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Abstract

In the field of nuclear fusion research plasma diagnostics are vital. They provide
measurements of key plasma properties and are used to assess the performance of
experiments and inform theoretical models. Thomson scattering uses high power
monochromatic laser light that is injected into the plasma. Based on the wavelength
of the light collected from the plasma, electron density and temperature values
can be obtained at very high spatial resolution using bespoke spectrometers. The
temporal resolution is determined by the repetition rate of the laser used. Thomson
systems can consist of multiple spectrometers and lasers to improve the spatial and
temporal resolution in order to measure certain physical phenomena.

In the current generation of tokamaks the power loading in the exhaust is
unsustainable for future tokamaks operating to produce power. To study this the
Mega-Ampere Spherical Tokamak-Upgrade (MAST-U) has installed a "Super-X”
divertor configuration to test a solution to the exhaust problem. A low tempera-
ture Thomson scattering system has been installed in the lower Super-X divertor.
This system produces electron density and temperature profiles in this region of
the plasma which has shown typical electron density and temperature values in the
Super-X divertor to be ~ 1x 10 m~2 and ~1 eV respectively. Despite operating in
attached and detached conditions at a range of plasma current and fuelling levels,
the electron temperatures showed little variation on the order of a few electron-
volts. This data enabled study of the electron parameters during the detachment
process to assess the performance of the Super-X divertor as an exhaust solution.
It is shown that the divertor Thomson system is capable of diagnosing a rollover
in the electron density measured in the Super-X chamber. These measurements
showed good agreement with the ion saturation current measurements from Lang-

muir probes near the divertor strike point. While observing the rollover it was also

il



shown that there was little effect of the electron properties in the midplane SOL
when the Super-X divertor entered a detached state. Comparisons to other diver-
tor diagnostics such as various spectroscopy systems are presented in this thesis
and compare favourably. Higher power experiments will be run in the future to
see how the Super-X divertor will scale for the power loading levels in the next
generation of tokamaks. The results presented in this thesis show that the effect
on the electron population in the MAST-U core and divertor is promising for these

future experiments.
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Chapter 1

Introduction

This chapter provides a background to the underlying theory and techniques rele-
vant to the work carried out in support of this thesis. Section 1.2 covers the use of
nuclear fusion and its fuels as a potential energy source and its use in magnetically
and inertially confined fusion experiments. Section 1.3 introduces the tokamak
and the reasons behind its development into the primary device for magnetically
confined fusion research.

Section 1.4 introduces the MAST-U tokamak and its development based on
previous incarnations of spherical tokamak into the United Kingdoms flagship fu-
sion experiment in 2023. Section 1.5 details the basic concept of the scrape-off layer
and its importance to current magnetically confined fusion research. Section 1.6
outlines the function of a divertor and its role in future fusion devices. The Super-X
divertor and the principles that have led to its study in relation to the conventional
divertor configuration are also discussed.

Section 1.7 gives a summary of divertor detachment and the physical processes
that govern it as a potential solution to the exhaust problem for the future genera-
tion of tokamaks. Section 1.8 gives a summary of Thomson scattering and its place
in current magnetically confined fusion research, particularly the development of
low temperature Thomson scattering systems for MAST-U.

Section 1.9 provides an overview to some of the diagnostics that are used to
assess the performance of MAST-U and analyse some of the experiments that were
carried out during the work of this thesis, as discussed in Chapter 5. Section 1.1

gives a summary of the subsequent chapters of this thesis.



1.1 Thesis Outline

This thesis consists of six chapters. Chapter 1 outlines the key topics and techniques
relevant to the work carried out in support of this thesis. Chapter 2 presents a
review of the basic physics that govern a plasma, including the properties of plasma
that permit the scattering of electromagnetic radiation, particularly Thomson scat-
tering. A review of the Thomson scattering spectrum and its relevance to the work
carried out on MAST-U, with a particular focus on the low electron tempera-
ture region of the scattering spectrum, is also discussed in Chapter 2. Chapter 3
introduces the MAST-U divertor Thomson scattering system where the optical
and electrical setup is detailed as well as the procedure carried out to generate
electron density and temperature values from the scattered signals measured by
the diagnostic. Chapter 4 covers calibration of the MAST-U divertor Thomson
scattering system. The calibration procedures for each of the MAST-U Thomson
polychromators is described. Work carried out to optically align the system and
absolutely calibrate the system via rotational Raman scattering is also discussed in
this section. Chapter 5 presents the main body of results obtained from Super-X
divertor experiments on the MAST-U tokamak and compares the electron density
and temperature measurements to observations made on other tokamaks during
detachment experiments and other diagnostic systems operating during the same
MAST-U plasmas. Conclusions on the research presented in Chapters 3-5 and sug-
gestions for future work based on the results presented in this thesis are outlined

in Chapter 6.

1.2 Nuclear Fusion

Since the middle of the 20th century nuclear fusion has been viewed as a potential
energy source. Many in the energy sector earmarked fusion as a power source with
essentially limitless capacity, but more importantly in the immediate future, one
that produces minimal COs. For this reason fusion has long been viewed at as
the natural successor to fossil fuels as the main energy source for large scale power
networks.

While the degree of nuclear waste produced by nuclear fusion reactors is a



debated topic, it is accepted that they will produce significantly less nuclear waste
than fission alternatives. A viable fusion reactor will almost certainly utilise one

of the following reactions involving Deuterium (D) and Tritium (T) [1]:

*D + 3T — 3He + {n + 17.6 MeV
iD + D — 3He + jn + 3.27MeV
D + 2D — 3T + {H + 4.03MeV

The cross sections for these reactions can be seen in Figure 1.1. The cross
section for each of the D-D reactions is similar and as a result the curve for the
D-D reaction is the sum of the two. It can be seen that the D-T reaction not only
has the largest cross section but it also occurs at the lowest energy, making it the

most viable.
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Figure 1.1: Fusion cross sections [2]

In terms of public research there are generally two streams which are working
towards the energies needed to utilise one of these reactions. One is inertial con-

finement where small pellets of a D-T fuel mix are heated with very high energy
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laser pulses to initiate the reaction. The other method is magnetically confined
fusion where a gas in a vacuum chamber is heated to extremely high temperatures
where it transitions to a plasma. At this point the plasma can be controlled with
magnetic fields to keep the plasma from touching the walls and cooling. While
there are a number of different devices capable of confining a high temperature
plasma, historically research has focused around a device called a tokamak. There
are a number of different types of tokamak but the work in this thesis will focus

on specific areas of one particular type of tokamak, the spherical tokamak.

1.3 Tokamaks

The term Tokamak is a Russian acronym from the phrase "toroidal’naja kam-
era s magnitnymi katushkami” which roughly translates to "toroidal chamber in
magnetic coils”. Originating in Russia, the tokamak was shown to generate much
higher plasma temperatures than had been achieved in the rest of the world by the
late 1960s [3]. Since then the tokamak has largely been the plasma confinement
device of choice for large scale experimental fusion research. There are a number
of different tokamaks around the world with each device generally specialising in
a certain area of fusion research as part of the global pursuit of power generation
from nuclear fusion. A basic representation of a tokamak can be seen in Figure 1.2.

The tokamak and its toroidal shape allow the plasma to wrap around allowing
additional coils to be positioned closer to the plasma to improve the radial confine-
ment. However these coils alone are not enough to confine the plasma to achieve
fusion relevant conditions. The plasma acts as the secondary coil of a transformer
with the poloidal field coils being the primary loop. This field adds a twist to the
magnetic field lines to help the confinement but it also provides ohmic heating to
the plasma due to its inherent resistance. Even though the plasma produces its
own poloidal field, additional coils are required to stop the plasma from drifting
outwards radially. This is to be avoided as any contact with the walls will cause
a dramatic loss in the energy stored in the plasma and can even cause the plasma
to dissipate. As a result there has been decades of research into plasma surface

interactions as part of the various fusion experiments around the world.
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Figure 1.2: A basic representation of the coils on a tokamak, image courtesy of EURO-

fusion

1.4 MAST-U

The spherical tokamak (ST) is a variation of the ’conventional’ tokamak that is
closer to spherical than the toroidal shape of conventional tokamaks. Spherical
tokamaks are defined by their small aspect ratio, the ratio between the major, R,
and minor radius, r. The first spherical tokamak, START, was built at Culham
in 1990 and operated until 1998 when it was retired to build a more sophisticated
experiment, MAST which operated from 1999 to 2013. Over the course of its
operation MAST conducted 30,471 experiments and was a resounding success,
consolidating the promise shown by START that the spherical tokamak was a
worthwhile area of research for fusion power generation. As a result a £45m
upgrade of MAST commenced in 2013 and first plasma was achieved on MAST-U
in October 2020. Despite it only being an upgrade by name, MAST-U is effectively
a new tokamak with nearly every major component apart from the vacuum vessel

being replaced. A comparison of the engineering parameters for MAST and MAST-



U can be seen in Table 1.1

Parameter MAST | MAST-U
Major radius (m) 0.85 0.85
Minor radius (m) 0.65 0.65
Plasma current (MA) 1.3 2.0
Magnetic field at R =0.85m (T) | 0.52 0.75
Total NBI power (MW) 3.8 5.0
On-axis NBI power (MW) 3.8 2.5
Off-axis NBI power (MW) 0.0 2.5
Pulse length (s) 0.6 5.0

Table 1.1: Comparison of engineering parameters for MAST and MAST-U taken from MAST-U research
plan [4]

MAST-U is located at the CCFE in Oxford, England. It features a large
suite of diagnostics that measure a wide variety of physical phenomena all over the
tokamak. One of the goals of the upgrade was to implement a novel "Super-X”
divertor configuration which was built to further study the area of divertor physics.
MAST-U completed its first physics campaign in 2021. One of the goals of these
experiments was to characterise the Super-X divertor and study the mechanisms
behind the detachment process. This divertor study is part of a campaign of
research being undertaken around the world in the run up to ITER which is a next
generation tokamak being built in the south of France which is currently predicted

be begin plasma operations in the early part of the 2030s.
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Figure 1.3: A cross section of the new MAST-U vessel [5]

1.5 Scrape-off Layer

The scrape-off layer (SOL) is an area of open magnetic field lines created by cross-
field transport. It is a heavily studied area of the tokamak as the field lines extend
out onto the plasma facing components. If the generation of the SOL is considered

as purely a diffusive process the radial width is given by:

Asor = DiL\"? (1.5.1)
Cs

where D, is the radial diffusion coefficient, L; is half the distance along an

open field line between two surfaces intersecting the plasma and C; is the plasma
sound speed given by Cy = (275 /me)l/ > where T, and m, are the temperature
and mass of the electron respectively. Typical values on MAST-U are a couple of
centimetres.

While the SOL width is not a quantity that is directly controlled during toka-
mak operation it still needs to be considered as its width has a big impact on the
heat and particle fluxes seen by the plasma facing components. For the purposes
of this calculation it is assumed that the difference in electron and ion tempera-
ture is negligible. Given the typical electron and ion temperatures in the SOL in

comparison to those in the plasma core this is a reasonable approximation.



1.6 Divertors

The divertor is an area found at the poloidal limits of a tokamak in the scrape-off
layer, as seen in Figure 1.4. While the geometry of a divertor will vary with each
device, most tokamaks operating in the present day have some form of divertor
configuration. In practice, a divertor consists of a number of dedicated coils that
manipulate the poloidal magnetic field away from the core of the plasma on to a
dedicated surface, known as the strike point, which is chosen to handle large heat
and particle fluxes. These additional coils create a "null” in the poloidal magnetic
field and a region of open field lines extending outwards radially. The magnetic
null is often referred to as the X-point due to the shape it makes on a magnetic
equilibrium. The last closed flux surface is sometimes referred to as the separatrix
due to the transition between open and closed field lines and can be seen as the
thick blue line in Figure 1.5.

Despite causing a drop in plasma temperature and confinement conditions,
plasma surfaces and the reaction between the plasma and plasma facing compo-
nents is a key area of fusion research. In current generation tokamaks most of this
is focused towards the divertor. Heat flux levels observed in conventional divertor
devices are unsuitable for next generation devices based on the current 10 MWm 2
material limit. Advanced divertor concepts such as the Snowflake [6] and Super-
X [7] are being investigated as methods of reducing the heat flux experienced at
the divertor strike point. The MAST-U divertor is capable of both Super-X and
Snowflake geometries as well of variations of these concepts to alter the magnetic
flux expansion reaching the target. The aim of the research into these configura-
tions is to deliver a successful power loading solution that will enable future devices
such as ITER [8] and STEP [9] to operate with viable plasma facing component
lifetimes.

Operating a tokamak with a divertor configuration has shown to have a num-
ber of benefits by trapping neutral species away from the plasma and subsequent
removal of species contaminating the confinement of the core plasma. These play a
key role in the transition to the high confinement (H-mode) operating regime [10].
Divertors also facilitate a process called detachment, as described in Section 1.7,

where the power and particle flux delivered to plasma facing components is signif-
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Figure 1.4: A cut through of a tokamak showing the divertor and edge regions, image

courtesy of EFDA-JET

icantly reduced. The Super-X divertor [7] on MAST-U and a comparison to the
conventional divertor configuration can be seen in Figure 1.5.

The dedicated divertor coils increase the connection length of the magnetic
field lines to the divertor and increase the magnetic flux expansion to an area
of increased radius and lower magnetic field. By increasing the magnetic flux
expansion the wetted area on the divertor tiles is increased, which reduces the heat
and particle fluxes to the surface. In addition to magnetic coils the divertor is
baffled which helps trap neutral particles [11] which can escape out of the divertor
and move back upstream to the core. This will further reduce the temperature
at the target due to plasma-neutral interactions. It has also shown to reduce the
power threshold required to enter H-mode, even when operating in a conventional
divertor.

To measure the properties of the plasma in the Super-X chamber a number
of diagnostics have been installed. Some of these include Langmuir probes [12],
infrared thermography [13], multi-wavelength imaging [14], emission spectroscopy

[15] and a divertor Thomson scattering system [16, 17].
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Figure 1.5: A comparison between the magnetic equilibrium reconstruction of a conven-
tional and Super-X divertor configuration on MAST-U with the core (red) and divertor

(black) Thomson scattering locations with the divertor laser beam path (yellow)

1.7 Divertor Detachment

While the final purpose for the divertor on a power producing fusion reactor will
be to extract heat, on current experimental devices the divertor is principally for
the study of access to detachment. It is not universally accepted why this occurs,
but the physical mechanisms that result in detachment are very well studied and
generally agreed upon.

