcond (L f mom) Zqi " Ru (2.23)
A4m; cEJZ;U (1 f cool)2 27 Rt
4=7 2 4 1
2PM — Lﬁfcond (L f mom) 7 i T Ru (2.24)
! 2m; Gij;u (1 f cool) 2" Rt

Thus, an increasing convection fraction will result in higher temperatures and lower densities at the
target while also decreasing the particle ux to the target.

Recent work [65] has explicitly separated volumetric and cross- eld momentum losses {,,) from
momentum losses related to the expansion of the ux tube area in geometries with signi cant total
ux expansion. In particular, the total pressure (Pt = 2nT + m ;nv?) along the ux tube must be
conserved and its variation can be expressed as

mnv?
As

A> @2nT) + @(mMinv2A5) = A 5 Smom ! @ sProt = Smom @A~ (2.25)

with S om the local source/sink of momentum in the ux tube. Dividing all terms by p (¢, assuming
again A, / R, and integrating between the target and upstream gives [65]
YA t

Prot,t Smom mMnvZ1
— =exX —@R ds =1 f 2.26
Prot,u P u  Prot Pot R @ mom ( )

The rst term of the integral will account for volumetric and cross- eld contributions to the momentum
loss, while the the second term can be expressed in terms of an e ective Mach numberdM which is

de ned such that

4 Z
tmnv? 1 M2 ta

—@Rds= —E& - —
u Prot R@ 1+Mez u R

@ds (2.27)

i.e. as an average of the Mach number (M = v=g) along the ux tube weighted by the local relative
variation of the ux tube area [65]. The total momentum loss can then be expressed as

m2
R 1+M ez
@A mom)=@ f o ?? (2.28)

If plasma ows are neglected, i.e. v = 0 is taken along the ux tube, then M = 0 follows, and the
momentum losses can only be due to volumetric and cross- eld terms. If signi cant ows are present,
however, this term can reduce the bene ts that would be expected from of total ux expansion, as
can be seen by subsituting the expression in equations 2.19 - 2.20
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2
2M g

2 Me
TZPM = 8mi G (1 f con) Ry ? w2

(2.29)
2 Potu 1 f Som)® Rt
2 3 l f S 3 2+ %
n2PM — Piot,u mom & 1M g (2.30)
t - .
32m ¢, (1 f co)® Rt
5 s 2 1+ 2m 2
2PM _ Pot,u 1f mom & 1M 2 (2.31)
! 8m; gy (1 f cool) Rt

Large M values can thus weaken the scalings with Rand reduce the expected bene ts of total ux
expansion.

In one of the main divertor concepts for stellarators, the island divertor, connection lengths can
become much longer than in tokamaks ( 1 km) due to a small pitch angle of the eld lines. In
these conditions, cross- eld transport cannot be neglected. A \stellarator 2-point model" has been
developed to account for the e ect of this strong cross- eld transport and more information on it can
be found in [66].

2.3 Plasma-neutral interactions in a detached divertor

While no simple models for fnom and feoo €xist, it is instructive to briey describe the main
microscopic processes (plasma-neutral interactions) that can result in power, momentum, and particle
losses in a detached divertor.

Particle (ion) sinks are due to the recombination of ions into neutrals. They are a counterpart to
ion sources, such as ionization, that transform neutrals into ions in the ionizing region of the divertor.
Volumetric particle sinks can play an important role in reducing the particle ux to the target and
are often associated with detachment. The ions that are not recombined via volume recombination
will hit that target, contributing to the particle ux, and depositing energy to the material via surface
recombination. Electron-ion recombination (EIR) is especially relevant in low-temperature (Te 1
eV) high-density conditions, due to the strong density dependence (/ ng), such as in Alcator C-
Mod [67] and JET [68], where it can even be a stronger particle sink than surface recombination [67].
More recently, the importance of molecularly activated recombination (MAR) [69] as a particle sink
has been recognized, especially in lower density conditions, with strong ba ing (see section 2.3.1) or
in divertors with long divertor legs. It has now been observed in linear devices [70] and tokamaks
such as TCV [71] and MAST-U [72], where it can dominate over EIR. The process is due to chain
reactions involving the creation of D; ions from molecules and peaks in e ciency for temperatures of
Te 0:5 2 eV, while still EIR dominates for T ¢ 0:2 0:3 eV in MAST-U conditions, depending
on the electron density [73] [74].

Momentum losses are often attributed to friction between the plasma and the neutrals. On
Alcator C-Mod, the pressure loss between upstream and target has been attributed to charge exchange
between the ions and the neutral atoms, which transforms a fast ion into a slow ion, with the associated
reduction in momentum [75]. On AUG [76] and MAST-U [77] simulations, instead, the main source
of friction has been attributed to elastic collisions between the ion and molecules. lon sinks can also
act as a form of momentum sink for the plasma.

Power Losses can be obtained upstream of the detached region through impurity and hydrogenic
line radiation, and they can account for most of the power entering the SOL. In the detached region,
while some of the power is still lost via line radiation, radial transport [78], ion-molecule collisions [77]
[79], and molecular activated dissociation (MAD) are often the dominating factors.

It is then clear how neutrals are fundamental to explaining the power and momentum losses in
the detached region of the plasma, allowing a further reduction of the temperature downstream of
the detachment front (where line radiation is not e cient) and a related reduction in the particle
ux reaching the target, whilst also enabling particle losses. In order to increase these losses, the
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interactions between the plasma and the neutrals must be maximized. This can be achieved with a
suitable design of the device to increase the retention of neutrals in the divertor region.

2.3.1 The role of baing

There are dierent ways to maximize the neutral pressure in the divertor region compared to
upstream, and in particular near the separatrix. For attached and partially detached conditions, the
ionizing plasma near the target will act as a form of ba ing itself. As the neutrals are released from the
target via desorption or prompt re ection, they quickly get ionized by the plasma and then follow the
eldlines back to the target. This can be explicitly promoted by using a \vertical target" con guration
in which the neutrals, mostly directed along the target surface normal vector, are directed toward the
separatrix intersection with the target. This geometry promotes localized ionization and plasma-
neutral interactions near the target. Instead, in horizontal target con gurations the neutrals are
directed toward the far SOL , where the ionization mean free paths are longer, and are able to escape
from the divertor region without being ionized. Vertical target con gurations have been shown to
achieve detachment more easily [80]. A schematic representation of the two types is given in gure2.2.

Figure 2.2: Schematic representation of a horizontal (left) and vertical (right) target. The neutrals , which
are released mostly in the direction of the surface normal vector (green) are released toward the far SOL in an
horizontal target, while in the vertical target they are directed toward the separatrix, the hottest region of the
SOL, and are ionized closer to the strike point.

This approach can be particularly powerful in high-density conditions, where the ionization mean
free path of the neutrals is small and they have little chance to cross the entire ionization region
without being ionized. In deeply detached conditions, once the ionization region has moved far o
the target, this solution breaks down and the neutrals can escape to the main chamber, cooling the
plasma edge. In these deeply detached conditions, the structures surrounding the divertor can play
an important role in the con nement of the neutrals. Designs that use the surrounding structures to
con ne the neutrals are often called \closed" or \ba ed" divertors, although there is a continuum of
possible levels of ba ing. An example of a more \open" outer divertor con guration is compared to a
more \closed" divertor on MAST-U in gure 2.3. The improved con nement of the neutrals leads to
more dissipation of power and momentum in both simulations [81] [82] [83] and experiment [57] [84]
and has prompted further studies on the role on ba ing in dedicated machines such as MAST-U with
its strongly ba ed divertor chamber, and TCV, in which di erently ba e structure can be easily
installed on the device to study their role [85]. The role of the physical structures in the ba ing of the
neutrals for reactor-class devices is a current area of study, given how the reduced mean free paths of
the neutrals may result in improved ba ing from the plasma itself, even in the absence of dedicated
structures.
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Figure 2.3: Magnetic reconstruction in the open divertor (red) and closed divertor (blue) of MAST-U discharge
# 50561. The presence of the ba e structure con ning the neutral near the target makes the blue geometry
more closed than the red one.

2.4 Alternative divertor con gurations

Alternative divertor con gurations are being studied as a form of risk mitigation in case the perfor-
mance of conventional divertor strategies does not prove su cient for reactors, either in the amount
of dissipation, sensitivity of the detachment front location, or compression of neutrals. This is of still
greater importance for compact machines, where the exhaust challenge is even harder. These con gu-
rations promise improved exhaust performance, albeit often at a cost of engineering complexity, such
as requiring additional poloidal eld coils.

Some of these divertor con gurations alter the magnetic geometry either by varying the length of
the divertor leg (poloidal, or parallel to the magnetic eld, or both) or by spreading the heat ux on
a larger surface, either in the poloidal plane via poloidal ux expansion or by increasing the toroidal
surface area via total ux expansion. Combinations of these features are also possible.

Starting from \short-legged" con gurations, the X-divertor is compared to a conventional divertor
in MAST-U in gure 2.4. By adding a secondary X-point outside of the vessel, the ux surfaces are

Figure 2.4: Emission pro les of hydrogenic Balmer alpha emission in the conventional divertor (left, #49373)
and X divertor (right,#49373). The separatrix is shown in dark blue, with additional ux surfaces in Cyan.

spread over a larger area in the poloidal plane. This spreading can be characterized by the poloidal
ux expansion f x , i.e. the increase in poloidal spacing perpendicular to the ux surfaces when the
surfaces reach the target (SP), compared to the midplane (MP). Conservation of the magnetic ux
through the surface implies

BoPRsp I sp=B Y Rwp I' wp (2.32)

with r denoting the distance between the ux surfaces in the poloidal plane. The expansion f yx ,
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generally obtained by reducing the poloidal eld near the target, is then de ned as [86]:

I sp BF’;/“DRMP
fx: =

= 2.33
r mp B5PRsp (2.33)

with the perpendicular heat ux reaching the tiles scalingas @ /f Xl , as the same heat is spread on a
larger surface in the poloidal plane. In addition to the geometric e ect of spreading the heat ux over a
larger surface, the additional volume of interaction with the neutrals can lead to additional volumetric
losses in power and momentum. The X-divertor has shown improved detachment access on DIlI-
D [87], while simulations predict a reduction in detachment front location sensitivity [88]. Di erences
are also sometimes drawn between cases in which the ux surfaces are being continuously expanded
towards the target (also referred to as \ ared") and cases in which the poloidal ux expansion is more
constant along the divertor leg.

In a similar approach, the Super-X divertor moves the strike point to a larger major radius. Ex-
amples of this divertor geometry are shown in gure 2.5, where the Super-X (SXD), and a more
intermediate geometry referred to as Elongated divertor (ED), are shown on MAST-U. This increases

Figure 2.5: Emission pro les of hydrogenic Balmer alpha emission in the elongated divertor (left, #48146)
and Super-X divertor (right, #48136). The separatrix is shown in dark blue, with additional ux surfaces in
Cyan.

the area of interaction with the target by increasing the ux tube cross- eld area, as already mentioned
in section 2.1, and is characterized by the total ux expansion fr:

— jBxptj RSP
jBspl  Rxy

R (2.34)

While poloidal ux expansion reduces @, but to leading order not g, total ux expansion must also
reduce g to conserve the power owing through the ux tube.

Typical f g values for the ED and the SXD are 1.7 and 2.3 on MAST-U, respectively. It is worth
noting the di erent conventions in the de nition of poloidal ux expansion and the total ux expansion,
where the former is compared to the midplane, while the latter is compared to the X-point.

Some of its bene ts are clear already from the 2-point model (e.g. equations 2.18, 2.19,2.20).
Further improvements can be obtained through the increase in plasma-neutral interactions in the
additional volume available. Total ux expansion is expected to be particularly useful on spherical
tokamaks, as the lower device major radius means that a larger total ux expansion can be achieved
for the same shift in target major radius. The SXD also shows a reduced sensitivity in the movement
of the detachment front to control parameters such as upstream density and impurity fraction [89], in
agreement with reduced models [90]. This strong improvement in the exhaust performance has been
veri ed experimentally, with a much lower detachment threshold and target heat uxes reduced by

18xand 7xinthe SXD and ED respectively on MAST-U [57]. Experimental studies on the physics
driving the improved performance of these con gurations on MAST-U using imaging diagnostics will
be presented in chapter 8. In less strongly ba ed conditions on TCV, instead, the bene ts of total
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ux expansion are weaker than predicted by the 2-point model [86]. Part of this performance has been
recovered by increasing the baing [91] [92], while some of the discrepancy has been attributed to
the presence of strong ows reducing the bene ts of total ux expansion [65], as mentioned in section
2.2.1.

Figure 2.6: Schematic representation of a single-null and a double null-divertor, typically used in tokamaks,
and an island divertor used in low-shear stellarators. Image adapted from [66].

Other divertor concepts vary the magnetic topology of the divertor eldlines through the inclusion
of additional X-points and thus spreading the heat ux over more strike points. The most basic
version of this is the \double-null" con guration, which includes an upper and a lower divertor. All
the preceding discussion on the divertor geometry can then be applied to each divertor independently.
In addition to spreading the heat ux over multiple strike-points, it has the advantage of splitting
most of the power between the two outer divertors, as most of the power crosses the separatrix in the
outer midplane. This is a particularly important aspect in spherical tokamaks as the inner targets are
subject to a greater amount of total ux compression compared to conventional aspect ratio machines,
due to the smaller target radius and higher magnetic eld than at the X-point, meaning the heat ux
is spread over a much smaller area.

Stellarators, instead, can use resonant magnetic perturbations with a speci ¢ Fourier spectrum to
induce a chain of magnetic islands around the core plasma. These result in multiple X-points, which
spiral around the core plasma as a function of toroidal coordinate. This can allow spreading the
heat ux over many strike points, which, combined with the very long connection lengths, low pitch
angle, and resulting high cross- eld transport, leads to a large area of interaction with the target and
reduced target heat loads [93] [94]. The neutral particle pumping performance is not as positive [95],
but could probably be improved with ba ed designs [96]. Schematic representations of a single-null,
double-null, and island divertor are shown in gure 2.6

Finally, some divertor concepts include additional X-points in the divertor region to improve the
exhaust performance, either by increasing convective cross- eld transport, dissipative volume, de-
tachment location sensitivity, or combinations thereof. One such example is the Snow ake divertor,
which substitutes the usual rst-order null of the poloidal eld with a second-order null. As an exact
snow ake is di cult to engineer, it can devolve into sno ake-plus and snow ake-minus con gurations,
in which 2 rst-order nulls are close together. In addition to spreading the heat ux over more strike
points, it is expected to broaden the cross- eld pro les via convection in the region a ected by the
two nulls due to the lack of the con ning stabilizing poloidal eld [97]. Experimental activation of all
4 strike points has been observed in TCV [98] and DIII-D [99], with improved exhaust performance,

!These con gurations are here considered the result of a variation in magnetic topology as the nal con guration is
not topologically equivalent to the original one, i.e. it cannot be obtained through a smooth deformation of the original
ux surfaces, for example, due to the inclusion of additional X-points. The distinction is limited to the ux surfaces
within the rst wall, as creating di erent levels of poloidal ux expansion may require the creation of additional X-points
outside the divertor chamber, but the plasma does not interact with them.
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albeit sometimes with a concurrent reduction in core con nement performance. Modeling suggests
improved exhaust performance on MAST-U as well [100], backed by experimental observations of all
strike points activating, but that still require further studies [101]. An example of a Sno ake-plus on
MAST-U is shown in gure 2.7

The X-point target divertor [102] adds an additional X-point near the target. This can strongly
increase the connection length, cross- eld transport, and volumetric dissipation. An example of an
experimental X-point target on MAST-U is shown in gure 2.7. It has shown greater dissipation and

Figure 2.7: Emission pro les of hydrogenic Balmer alpha emission in the Sno ake (left, #49468) and X-point-
target divertor (right, #49419). The separatrix is shown in dark blue, with additional ux surfaces in Cyan.

easier detachment access in modeling [103] [104], as well as reduced sensitivity of the detachment
front location [105]. Recent observations from TCV have experimentally shown these bene ts in the
absence of total ux expansion [106], while initial observations on MAST-U, where the bene ts of the
second null are combined with the bene ts of total ux expansion, are discussed in chapter 9.