When a divertor becomes detached a drop in the heat flux and ion flux to
the divertor target is observed. When one of these energetic ions is carried along a
magnetic field line to the divertor tile it impacts the surface and a process known as
secondary emission occurs where electrons from the surface are liberated due to the
energy of the incident ion. The two opposing charges combine to produce a neutral
atom which is unperturbed by the magnetic field in the divertor. As the atom
retains a non-zero kinetic energy it will continue to travel through the plasma until
it undergoes an impact which re-ionises the atom. This process dissipates energy

from the plasma and is known as recycling.
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If the ion flux continues to increase then the number of neutrals generated
from recycling will continue until a point where so much energy is dissipated from
the plasma that it becomes so cold and de-ionised that it barely functions as a
plasma. This is typically promoted by increasing the electron density in the core,
upstream of the divertor, with an increase in fuelling which in turn leads to an
increase in the ion flux entering the divertor. As continued increases in ion flux
lead to continued energy loss from the plasma the result is a drop in temperature
near the target. This will continue until the plasma becomes so cold that there is
little ionisation, at this point the electron density begins to drop. This observed
drop in density, specifically in the divertor, is therefore indicative of detachment.
For this reason it is generally accepted that for a divertor to be in a detached
state electron temperatures at the target will be below ~5eV. Although the SI
unit for temperature is the kelvin (K) in plasma physics electron temperatures are
commonly quoted in electronvolts (eV). Each kelvin corresponds to 8.62 x 107°eV.
This is given by the ratio of the Boltzmann constant kg (1.38 x 1072 Jk™!) to
the elementary charge (1.60 x 1071 C). As a result each eV is equivalent to 11605
kelvin which is given by F = kgT'. For the purposes of this thesis, all electron
temperatures from this point will be quoted in electronvolts.

As the electron temperature is dropping at the target as the divertor is ap-
proaching detachment, temperature gradients begin to form. The result of this is
the region of ionisation moving away from the divertor surface closer to the divertor
entrance. As the density and temperature begin to drop at the point of detach-
ment, so does the ion flux to the divertor target. As a result one of the indicators
of detachment is the relationship between the target ion flux and the upstream
density and the characteristic divertor 'rollover’ of the quantities as the ion flux
begins to decrease even though the upstream density is increasing.

The effects of this behaviour can be seen physically with diagnostic systems
such as multi-wavelength imaging diagnostics [14] that image the emission from
energy transitions of particles in the divertor. An image inversion of molecular

Fulcher band emission for a MAST-U plasma can be seen in Figure 1.6.
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Figure 1.6: Image inversion of molecular Fulcher band emission overlayed with the

strike leg position and the divertor Thomson spatial points for MAST-U plasma 45460
at 445 ms. Image provided by T Wijkamp.
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1.8 Thomson Scattering

Laser Thomson Scattering, commonly referred to as Thomson Scattering (TS),
is an active diagnostic used to measure the density and temperature of plasma
species. Lasers have been used to facilitate plasma diagnostic systems for years
due to their high power and monochromatic output. They are routinely used as
a probing radiation for high temperature fusion plasmas due to their ability to
take non-invasive measurements of the electron density and temperature. They
were first used to show that tokamaks were capable of confining a plasma with a
temperature of several million degrees celcius [3], which laid the foundations for
larger modern devices [18].

Considering a simple Thomson scattering experiment, a high power monochro-
matic laser with a precise line width is directed into a volume of plasma. A collec-
tion of high quality optics are located away from the plasma volume to collect the
radiation that is scattered from the plasma. Generally in fusion plasmas, and for
the purposes of this thesis, the scattering from the plasma is specifically from the
electrons.

The optics collect the light to a spectrometer which outputs a spectrum of the
light. This can be used to determine the electron properties of the plasma. The
width of the spectrum is proportional to the amount of light that has undergone
a Doppler shift with the free electrons in the plasma before being collected. The
number of photons returned is directly proportional to the density, as a result the
area under the returned spectrum is used to determine the density of the plasma.
The scattered spectrum can be fitted to a velocity distribution to produce an energy
distribution based on the thermal energy of the electrons in the plasma.

It is now common for fusion devices to have at least one Thomson scattering
system, usually along the midplane of the device, to measure the electron properties
of the confined core. The first divertor based Thomson scattering system was
installed on DIII-D [19, 20] and in recent years these systems have become more
common [21, 22| including the design [16, 23] and operation [17] of a divertor
Thomson scattering system on MAST-U, as seen in Figure 3.1. Previously systems
at the edge of the plasma [24] have been utilised. In recent years these have

typically been incorporated into upgraded midplane systems that achieve the same

13



Figure 1.7: A CAD view into the lower Super-X chamber showing the divertor Thomson

viewing chord and collection cell without the divertor baffle

high resolution across the whole range of the core plasma. An X-point Thomson
scattering system has been designed for MAST-U and will be installed as part of
future MAST-U enhancements currently scheduled in 2023.

1.9 MAST-U Diagnostics

In order to understand the context of the experiments carried out and the results
presented in Chapter 5 it is worth outlining some of the diagnostics and analysis
tools that are routinely used on MAST-U to develop a plasma scenario and interpret

the results of an experiment.

1.9.1 EFIT

As detailed in [25] the MAST-U EFIT reconstructs the plasma equilibrium. This
is used to check the plasma shape, clearance from surfaces such as the divertor
baffle and the strike point position. The latter was of great importance when
manipulating the divertor coils to align the strike leg, as seen in Figure 1.8, with
the divertor Thomson laser line to optimise the laser alignment during experiments.

A qualitative estimate of the flaring of the magnetic field lines can also be inferred
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from the spacing of the magnetic surfaces in the divertor.

LULLOTEEE e LLLTUTTETRE
T i
I E

0.0 - ‘

Figure 1.8: Core (red) and divertor (black) Thomson spatial points with laser line (yel-
low) and separatrix (blue) from MAST-U plasma shot 45463 equilibrium at 0.5 s

1.9.2 Deuterium-alpha Emission

Tokamak plasmas emit a broad band of emission based on the atomic species and
energy. One of the most utilised emission lines is the Deuterium-alpha (D,) Balmer
line which occurs in Deuterium at 656.1 nm. Filtered photomultiplier tubes placed
around the tokamak allow D, to be measured at a number of key locations in
the plasma such as at the edge, around the X-point and in the Super-X divertor
chamber. One of the uses of this diagnostic is its indication of the transition to
high confinement H-mode and the presence of edge-localised modes (ELMs) which
result in the eruption of particles from the confined core. The presence of regular

Type I ELMs [26] can be seen in Figure 1.9 after 300 ms.

15



— 45272

o
N
N -

o
—
1

D, [ph/s/cm?/sr]

o

1€20
| — 45272

A w
N 1

—_—
L

o
L.

Line Int. Density [n™?]

—7ftr r - - r - - - 1 - - 1 7
200 400 600 800 1000
Time [ms]

o

Figure 1.9: MAST-U midplane D, and interferometer traces

The D, signal in the lower Super-X chamber is particularly useful to determine
when the strike point is swept out from a conventional divertor to Super-X which
can be seen Figure 1.10 where a strikepoint sweep begins at 300 ms before reaching

Super-X at 400 ms.
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Figure 1.10: MAST-U divertor D,, showing transition to Super-X divertor at 400 ms
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1.9.3 Interferometer

As detailed in [27] MAST-U has a real-time interferometer system which produces
a line integrated electron density at 4 MHz. This is used to show changes in density
during a shot, usually from fuelling or a plasma event. The interferometer can also
be used to track the density in the core over a fuelling change either during a single
shot density ramp or as a scan over multiple shots. Crashes in the density can be
seen during ELMing periods in Figure 1.9 where the D, spikes line up with the
drops in the line integrated density.

1.9.4 Langmuir Probes

A Langmuir probe is a plasma diagnostic used in low temperature [28, 29] and
fusion plasmas [12] around the world. MAST-U utilises over 850 probes placed
within plasma facing surfaces such as tiles, particularly in the divertor. The Lang-
muir probe is a physically simple workhorse diagnostic which allows many to be
placed around a device. This comes at the cost of complex data analysis based on
numerous factors such as the probe tip geometry and the theoretical model applied
to the analysis. Langmuir probes measure the current induced by the collection of
a mixture of electrons or ions, depending on the polarity of the potential applied
to the probe tip. Due to the sheath effects discussed in Section 2.1 this produces
a predictable response known as an "I-V characteristic”, which can be analysed to
find information about electron temperature which is of relevance during magnet-
ically confined fusion research. As well as measurements of electron temperature,
the Langmuir probe can be electrically biased to collect only ions and determine
the saturation current. This is particularly relevant for probes located in the di-
vertor where ion saturation current measurements are used for detachment studies,

particularly in determining the roll-over point as seen in Figure 1.11.
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Figure 1.11: Langmuir probe measurements showing ion saturation rollover during di-

vertor detachment. Taken from [30], originally from [31].
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Chapter 2

Thomson Scattering Theory

This chapter presents basic theory of a plasma and how those properties are utilised
for magnetically confined fusion experiments. Fundamental plasma principles rel-
evant to the propagation of waves in plasmas are presented in Section 2.1 and the
scattering of electromagnetic radiation in a plasma is discussed in Section 2.2. An
introduction to the Thomson scattering spectrum is outlined in Section 2.3 where
the challenges of using a Thomson scattering system to measure down to sub-eV

temperatures is discussed.
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2.1 Basic Plasma Principles

Due to ionisation, a plasma is fundamentally a sea of ions and electrons. Given
the temperature of the plasma, the particles undergo significant motion over small
length scales, interacting with a large number of particles. The movement of these
free charges leads to electric and magnetic fields being produced from small groups
of particles and the flow of charge. These created fields exhibit "collective be-
haviour” [32] where the fields generated by the movement of the free charges affect
other charged particles, even at a considerable distance. The forces experienced by
the particles cause the charges to be displaced, this displacement alters the electric
field which acts to oppose the change that has been brought about. The inherent
frequency at which the particles oscillate due to this interaction is referred to as

the plasma frequency wy:

2\ 1/2
Wy = (£> @2.1.1)

€om

where n is the plasma density, e is the charge of an electron, ¢, is the per-
mittivity of free space and m is the species mass. A fundamental of any plasma
is its ability to shield perturbing charges. Opposite charges form clouds, known
as sheaths, around each other. The sheaths screen electric potentials over a very
short distance and cause a deviation from the electrostatic interaction which obeys
the inverse square law [18]. The distance this occurs over is defined as the Debye

length Ap:

1/2
Ap = (60KBT€> 2.12)

where Kp is the Boltzmann constant and 7. is the electron temperature.
Plasma appears neutral on scales longer than the Debye length, satisfying the
conditions A\p < L and n, ~ n; =~ n. Where L is the length of the plasma and
ne, n; and n are the density of electrons, ions and the plasma respectively. This is

known as quasineutrality [32, 33].
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2.2 Scattering of Electromagnetic Radiation

Considering an electron in the plasma, if an incident photon of frequency w; has a
significantly smaller energy than the energy of the electron ¢; before the scattering,
such that hw; < ¢;, the process is Thomson scattering. If the electron is in motion
when the scattering occurs, the frequency of the scattered photon will provide in-
formation about the velocity of the electron. The contribution of the ion is ignored
due to negligible acceleration by the incident photon compared to the contribution
made by the electron. This is due to ions having a significantly greater mass. An

example scattering scenario with a charged particle can be seen in Figure 2.1.
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Figure 2.1: Scattering process of an electromagnetic wave incident on a charged particle.
Where £, is the incident wave vector, i is the unit vector indicating the direction of
propagation for the incident wave and § is the unit vector pointing from the charge to the
observer. R’ is the position of the observer relative to the charge and R is the position of
the observer relative to the origin of the coordinate system. ¥ (t) is the velocity of the
charge at time ¢ and r(¢) is the position of the charge relative to the origin at time ¢. The

time when the scattering takes place is given by t' =t — R% and is known as the retarded
time for radiation observed at a distance R’ after a time ¢ by the observer [34, 35]. Image

taken from [35].

Taking a classical electrodynamics approach for a monochromatic electromag-
netic wave incident on an electron with no other forces influencing the electron. If
the electron satisfies Equation 2.2.1 where v is the electron velocity and c is the

speed of light, relativistic effects are negligible.

21



Y«1 2.2.1)
C

As a result, the electric and magnetic field components are given by Equa-

tion 2.2.2 and Equation 2.2.3 respectively [34]:

E;(r,t) = Eycos(k; - — wit) (2.2.2)
)

1=

B;(r,t) = k; x L (2.2.3)

o

The oscillation of these field components accelerates the electron via the Lorentz
force:

F=¢q(E+uvxDB) (2.2.4)

This acceleration causes the electron to re-emit radiation, based on how it was
moving prior to the acceleration. This is discussed in further detail by Sheffield et

al [35].
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(b)

Figure 2.2: Angular variation of power radiated P by an accelerated electron. (a) shows
the radiation from a stationary electron, (b) shows the radiation from a charge moving

with velocity v where § = 2. Image taken from [35].

If the electron has a velocity that satisfies Equation 2.2.1, the contribution of
the magnetic field component B is negligible. Using Equation 2.2.4 it can be shown

that the equation of motion for the electron is given by Equation 2.2.5 [35]:

d
me (d%) = B, cos(k, - T — w;t) (2.2.5)

It can be shown that the electron re-radiates an electromagnetic field that is
Doppler shifted, with an E' field component of:
2

E.(R.t) = (62; R) [8 % (8 x Ej)] coslksR — wit — (k

—k)-r(0)] (2.2.6)

S

where w, = 8:;?) w; and k; = wy§ are the frequency and wave vector of the

scattered wave respectively.
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Figure 2.3: A wave vector diagram from a scattering interaction. Image taken from [35].

Using the above quantities, it can be more convenient to describe them in
terms of a shift. It can be seen in Figure 2.3 that there is a relationship between
the incident and scattered wave vectors where w = ws —w; = (k,—k;)-v = k-v and
k =k, — k; are the scattering frequency shift and wave number shift respectively.
These equations are the result of energy and momentum being conserved. They are
valid for long wavelengths and resulting low energies, where Compton scattering
may be neglected. The relationship between the incident and scattered wave vectors
and the scattering angle @ is given by the cosine rule: |k| = (k> +k} —2k k; cos )'/2,

Again taking the classical case with no relativistic effects for the velocity of the

electron, this reduces to |k| =~ 2|k,|sin (£) [35].

iR, _ e,
dQ  4m @

(2.2.7)

where 2 is the solid angle of observation, P, is the scattered power per unit
solid angle of observation d€2, R is the distance to the observer, c is the speed of
light and FE; is the scattered electric field at the position R. Using the previous
expression for F and averaging over time (denoted by the bar) it can be shown

the time averaged scattered power through the unit solid angle df2 is:

10 — cE2rid .

P,(R) - [8 % (5 x E,))? (2.2.8)

where Ej;y is the magnitude of the incident electric field vector, rqg = is

e
Mec?

the classical electron radius and § is the unit vector pointing from the electron to
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the observer. As discussed in [35], if the incident EM wave is polarised at an angle
¢ relative to the observer, the [§ X (8 x E,y)]? term becomes 1 — sin? 6 - cos? ¢g. If

the incident wave is not polarised, an average can be taken over ¢, meaning that

1

5 sin?#. An example of this scenario and its geometry can

the term becomes 1 —

be seen in Figure 2.4
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Figure 2.4: The scattering geometry through an angle ¢, showing the collected solid
angle d) and the relative orientation of the incident polarisation of the E field relative

to the observer. Image taken from [35].