2.5 High Fidelity modelling of the divertor

While reduced models, such as the 2-point model, can be very useful to build an intuitive un-
derstanding of the divertor behavior and capture the main physics, they are unable to fully account
for the large variety of processes at play in the SOL. In general, the divertor state will be driven
by the interaction of the plasma, the impurities, and the neutrals. A full description of the former
is already a complex multi-scale problem, having to account for small-scale turbulence, which drives
a signi cant fraction of the cross- eld transport, and the larger-scale uid evolution of the plasma.
Modeling of the impurity behavior su ers from the additional challenge of a large number of charge
states to describe. The latter is complicated by the large number of reactions that describe the in-
teraction between di erent types of neutrals and the plasma, as well as the neutrals with each other,
which increase massively in number once molecular interactions and impurities come into play. This is
further complicated by the neutrals not being con ned by the magnetic eld and thus their evolution
having a strong dependence on the geometry of the system.

High- delity numerical simulations can account for many of these processes and provide a self-
consistent solution for the divertor state. There is currently no single simulation tool that can account
for all the relevant processes with a realistic geometry and for all relevant timescales. Di erent codes
have been developed with di erent levels of approximation, dimensionality (1D, 2D, 3D), and compu-
tational cost to estimate di erent parameters. These range from gyrokinetic simulations [107], able to
estimate cross- eld transport due to turbulence on very short timescales and great computational ex-
pense, to one-dimensional uid codes for quick evaluations of the main parameters during explorations
of wide parameter spaces in divertor design [108].

One of the standard codes to obtain high- delity 2D solutions for the divertor state is SOLPS-
ITER [109]. It couples the codes B2.5 and EIRENE together. The former is a numerical solver for
the charged species, which are treated in the uid approximation, while the latter is a Monte-Carlo
kinetic solver for the neutrals. SOLPS-ITER has been used to design and predict the behaviour of
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the ITER divertor. It is also commonly used as an interpretive tool to aid in the understanding of the
role of di erent physics processes in experiments on current machines. While reasonable agreement
with experiment is often found, the code is not perfect. For example, it assumes toroidal symmetry
and thus cannot account for e ects such as discrete fuelling locations or non-axisymmetric features
that a ect the divertor in real experiments [110]. The treatment of the neutrals is also simpli ed,
for example, making assumptions on the vibrational distribution of molecules which are not always
valid [111] or incorrect rescaling of cross-sections involving di erent hydrogenic isotopes [74]. Another
limitation is the lack of predictions on the strength of the cross- eld transport of particles and energy,
which are treated through ad hoc e ective di usion coe cients often chosen to match the cross- eld
pro le width of the SOL in the midplane. Thus, validation of the SOLPS-ITER solution against
experimental data is important to better understand the limitations of the code, suggest the sources
of eventual discrepancies (and thus possible improvements), and increase con dence in the predictions
for future reactors. As an example, 2D pro les of electron density and temperature, two of the main
parameters describing the divertor state, from SOLPS-ITER simulations of a discharge in Super-X
divertor con guration on MAST-U are shown in gure 2.8. These realistic solutions can also be useful

Figure 2.8: SOLPS-ITER solutions for the 2D poloidal proles of n ¢ (m3 ) and Te (eV) in the MAST-U
Super-X divertor [78].

for synthetic testing and benchmarking of advanced diagnostic techniques, in order to better under-
stand their performance on cases in which the solution is known before applying them to experimental
data. This can be performed by creating synthetic diagnostic data based on the simulation and then
applying the analysis techniques to the synthetic data to validate their performance. This synthetic
testing has been performed for the coherence imaging diagnostic analysis developed in this work, and
it is described in section 5.3. A comparison of some reference interpretative simulations of MAST-U
discharges against the measurements performed in this work is instead presented in section 8.3.4.
Looking beyond SOLPS-ITER, development of codes which self-consistently account for turbulence
using simpli ed models is in progress [112], as well as 3D codes able to account for non toroidally
symmetric geometries. One example of the latter is EMC3-EIRENE [113], which is often used in
stellarators, albeit with other weaknesses such as the lack of plasma drifts in the uid equations.
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Imaging spectroscopy in the scrape-o
layer

Plasma diagnostics are required to measure the properties of the plasma in the scrape-o layer
and investigate their behaviour with varying upstream and divertor conditions. This can help in
understanding the main physics processes driving the divertor behaviour, and consequently the target
conditions, as well as act as a form of validation on current-day machines for the modeling tools that
are being used to design future reactors.

Traditionally, Langmuir probes and Infra-red (IR) cameras have been used to measure \target"
parameters. The former allows measuring particle uxes to the target [114], as well as electron densities
and temperatures in attached conditions, while the latter measures the heat ux reaching the target
and its spatial pro le [115]. Target measurements are valuable, but cannot give information on the
volumetric processes that can happen between the X-point and the divertor, such as power losses (e.g.
impurity radiation) and momentum losses, which can be particularly relevant during detachment (see
section 2.3).

Measurements of electron densities and temperatures can be obtained in the divertor volume using
Thomson scattering by measuring the characteristics of a laser which is partially scattered by the
plasma [116] [117]. While these measurements can be very accurate, some downsides of this technique
are the technical complexity and the fact that it only provides information at a small number of
discrete points in the divertor region, which are usually xed in space along the line of sight of the
laser. This usually means that the divertor leg geometry needs to be varied to obtain a complete 2D
pro le of the parameters along the leg [118]. While recently there have been developments of a 2D
Thomson scattering system which partially mitigates this requirement [119], such systems still su er
from technical complexity, low spatial resolution, and high costs.

Resistive bolometry and dispersive spectroscopy can also give spatial information throughout the
divertor volume. The former integrates the plasma emission over a large wavelength region and
measures the total power radiated by the plasma in that wavelength range [120], while the latter
gives wavelength-resolved information on the spectrum emitted by the plasma in narrow wavelength
regions. This spectral information can be a powerful tool to study the divertor state and the processes
happening within it. In particular, atomic emission from the plasma is only observed at discrete
wavelengths called \spectral lines", while molecular emission is often observed in continuous \spectral
bands". As the amount of emission from the dierent lines depends on the plasma parameters,
measuring this emission (and the ratio in the emission of di erent lines) can give information on the
plasma and impurity parameters. For example, it has been used to infer impurity concentrations [121]
and plasma ionization and recombination rates [71]. Furthermore, the plasma parameters will also
a ect the wavelength dependence of each spectral line (also known as \lineshape"), so tting the
measured spectrum with known parametric expressions as function of the plasma parameters allows
inferring quantities such as the electron density [122] [123] and the impurity ion temperature [124] [125].
More information on these kinds of inferences will be given in sections 3.1 and 3.2. As the plasma
is transparent to this radiation !, the measurements by these diagnostics are line-integrated over their

YIn high-density conditions, such as reactors, the plasma can become partially opaque to its own radiation. The
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lines of sight. In practice, these diagnostics usually measure along fans with a discrete number of lines
of sight ( 1-100) and provide 1D information on the variation of the measured parameters across the
di erent lines of sight. Multiple arrays with crossing views can then be employed to reconstruct some
information on the plasma state in 2D.

While these measurements can give some information on the divertor state, a full description
would require knowledge of all the plasma and neutral quantities pro les over the whole 3D space.
Even in the tokamak-relevant assumption of toroidal symmetry, a full description in the 2D poloidal
plane is required. Imaging techniques have proven valuable as simpler and less expensive systems
able to provide 2D information in the poloidal plane with high spatial and temporal resolution (
10° 10 7 pixels). In particular, imaging the plasma at multiple wavelengths allows the use of line-ratio
techniques, as previously done with spectroscopy in 1D, while coherence imaging spectroscopy allows
performing lineshape studies in 2D. The background theory and a survey of previous imaging studies
will be given next, while the new contributions developed in this work are discussed in chapters 5, 6,
and 7.

3.1 Plasma emissivity and line ratios

Interactions between the plasma and the neutrals, such as electron-impact excitation (EIE) and
electron-ion recombination (EIR), can create excited neutral atoms (or excited impurity ions). Their
spontaneous de-excitation leads to photon emission at speci ¢ wavelengths, related to the di erence in
energies of the excited and nal state. If local thermal equilibrium is assumed, the rate of emission due
to these di erent processes can be modeled using Collisional-Radiative models (CRM) [126]. These
0D models output e ective rates (PEC) for these processes as a function of the local plasma and
neutral parameters, such as electron temperature and density. In general, a large number of processes
can contribute to the emission, and assumptions must often be made, restricting the model to a few
dominant processes, to reduce the number of free parameters in the model and make it tractable.
For example, in a commonly used approximation, the emissivity of a spectral line emitted in the
de-excitation from state n to state g of excited hydrogen atoms created by EIE and EIR for an
in nitesimal volume of plasma, in the n 4+ = n¢ assumption, is then given by

am =nenoPEGS (Teine) +n 2PEGHY (Teine) (3.1)

with ng the atomic neutral density. Measuring the emissivity of the plasma thus contains implicit
information on the plasma parameters. This equation contains three unknowns and is not solvable
in general by itself. If the EIR emission is negligible, taking the ratio between two di erent lines
can remove the dependency on i As dierent lines can have stronger dependencies on gor ne,
combining measurements of two line ratios from the same species can allow inferring both parameters.
An example of this type of technique are \helium beam" diagnostics, which pu some helium gas in
the SOL and use line ratios of helium spectral lines to infer g and Te [127] [128]. More generally, a
set of di erent spectral line emissions can be measured simultaneously, and the resulting system of
eqguations can be used to infer the most likely parameters (accounting for experimental uncertainties),
exploiting the dierent n ¢ and Te dependencies of the PEC coe cients for di erent spectral lines.
Such an approach is described further in section 3.1.2.

This kind of approach has some limitations on both the experimental and the modeling side. For
the former, the main challenge is that the emission reaching the diagnostic is line-integrated across
an inhomogeneous plasma with varying density and temperature, while eq 3.1 refers to the local
emissivity. This means that either a way of reconstructing the local emissivity is needed, as described
in section 3.1.1, or assumptions need to be made on either the emission being strongly localized in a
region with constant parameters or the inferred plasma parameters being representative of emissivity-
weighed line-averaged values along the line of sight. For the latter, the main uncertainties come from
the OD nature of CRM modelling, which neglects the e ect of transport of excited atoms/ions to
regions with di erent parameters before its de-excitation, from uncertainties in the cross-sections and

e ects of this plasma opacity on the measured parameters are an active eld of study.
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processes used to obtain the PEC coe cients, and from the limitations on which processes are being
accounted for in equation 3.1. In particular, chains of reactions involving molecules have also been
shown to contribute to the observed hydrogenic line emission [71] and are not accounted for in eq.
3.1. This unknown contribution to the emission is discussed further in section 3.1.2.

3.1.1 Imaging diagnostics and tomographic inversions

Assuming toroidal symmetry and for a given set of 2D pro les of divertor parameters, a 2D pro le
of emissivity for a spectral line can be obtained using equation 3.1. Such a prole for the 5! 2
Balmer line (D ) is shown for the SOLPS simulation discussed in section 2.5 in gure 3.1.

Figure 3.1: 2D normalized emissivity prole of the Balmer 5 I 2 spectral line, based on SOLPS-ITER
solutions for the 2D poloidal pro les of ne, Te and ng in the MAST-U Super-X divertor [77]. Overlaid is an
example of a radial (orange) and tangential (black) line of sight for a camera pupil (cyan).

The measurement reaching the detector will be line-integrated along its line of sight. This is often
approximated as an in nitely thin ray moving in a straight line in 3D from the detector to a vessel
wall. An example of a radial line of sight, looking in a single poloidal plane of the device, and a
tangential line of sight, which appears curved when represented in the poloidal plane, are also shown
in gure 3.1. If the poloidal plane is discretized as a series of cells with constant parameters inside
them, the observed brightness pcan be obtained via numerical line integration by summing over the
product of the emissivity of cell j, j, and the length of the line of sight through that cell L;;

X
b= iLij (3.2)
i
By using a camera, a large amount of information about the emission pro le can be encoded in the
observed plasma image, as each pixel i will observe the divertor emission through a di erent line of
sight Lj, crossing each cell for a length k. The observed plasma image is then given by solving
equation 3.2 for each pixel. This can be expressed in matrix form in terms of a vector containing
the emissivity of each cell , the geometric matrix G with elements L;;, and the vector containing the
brightness observed by each pixel B

B=G (3.3)

The geometry matrix can be computed using standard tools [129] from a CAD model of the experiment
and a picture showing clear details of the machine, such as tile corners and ports. Such a camera
image based on the emission pro le in gure 3.1 and using the geometry matrix describing the view
of the MWI diagnostic (section 4.1.1) on MAST-U is shown in gure 3.2. Tomographic inversions on
tokamaks try to solve the inverse of this problem: determining the 2D emissivity pro le that leads to

a measured plasma image. As the number of pixels is generally much larger than the number of cells
in the 2D grid, this is an over-determined problem. It is then solved using numerical optimization
techniques, trying to nd the 2D pro le that best matches all of the pixels, with the SART algorithm
[130] being a common choice. Experimental reconstructions of the 2D pro les are not perfect and can
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Figure 3.2: Brightness image of the Balmer 5! 2 spectral line simulating the view of the MAST-U MWI
diagnostic (section 4.1.1) on the emissivity pro le in gure 3.1. A wireframe of the CAD model of the machine
is overlaid on the image in white.

sometimes be a ected by \inversion artefacts". Common artefacts are the spreading of some of the
emission in the region right in front of the camera (as it is observed by all the pixels) and errors in the
reconstructions near visible edges. Regions of the plasma not covered by a suitable mix of radial and
tangential lines of sight can also be di cult to reconstruct. An example of an experimental brightness
image and the resulting tomographic inversion using SART is shown as an example in gure 3.3.
Additional constraints are sometimes included in the inversion routines to minimize the presence of
these artefacts, such as penalizing solutions with emission far from the separatrix, including smoothing
terms, or removing parts of the grid where no emission is expected. Recent work has shown faster
inversions with comparable performance and fewer inversion artefacts using neural networks [131].

Figure 3.3: Experimental brightness image (left) and tomographic inversion obtained using the SART algo-
rithm (right) of D  camera in Super-X con guration. Typical inversion artefacts such as the emission just in
front of the camera and the spreading of the emission along some of the lines of sight are highlighted in green
and blue, respectively.

It is worth explicitly mentioning that nowhere in equation 3.3 is there an assumption of working
with a single camera, and the same framework can be trivially expanded to work with multiple cameras
by joining the brightness and line of sight information from the pixels in multiple cameras. This can
be useful when it is not possible to observe the entire divertor region with a single camera, such as in
MAST-U, and examples of this are further discussed in chapter 7. It is also worth mentioning that
the assumption of toroidal symmetry does not come into equation 3.3 either, and thus the problem
can, in principle, be extended to 3D emissivity grids as done for the bolometry system in the LHD
stellarator [132]. In practice, the number (and variation) in possible solutions to the problem when
using a single camera on a 3D grid is likely to become too large, thus either multiple cameras would
be needed with di erent enough views of the plasma, or alternative ways to determine the location of
the emission along the line of sight are needed as discussed further in chapter 6.

If re ections are accounted for in the model, the path of the ray may be followed even after
colliding with the wall and \bouncing o " multiple times. This e ect can be particularly relevant in
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metal machines, especially when the plasma emission is concentrated near the metallic walls [133], but
it is neglected in this work as both MAST-U and Wendelstein 7-X are carbon-walled experiments.