Alternative discussions on non-relativistic single electron Thomson scattering
are discussed in [34, 36, 37].

The total scattering cross section is defined as the ratio of the total scattered
power to the total incident power. This is called the Thomson scattering cross
section [34-36:

8T ,

or = ?7’0 (2.2.9)

Considering scattering from multiple electrons in the plasma, Salpeter [38]
included ion dynamics when attempting to calculate electron density. He showed
that the extent to which ion dynamics dominate electron density fluctuations is
dependant on the scale length of the perturbation, relative to the Debye length
[37]. In doing this, Salpeter introduced the parameter a that is known as the

Salpeter parameter:

a=-— (2.2.10)



Salpeter showed that when o > 1 the electrons behave collectively. In this
regime kAp < 1, the motion of each electron is strongly affected by the electro-
static interaction between the other ions and electrons [39]. The probing radiation
interacts with the shielded charges which results in collective behaviour. This
means that a sum of the electric field contributions from the electrons is collective.
Due to these interactions, properties of the ions can be extracted from scattering
in this regime. The resulting spectrum is a narrow central peak with a width that
is determined by the thermal velocities of the ions. The area under the spectrum
is proportional to the electron density [39].

The other regime is when v < 1, this is when £Ap > 1 and is known as non-
collective scattering. Typical o values on MAST are of the order of 1073 [34]. In
this regime the probing radiation "sees” the electrons on a scale length in which
they appear free [35], meaning they behave non-collectively. The non-collective
scattering spectrum reflects the thermal motion of the electrons. Due to this, total
power of the emitted field is the vector sum of the field contribution from each indi-
vidual electron [40]. The spectral shape takes the form of a Maxwellian distribution
of the electron velocity due to the frequency shift of the emitted radiation. The
frequency shift is simply a Doppler shift that results from the motion of the scat-
tered electrons as the scattering takes place. As v — 0, the spectrum approaches
a Gaussian whose half width gives the Doppler shift at the thermal electron ve-
locity [41], which is proportional to the electron temperature. The area under the

spectrum is proportional to the electron density, as seen in Figure 2.5.
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Figure 2.5: A typical non-collective Thomson scattering spectrum from a plasma with
a Maxwellian energy distribution, based on the electron velocity. Area and width of the
Gaussian are proportional to electron density and temperature respectively. Image taken

from [40].

2.3 Thomson Scattering Spectrum

There are a number of different theoretical descriptions of the Thomson scatter-
ing spectrum. Pechacek [42] introduced the first relativistic considerations to the
Thomson spectrum in 1967. This was modified by Sheffield [43] in 1972 which
included a relativistic correction 3. The work of Sheffield was expanded upon
by Matoba [44] to extend the relativistic correction to 3? order terms. The first
widely used analytical Thomson spectrum was published in 1979 (though developed
in 1977) by Zhuravlev [45] before a simplified form was developed by Selden [46]
in 1980. This was in a general form that enabled it to be used for fitting routines.
A part of this work was including the effect of depolarisation for high temperature
(above ~ 1keV) effects to a high degree of accuracy. The Selden approximation is
still used as the MAST-U theoretical Thomson spectrum, for the core and divertor
systems.

Given the low temperature operation of the divertor Thomson system (T, <<
1keV), any depolarisation effects are not of concern for the divertor Thomson
system or indeed during the scope of this thesis but are presented in [24]. At
these electron temperatures the spectrum is approximately centred around the laser
wavelength due to negligible depolarisation of the light. In this regime the spectral
width scales with the square root of the temperature A, oc /T, [47] assuming a

27



Maxwellian energy distribution.

An example of the Thomson scattering spectrum used on MAST-U, calculated
with the Selden approximation, can be seen in Figure 2.6. In this figure the spectra
at a range of relevant electron temperatures is overplotted with the transfer function
of one of the divertor Thomson polychromators. It can be seen that there is an
overlap with a number the narrower channels close to the laser wavelength which

facilitate measurement down to ~1eV as required in the Super-X divertor.
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Figure 2.6: Transfer function of polychromator 204 overplotted with the Selden spectra
for 1eV, 10eV and 50eV
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Chapter 3

MAST-U Divertor Thomson Scattering
System

This chapter introduces the MAST-U divertor Thomson scattering diagnostic. Sec-
tion 3.1 provides an overview of the system within the MAST-U tokamak. Sec-
tion 3.2 details the design, installation and testing of the optical components that
make up the viewing optics of the diagnostic. The electrical setup and modifica-
tions made to the previous polychromator design to enable electron temperature
measurements down to ~1eV are presented in Section 3.3.

Plasma background emission as measured by the polychromators is covered
in Section 3.4. The radial and spectral variation of the emission measured in the
divertor is also detailed in this section. The procedure carried out to generate
electron density and temperature values from the scattered signals collected by the
diagnostic are outlined in Section 3.5. Work contributing to the optical design,

in-vessel optic testing and signal fitting has been published in [16, 17].
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3.1 Overview

The divertor Thomson system [16, 17], shown in Figure 3.1, measures electron
density and temperature in the divertor during the Super-X phase of a MAST-U
plasma pulse. The system features 8 polychromators that can be configured across
12 spatial locations determined by the collection fibres.

The MAST-U Thomson systems are designed for 1064.1 nm Nd:YAG lasers.
The divertor system has a dedicated 1J 90 Hz diode-pumped solid-state laser. For
first commissioning of the diagnostic a 1.6 J 30 Hz laser was used with timing syn-
chronised [48] to 7 similar lasers installed in the core Thomson system. The 90 Hz
laser was chosen due to the existing 8 30 Hz core system lasers meaning there will
be an overlap in the firing frequencies at multiple occasions during a MAST-U

plasma, as seen in Figure 3.2.

Core Lasers: 240Hz

Divertor Laser: 90Hz

O 20 40 60 80 100
Time [ms]

Figure 3.2: Laser timings for the core and divertor Thomson scattering systems

The 12 spatial locations used in the first MAST-U campaign are shown in
Table 3.1 with the 8 polychromators designed for the system positioned to prioritise
measurements close to the Super-X target (1.14 - 1.44m in major radius) while
providing roughly uniform spacing between the points. A back illumination of
the fibres was carried out during calibration work and a comparison between the

measured floor positions in-vessel and their projections in the MAST-U CAD can
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Figure 3.1: Cross section of MAST-U Super-X and divertor Thomson scattering system.

(1) Separation of beamlines, (2) core beamline, (3) divertor beamline, (4) core collection
cell, (5) divertor collection cell, (6) start of scattering region, (7) end of scattering region

at TS5 tile hole, (8) in-vacuum mirror, (9) beam dump
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be seen in Figure 3.3. This showed good agreement with respect to the edges of
the divertor tiles. This showed that the fibres had been installed suitably and were
ready to be optimised during final optical alignment. The backplane mapping that

resulted in these images can be seen in Table 3.1

Figure 3.3: A top-down CAD view of MAST-U showing 12 fibre projections for the
divertor Thomson system (left) and a view into the lower Super-X chamber from the
collection window showing the divertor tiles and 9 of the back illuminated fibre projec-

tions visible from this view (right)
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Index | Fibre | R(m) | Z (m) | Scattering length (mm) | Scattering angle (°)
1 DTS-10 | 1.03 | -1.84 12.63 113.66
7 DTS-9 1.05 | -1.85 12.35 110.51
13 DTS-8 1.08 | -1.86 12.11 107.30
19 DTS-7 .11 | -1.87 11.92 104.02

25 DTS-6 1.14 | -1.88 11.77 100.70
31 | DTS-B2| 1.18 | -1.89 11.66 97.34
37 DTS-5 1.21 | -1.90 11.59 93.96
43 DTS-4 | 1.26 | -1.91 11.56 90.57
49 | DTS-B1 | 1.30 | -1.92 11.57 87.17
55 DTS-3 1.35 | -1.93 11.63 83.79
61 DTS-2 | 140 | -1.94 11.72 80.43
66 DTS-1 1.44 | -1.95 11.83 77.65

Table 3.1: Divertor Thomson scattering fibre backplane mapping

While the work surrounding this thesis is centred around the divertor Thomson

system, a comparison of some of the basic properties with the core Thomson system

can be seen in Table 3.2. The discrepancy in collection optics transmission is a

result of the divertor Thomson system not having a wire grid polariser installed.

While this was designed to be included, it was not installed during commissioning

of the diagnostic due to concerns at the signal level observed in the divertor at

unknown electron density values and the low electron temperatures expected.

Quantity Core System | Divertor System
Laser energy 1.6J 1J
F/# 6.0 6.0
Solid angle 0.022 0.022
Collection optics transmission 0.42 0.44
Scattering length 10 mm 12 mm
QE at 1064 nm 0.45 0.45

Table 3.2: Comparison of key parameters for core and divertor Thomson scattering system
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3.2 Optical Setup

The core and divertor lasers follow the same ~20m beam path down to their
respective injection optics where they enter the vessel. Just before entering the
vessel the lasers pass through a cubicle which houses a series of optics designed
to deliver the respective beams through the window port. The divertor Thomson
laser is displaced by 15 mm vertically below the other 7 lasers. This is to separate
the chosen laser off into a separate beam path and deliver it into the lower Super-X
chamber. This is done with a D-shaped mirror, seen in Figure B.1, which reflects
the displaced light in to a separate path to be delivered into the divertor. Due to
the absence of this vertical displacement for the other core laser beams they pass
over the top of the D-shaped mirror and enter the vessel through the midplane of
the device.

With the divertor beam deflected it passes into a series of optics, as seen in
Figure 3.4 and Appendix B, that deliver the beam into the lower Super-X chamber.
Due to the geometry of the closed Super-X divertor it makes the angle of the laser
and the collection optics, as seen in Figure 3.3, complex. In order to ensure the
scattered light is orthogonal to the collection cell the laser undergoes a 30° vertical
and 8° horizontal polarisation rotation. This is done with a plumb line and a
zero degree mirror, seen in Figure B.2 on the right of the horizontal beam, which

together form a periscope.
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Figure 3.4: Schematic of divertor Thomson optics in the laser cubicle

3.2.1 Focusing Lens

Once the polarisation is rotated the beam is reflected towards the divertor and
passes through a 3.41 m focal length lens, seen in Figure B.3. Beyond the focusing
lens there is a Brewster window and an aperture before the laser beam enters the
vessel. The Brewster window limits stray light by only transmitting light that has
undergone the correct polarisation rotation. The lens focuses the beam into the
plasma just before the start of the scattering region.

To decide the position of the focusing lens a number of factors were taken into
account. Survivability of the in-vacuum mirror, as described in subsection 3.2.2,
was the principal concern. Although quoted to a high LIDT (70 J/cm?), if damage
was done to this mirror it would stop operation of the diagnostic until the next

MAST-U vacuum break. This would cause the diagnostic to be out of operation
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for a number of physics campaigns where investigation into the Super-X divertor
configuration, and as a result operation of the divertor Thomson diagnostic, was
crucial. For this reason maximising the beam size at the mirror to reduce the laser
fluence and improve the mirror survivability was the priority. Given the unscattered
laser light has to pass through a hole in the divertor tile, as shown in Figure 3.1,
the 18 mm width of this hole presents a size limit for the beam at this location. As
a result there is a compromise between maximising the beam size on the mirror,
and not being too close to the edges of the divertor tile hole which would introduce
a source of stray light into the system.

Based on the system optics there is 1.5 m of space between the Brewster win-
dow and the final mirror which reflects the beam towards the vessel, with the
Brewster window itself 4.5 m from the in-vacuum mirror. To determine the opti-
mal position a simulation of the beam was performed. A Gaussian beam profile
was used with the assumptions of 1J of laser energy, 9 mm beam diameter, 23 m
of beam path to the lens with 0.5mrad divergence and M? of 3.32. Distances of
Om, 0.5m, 1.0m and 1.5m between the lens and the Brewster window were tested
with plots of the results shown in Appendix C.

The results of these simulations showed that even putting the lens at the
furthest possible position from the Brewster window, thus maximising the beam
size at the divertor tile, the beam would still fit through the hole. The beam size
resulting from this positioning of the focusing length would not be expected to
contribute stray light to the system by clipping the divertor tile. This meant that
the consideration of the beam size was for the purpose of reducing the fluence on

the in-vacuum mirror.
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Lens to Beam Alignment Beam Mirror
Brewster diameter at | margin at TS | diameter at loading
distance (m) TS (mm) (mm) mirror (mm) (J/em?)

0 3.93 7.54 6.10 242

0.5 6.69 6.15 8.87 1.14

1.0 9.46 4.77 11.64 0.66

1.5 12.23 3.38 14.40 0.43

Table 3.3: Values from Gaussian beam profile simulations of in-vacuum mirror loading from Appendix C

After simulating the beam profile tests were carried out with the focusing
lens to profile the beam throughout the focal length. These tests were carried out
in a 20m test path located in the laser lab designed as a space to test optical
components. The test path features a similar path length to the actual path to
the vessel and one fewer optical surface. This also allows laser burns to be taken
at distances of up to 20m to test the beam quality. As seen in Figure 3.5 a series
of laser burns were taken while scanning through the focal length of the lens and
showed a good beam profile. Based on the results of the measurements taken
in the test path and the simulations the focusing lens was placed 1.4 m from the

Brewster window to achieve a mirror loading of ~0.5J/cm? while still maintaining

a comfortable gap when the beam passes through the divertor tile.
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Figure 3.5: Laser burns from tests with divertor Thomson focusing lens

3.2.2 In-vacuum Mirror

Light that is not scattered in the plasma passes straight through towards the diver-
tor tile. To allow the light to exit the divertor there is a small hole in the tile where
a high LIDT mirror reflects the beam down into the beam dump located in the pit
of the device. This mirror is also used during optical alignment with a HeNe where
the beam is adjusted onto a target in the pit of the device on the throughput of
the open beam dump, seen in Figure B.4. This allows full alignment of the ~25m
beam path from the laser room down through the beam dump. To protect the
mirror from boronisation and GDC in the divertor there is an automated shutter
that is closed when the divertor laser is not firing. As this mirror is in-vacuum it
cannot be accessed once the machine goes under vacuum, with the machine being
kept under vacuum for extended periods at a time, up to multiple years, due to
the nature of tokamak operations.

Based on the simulations of the beam described in subsection 3.2.1 a maximum
achievable mirror loading of 2.42J/cm? was expected. With each plasma pulse

resulting in 5s of laser loading for each plasma pulse, the mirror was expected to
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be operating comfortably within the limits of the mirror coating. Despite this, it
is still advantageous to minimise the loading on the mirror in order to prolong its
lifetime and minimise the risk of failure during an experimental campaign. The
mirror fluence was expected to be ~0.5J/cm? with the chosen position of the
focusing lens. The high LIDT mirror installed is coated to 70J/cm? so it was
expected that the mirror should survive at least a few months of daily operation
during an experimental campaign without failure. To test the survivability of the
mirror, a spare of the mirror installed in the vessel was used in a test path and
subjected to the typical laser loading that it would experience during 5s of a plasma
pulse.