Plasma images and the corresponding poloidal emissivity reconstructions can be a useful standalone
tool to monitor the characteristics of the plasma. They have long been used for machine protection
[134] and more recently to track the movement of the emission \fronts", locations along the divertor
leg where the emission drops to certain fractions of its maximum. The locations of such fronts have
been used as a proxy of the detachment front location [73] and for its control in real-time [135] [136].
Additional qualitative and quantitative analysis can be performed by combining the information from
multiple spectral lines, and such applications are discussed next.

3.1.2 Multi spectral imaging

In order to gather 2D information on multiple spectral transitions, early designs used bandpass Iter
wheels to select the spectroscopic transition of interest and repeat discharges with the same nominal
parameters to collect measurements at multiple wavelengths [137]. Later designs allowed simultaneous
monitoring of the emission of multiple spectral lines, such as impurity and hydrogenic lines. Sharing
the same imaging optics between the cameras monitoring di erent lines is advantageous, as it ensures
similar views of the plasma for the di erent cameras, thus reducing di erences in the 2D reconstructions
due to di erences in view. This has been performed using either beam-splitter-based designs to split the
light between multiple cameras [138], each measuring the brightness of a speci ¢ spectral transition by
employing narrow-band bandpass lters, or using polychromator designs [139] [140]. Polychromator
imaging designs, based on similar set-ups for Thomson scattering diagnostics, allow greater light
throughput and a reduction in vignetting and aberrations, usually at greater diagnostic complexity.
More recent polychromator designs, operating on MAST-U and TCV, allow up to 11 distinct spectral
lines to be monitored at once [141] [142] [143]. Additional technical information on the MAST-U
implementation of the diagnostic is given in section 4.1.1.

From a set of 2D emissivity pro les, information on the plasma parameters can be obtained using
emissivity models such as equation 3.1. For example, the line ratio of helium spectral lines has
been used to obtain 2D maps of g and Te, similarly to previous spectroscopy studies. It has shown
good results in hotter plasma regions (T > 10 eV), while discrepancies with Thomson scattering are
observed at lower temperatures [144]. These measurements can be a ected by Heecombination,
not accounted for in that study, as well as the transport of metastable helium states [145], which can
be a hindrance to the measurements but also gives information on impurity transport. Moving to
the detached region of the divertor, another classic application is to look for evidence of volumetric
recombination in the line-ratio of a high n Balmer line and a lower n Balmer [146] [147], with commonly
used pairs being 5!2/3!2(D /D )and6!2/5!2 (D /D ). The emissivity can then be
combined with ne estimates for quantitative estimates of volumetric recombination rates due to EIR
in particle balance studies [67]. More recently, these Balmer emissivity measurements have been used
for quantitative estimates of electron density and temperature in the divertor during detachment [148]
[149].

Chains of reactions including molecules, such as those resulting in molecular activated recombina-
tion (MAR), can also produce excited hydrogen atoms and increase the observed emissivity compared
to the one predicted in equation 3.1. The importance of MAR in divertors has been theorized in the
past [69] and observed in linear devices [70], but only recently experimentally observed in a toka-
mak divertor [150]. In addition to the physics consequences of these additional particle sinks, brie y
described in section 2.3, this additional Balmer emission also risks a ecting the estimated plasma pa-
rameters using emissivity models that neglect it. This additional contribution to the emission mostly
a ects the low n Balmer lines, and it is challenging to distinguish from EIE-related emission using line
ratios, due to the similarly low line ratios between high and low n Balmer lines for both processes.
Furthermore, large uncertainties in the molecular density np, and in the modelling of the magnitude
of this emission through PEC coe cients complicate the simple extension of equation 3.1 with an-
other term describing this emission by a PEC coe cient related to the plasma parameters with known
dependencies. Thus, this contribution is often included in the emissivity models as an additional free
parameter to be inferred. In some cases, it has been used as an independent free parameter for each
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spectral line [151]. In other cases, a single free parameter has been used for the contribution to the
emissivity of the D line, while the contribution to higher n Balmer lines is obtained by rescaling this
free parameter (31> using ratios of PEC coe cients, thus less a ected by the modelling uncertainties
on the molecular density [152]:
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The addition of these free parameters can signi cantly complicate the inference, as the number of
parameter combinations leading to the observed brightness images is greatly increased. To address
this, additional diagnostic information can be included in the inference, such as partially constraining
the inferences using emission-weighted line-integrated electron density data from Stark broadening
(see section 3.2). More generally, Integrated Data Analysis (IDA) frameworks have been developed
to simultaneously account for the measurements of multiple diagnostics. Such a framework has been
used in the MAST-U divertor to infer 2D pro les of electron density, temperature, and neutral density
based on imaging data of multiple Balmer and helium lines, Thomson scattering, and Langmuir probe
data [153] [152]. This particular implementation does not perform a tomographic inversion to infer
the local emissivity of each line as a preliminary step, and instead directly models the camera images
from the 2D plasma parameter proles. Thus, it allows including physics constraints on the whole
divertor solution, such as a monotonically decreasing static plasma pressure along the separatrix. The
position of the Fulcher band emission front has also proven itself valuable as an alternative option in
constraining the allowed divertor solutions [73] and is discussed next.

3.1.3 The Fulcher band emission front

The Fulcher band emission, emitted in the de-excitation of electrically excited hydrogen molecules,
has been found to correlate well with the ionization region. In particular, the Fulcher \front", location
where the emission drops to 50% of the maximum along the separatrix, is routinely used on MAST-
U as a proxy for the location of the ionization \front", where the ionization rate drops by 50% [73].
This is due to a similar steep drop in ionization rate and in Fulcher band emission for temperatures
below 3 eV. Good agreement between the location of the Fulcher front and the 3 eV temperature front
has also been found in SOLPS-ITER simulations [78].

The position of the Fulcher front is useful in and of itself as a proxy for the detachment front
and has been used as such in studies on the e ect of magnetic geometry on the sensitivity of the
detachment front location [57], as well as to monitor the detachment state of the divertor [110] and
for real time control of the detachment front [136]. Examples of the 2D pro les of the Fulcher band
emissions for di erent depths of detachment in a Super-X divertor con guration are shown in gure
3.4

Figure 3.4: Fulcher band emission reconstructions close to the detachment onset (left) and in a more deeply
detached state (right).

Studying the structure of the emission within the band can also be used to infer the molecular
rotational temperature and vibrational distribution of the molecules [154]. Information on the former
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has been used as a proxy to measure power losses via ion-molecule collision [155], while information
on the latter is important for model validation, as deviations from Boltzmann distributions (often
assumed in modelling) can a ect the e ective MAR rates [111].

The strong correlation with the ionization region means that the Fulcher front position can be
used as a constraint on the contribution to the Balmer line emission due to EIE, which is also well
correlated to ionization and to the electron temperature pro le [73]. In practice, this has been included
in previous spectroscopy (1D) studies as a constraint on the allowed electron temperature solutions
as a function of the distance from the Fulcher front across the lines of sight [73]. This promotes
solutions with the Balmer emission upstream of the Fulcher front being dominantly attributed to EIE,
the dominant process at these higher temperatures, while the emission downstream of the front is
attributed to either MAR or EIR. The two can then be distinguished by the low line ratio between
high n and low n Balmer lines in the former and a high line ratio in the latter. Recent work has
obtained estimates of the 1D pro les of ionization and recombination in the divertor chamber using
only the line-integrated measurements of the Fulcher band emission, Dand D spectral lines obtained
via either dispersive spectroscopy or photodiodes [156]. Based on this success, a 3-camera multi-
wavelength imaging system targeting these same spectral regions has been developed for MAST-U
and is described further in chapter 7.

3.2 Spectral lineshape studies

Studying the detailed shape of a spectral transition using high-resolution spectrometers can also
be used to infer some of the plasma parameters in the location where the light was emitted.