For these tests the focusing lens was in place to ensure the size of the beam
when it reaches the mirror was as close of a match as possible. The distance of
the test path for this was a few metres shorter than the path of the beam to the
vessel but this was accounted for by moving the focusing lens to account for this
discrepancy. Table 3.4 shows the tests performed with the first set of measurements
5.8 m from the mirror which is close to the lens-mirror distance in vessel and at a
slightly higher energy than was used for first operation of the system. The duty
cycle was the same 5s lasing time as that during a plasma pulse but with a 55s
cool down time as opposed to closer to 20 minutes during a plasma operations.
This was done to over-stress the mirror. The test parameters (energy, distance to
mirror and duty cycle) were increased with the intention of bringing the mirror to
failure if needed but this was not achieved, in fact no visible damage resulted. The
total exposure time of this is equal to that from 140 MAST-U plasmas. This was
more than the diagnostic was likely to operate for during the first campaign. These
were also carried out at a higher laser energy and fluence than the system as set
up for the first campaign. The survival of the mirror in this setup showed that the

high LIDT mirror chosen was suitable for the systems operation.
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Cycles | Laser Distance Laser Laser Duty Mirror
energy | from mirror | diameter energy cycle damage
@) (m) (mm) density | (s/minute) | (Y/N)
(J/em?)

20 1.1 5.8 12 0.38 5 N
20 1.1 53 10 0.55 5 N
20 1.3 53 9 0.80 5 N
10 1.3 53 9 0.80 10 N
10 1.3 5.2 8 1.02 10 N
10 1.3 5.1 7.5 1.16 10 N
10 1.3 4.7 6.5 1.54 10 N

Table 3.4: Results from mirror loading tests with Nd:YAG laser and 3.41 m focusing lens assuming a

Gaussian beam profile with a peaking factor of 2

3.2.3 Collection Cell

The collection cell is comprised of seven lenses in close proximity designed to reduce

aberrations in the light collected. The final lens focuses the light into 66 positions

on the back plane, 12 of which are populated by fibre optics.

As a result the

scattering length is typically of order ~12mm for a fully populated back plane. A

Zemax [49] ray trace of the collection cell and each of its individual elements can

be seen in Figure 3.6.
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Figure 3.6: Zemax projection of divertor Thomson collection cell

Each lens is anti-reflection coated to maximise transmission in the range of
700-1100nm while minimising reflections to ~1% per surface. This results in a
theoretical transmission of ~86% over the spectral range. A broadband calibration
of the collection cell can be seen in Figure 3.7, where the transmission is normalised
to the 92.3% transmission measured with a handheld 633 nm HeNe laser power
meter. This power meter is used during weekly checks to monitor the transmission
of the collection cell. By normalising to a known wavelength value it allows the
transmission to be monitored over a long period without being able to carry out
a spectral calibration of the collection cell while it is in the tokamak area during
operations. The spectral calibration showed high transmission across 1040-1090 nm
which corresponds to the full electron temperature range of the divertor Thomson

system.
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Figure 3.7: Spectral calibration of divertor Thomson collection cell using the setup in

Figure 4.1a

Scattered light is collected by a 185 mm clear aperture collection cell between
/6.5 and £/7.1. Light is collected from 1.03-1.44m along the major radius which

corresponds to a range of 113.7-76.7°, as seen in Figure 3.8.
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Figure 3.8: Parameters of divertor Thomson scattering collection cell showing spatial
points operational during commissioning (red) and spatial points installed but not used

during first plasma operation (black). Values taken from Zemax model

The collection cell views the plasma through a 300 mm window on the vessel
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that looks down into the lower Super-X at 30° with an 8° horizontal tilt, as seen
in Figure 3.9. To protect the window there is an automated shutter that is closed

during boronisation and GDC.

Figure 3.9: Calcam [50] CAD view of Super-X chamber with a representation of the
collection cell chord (blue) and the laser line (green) passing through to the hole in the

divertor tile

3.2.4 Collection Fibres

The light scattered in the plasma is imaged onto the collection fibres. There are 12
fibres that are equally spaced out across the 66 positions on the collection optic back
plane, as seen in Figure 3.10 and Table 3.1. They were chosen to give complete
coverage over the viewing chord, prioritising measurements towards the Super-
X divertor tile. This resulted in a spatial resolution of ~5cm for measurements

throughout the divertor leg based on the spatial points sampled by a polychromator.
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Figure 3.10: A top-down view of the collection cell back plane

The fibres themselves are 130 individual strands that are 13 fibres wide and 10

fibres deep which results in a (3.11 x 2.02) mm fibre bundle as seen in Figure 3.11a.

Of the 12 fibres 2 of these are bifurcated, as shown in Figure 3.11b. These are

positioned to aid with optical alignment, as described in subsection 4.2.2.
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Figure 3.11: Collection fibres used for divertor Thomson system

The 12 fibres are screwed into their respective position on the back plane as
given in Table 3.1. To limit potential damage to the fibres during installation a
small 3D printed "toothpick’ matching the fibre width is placed between the screw
and the fibre. Given the abundance of space in the back plane for the 12 fibres this
provides a lot of flexibility for the measurement locations along the viewing chord,
as well as the ability to increase the number of spatial positions in the future.

The fibres are fixed in place to ensure they do not move, given they are not
tightly packed. This is important as even the slightest movement would result in
a change to the radial location of the measurement as well as the transmission of
the fibre. For this reason the fibres are typically only moved immediately before
a Raman calibration which allows for alignment checks and calibration of the fi-

bre locations without compromising performance during plasma operations. This
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process is described in further detail in Section 4.2.

3.3 Polychromator Design

The MAST-U polychromator has gone through a number of developments through-
out its lifetime. With the divertor polychromator optimised for low temperature
measurements in high stray light regions. It is an interference filter polychromator,
a design originally developed by Carlstrom [51] at DIII-D. An example of the op-
tical layout of the MAST-U polychromator can be seen in Figure 3.12. Each unit
for this system consists of 26 bespoke lenses, six mirrors, six interference filters and

six printed circuit boards.
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Figure 3.12: The design of a seven channel MAST-U interference polychromator

The previous polychromator design [52] was adapted to meet the requirement
of measuring electron temperatures in the 1-40eV range. Each polychromator
measures five different wavelength bands, with a sixth channel installed that is not
digitised, and as a result is not visible on any of the polychromator transfer func-

tions. This channel is the first in the cascade where a laser line filter transmissive
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to the 1064.1 nm laser light removes stray light that has not undergone a Doppler
shift from the initial wavelength. Despite the filter itself not being digitised in the
system, it was tested in-situ to determine the transmission, which can be seen in
Figure 3.13. With a peak transmission of 95% and FWHM of 2.3nm the filter is
operating very close to its theoretical performance. Due to the 4.5° angle of inci-
dence from the normal plane the laser wavelength is not centred about the filter
but despite this, the laser wavelength still falls comfortably within the pass band
and sees good transmission.

The light transmitted by each of the subsequent filters passes through a short
focal length lens which focuses the light onto a detector. The detectors used for
this system are discussed in further detail in subsection 3.3.1. The filters used for

this system can be seen in Table 3.5.
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Figure 3.13: Transmission of 1064.1 nm laser line filter tested in-situ
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Central Bandwidth | AOI (°) | Transmission OD* Digitised
Wavelength (nm) (%)
(nm)

1064.1 N/A 4.5 >99 6 No
1081 15 4.5 >99 6 Yes
1071 5 4.5 >99 6 Yes
1057 5 4.5 >99 6 Yes
1047 15 4.5 >99 6 Yes
1061 2 0.0 >99 6 Yes

@ 0D = -log (%) at 1064.1 nm

Table 3.5: Interference filters used in Divertor Thomson scattering polychromators manufactured by Al-

luxa

The core system has a measurement limit of ~5eV [53] due to its filter config-
uration. To enable measurements below this, a new 1061 nm channel with a 2nm
bandwidth was added. The Alluxa optical filters used in these polychromators have
ODG6 light rejection in addition to the 1064.1 nm laser line filter to reduce stray light
transmission. The number of filters close to the laser wavelength, in comparison
to the core Thomson system, can be seen in Figure 3.14. This facilitates the low
temperature measurement required by this system for operation in the Super-X

divertor.
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Figure 3.14: Transfer functions of core (pink), divertor (blue) and X-point (green) Thom-

son scattering systems

Interference filters are designed for incident light normal to the filter but they
can be angled to change the central wavelength of the band pass. In this application
this is crucial as it provides the opportunity to de-tilt the 4.5° angle of incidence
0. This shifts the central wavelength of the chosen filter back to its intended
central wavelength, closer to that of the laser. The result is the ability to detect
lower electron temperatures with measurement closer to the laser wavelength. The
relationship for the tilt angle is given by: A = \g (1 — S‘E#) 2 [51, 54].

As a result the last filter in the cascade for the divertor and X-point Thomson
systems, the 1061/2 nm filter, is placed at a normal to the plane of incidence rather
than the 4.5° for the rest of the cascade. This 4.5° tilt shifts the transmission
function ~1nm closer to the laser wavelength which aids low temperature (sub-eV)
measurements and reduces the overlap with the filter next to it. This is achieved
by adding a 4.5° 3D printed tilt stage placed under the filter to adjust the angle the
filter makes to the incident light, as seen in Figure 3.15. After the final interference

filter the beam is reflected onto a beam dump.
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Figure 3.15: 1061/2nm filter angle with and without the de-tilting wedge

It was observed that de-tilting the filter made a negligible difference in the
transmission of the filter. This was investigated in previous work done by Hawke
[55] and its effect can be seen in Figure 3.16. The downside to doing this is that by
moving the filter closer to the laser wavelength it increases the chance of stray light
being transmitted by the filter. Given the stray light mitigation techniques featured
in these polychromators, particularly the OD6 blocking and the transmissive filter

this was not a concern.
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Figure 3.16: 1061/2 filter transfer function shift with the 4.5° incidence (blue) and nor-

mal incidence (green) taken from [55]

The impact of this stray light mitigation can be seen in Figure 3.17 where a
divertor Thomson polychromator was installed into the core Thomson system for
a MAST-U commissioning plasma. The reference shot 43738 was a magnetic cali-
bration shot where no plasma was formed but the lasers still fired. This was taken
earlier in the day without moving the laser alignment between the two shots. This
showed clear stray light in the core Thomson polychromator (right) due to laser
interaction with the centre column. In contrast the divertor Thomson polychro-
mator during 43747 (left) showed no stray light in any of the channels, even the
low temperature channels closer to the laser wavelength. The signal resulting from
the plasma can clearly be seen in each of the channels apart from the 1017/45nm
channel. This is because there are not enough scattered photons collected at wave-
lengths that are passed by this filter due to the low electron temperature at the edge
of plasma. This mitigation of stray light is a significant improvement on the design
implemented for the core polychromators and it is a key component of the system

that enables measurement down to low electron temperatures in the divertor.

51



S 100 - < 100
£ ] 1071/5 £ 537
I g

=2 1., 2

®» 0 Ll ®» 0

% 100 7027715 % 100 1047/15

g 50 1 @ 50-_

,5_;’ 0 5—)” O:I_IIIL|L|I.J]I_I.IIII
z 100 751775 z 100 701725

g %07 § %0

jo)] 1 o ]

@ 0 -leteccsestuibea w o+——T———T—
= 100 0 100000 200000 300000
£ { 1oevis Acquisition Time [ns]

— 50__

5 L

o 0

%‘100 1061/2

= 50

=

2

7] 0

0 100000 200000 300000
Acquisition Time [ns]

Figure 3.17: Comparison of divertor Thomson polychromator (left) data from MAST-
U plasma 43747 installed in place of a core Thomson polychromator (right) for 43738

demonstrating a reduction in stray laser light in the digitised channels

It can be seen in Figure 3.18 that each filter has a well defined pass band with
low ripple in its transmission. The filter configurations are designed to provide
a small overlap between adjacent filters. This is to ensure that even at the tem-
perature limits of the system signal is received in at least two spectral channels,
which is needed to resolve electron temperature and density measurements. This
procedure is described in further detail in Section 3.5.

Despite the requirement of having good signal level in at least two spectral
channels for a Thomson measurement, a channel overlap too large can limit the sig-
nal observed in a channel. This is particularly a concern for the narrower channels
closer to the laser wavelength. For this reason a well designed spectral calibration
is imperative, with each of the individual filters having good transmission and a
well defined pass band. The spectral calibration process is described in Section 4.1.

The divertor polychromators feature two pairs of complimentary filters which
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are symmetrical about the laser wavelength, as seen in Table 3.5, with a filter on
the red and blue shifted side of the wavelength spectrum. These are designed to
provide contingency in high stray light regions. An example of this would be atomic
line emission in the plasma which causes stray light to be present or even saturate
a spectral channel. In the case that stray light does not impact the measurement,
the filters simply contribute additional signal. It is expected that there will be
a quantum efficiency (QE) drop off at these wavelengths compared to their filter
compliments on the blue shifted side of the wavelength spectrum. It is not expected
that this will make a significant effect and the Thomson spectrum is symmetrical
about the laser wavelength, as seen in Figure 2.6, so there is not expected to be
much impact on the Thomson signal collected despite the wavelength space being
on the red shifted side of laser wavelength. Any effects from a difference in quantum
efficiency will be accounted for in the spectral calibration of the polychromator, as

described in Section 4.1.
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Figure 3.18: Transfer function of polychromator 204 normalised to the peak response of

the 1057/5 nm filter

For the first MAST-U campaign the X-point Thomson polychromators, as seen
in Figure 3.14, were used in the divertor Thomson system in place of the intended
polychromators. This was done due to the 1061/2nm filter installed in the diver-
tor initially not having the de-tilt stage, seen in Figure 3.15, installed to have the
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angle of incidence at a normal. This was done due to concerns of the level of stray
light that would be seen in this narrow spectral channel. As the de-tilt results
in the central wavelength of the filter being ~1nm closer to the laser wavelength
the stray light blocking performance will see a reduction. When first using these
polychromators the stray light was discovered not to be as much of a concern as
expected, but due to the low electron temperatures observed in the Super-X the
sub-eV measurement of these polychromators was under performing. A change to
the X-point polychromators for a number of Super-X plasmas provided an improve-
ment in sub-eV performance of these polychromators due to the central wavelength
adjustment of the 1061/2nm filter. The effect of this filter adjustment can be seen
in Figure 3.19 where simulations were performed using photon accounting meth-
ods based on the filter central wavelength and bandwidth and the estimated QE
based on the the values given in [56]. These simulations assumed 90° scattering
angle, 1 x 10 m™ electron density and 1J of laser energy and showed a clear
improvement in the fractional error measured by the polychromator below 10eV.
As a result of the plasma measurements during commissioning of the system and
these simulations a tilt stage was added to the corresponding filter in the divertor

polychromators after the conclusion of the first MAST-U physics campaign.
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Figure 3.19: Simulated fractional error for a divertor Thomson polychromator with
(black) and without (red) the AOI adjustment for the 1061/2 nm filter. Simulation as-

sumed 90° scattering angle, 1 x 10 m~3 electron density and 1J of laser energy

With the inclusion of complementary filters on the red shifted side of the
wavelength spectrum in the divertor polychromators, simulations were carried out
to see what the impact of including a 1067/2 nm filter would have on the fractional
error of this polychromator confiuration. This wavelength was chosen due to its
symmetry about the laser wavelength with the 1061/2 nm filter. This was of interest
to see the impact this filter would have on measurements below 5eV, in the case
of lower than expected electron temperatures in the Super-X divertor. Given the
bandwidth of this filter it would be expected to reduce the fractional error of
electron temperature measurements below 5eV and make a negligible difference
to the fractional error of electron temperatures exceeding 10eV. The result of this
simulation can be seen in Figure 3.20. The addition of this filter was shown to

reduce the simulated fractional error for the electron temperature measured. It
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would contribute a 2.5% reduction in fractional error at 5eV and a 7.5% reduction
at 0.5eV while still seeing a slight improvement at 10eV with a 0.6% reduction in
the fractional error. This simulation has shown that inclusion of this filter would
be a potential upgrade to the divertor polychromator and in the event that electron
temperatures measured in the Super-X divertor are lower than expected, it offers

a potential solution to the current limits of this polychromator specification.
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Figure 3.20: Simulated fractional error for a divertor Thomson polychromator with (red)
and without (black) a 1067/2 nm filter. Simulation assumed 90° scattering angle, 1 x