If an atom or ion is moving with velocity v and the line of sight of the detector has a direction
described by the unit vector |, the measured frequency of the light will be shifted from its rest value
through the Doppler e ect. For non-relativistic velocities, this can be approximated as

v |
— = — 35
~= (35)
Thus, measuring shifts in the central wavelength of a spectral line can be used to infer the ow velocity
of the emitting neutral or ion. If the signal is line-integrated through a plasma, the spectrum will be
an emissivity-weighted integral of the spectra shifted by the local velocity of the plasma along the line
of sight and can be expressed in a form similar to equation 3.2

X
g() = ikigC+ ) (3.6)
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A typical assumption with dispersive spectroscopy studies in the divertor is that the emission is
strongly localized near the separatrix and thus the measured lineshape is characterized by a single
shift in central wavelength, representative of the ow velocity near the divertor separatrix.

In addition to the macroscopic ow velocity of the bulk plasma, the single atoms and ions making
up the plasma will always be characterized by a movement velocity on a microscopic level, which
will cause a frequency shift in the light emitted by the single emitters. If a Boltzmann distribution
function is assumed for the velocity distribution of the emitters, these Doppler shifts will average
to a symmetric broadening of the lineshape without a ecting the central wavelength. This Doppler
broadening is described by a gaussian shape as a function of the temperature of the emitters
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with T and m the temperature and mass of the emitting species, respectively. If Doppler broadening
completely dominates the shape of the spectrum, tting the measured spectrum with a single Gaussian
shape allows inferring the temperature and bulk ow velocity. This can be the case in hot plasma
conditions, such as in the core, where it has long been used for measurements of the ion temperature
and toroidal ow velocity using charge exchange recombination spectroscopy [157].
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In the SOL, where the temperatures are lower, additional broadening mechanisms can compete
with Doppler broadening and must be considered in the analysis. If the emitter is interacting with
a plasma, the energy levels of the atomic states can be perturbed by the presence of the electric
eld of the neighbouring free electrons and ions due to the Stark e ect, shifting the frequency of the
emitted light in turn. This causes a broadening of the observed shape referred to as Stark broadening.
The precise shape for a given plasma temperature and electron density is available in the literature
for the Balmer lines in the form of look-up tables. Some were obtained using the Model Micro eld
Method [158], while others were obtained using high- delity simulations that self-consistently account
for the Stark broadening and the Zeeman e ect [159]. These simulated lineshapes can then be tted
to obtain simple parametric shapes, as done in [123] for deuterium Balmer and Paschen spectral lines
with the following parametric expression

s C s !
6= ( o+ pniTe (38)

where a; b; c are coe cients tted depending on the Balmer spectral line of interest. The T, dependence
is usually small (e.g. for D a =0.6796, b = 0.03) and thus it is mostly an e ect related to the electron
density. The Stark broadened shape is di erent from the Doppler one. It has a slower decay in intensity
as a function of ( 0), leading to larger \wings" of the distribution, which help in distinguishing the
two mechanisms in conditions where neither can be neglected. For example, in the case of the MAST-
U divertor, Doppler broadening and Stark broadening can both signi cantly a ect the shape of the
Balmer lines and must be simultaneously accounted for when performing lineshape studies on these
spectral lines. The resulting lineshape in the presence of both e ects will be given by a convolution
of the two independent expressions
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The lineshapes for a purely Doppler broadened D line, a purely Stark broadened line, and a convo-
lution of the two are shown as an example in gure 3.5.

Figure 3.5: Example modeled spectra of a purely Doppler broadened (D) D line with a temperature of 1
eV, a purely Stark broadened (S) line with a density of 316° m?2 , and a convolution of the two (SD). Also
shown is the spectrum in the presence of a 0.7 T magnetic eld (SDZ) with a tangential view ( = 0), the
worst expected case for the MAST-U divertor chamber, and a case also including a 10 % contamination of the
protium H line (SDZH). All spectra are normalized to have unit area.

If a magnetic eld is present at the location of the emitter, it will perturb the energy levels of
the emitter through the Zeeman e ect. This will split each set of degenerate levels into multiple
levels, shifted by an energy proportional to the magnetic eld strength. Consequently, it will cause
the observed spectral line to be split into multiple spectral lines with a shifted central wavelength.
The intensity of the observed components will depend on the angle between the magnetic eld and
the line of sight of the detector . In the strong- eld approximation, the zeeman-split spectrum of a
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Balmer lineshape g( ) will be given by [160]

az()=1 g()+! g(+ )+l 9( ) (3.10)
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If the magnetic eld is small compared to the other broadening terms, the di erent lines will not be
distinguishable in the spectrum, and the e ect is a further broadening of the spectral line. An example
of a spectrum including Doppler broadening, Stark Broadening, and Zeeman splitting for MAST-U
relevant parameters is shown in gure 3.5. The Zeeman components will be polarized with respect to
the direction of the local magnetic eld, which is something that can a ect measurements in which
the polarization of the light matters, such as coherence imaging (see section 3.2.2). Zeeman splitting
is not a dominant term for the Balmer lineshapes in the MAST-U divertor due to the small magnetic
eld strength (B 0.3 T at the target in Super-X and 0.7 T at the divertor throat), but can be

signi cant in higher eld machines. As an example, an experimental spectrum of a G* C IlI triplet
spectral line, measured using the SOPRA high-resolution spectrometer [161] in the Wendelstein-7X
divertor (B 2:5T), is shown in gure 3.6.

Figure 3.6: Example C Il spectrum measured and t with the SOPRA high resolution spectrometer in W7-X.
The dark lines highlight the (), * (N) and (H) components of the Zeeman splitting.The emission is
inferred to be at the target (i.e. zero distance from the plasma-facing component along the line of sight, L = 0).
The contribution from an O Il oxygen line contaminating the spectrum is indicated.

The zeeman e ects lead to 19 total Zeeman components [162], which are calculated with the code
presented in [163] and available in the ADAS603 routines. In this case, the spectrum is dominated by
Doppler broadening and Zeeman splitting, while Stark broadening can be neglected [161]. Fitting the
spectrum allows estimating the C* impurity ion temperature and the magnetic eld, if the emission
is assumed to be localized along the line of sight. Contributions from a contaminant oxygen O Il line
are also sometimes found in the C Il spectrum and may need to be accounted for in the analysis.

Fitting spectral lineshapes can provide a large amount of information about the plasma, but it is
usually limited to line-integrated information along the line of sight. These lineshape studies can be
extended to give local information and 2D spatial pro les using coherence imaging spectroscopy.

3.2.1 Coherence Imaging Spectroscopy

Coherence imaging spectroscopy (CIS) is a diagnostic technique based on Fourier transform spec-
troscopy. It uses imaging interferometry to encode information on the coherence of the observed
spectral emission, which is related to the plasma parameters, onto a brightness image of the plasma.

One of the simplest and widely used designs consists of a birefringent crystal with its optic axis
angled at 45 degrees between two polarizers. The crystal will split the polarized light into two compo-
nents of equal magnitude, one polarized along the optic axis and one perpendicularly to it, and apply
an interferometric delay ; between them. These two components will then be collapsed together by
the second polarizer, with the resultant brightness depending on the interferometric delay. In order to
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obtain a variation in the brightness, thus creating a fringe pattern, the delay 1 must be varied. Early
designs used temporal multiplexing technigques to vary the interferometric delay with time ( 1(t)), and

the fringe pattern was extracted via Fourier transforms in the temporal domain [164]. Later designs
used spatial multiplexing techniques, where the interferometric delay varies across the sensok(X; y)),

to overlay a 2D interference pattern on the image [165]. This increases the time resolution, as no sweep
of the delay is needed, but reduces the spatial resolution as the encoded information is in the char-
acteristics of the fringe and not the single pixels. Some options to vary the delay spatially along the
sensor are to use a combination of a delay plate and a Savart Polariscope [166] or to use a displacer
plate. A schematic representation of a spatially multiplexed system and the resulting linear fringe
pattern on the sensor are shown in gure 3.7.

Figure 3.7: (Left) Schematic representation of a spatially multiplexed single-delay coherence imaging interfer-
ometric setup, with a retarder crystal (e.g. a displacer plate) between two polarizers. (Right) Resulting fringe
pattern on the sensor for a homogeneous light source.

Recent developments have exchanged the spatial variation in 1 and the last polarizer with a
polarized camera sensor using a pixelated phase mask with di erent polarizer orientations in front of
each pixel in a group [167]. This allows reconstructing the fringe information by sampling the fringe
pattern for all the di erent polarization states in a group simultaneously, increasing robustness and
spatial resolution of the diagnostic.

The fringe pattern for an interferometric delay o encodes information about the complex coherence

of the light . For a narrow-band spectrum ( 0), it is related to the area-normalized spectrum
of the spectral line g() by [166]
Z,
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where gis a rst-order approximation of the light dispersion through the crystals and can be measured
during the characterization of the instrument. Thus, is linked by a known relation to g( ), which
is in turn related to the plasma parameters via the Doppler shift and the spectral broadening e ects
discussed in section 3.2.

The experimental fringe pattern is characterized by the fringe contrast (, i.e how visible the
fringes are) and the fringe phase (, i.e. the location of the peaks and valleys of the fringes). The
former is mostly related to the line-broadening e ects, while he latter is related to shifts in the central
wavelength of the line and asymmetry in the lineshape. Both can be aected by the presence of
multiplet structures in the spectral line. These quantities can be extracted from the experimental
image using standard Fourier techniques [160], and they are related to by

( 0= o) ( o)=arg ( o) (3.13)

A classic application of the CIS technique has been to measure impurity ion ows based on the Doppler

shift of the C IIl spectral line, and the related shift in the position of the fringes, in carbon-walled

machines. Compared to the rest phase that is measured at the unshifted central wavelength, the

measured phase shift is related to the Doppler shift, and thus to the velocity, by [166]
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It has been used to measure 2D images of line-integrated ows in MAST [166], Wendelstein 7-X [168]

[169], and DIII-D [170] [171]. In tomamaks, these line-integrated measurements can be inverted in the
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assumption of toroidal symmetry and negligible cross- eld transport to obtain 2D pro les of parallel
velocity in the poloidal plane [166] [170]. Due to the linear relation between the measured phase and
the velocity, the inversion can be performed quickly and robustly with the same SART algorithm used
in the emissivity inversions (section 3.1.1).

Another application is the measurement of impurity ion temperatures, when Doppler broadening is
assumed to dominate the spectral broadening. In this case, the contrast is related to the temperature
via [172].

p( 0)= 1exp ﬁ 55 (3.15)
where | is the instrumental contrast, a calibration parameter which accounts for imperfections in the
design and the optics, somewhat analogous to the instrumental broadening in a dispersive spectrom-
eter. ClS-based charge exchange recombination spectroscopy systems have been used to obtain 2D
maps of core impurity ion temperature in TEXTOR [173] and W7-X [174].

In the case of Stark broadening, only the simple Lorentzian approximation allows an analytical
solution connecting the contrast to the density. For the more accurate models, equation 3.12 is solved
numerically [160]. A CIS system has been used to infer the electron density on the linear device Pilot-
PSI in high-density conditions, with Stark broadening dominating over the Doppler broadening [175].

For Zeeman splitting, equation 3.11 needs to be modied to account for the polarizer in front of
the CIS cell selecting a particular light polarization through the additional dependence on the angle
between the front polarizer and the projection of the magnetic eld along the direction of the front

polarizer o [160]
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The contrast due to Zeeman splitting for a singlet Balmer line then becomes [160]
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More in general, the e ect of multiplet structures and Zeeman splitting on can be accounted for
simultaneously as [176]
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with A and . the relative strength and the wavelength of all the components of the Zeeman-split
multiplet.

In the SOL, multiple broadening mechanisms can have signi cant e ects on the lineshape, each of
them a ecting the contrast. If the total lineshape is given by the convolution of multiple independent
lineshapes, the resulting contrast will be given by the product of the contrasts of the single lineshape
e ects [160]. For example, if Stark broadening, Doppler broadening, and Zeeman splitting are all
signi cant, then

spz( 0)= s( o) o( o) z( o) (3.20)

In such cases, a contrast measurement at a single delay may be insu cient to determine the plasma
state, as there may be multiple parameter combinations leading to the same contrast. This can be
mitigated by including information from other diagnostics, such as taking the information on the
Zeeman splitting from dispersive spectroscopy [162]. Alternatively, the fringe parameters can be
measured at multiple delay values to disentangle the di erent broadening e ects.
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3.2.2 Multi-delay Coherence Imaging Spectroscopy

Measurements of phase and contrast at multiple interferometric delays can allow the study of more
complex lineshapes, such as in the presence of multiple neutral components or competing broadening
mechanisms. This can be performed by using a single delay instrument and taking repeated measure-
ments with di erent crystal thicknesses [177], or by using more complex optical designs which overlay
multiple fringe patterns on the same plasma image [178].

Figure 3.8: (Top) Multi-delay pixelated CIS system in operation at Wendelstein 7-X with corresponding
fringe pattern for a homogeneous light source. (Bottom) MAST-U multi-delay pixelated CIS system with
corresponding fringe pattern for a homogeneous light source. In both cases, the interferometer cell is made up of
a polariser, two retarding crystals (displacer plate and waveplate), a quarter-wave plate, and a polarized camera
sensor. The MAST-U system removes the polarizers, increasing light throughput, at the cost of measuring at
only 3 delays instead of four.

The resolution advantages of a single-delay system with a pixelated phase mask and the addi-
tional spectral information from a multi-delay system can be combined using a multi-delay system
with a pixelated phase masks [167]. Such a system will simultaneously overlay a pixelated fringe pat-
tern on the image, with the increased spatial resolution, and also some non-pixelated fringe patterns
which carry additional spectral information with a lower spatial resolution. The characteristics of
the di erent fringe patterns can be separated in Fourier space, using standard Fourier demodulation
techniques [167]. Schematic representations of the original design of this type [167], also in operation
at Wendelstein 7-X, which encodes information at 4 di erent interferometric delays, is shown in gure
3.8. Also shown is the version of the diagnostic in operation at MAST-U, which encodes information
at three interferometric delays but increases the light throughput by = 2 by removing the polarizer
between the two birefringent crystals [179]. If the rst birefringent crystal imparts a delay 1 and the
second retarder a delay », then the W7-X and MAST-U system will overlay fringe patterns at the
delays (2, 2+ 1, 2- 1, 1)and ( 2, 2+ 1, 2- 1) respectively.

These multi-delay CIS systems have been used to simultaneously infer electron densities and neutral
temperatures on the Magnum-PSI linear device, by distinguishing between the Stark broadening and
the Doppler broadening of Balmer lines [167], as well as to infer ion temperatures in the island divertor
of Wendelstein 7-X in the presence of signi cant Zeeman splitting [176]. In chapter 5, the rsttechnique
will be extended to a tokamak for the rst time, where a non-linear inversion analysis is described to
infer 2D pro les of electron density and neutral temperatures in the MAST-U divertor. This analysis
is then used to study the evolution of the 2D divertor electron density pro les during detachment
and for di erent divertor geometries in MAST-U in chapter 8. The second technique is extended in
chapter 6, where a Bayesian version of the inference is developed to try and simultaneously infer the
ion temperature and the location of the CllI emission based on the e ect of Zeeaman splitting on the
lineshape in Wendelstein 7-X. The expected performance of the analysis in the C Il localization is
studied in detail, and preliminary results on the evolution of the C Ill emission location in di erent
island divertor geometries are discussed.



Chapter 4

Experimental setup and diagnostics

Specialized experimental devices are needed to study the complex behavior of the plasma and test
the numerical modeling tools that are being used to design reactors. During the early days of fusion
research, many concepts were initially tested on small machines. As the eld developed, building larger
and more powerful intermediate machines became necessary to study more reactor-relevant conditions
and to develop empirical scaling laws based on the machine and plasma parameters, which are then
used for reactor designs. In addition to the development of more reactor-relevant experiments, such as
ITER, medium-sized machines are used to address speci ¢ physics issues that are relevant to reactors.
This allows parallel development in the physics understanding on specialized (and cheaper) machines,
compared to every device being engineered to address every problem at once.