10* m~3 electron density and 17 of laser energy

3.3.1 Electrical Setup

Each pass band transmitted by an interference filter is measured by a photodetec-
tor. The photodetectors used are Avalanche Photodiodes (APDs). APDs are high
speed semiconductor light sensors that are used due to their high quantum effi-

ciency (QE) and gain meaning that low intensity light can be detected. Materials
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such as Silicon (Si) and Indium Gallium Arsenide (InGaAs) are commonly used
materials. They are selected for a specific purpose based on their gain and pho-
tosensitivity. Silicon is sensitive up to wavelengths of 1100 nm due to its bandgap
of 1.11eV [57] which makes it the choice for this Thomson systen operating up to
1090 nm.

The gain of the APD is an increasing function of the reverse bias and a de-
creasing function of the temperature. At 25° C the gain is set to 250 kV/W in
a reverse bias voltage set by the manufacturer. The APDs have a temperature
sensitive diode as part of a thermal compensation circuit that is used to control
the reverse bias, which in turn controls the gain [52]. To further control the tem-
perature variation of the polychromators, the units are kept in an air conditioned
room.

The polychromators feature bespoke printed circuit boards (PCBs), as seen in
Figure 3.21, that filter and amplify the detected signal. The signals from the APDs
are electronically filtered by operational amplifiers with a high pass (fast) channel
and a low pass (slow) channel. The fast channel measures the scattered signals
with a duration of ~ 25ns. Signals below =~ 200kHz are removed as these are due
to background plasma events. Despite this, the high pass filter has no effect on the
scattered light. The slow channel measures the background light from the plasma

and passes signals below 200kHz.

Amplifier, beard .

Figure 3.21: Complete electrical assembly of a MAST-U Thomson scattering polychro-

mator
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The polychromators themselves are stored in a cubicle. Each module contains
eight polychromators and a compact PCI chassis containing eight anologue-to-
digital converter (ADC) cards. Each card provides 1GS/s ADC channels with 40
in place to digitise the 5 fast channels of the 8 polychromators. Due to the high
rate of sampling, 300 ns is recorded for each of the channels which is transferred
to memory after a laser pulse. A separate module houses additional hardware for
laser power measurements and the triggering system [48] which is common among

the other Thomson systems.

3.4 Background Plasma Measurements

The scattered signals in Figure 3.22 represent the total incident light transmitted by
a single polychromator located at the divertor tile. This is the background plasma
light connected to the slow digitisers recorded at 100kS/s. For these channels the
background noise level is subtracted to account for any effects from the digitisation
level or individually set gain. Given there is negligible signal in each of the channels
until after 400 ms when the plasma transitions into Super-X it is a safe assumption
that the light entering the plasma is from divertor plasma rather than any light
from the core plasma reflected into the Super-X chamber and collected by the
polychromator. There is a ~50ms delay in the signal reaching this polychromator
after transitioning from the conventional which can be accounted by the delay
in the strike point reaching the position on the Super-X divertor tile where this
polychromator views.

Given a plasma emits a broadband spectrum of light, the magnitude of signal in
each channel would be expected to be proportional to the bandwidth of the channels
in Figure 3.22 (15:5:2:15) but this is not the case. Even accounting for the loss in
QE from the silicon APD at the longer wavelengths such as the 1081/15nm filter,
the magnitude is still comparable to that seen in the 1047/15nm filter. This filter
also sees less signal than the other two channels, despite also having the largest
bandwidth. This suggests that there are strong sources of line emission, from
sources such as plasma recombination, that are causing significant signal to be

seen in certain spectral channels. This is independent of even a narrow bandwidth
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channel as seen in the 1061/2 nm channel. This shows that rejection of light from
outside the pass band of the filters is imperative and the signal filtering described
in subsection 3.3.1 is crucial for facilitating Thomson scattering measurements,

particularly in areas of high plasma emission such as the divertor.
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Figure 3.22: Background plasma emission from slow digitisers at the divertor target for

44158

Taking the 1047/15nm channel which is a channel common across the poly-
chromators, the radial variation across the viewing chord can be seen in Figure 3.23.
Each of the four channels show different behaviour corresponding to each of the
radial positions. As the plasma transitions to Super-X divertor configuration at
400 ms the rise in signal above the noise level can be seen to occur at different
times, with this delay corresponding to the radial position. This can be accounted
for by plasma reaching each of the radial positions at a later time as the divertor

strike leg is swept out from nearer the throat (1.18m) to close to the Super-X
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tile (1.44m). Each of the spatial positions has a different profile of the measured
plasma emission over time, despite measuring the same portion of the wavelength
spectrum. This indicates a real difference in the plasma properties amongst the
radial locations sampled. Generally the radiation being measured is dependent on
the local temperature of the plasma. Given the magnetic field effects on plasma,
particularly in the divertor, with increasing radius it is expected that the plasma at
smaller radii will generally possesses less energy, specifically lower electron temper-
atures. Based on the magnitude of the emission and its reduction with increasing
radius, this would correspond to a reduced emission in the wavelength band which

is a result of decreasing electron temperature.
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Figure 3.23: Background plasma emission for 1047/15 nm channel of a number of di-

vertor Thomson spatial points for 44154
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3.5 Signal Fitting

The scattered power Py as a function of the scattered wavelength A, due to Thomson

scattering is given by:

d*o (N, 0,T.)
dAsdS2

where P; is the incident laser power, n,. is the electron density, L is the scat-

P,(A\s) = Pn.LAQ (3.5.1)

tering length and A is the solid angle.
The cross section for scattered power per unit wavelength per unit solid angle

is given by:

d’*o 09
DA )\—iS(:L’,Q) (3.5.2)

where o is the Thomson scattering cross section, \; is the incident wavelength
and S is the Selden equation [46].

The number of scattered photons ng as function of wavelength is given by:

2
ns(\s) (%) = (%) neLAQ% (3.5.3)

where n; is the number of incident photons.
The number of photons detected ngetecteq in a channel is given by:
QFE

Ndetected = nzneLAQT/

As o (M, 0, T,)
N dhdQ

where QF is the quantum efficiency of the detector and F' is the noise factor.

H(N)dA (3.5.4)

In order to relate the scattered signal measured to the electron density the
polychromators have to be absolutely calibrated. There are typically two methods
of absolute calibration used for Thomson scattering diagnostics, Rayleigh scattering
and Raman scattering, which are discussed in Section 4.2.

Based on typical numbers for the MAST-U divertor Thomson system (1.J
laser energy, 15% estimated quantum efficiency (EQE), 12mm scattering length,
44% optical transmission and 95% filter transmission) and system specifications
taken from Table 3.2 the number of photoelectrons expected to be detected by
the system can be calculated using Equation 3.5.4. This is using the Thomson

scattering cross section and assumes no vignetting of the optics. Based on these
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numbers the system would be expected to detect 3506 photoelectrons per 1 x 10
electrons in the plasma, assuming half of the Thomson spectrum is collected. If
these same values are used with the Raman scattering cross section in place of
the Thomson scattering cross section the number of photoelectrons detected for a
certain pressure of Nitrogen can be evaluated. For 50 mbar of Nitrogen, which is
equivalent to 1.21 x 10%* molecules, 3796 photoelectrons would be detected. This is
assuming that half of the Raman spectrum is collected, which would be equivalent
to collecting the anti-Stokes portion of the spectrum. As a result of this comparison,
the Thomson scattering signal measured from 1 x 10 electrons would be expected
from 1.16 x 10** molecules of Nitrogen.

The laser energy for the first MAST-U campaign was reduced to 0.8J by
altering the Q-switch delay and broadening the laser pulse. This was done as a
precaution to preserve the in-vacuum mirror [16] by reducing the laser fluence.
The duration of the laser pulse at this energy is ~25ns full width at half maximum
(FWHM). Scattered signals are fitted on embedded computers as part of the data
acquisition to generate a Gaussian fit. Mean 1-sigma values are typically on the
order of 12ns which corresponds to a FWHM of 28 ns.

An example of fitted signals for a ~1eV plasma can be seen in Figure 3.24.
Signal is observed in the 1057/5nm and 1061/2nm channels. This is due to the
temperature of the plasma at this location. The 1047/15nm and 1017/45nm chan-
nels see no signal as they have central wavelengths further away from the Doppler
shifted light collected from the plasma. At such low temperatures a negligible

signal in these channels is collected despite their broader bandwidth, as expected.
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Figure 3.24: Scattered signals from MAST-U plasma 45443 and the associated fit to

produce electron density and temperature values

The calculation of electron density and temperature is done in the MAST-U
processing loop using the Gaussian integrals which are used in a fit to the analytical
Selden function [46] along with the individual calibration values for each polychro-
mator. The density values produced from this fit are produced with a calibration
constant determined by rotational Raman scattering, as described in Section 4.2.
The values of electron density and temperature at each spatial point are available

several minutes after the plasma.
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Chapter 4

MAST-U Divertor Thomson Scattering

System Calibration

This chapter details the work carried out to calibrate the divertor Thomson scat-
tering system. Section 4.1 covers the spectral calibration of a Thomson scattering
polychromator and the methods used to calibrate the individual instruments in-
volved in the calibration. Section 4.2 presents an introduction to Raman scattering
and its for calibrating Thomson scattering diagnostics. The choice of a Raman scat-
tering calibration over Rayleigh scattering for the MAST-U Thomson systems is
also discussed.

Section 4.2 outlines the absolute calibration for the divertor Thomson system
and the adjustments made to the optical alignment in order to commission the
system. Results of Raman scattering experiments in Nitrogen are presented for the
divertor Thomson system with a comparison to the core Thomson system which
underwent a Raman calibration in parallel. Work contributing to the absolute
Raman calibration and comparison of these results to the calibration of the core

Thomson system is already published in [17].
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4.1 Spectral Calibration

As spectral calibrations are routinely done for the Thomson polychromators there
is a dedicated setup, seen in Figure 4.1a, used to perform these measurements. A
white light source is directed through a rotating disc light chopper and a Princeton
Instruments SpectraPro 25001 monochromator. A time-varying signal is needed to
ensure that any DC offset measured by the polychromator electronics is not over-
looked. This would cause . The monochromator has a variable slit width to set the
measurement resolution. A typical value for this is 0.1 mm. The detector is con-
nected to a PicoScope digital oscilloscope which digitises the signal and interfaces
with a PC.

The output from a monochromator is produced by a Czerny-Turner spectrom-
eter. A broadband white light source is input into the spectrometer. The light
source passes through a narrow slit where it is imaged onto a diffraction grating.
This grating spreads the incident light and images the varying wavelengths of light
onto different spatial locations. The monochromator output is determined by a
computer interface which allows the wavelength of the light to be controlled. The
instrument function of the monochromator is determined by the diffraction grating
and the width of the slit that images the light onto the grating. The output light
passes through a lens which focuses the light into the fibre optic where the light

illuminates the filter or polychromator under test.
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Figure 4.1: Setup diagrams for polychromator calibrations

To account for the light source, and its variation in transmission as a function
of wavelength due to the detector, a power calibration is performed using the setup
shown in Figure 4.1b. A silicon detector is chosen to digitise the signal which has
a calibrated wavelength response, as seen in Figure 4.2. This allows the natural
variation in white light source spectrum to be accounted for when analysing the

polychromator transfer functions.
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Figure 4.2: Responsivity of silicon detector used for power calibration

To ensure high resolution measurements of narrow band pass filters can be
taken with this setup a Xenon source was tested in the same calibration setup, ex-
cluding the optical chopper, with a Xenon source replacing the white light source.
This was done to see if the instrument function width of the monochromator would
allow narrow line emission to be measured by the calibration system. This capa-
bility is required for the narrow band filter tests where the number of photons
are vastly restricted. The instrument function defines the ability to determine the
spectral resolution of the system. If the instrument function of the monochromator
is too wide then the result of the measurement will be smeared at the edges. The
980.0nm Xenon emission line was used for this with slit widths of 0.1 mm. The
FWHM of the peak was measured to be 0.2 nm making it suitable for measurements
of this nature. Given the line is meant to be at 980.0 nm and the peak corresponds
t0 980.1 nm it can be seen that the monochromator is suitably calibrated within the
bounds of its error and this is appropriate to perform polychromator calibrations

using a white light source.
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Figure 4.3: Emission from a Xenon lamp showing line at 980 nm used for calibration

4.2 Absolute Density Calibration

Absolute calibration of a Thomson scattering system is described in [58]. It is
vital for a divertor based Thomson system in particular with the development of
advanced operating scenarios. Detachment in particular adds significant interaction
with neutral species into an already active region of the plasma. It undergoes a
vast number of atomic processes such as excitation and recombination. These lead
to intense levels of background light emitted from the plasma. This can saturate
any of the Thomson spectral channels but it is a particular concern in the narrow
spectral channels which are required for low electron temperature measurements
in this region of the plasma.

A spectral calibration with a white light source and monochromator, as de-
scribed in Section 4.1, is common for an interference filter based polychromator.
The MAST-U Thomson system and a few other systems [53, 59] use Raman scatter-
ing to absolutely calibrate the signal level for each of the polychromators following
a successful spectral calibration.

Raman scattering, which is typically carried out in Nitrogen for Thomson
calibrations, has a cross section, %famen of 7.41 x 10~3*cm?sr~" [59]. There is also

ds2

no cross section at the laser wavelength which means the only signal at the laser
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wavelength is inherent stray light in the system, which is useful to discover prior to
plasma measurements being taken. Tokamak based Thomson scattering systems
such as the core MAST-U system regularly undergo calibrations in Nitrogen at

pressures exceeding 100 mBar.