The studies in this work have been performed on MAST Upgrade and Wendelstein 7-X. The former
is a medium-sized spherical tokamak with signi cant shaping exibility, aiming to study the improved
performance of spherical tokamaks compared to conventional tokamaks and how to address the issues
speci ¢ to this class of designs. The latter is the largest stellarator operational, built to prove the
improved performance of optimized stellarators and address stellarator-speci ¢ issues, such as the
performance of the island divertor. It can operate with di erent divertor island geometries, allowing
studies on the e ects of the island size and number. Brief descriptions of their capabilities and some
details on the relevant diagnostics are given in the following sections.

4.1 MAST Upgrade

Building on the improved performance of the smaller spherical tokamak START [180], reaching
record high s compared to conventional tokamaks, MAST [181] (Mega Ampere Spherical Tokamak)
and NSTX [182] were carbon-walled spherical tokamaks built with comparable cross-section area to
other medium-sized (conventional) tokamaks. After a decade of research in di erent areas, such as
turbulence, fast particles, and exhaust [183], MAST has undergone a signi cant campaign of upgrades,
leading to the MAST Upgrade [184] tokamak becoming operational in 2020 in the Culham Science
Campus (UK). One of the major improvements is the addition of 17 poloidal eld coils, allowing
complex divertor plasma shaping. In addition to the new strongly baed divertor chambers for
the upper and lower divertors, these coils allow detailed studies on the role of magnetic geometry
and topology on the divertor performance. They allow placing the outer divertor strike point in
a continuum of locations from the main chamber (\Tile 2") to regions at large strike point radius
(\Tile 5") to study experimentally the bene ts of total ux expansion. Di erent levels of poloidal
ux expansion for the same strike point radius can also be studied, as well as con gurations with
additional X-points. Some of the expected bene ts of these con gurations and the strong ba ing
have been described in sections 2.4 and 2.3.1, respectively, where experimental poloidal cross-sections
of these con gurations on MAST-U are also shown. The cross sections of the original MAST and of
MAST-U are compared in gure 4.1, where the naming convention for the MAST-U divertor tiles is
also visible

Compared to its predecessor, the maximum toroidal eld has been increased (0.58 T!0.92 T), the
ux swing of the central solenoid increased to allow for longer pulses (1 s ! 5 s), the maximum plasma
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Figure 4.1. Cross-section of the original MAST (left) and technical drawing of MAST-Upgrade, with one of
the ba ed divertor chambers circled in red (right). Images adapted from [181] and [184].

current is increased (1 MA ! 2 MA) and one of the neutral beam injectors has been moved from
on-axis to o -axis to study the e ect of injection location on stability and fast particle redistribution.
Additional upgrades are in progress, including the installation of divertor cryopumps, a doubling of
the neutral beam injectors (NBI) beam power (5 MW ! 10 MW), and the installation of a new
microwave heating scheme based on Electron Bernstein Waves, with increased current drive e ciency
compared to traditional electron cyclotron resonance heating (ECRH) schemes.

Since the rst campaign, the strong improvement of the Super-X divertor over the conventional
divertor has been shown in MAST-U Ohmic [72] and beam heated [185] [57] L-mode discharges, in
good agreement with interpretative modelling [78]. Recent results have also focused on the suppression
of edge localized modes (ELMs), fast particles instabilities, high scenarios, and have shown hotter
pedestal temperatures than achievable in MAST [34].

The exhaust studies on MAST-U are enabled by an extensive suite of diagnostics. These include
operational diagnostics such as the magnetic coils used with the EFIT code for the magnetic re-
constructions [186], a core interferometer for line-integrated density measurements [187], and a core
Thomson scattering system [188] which can be used for estimates of core densities and temperatures.
Exhaust speci ¢ diagnostics include Langmuir probes [189] and IR cameras [190] covering all four
strike points, and a divertor Thomson scattering system for measurements along the last part of the
divertor leg in Super-X con guration in the lower divertor [191]. 3 spectrometers are available in
the lower divertor, with lines of sight spanning the divertor chamber, as well as an array of resistive
bolometers [192]. Imaging diagnostics are also available in the form of the Multi-wavelength imaging
diagnostic, described in detail in section 4.1.1, and an imaging bolometer (IRVB) [193] covering the
lower half of the main chamber, albeit with a limited view of the divertor chamber. The exhaust
diagnostic coverage is most focused on the lower divertor chamber and the coverage of the di erent
diagnostics is summarized in gure 4.2.

While the lower divertor chamber can be studied in great detail, the region between the X-point
and the divertor chamber entrance, and the inner target are less characterized. To extend exhaust
studies to this region, a smaller 3-camera multi-wavelength imaging diagnostic has been designed and
installed as part of this work, complementing the IRVB bolometry coverage of the region. Based on
the success of this system, another similar system has been installed in the upper divertor chamber,
where previously no imaging diagnostic was available. The design of these systems is brie y described
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Figure 4.2: Summary of diagnostic coverage in the lower divertor, includes Langmuir probes (LP), Infrared
cameras (IR), divertor Thomson scattering (TS), the Divertor Monitoring Spectrometer (DMS), and the Multi-
wavelength imaging diagnostic (MWI). The Coherence imaging diagnostic shares the view with the MWI.

in chapter 7, while initial results are discussed in section 7.2.

4.1.1 The Multi-Wavelength-Imaging diagnostic

The Multi-wavelength imaging (MWI) [143] diagnostic is a polychromator-based diagnostic, based
on previous 4-channel and 10-channel designs at Alcator C-Mod [139] [140] and TCV [141] [142]
respectively. It is able to image the plasma at 11 distinct wavelengths, all sharing the same view. The
front optics of the diagnostic look directly through a divertor port in the MAST-U lower divertor and
create an intermediate plasma image at the entrance of the polychromator. The rst ten channels are
identically made up of an imaging lens, a narrow-band bandpass lter selecting the spectral transition
of interest, a camera lens, and a camera. The bandpass lters, placed in the collimated light region
between the imaging lens and the camera lens, let only the selected ( 1 nm) spectral region through
to the camera. The rest of the light is re ected back through the imaging lens, which creates another
image on the other side of the polychromator (where a set of mirrors is placed between the di erent
channels) ready to be imaged by the following channel. The standard lIter set includes Balmer lines
(D ;D ;D ;D ;D ), Helium lines (728 nm, 668 nm, 502 nm), the 465 nm C IlI line, and (part of)
the Fulcher band (595-605 nm). The 11th channel has a multi-delay coherence imaging diagnostic
installed [179], sharing the view with the other channels. It was designed for either measurements
of C?* impurity ion velocities and temperatures [179], similarly to the W7-X system [176], or for
electron density measurements, continuing the work started on Magnum PSI [167]. The two types of
measurements can be alternated by changing the bandpass lIter, usually between the C 111(465 nm)
and D lines. 50:50 beam splitters have been added just after the bandpass lter to the D and ClII
channels during the installation of the CIS system to enable operation of both the conventional and
CIS channels independently [179]. This diagnostic setup is shown in gure 4.3.

Compared to beam-splitter (or dichroic Iter) based designs, the polychromator allows for many
more spectral transitions to be imaged at once with improved throughput and without excessive
image degradation by reducing aberrations. Even still, the system is not perfect, and the image
quality becomes worse for the later channels. This can be partially compensated for by increasing
the f-number of the camera lenses for later channels, at the cost of a reduced throughput. Building
on the good results obtained in the 2nd and 3rd MAST-U campaigns (MU-02, MU-03), in the fourth
campaign (MU-04) the multi-delay CIS system has been moved to the rst MWI channel to benet
from increased throughput and framerate ( 30-50 Hz ! 100-150 Hz) and operated with the D lter
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