4.2.1 Rayleigh Calibration

Rayleigh scattering is still used to calibrate tokamak based Thomson scattering
systems [60] but it is generally accepted that the best method of absolute calibration
is Raman scattering [59, 61]. Despite this, Rayleigh scattering is regularly used for
calibration of Thomson systems in low temperature plasma systems such as those
in [28, 29] where gases such as Argon are used. Rayleigh scattering is useful on

plasma systems of this kind as the technique only requires gas pressures on the order

dURayleigh

e , of

of a few mBar. This is due to the Rayleigh scattering cross section,
Argon being 5.4 x 1072cm?sr~! [40]. This results in roughly an order of magnitude
greater signal than that due to Raman scattering.

While this is an advantage for establishing the technique, the large number of
Rayleigh scattered photons often leads to saturation of the digitised channels, and
can even damage the photodetectors in extreme cases. Due to this light blocking
techniques such as neutral density filters are typically used to reduce the signal
level and avoid any adverse saturation effects. In addition, Rayleigh scattered
light only occurs at the laser wavelength so any sources of stray light such as
dust, system geometry or any other gases in the vessel can contribute noise during
the calibration. The divertor Thomson system itself makes Rayleigh scattering

impractical by not measuring the light at the laser wavelength which is filtered out

as a stray light mitigation technique for plasma measurements.

4.2.2 Raman Calibration

Raman scattering occurs at a series of discrete wavelengths about the laser wave-
length A, [58]. Further detail about these discrete emission lines is outlined in
Appendix A. The wavelength and intensity of the scattered light is dependent on
the rotational and vibrational state of the molecule, typically Nitrogen, chosen for

scattering. Generally the contribution from the vibrational states is sufficiently
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large that it is outside of the wavelength range transmitted by the polychroma-
tors so only the cross section due to rotational Raman scattering is considered for
MAST-U calibrations.

If the scattering molecule loses energy then the scattered photon gains energy
and scatters at a lower wavelength. Raman lines at a greater wavelength than A\p
are known as Stokes lines and lines at a wavelength less than Ay are known as anti-
Stokes lines. As the core Thomson system only transmits blue shifted wavelengths
only anti-Stokes lines are considered for the calibration of those polychromators.
With the addition of the two spectral channels that transmit red shifted light for the
divertor Thomson polychromators it is therefore possible to consider light collected
in these filters from Stokes lines for the purposes of the Raman calibration.

Given there are already a suitable number of channels to produce a quality
calibration and the reduced quantum efficiency of the silicon APDs at the red
shifted wavelengths, which are at values increasing towards the operational limit
of 1100nm as determined by the silicon bandgap in the APDs, the two filters
on the red shifted side of the spectrum were not used for the calibration of these
polychromators. The divertor polychromators also feature an additional 1061/2nm
channel on the blue shifted side of the spectrum which transmits a contribution
from a number of anti-Stokes lines. Due to the narrow bandwidth the signal to
noise ratio was roughly half that measured in the other two blue-shifted channels
so this channel was not used. The 1047/15nm and 1057/5nm filters and their

overlap with the anti-Stokes spectrum can be seen in Figure 4.4.
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Figure 4.4: Anti-Stokes (black) lines of N, at 300 K with the transfer functions of the
1057/5 nm (blue), 1047/15 nm (green) filters and the 1064.1 nm laser line (red)

A Raman calibration requires a number of spectral channels close to the laser
wavelength with high rejection of light outside the intended pass band. Given the
design for low temperature operation of this system, with a number of spectral
channels in close proximity to the laser wavelength, in an area of significant stray
light such as the divertor, this requirement is comfortably met.

Unlike Rayleigh scattered light, which is singularly polarised parallel to the

plane of the incident light, Raman scattered light has two polarisations:

O Raman = ]| 70 Raman + 1L ~ 0 Raman 4.2.1)

where 7 and 7, represent the fractions of the scattered light parallel and
perpendicular to the incident beam polarisation respectively.

The polarisation of Thomson scattered light is parallel to that of the incident

light. Any depolarisation effects [62] are negligible, as discussed in Section 2.3.

A polariser positioned on the collection optic to remove perpendicularly polarised

background light from being collected by the fibre optics is used on the core Thom-
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son system. While this was intended as part of the design of the divertor system,
this had not been installed at the time of first operation of the diagnostic. This
was due to concerns about the magnitude of scattered light received during initial
operation of the diagnostic, which turned out to not be a problem.

To absolutely calibrate the system the gas pressure in the vessel is varied with
the scattered signal intensity measured for each gas pressure, as seen in Figure 4.5.
To measure the signal intensity the lasers used for the calibration are fired for
5s. Data is collected for ~1s with the 30 Hz repetition rate, as would be typical
during the duration of a MAST-U plasma. After obtaining data for a number
of gas pressures the reciprocal of the linear fit to the pressure scan is used to
calculate the calibration constant for each of the polychromators and lasers used.
This constant is determined for each of the spectral channels as the difference
between the channels is accounted for by the difference in anti-Stokes cross section
measured by the filters, as shown in Figure 4.4. It can be seen that the vertical
offset for each channel in Figure 4.5 is negligible meaning there is minimal stray
light present which is due to the stray light mitigation techniques employed in these

polychromators, as discussed in Section 3.3.
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Figure 4.5: Linear pressure response for for Raman calibration of a divertor polychro-

mator with 0.82J of laser energy

The average scattered signal for a single pressure can be seen in Figure 4.6
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which shows a comparison between the core and divertor systems during their
calibration. Given the requirement of filling the vessel with Nitrogen and the
associated disruption to plasma operations, it is convenient for the systems to be
calibrated together as the diagnostics can run in parallel. It can be seen that
accounting for the difference in laser energy there is a similar agreement in the
signal transmitted at the same gas pressure which would be expected given the
comparable optical transmission of the two systems.

There is a clear temporal offset in the two scattered signal pulses. While there
would naturally be a small difference due to the differing optical path length of the
two systems, a 30 ns offset is applied to the digitisers described in subsection 3.3.1
in order to distinguish the timing of the scattered signals between the two sys-
tems. This is particularly helpful when analysing the scattered signals in terms
of their association with a particular laser. This was particularly useful during
first commissioning of the diagnostic when the laser used for the divertor system
was borrowed from the bank of core system lasers. The difference in Gaussian
width between the core and divertor signals seen in Figure 4.6 is due to the altered

Q-switch delay to reduce the laser energy, as described in Section 3.5.
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Figure 4.6: Comparison of Raman scattering signal level between a core (blue) and
divertor (red) polychromator for 84.7 mbar with 1.52J and 0.82J of laser energy respec-

tively
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Along with the Raman signal, generated from the integral of the scattered
signal, there is an associated error. This is given by the standard deviation of the
Gaussian integrals over the laser pulses included in the data acquisition time. The
fractional error in signal integrals can be seen in Figure 4.7. An error of ~5% is
observed, with variations around this value due to small fluctuations in the laser
energy. Despite the fluctuations, the system demonstrates a good signal to noise

level with good repeatability.
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Figure 4.7: Fractional error of a 1057/5 nm channel in a divertor polychromator averaged

over 1 s of laser pulses for a range of Nitrogen pressures

The backplane features two bifurcated fibres as described in subsection 3.2.4.
With each fibre having a delay line, producing the second scattered signal pulse, the
two bifurcated fibres are separated across the backplane. This allows for comparison
between the two peaks transmitted by each fibre with the ratio between these
peaks used as a measure of the system alignment. The fibre backplane allows
for adjustments at both ends of the backplane in a clockwise and anti-clockwise
manner which are used to raise or lower the image plane to adjust the alignment
of the fibre image to that of the laser line in-vessel. The collection cell position can

also be adjusted in either direction vertically to bring about a similar adjustment.
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Table 4.1 shows the changes made to the backplane and collection cell over the
course of a number of calibration shots as measured by their individual adjustment
scales. These adjustments are very sensitive due to the size of the fibres relative
to the mechanical adjustments available during the backplane movement. Despite
this, it is crucial to be able to make these adjustments to alter the image plane

which enables the signal received by the fibres to be optimised.

Shot Collection | Backplane | Backplane Comment
Cell mm) | LHS (mm) | RHS (mm)
46373 30.5 50.0 9.5 Starting position
46376 30.5 50.0 10.0 Slightly improvement on
201-208 but worse 506-509
46380 29.0 49.0 7.6 Best 201-208 but no signal
508 & 509
46386 29.5 49.3 7.6 Good signal across whole
chord - final setting

Table 4.1: Adjustments made to collection cell during alignment procedure. Collection cell and backplane

measurements are the heights according to their respective scales as fixed

Given the 2.02mm vertical height for each of these fibres, a 2:1 ratio between
the peaks shown in Figure 4.8 corresponds to a ~0.5 mm discrepancy in the align-
ment. Considering the uncertainties associated with the sensitive adjustments to
the fibre backplane and the daily fluctuations in the laser alignment, this is used

as a measure of good alignment of the bifurcated fibres.
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Figure 4.8: Bifurcated fibre signal traces for optical alignment in Nitrogen

Due to the precise nature of these adjustments they are typically made prior to
carrying out a Raman calibration in Nitrogen as the result of any adjustments can
immediately be seen without compromising plasma performance. In addition, if any
further adjustments have to be made there is time allocated for subsequent entries
into the tokamak area to carry out any corrections to the alignment. The Raman
signal from the adjustments to the collection cell and fibre backplane outlined in

Table 4.1 can be seen in Figure 4.9.
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Figure 4.9: Bifurcated fibre signals during adjustments made to the fibre backplane

The integrated Raman signal for each polychromator can be used to evaluate
any vignetting across the viewing chord. Given the closed geometry of the divertor
and the likelihood of coils, cables or in-vessel components installed after the system
design there is likely to be vignetting at some of the spatial points. As Raman
scattering intensity, accounting for gas pressure and laser energy, produces a known
intensity any losses due to vignetting will be accounted for with the individual
calibration factor for each of the polychromators. To perform these measurements
extra digitisation space was allocated which allowed all 12 spatial points, as shown
in Table 3.1, to be active. This utilised all 8 of the divertor polychromators and 4
of the X-point polychromators, as shown in Figure 3.14.

The inclusion of the X-point polychromators was possible as they feature the
same model of OD6 hard coated filters with the same central wavelength and
bandwidth of filters on the blue shifted side of the wavelength spectrum. This
allowed a Raman calibration to still be performed with the same spectral channels,
as well as enable electron temperature measurements down to ~1eV. Even though
there will be a difference in the transmission of these filters as they were produced
during a different batch of production, any variation will be accounted for by the

spectral and Raman calibrations.
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It can be seen that there are two clear regions of vignetting due to the closed
divertor covering. The first is from 1.25m out to the Super-X divertor tile at
1.44m. The second is from 1.18 m out to the 1.03m. This is an important result
as it demonstrated a good signal intensity across the entire viewing chord for the
first time. Vignetting is inherently accounted for in the Raman calibration factor
so that this does not factor into the electron density measurements at the spatial

points that experience vignetting.
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Figure 4.10: Gaussian integral from Raman scattering in Nitrogen normalised by the

laser energy and the variation with radius for the divertor Thomson spatial points
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Chapter 5

Thomson Scattering Analysis of

Scrape-off Layer and Divertor Plasma

This chapter details analysis of data collected during MAST-U plasmas, with the
exception of Section 5.6 which presents an analysis technique tested using MAST
data collected in 2013. In Section 5.1 some of the background of MAST-U plasmas
is discussed and a brief outline of the experiments that are covered in subsequent
sections is provided. The work in Section 5.2 presents data from a number of
MAST-U Super-X divertor plasmas collected using the divertor Thomson system.
The parameter space of the electron density and temperature values is discussed
and compared to MAST-U simulations. This data is compared to results from
detachment experiments on the TCV tokamak where the electron temperatures
observed during detachment is in contrast to that measured on MAST-U during
this work.

Observation of Super-X divertor rollover in the electron density data measured
by the divertor Thomson system is presented in Section 5.3. Radial electron den-
sity and temperature profiles from the divertor Thomson system are compared to
Langmuir probe ion saturation measurements where the effects of detachment on
these profiles is evident.

Measurements in plasmas achieving detachment in a single shot with a ramp in
the gas fuelling are discussed in Section 5.4. Similar trends in the electron density
and temperature are observed to those in the experiments discussed in Section 5.3.

The divertor Thomson measurements are compared to the divertor monitoring
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spectrometer (DMS) systems for one of these plasmas. Results from development of
a divertor Thomson polychromator to include measurement of the Fulcher band, D,,
and Dg emission are presented in Section 5.5. Each of their respective relationships
with electron temperature during the gas ramp are investigated and show good
agreement with other measurements in the Super-X divertor.

An analysis method for averaging Thomson scattering scattering signals is pre-
sented in Section 5.6. This enables measurements down to lower electron densities
in the SOL. This method is benchmarked on MAST and compared to reciprocating
Mach probe data which shows good agreement.

While analysis of data produced by the divertor Thomson system is still on-
going at the time of this thesis’ writing, diagnostic work and data analysis has

already resulted in, or contributed to, a number of publications:

J. G. Clark, M. D. Bowden and R. Scannell. Low temperature Thomson
scattering on MAST-U. Rev. Sci. Instrum. 92, 043545 (2021)

J. G. Clark, M. D. Bowden, Y. Kim, B. Parry, E. Rose, R. Sarwar and
R. Scannell. First divertor Thomson scattering measurements on MAST-U.

Rev. Sci. Instrum. 93, 103534 (2022)

J. G. Clark, M. D. Bowden, J. R. Harrison and R. Scannell. Thomson scat-
tering measurements in MAST-U Super-X divertor plasmas. Proc. 48th

European Conference on Plasma Physics (2022)

K. Verhaegh, B. Lipschultz, J. R. Harrison, N. Osborne, A. C. Williams, P.
Ryan, J. Allcock, J. G. Clark, F. Federici, B. Kool, T. Wijkamp, A. Fil,
D. Moulton, O. Myatra, A. Thornton, T. O. S. J, Bosman, C. Bowman,
G. Cunningham, B. P. Duval, S. Henderson, R. Scannell and the MAST
Upgrade Team. Spectroscopic investigations of detachment on the MAST
Upgrade Super-X divertor. Nucl. Fusion. 63, 016014 (2023)
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5.1 Introduction

A MAST-U experiment will consist of a number of plasmas, colloquially referred
to as shots, that are designed to investigate a certain behaviour or engineering pa-
rameter. Generally the approach taken is to develop a number of baseline plasma
scenarios. MAST-U scenarios are normally defined by their plasma current, di-
vertor configuration and neutral beam heating power. A baseline scenario will
be used for a number of different experiments with minor changes made accord-
ing to the experimental parameter under test. This often forms a reference to
change common parameters such as auxiliary heating, fuelling and plasma shape.
Given that the divertor Thomson scattering system requires the plasma to be in
a Super-X divertor configuration to obtain data, the diagnostic can only produce
electron density and temperature data for plasmas operating in that configuration.
During the work of this thesis there were a number of Super-X experiments run
on MAST-U where the divertor Thomson system was producing data. Most of
these experiments were centred around detachment access in the Super-X divertor

configuration and comparison to the conventional divertor.

5.2 Super-X Divertor Parameter Space

The electron density and temperature parameter space was profiled by the diver-
tor Thomson system which was operational for 68 plasmas in the first MAST-U
campaign after commissioning. All of these plasmas were ohmically heated in their
Super-X phase but there were generally two different scenarios used, either 600 or
750 kA plasma current. These scenarios used a number of different fuelling quan-
tities and locations but the gas injected was always deuterium. As well as the
different plasma current for the two scenarios there was a significant difference in
the alignment of the divertor strike leg with the divertor Thomson laser line, shown

in yellow in Figure 5.1.
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Figure 5.1: Comparison of divertor Thomson alignment in the Super-X configuration for

45445 (left) and 45463 (right) at 500 ms and 750 and 600 kA plasma current respectively

The 600 kA scenario incorporated specific adjustments to the divertor coils to
align the strike leg with the divertor Thomson laser whereas the 750 kA scenario
did not. As a result the angle the field line makes across the laser chord varies
significantly between these two scenarios. It is expected that for the 750 kA sce-
nario, in addition to any gradients in the electron density and temperature profiles
inherent to the divertor, there will also be an additional impact of the alignment
caused by proximity of the sampled spatial points to the strike leg. It can be seen
that the spatial points are distributed either side of the strike leg. This means that
some are in closed, confined magnetic field lines (¢)y < 1) and some are in open
magnetic field lines (¢ > 1) that are expanding out to the divertor tiles.

Given the Super-X is designed to operate with magnetic flux expansion to
decrease the electron temperature at the target, it is expected that these two con-
ditions would be distinguishable in terms of the electron density and temperature
values. With the fall-off in the magnetic field strength it would be expected that
spatial points at larger radius, or normalised poloidal flux, would correspond to
a reduction in electron density and temperature. This is analogous to the fall-off
in electron density and temperature seen in the SOL at the midplane, as mea-
sured by the core Thomson system. This is similar behaviour to that seen when
the strike leg was placed right at the bottom of the Super-X tile and the electron
density and temperature values measured by the divertor Thomson system were

not able to be resolved due to low electron density and temperature values at the
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measurement points. The low electron density and temperatures fell outside the
operational limits of the diagnostic such that not enough scattered photons were
collected in the at least two of the channels to be able to resolve a measurement.
As the 600 kA scenario plasmas positioned the strike leg to align with the divertor
Thomson laser, the variation associated with separation from the strike leg is less
significant in comparison.

The electron density and temperature parameter space for 21 Super-X divertor
plasmas is shown in Figure 5.2. These were chosen based on plasmas avoiding
disruption events that terminated the plasma, events that caused the real-time
plasma protection system into an early safe stop of the plasma or those that had
poor laser alignment early in the scenario development, such that no usable data
was obtained. The resulting dataset shows both the 600 and 750kA scenario,
which include different fuelling rates and fuelling locations. It shows that despite
the differences in alignment, heating power and fuelling rate the majority of plasmas
were at a lower electron density (~ 1 x 10 m™3) and temperature (~1¢eV) than
expected based on simulations carried out before the first operation of the Super-X
divertor [63]. Despite these values being lower than intended for routine operation,
based on the initial design of the diagnostic, high quality data was still obtained as
the plasma parameters did still fall within its operating range. Given the lower than
expected electron temperatures measured in the Super-X divertor and the difference
in electron temperature measurement range produced by the divertor and X-point
polychromators, as discussed in Section 3.3, the X-point polychromators were used
for the majority of the experimental results in this thesis. Results obtained using
the divertor polychromators were made having carried out the adjustment to the
angle of incidence of the 1061/2 nm filter based on the initial results operating this
diagnostic, as described in Section 3.3.

It can be seen from Figure 5.2 that there is little difference in the range and
distribution of electron density and temperature values between the 600 and 750 kA
scenario. While there is a clear difference in the occurrence of these values, this is
accounted for by the number of shots included in the two databases. Although there
are clear alignment differences, it can be seen that even though the 750 kA scenario

includes a number of shots at higher plasma current there is little difference in the
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two distributions aside from a few data points at higher density and temperature.
Given the difference in heating power it was expected that the two scenarios would

have had a bigger difference in terms of electron density and temperature values

but this was not observed.
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Figure 5.2: Histogram of electron densities (left) and temperature (right) values from di-

vertor Thomson scattering spatial points for a 750 kA plasma scenario (blue) and 600 kA

Super-X divertor plasmas

It was observed that these plasmas covered a range of attached, partially
detached and deeply detached plasmas based on spectroscopy measurements, sig-
natures of electron-ion recombination and Langmuir probe rollover measurements.
This showed that despite the degree of detachment, the electron temperatures
measured in the Super-X divertor were very low, on the order of a few eV. This

is surprising given that other studies have found detachment onset below ~5eV
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[64] where as MAST-U has observed attached plasma conditions at lower electron
temperatures than that. The electron temperature values in particular were lower
than predicted by simulations [63]. An explanation for this could be the lack of
GDC in the divertor. Absence of this meant that any gas particles present on the
divertor tiles after the previous plasma were not cleaned from the divertor cham-
ber in between plasmas. The impact of this is that regardless of the set fuelling
level the plasma could liberate deuterium gas stored in the tile surfaces so a higher
concentration of neutrals would be present in the plasma. The effect of this would
be a reduction in the electron density and temperature due to recycling from the
divertor surface. There was also no cryopump, a designed enhancement for the
MAST-U project, active during these plasmas. Due to this the level of neutrals
was not controlled, or even accurately measured, during these plasmas. Combine
this with the lack of GDC and recycling and various other atomic processes occur-
ring in the divertor [15] this would explain the electron density and temperature
of the Super-X divertor for these plasmas. In future campaigns it is expected that
with greater neutral control from cryopumping and inter-shot divertor GDC, higher

densities and temperatures will be observed by this system.

5.3 Super-X Divertor Detachment Measurements

As part of the first MAST-U physics campaign an experiment was carried out using
the 600 kA scenario discussed in Section 5.2 and shown in Figure 5.1. The aim of
this experiment was to achieve a divertor rollover’ and observe detachment in the
Super-X divertor. As previously discussed, these plasmas all prioritised alignment
to the divertor Thomson laser line so any effect on the data from misalignment with
the strike leg is negligible. The data selected for this study consists of 6 plasmas
outlined in Table 5.1 that had 400 ms in their Super-X period until ramp down,
apart from 45463 which only lasted 300 ms in Super-X phase.
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Shot number | Divertor Description
45443 Super-X | 600 kA ohmic reference shot with 45 V midplane fuelling
45456 Super-X Repeat of 45443 with 55V fuelling
45459 Super-X Repeat of 45456 with 60 V fuelling
45461 Super-X Repeat of 45459 with 65V fuelling
45462 Super-X Repeat of 45461 with 70 V fuelling
45463 Super-X Repeat of 45462 with 75V fuelling

Table 5.1: Description of shots used in this section. Fuelling voltage refers to voltage supplied to piezo-

electric fuelling valve

Each of these shots has a clear difference in the core line integrated density
trace from the interferometer. These differences are the result of changes to the
plasma fuelling, from the same midplane location, over a number of shots. Each
fuelling level was kept constant throughout the Super-X phase of the plasma, as

can be seen in Figure 5.3.
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Figure 5.3: Plasma current (top) Deuterium gas fuelling (middle) and core line integrated

density(bottom) diagnostic traces for the shots in Table 5.1

The effect of the fuelling scan can be examined in terms of radial Thomson
profiles. Given the fuelling rates explored, it is expected that the density and
temperature profiles will have different relationships with the fuelling rate. It is
expected that at the low fuelling rates the divertor will be attached and as a result
the divertor density will continue to increase with fuelling up until the point of
rollover. Beyond that point any further increase in fuelling will result in a drop
in the divertor density. It is expected that the divertor temperature will decrease
monotonically throughout, as the degree of detachment increases. Evidence of
these effects on the electron density and temperature in the divertor can be seen
in Figure 5.4 where the electron density and temperature parameter space of the

shots in Table 5.1 is shown.
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Figure 5.4: Electron density and temperature space for the shots in Table 5.1

Taking three of the shots from Table 5.1 with 45443 (low), 45461 (medium) and
45463 (high) fuelling rates the divertor Thomson profiles are shown in Figure 5.5
for these three shots at the same point in time, 545ms. It can be seen that the
low fuelling case has the highest electron temperatures of ~2eV and a density in
the range 0.5 - 1 x 10 m~2 across the radial profile. The increase in fuelling for
45461 shows a drop in electron temperature across the profile, particularly closer
to the target. The density profile however sees an increase towards the divertor
entrance but the density close to the target is beginning to drop. This behaviour
is indicative of being close to the rollover point given the electron pressure is no
longer being conserved at points along the profile, particularly those close to the
divertor target.

The further increase in fuelling for 45463 shows a significant drop in the tem-
perature down to ~0.5eV with a flat response across the profile. At this point in
the shot there is little signal being measured at the spatial points near the target.
This is due to the low electron temperature plasma where not enough scattered
photons in the low temperature polychromator channels are detected to resolve a
measurement. As a result the diagnostic is reaching its operating limit and a fit

to produce electron density and temperature values is no longer possible at these
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spatial points. The density for this profile sees a significant drop down to ~5 x 10'®
m 3 with a reduction in the gradient across the spatial points. Divertor plasma at a
density and temperature of such values is indicative of deep detachment. The three
detachment stages of the Thomson profiles shown here agrees well with Langmuir
probe ion saturation data which indicates that 45443 is in an attached state, 45461
is close to the rollover point and 45463 is in deep detachment.

Being able to observe such behaviour with the Thomson system and comparing
favourably to other diagnostics operating in the divertor is vital. This is particularly
encouraging at electron density and temperature values lower than anticipated
during the design of the system. It shows that even below the expected MAST-
U operating values [63], particularly based on the design of the system [16], the
diagnostic is still able to measure to such low electron density and temperature
values, and able to observe the consequences of detachment on the electron density

and temperature profiles.
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Figure 5.5: Langmuir probe ion flux measurements (left) showing divertor rollover and
corresponding divertor Thomson profiles (right) plotted against the poloidal distance
to the target based on the magnetic equilibrium reconstruction. Langmuir probe data

provided by P Ryan (UKAEA)

To provide further insight into the electron density and temperature profiles in

the midplane SOL, a comparison between the core and divertor Thomson systems
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for the shots in Table 5.1 was performed. This is enabled by the timing of the
MAST-U Thomson lasers [48] which allow midplane SOL and divertor Thomson
profiles to be obtained simultaneously. As the midplane spatial points extend out
into the SOL this allows the behaviour surrounding the separatrix to be compared
with the two systems. This is done by mapping the radial points from the two
Thomson systems into normalised poloidal flux space using the MAST-U equilib-
rium code [25].

Given the alignment of the strike leg to the divertor Thomson laser all of
the spatial points in the Super-X phase of the shots in Table 5.1 fall within 0.95
< ¢y < 1.05 i.e. 5% of the separatrix position in normalised poloidal flux space.
For the midplane Thomson system there are typically 3-4 spatial points that fall
within this criteria. While the lasers used in the two systems during these plasmas
had the same frequency, there are multiple lasers used in the midplane system to
increase the temporal resolution and as a result the laser timing is spaced out. To
minimise the difference in time between the two datasets, midplane Thomson data
was taken from the laser that fired closest to the divertor laser. For these shots the
separation between the two laser pulses was on the order of ~10ms.

Averages for electron density and temperature values were taken for the spa-
tial points that fell within the 1y condition for the two systems. It can be seen
in Figure 5.6 there are differing relationships between the electron density and
temperature data in the midplane SOL and divertor with increasing upstream den-
sity. The electron density in the midplane SOL monotonically increases with the
upstream density. Meanwhile the electron density in the divertor increases until
~ 7 x 10 m~2 where it starts to decrease with further increases in the upstream
density. This is indicative of divertor rollover and corresponds to the behaviour
seen for individual profiles in Figure 5.5. As expected, it can be seen that there
is a monotonic decrease in the electron temperature surrounding the separatrix as
measured by both systems during this detachment scan. As a result of this the
electron pressure (en.T), where e is the electron charge, is not being conserved
once the divertor reaches the rollover point and begins to detach.

Due to the differing relationships with the upstream density, the ratio between

the density and temperature measurements for the midplane SOL and divertor is
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again in contrast. The ratio of the electron density data shows a large discrepancy
between the midplane SOL and divertor densities during attached conditions but
due to the outlined observations of the two relationships with the upstream den-
sity, there is a negative relationship between this ratio with the upstream density.
During attached conditions the density in the divertor is ~3x that in the midplane
SOL but by the time the divertor is deeply detached the density measured in the
two regions is approaching unity. In contrast, the ratio of the temperature in the
SOL and the divertor has very little relationship to the upstream density which

shows that they are varying at a similar rate.
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Figure 5.6: Average of midplane SOL (top) and divertor (middle) Thomson data and
the ratio of the two (bottom) for electron density (left column) and temperature (right

column) data between 0.95 < ¢y < 1.05

Even though the divertor conditions are of primary concern during a detach-
ment experiment, the conditions in the midplane SOL are still of extreme impor-
tance. As the purpose of testing current divertor configurations is to achieve a
suitable power solution for next generation devices. Any successful alternative di-
vertor configuration will have to show the solution to the exhaust problem during
reactor relevant conditions. During this experiment there were no shots that suc-

cessfully injected significant auxiliary heating power into a stable Super-X plasma
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while the divertor Thomson system was active. A comparison between the differ-
ences in electron density and temperature, between otherwise identical ohmic and
neutral beam heated plasmas, would have been beneficial but this was not possible
during this work.

Early MAST-U plasmas showed that the closed Super-X divertor reduced the
L-H transition [10] power threshold due to improved confinement of neutrals in
the divertor from the closed baffle which stopped them from reaching the core
as impurities, as predicted by simulations [65]. While the operating regime of a
future fusion power plant is unknown, given the benefit of high confinement mode
(H-mode) [10] on core confinement and density and temperature profiles, it can
be assumed that this is the most likely solution available at present. As a result,
H-mode plasmas in the Super-X configuration are of great interest, particularly the
access to detachment in this regime.

The results obtained show the ability of the divertor Thomson system to di-
agnose rollover in the electron density profiles during a detachment scan carried
out over subsequent MAST-U plasmas. The two Thomson systems allow the first
simultaneous analysis of electron density and temperature profiles in the midplane
SOL and divertor during operation of the Super-X divertor. As the plasma results
presented were intentionally kept in L-mode there is no comparison between the de-
tachment access in the Super-X configuration or electron properties in L-mode and
H-mode plasmas. There are H-mode Super-X divertor plasma experiments planned
in future physics campaigns but development of a successful plasma scenario for
this did not fall within the time frame of this work. The successful operation of
this diagnostic has provided further insight into the consequences of detachment
on the electron population as well as facilitating better comparisons to simulation
and theory. In the future the commissioning of the X-point Thomson scattering
system will further enhance the diagnostic capabilities of MAST-U and the abil-
ity to facilitate the study of particle transport, detachment and operation of the

Super-X divertor through Thomson scattering analysis.
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5.4 Gas Ramp Measurements

As well as achieving detachment over a series of shots, a number of experiments
were carried out to take a plasma from close to the detachment threshold and
into a detached state, with a ramp in the gas fuelling level. The reference plasma
used for this was a 600 kA ohmically heated Super-X divertor plasma, as seen in
Figure 5.7. The scenario used for this plasma did not align the divertor strike leg
with the divertor Thomson laser. There will be some reduction in the electron
density and temperature measured locally at a distance away from the strike leg.
Given the results presented in Section 5.2 and the comparison to ?? the impact of
the misalignment is not expected to be significant given the typical electron density

and temperature values measured in detached Super-X plasmas in this work.
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Figure 5.7: Plasma equilibrium reconstruction for MAST-U plasma 45371 at 500 ms

Based on previous generations of this scenario, the combination of this up-
stream density and fuelling was known to produce a plasma close to the onset of
detachment. To bring about a detached state, once the plasma transitioned into
Super-X at 400 ms deuterium gas was pumped in to the divertor on the low field
side, close to the divertor target as seen in Figure 5.8. While increasing the fu-

elling in the core would be expected to increase the degree of detachment, fuelling
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directly into the lower divertor near the target will have a more immediate impact

on the divertor conditions.
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Figure 5.8: Plasma current (top), high and low field side gas fuelling (middle) and core

line integrated density (bottom) data traces for 45371

Given the proximity to the detachment threshold it is expected that the elec-
tron density and temperature values would be ~1 x 101 m=3 ~1.5¢eV respectively.
Based on the behaviour seen in Figure 5.6 an increase in the fuelling would be
expected to bring about a period of increase in the electron density before seeing
it begin to decrease with continued fuelling. Throughout this fuelling the electron
temperature would be expected to decrease monotonically.

To observe the effect on the divertor conditions during this gas ramp the
divertor Thomson system was active during the Super-X phase of this plasma.
Figure 5.9 shows divertor Thomson profiles of the electron density and temperature
with respect to the poloidal distance to the divertor tile at 100 ms intervals after
the onset of the fuelling. It can be seen that there is an initial increase in the
electron density up to 635ms before a significant drop in electron density after
this time. The electron temperature however decreases monotonically to the point

where the diagnostic is operating close to its limit of detecting a plasma at this
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temperature given that there is only one spatial point where a measurement point
can be resolved. This corresponds to electron density and temperature values of
~4 x 108 m=3 and ~0.3eV respectively. This behaviour shows good agreement
with the behaviour presented in Section 5.3 but replicated in a single shot with a
gas ramp, rather than a constant fuelling level increased in stages over a number

of subsequent plasmas.
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Figure 5.9: Temporal variation in electron density (left) and temperature (right) profiles

with poloidal distance from Super-X target for 45371

Also operating during this plasma was the divertor monitoring spectrometer
(DMS) which measures plasma emission at a number of wavelengths along 20 lines
of sight across the divertor chamber. There are two DMS spectrometers, 'DMS-
York’ and 'DMS-CCFE’ which operate in parallel from two different view points.
The lines of sight of the two systems, the divertor Thomson spatial points and
plasma equilibrium for 45371 can be seen in Figure 5.10. While the DMS lines
of sight produce line integrated measurements, it does allow comparison with the

divertor Thomson due to the overlap between the viewing chords of the two diag-
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nostics.
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Figure 5.10: Geometry of DMS York (purple) and CCFE (green) spectrometers and
divertor Thomson spatial points. LFS fuelling location (left) for 45371 indicated by red

arrow. Figure courtesy of K Verhaegh (UKAEA) [15].

Using the DMS measurements a technique called Balmer Spectroscopy Plasma-
Molecular Interactions (BaSPMI) [66] is applied to the MAST-U data. This tech-
nique allows electron density and temperature values to be inferred based on anal-
ysis of the Stark broadening and Fulcher band brightness respectively. For further
detail on how the DMS spectrometers utilise the BaSPMI technique, the reader is
directed to [15, 67-69]. To compare the BaSPMI analysis and the divertor Thom-
son measurements, the Thomson data was averaged across the spatial points within
25 cm of poloidal distance to the divertor target. For this plasma this is all of the
Thomson spatial points. The DMS data was averaged for the points that fell within
30cm of poloidal distance to the target. The comparison between the Thomson

and inferred BaSPMI values can be seen in Figure 5.11.
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Figure 5.11: Temporal variation in divertor Thomson electron density (left) and temper-
ature (right) values with Fulcher (left) and Stark (right) spectroscopy measurements for

45371. Figure courtesy of K Verhaegh (UKAEA) [15].

There is a qualitative agreement in the trend observed by both the divertor
Thomson and DMS-Fulcher measurements which show the electron temperature
decreasing over time. Even though the trend of the two measurements is in agree-
ment, the absolute value of the electron temperature is not. This is because the
BaSPMI analysis of the Fulcher band brightness has a lower detection limit of
1.3 eV which is indicated on Figure 5.11. In addition the line integrated nature of
the measurement will result in a weighted measurement of the Fulcher emission
at the hottest parts along the line of sight. Given that at such low electron tem-
peratures close to the target, as indicated by the divertor Thomson, the Fulcher
band will have receded from the target. As a result the disagreement in absolute
value between these two systems is to be expected. Despite this, the agreement in
the cooling of the divertor conditions over time is encouraging. The plasma being
at a lower electron temperature than the Fulcher band detection limit as the de-
gree of detachment increases with continued fuelling is a positive result. With the
misalignment of the Thomson view to the strike leg it is expected that the local
electron temperature at the divertor Thomson spatial points is even lower still.
This inference is supported by the DMS measurements and the divertor Thomson
reaching its own soft measurement limit, as seen in Figure 5.9.

There is a quantitative agreement between the divertor Thomson and the

DMS-Stark measurements. This is due to the Stark inferred densities having large
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uncertainty values (0.2-3 x 10" m™3). This is systematic due to the low electron
density values leading to narrow Stark widths [15]. The use of a medium resolution
grating to image the specific Balmer line required also impacted this value. This was
required because of impurity emission in the divertor. There is also a qualitative
agreement in the trend observed by the two measurements which show the electron
density decreasing from 630 ms with increasing LFS gas fuelling as the divertor is
detaching. Once the gas fuelling is stopped at 750 ms as seen in Figure 5.8, the
density is seen to increase by both the divertor Thomson and DMS-Stark until the
plasma ends at 900 ms. At this point the electron temperature does also increase
but it is still very low and close to the soft detection limit of the Thomson system
(<0.5eV).

While there are limitations in the comparison between the two diagnostics,
there is good qualitative agreement between the divertor Thomson and DMS-
Fulcher and DMS-Stark measurements and quantitative agreement between the
electron density measurements between the divertor Thomson and DMS-Stark.
Comparison of these techniques showed that the divertor Thomson system is able
to make measurements comparable to an established divertor diagnostic. It is able
to observe sudden changes in the electron density and temperature profiles and the
consequences of divertor detachment on these quantities, as a result of gas injection
into the divertor chamber for a single MAST-U plasma. The commissioning of the
90 Hz laser for the divertor Thomson system in the future will enable measurements
of this kind to be improved over those presented in this work as a result of tripling

the temporal resolution.

5.5 Ultra Fast Divertor Spectroscopy Measurements

To further compare spectroscopy measurements with local Thomson measurements
in the divertor, one of the divertor Thomson polychromators was adapted to mea-
sure the Fulcher band (600 nm), D, (656 nm) and Dg (486 nm) lines. Due to digi-
tisation space available at the time, these channels were measured in place of the
existing Thomson channels meaning that electron density and temperature values

from Thomson scattering at the same spatial location could not be produced. The
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measured channels band pass the required wavelength and have strong rejection for
light outside their pass band due to impurity emission in the divertor. The spatial
point chosen for this polychromator was the furthest away from the divertor target
as outlined in Table 3.1. This was chosen due to concerns surrounding low tem-
peratures close to the target and the availability for comparison, particularly for
detached plasmas and Fulcher band emission, which would limit analysis for the
first implementation of this concept. The channels are digitised at 100 kHz and are
integrated into the same hardware and data acquisition as the Thomson system.
This ultra fast divertor spectrosopy (UFDS) unit was operational for a number of
MAST-U plasmas but for this comparison MAST-U plasma 46860 was selected.
There is good alignment to the strike leg of the divertor Thomson laser line so
any affect on the local electron density and temperature measurements due to the
distance from the strike leg is minimised. The plasma current, gas fuelling and
core line integrated density can be seen in Figure 5.12. This plasma transitioned
to Super-X at 300ms and was fuelled from the LFS midplane with the fuelling
ramped throughout the Super-X period until the end of the plasma at 800 ms.
This plasma scenario was known to be close to the detachment threshold so with a
large injection of gas into the SOL the divertor would be expected to detach within

the Super-X period.
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Figure 5.12: Plasma current (top), gas fuelling (middle) and core line integrated density

(bottom) data traces for 46860

It can be seen in Figure 5.13 that as a result of the gas fuelling there is a steep
rise in the core line integrated density. This corresponds to an increase in the neu-
tral pressure in the core and divertor measured by their respective fast ionisation
gauge (FIG). Beyond 450 ms there is a clear drop in the divertor temperature with
the increase in fuelling. This temperature value is the average across the divertor
Thomson spatial points so it is a good indicator of the macroscopic electron tem-
perature of the divertor. At such low electron temperatures with minimal gradients
previously observed across the spatial points, particularly in a detached state, tak-
ing an average of these spatial points is an appropriate method for monitoring the
temporal change in electron temperature during a single plasma. The magnitude
of the electron temperature observed during this time is indicative of detachment.

As the electron temperature decreases so too does the emission from the Fulcher
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band. This is expected because at these temperatures, during detachment, the
Fulcher band will be receding from the divertor target towards the X-point. As
the spatial location of this measurement of the Fulcher band emission is closer to
the divertor entrance than the target, the drop in this emission is indicative of the
Fulcher band receding towards the X-point, as expected. While the Fulcher band
emission is observed to decrease, the Dg emission is observed to increase. This is
an indicator of electron-ion recombination, particularly when Dg / D,, is increas-
ing. This is a further indicator of divertor detachment. This indicator at sub-eV
electron temperatures is routinely observed in MAST-U Super-X divertor plasmas

by the two DMS systems.
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Figure 5.13: Core line integrated density (top), core and divertor neutral pressure (upper
middle), core and divertor D, emission (middle), Fulcher band and D emission (lower
middle) and divertor electron temperature (bottom) for a gas ramp in MAST-U plasma

46860

To further analyse the relationship between the Fulcher band, D, and Dg emis-
sion and the electron temperature, data from the closest Thomson spatial point
was analysed for MAST-U plasma 46860. Figure 5.14 shows the Fulcher, D, and
Dg emission and the electron temperature values from 5.02 cm away in radial space.
Given the detached divertor conditions and the magnitude of the electron temper-

ature in this regime, there is expected to be a flat electron temperature profile so
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a 5.02 cm radial difference is expected to have little impact on the electron tem-
perature values despite the radial separation between these two spatial points. As
expected based on the behaviour seen in Figure 5.13 there is a positive relationship
between the electron temperature and the Fulcher band emission. It is observed
that the Fulcher band emission measured as the electron temperature approaches
0.5€V is negligible. Given the magnitude of the Fulcher band emission from plasma
at electron temperatures in this plasma regime this is an expected result given the
detached state of the divertor. In contrast there is an inverse relationship between
the Dg and Dg / D, emission and the electron temperature which expected given
the trend observed in Figure 5.13. Given Dg / D, emission is an indicator of
electron-ion recombination, which is itself used by diagnostics such as DMS to in-
dicate divertor detachment, it is expected that there is an inverse relationship with

electron temperature.
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Figure 5.14: Normalised Fulcher band (top), D (middle) and Dg / D, (bottom) emission
with electron temperature measurements from nearest divertor Thomson spatial point

(AR =5.02 cm) for MAST-U plasma 46860

The observation of the Fulcher band, Dg and Dg / D, emission and their re-
spective relationships with the electron temperature are a first of its kind measure-
ment in the Super-X divertor. Positive first results from this system has resulted
in plans to expand the number of these UFDS measurements for future MAST-U
experiments. With dedicated implementation of these channels there is the ability
to design new divertor Thomson polychromators with these channels inbuilt to en-
able ultra fast spectroscopic measurements to be made with local electron density
and temperature measurements at the same spatial location.

As a lower cost alternative if no further divertor Thomson polychromators are
commissioned, bespoke UFDS units can be installed directly next to the existing

Thomson spatial points. This is easily done given the space available to expand the
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number of polychromators in the divertor Thomson collection cell backplane, as
discussed in subsection 3.2.4. This would provide electron density and temperature
measurements within a few millimetres of the spectroscopy measurements. These
bespoke polychromators also allow channels measuring entirely different emission
bands to be installed. These can even be installed in different spatial locations with
the flexibility provided by the collection cell backplane. Given the success of these
first results it would be of interest to consider installing one of the UFDS units
close to the divertor target to further study the relationship between the spectral
emission and local electron density and temperature measurements in the Super-X
divertor. With the temporal resolution this system is able to operate at there is
potential to use these measurements for measurements during ELM crashes and

real time control in the future.

5.6 Edge Fall-off Averaging

The core Thomson scattering system can be used for electron measurements into
the scrape-off layer (SOL). This facilitates the study of the pedestal structure and
other plasma phenomena at the edge of the tokamak [26]. One method of reducing
error in these measurements is averaging across multiple profiles. Averaging of
density and temperature profiles works under the assumption that there is no
change in plasma position or electron density and temperature over the time period
chosen. Presence of phenomena such as ELMs and NTMs can invalidate these
assumptions.

It is typically possible to measure down to electron densities of ~5 x10®¥ m=3
in the midplane SOL for a single laser pulse. Fitting anomalies to the scattered
signal and the Selden function [46] are much more common at the plasma edge.
These signals are limited by the noise floor and in particular for this system, the
digitiser noise. The anomalies can even result in undefined values at the extremes of
the plasma which makes averaging of the electron density and temperature profiles
an unrealistic representation of this region of the plasma.

An averaging technique is applied to scattered signals over multiple laser pulses

3

to allow measurements to electron densities of ~1x10® m~—3, much lower than that
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of a single laser pulse. This averaging reduces the background noise level by N/2
where N is the number of laser pulses used. The effect of this averaging can be
seen in the reduction of the background noise level in Figure 5.15.

In Table 5.2 the integrated signal value and its associated error are shown for
a single and averaged data trace. The effect of this averaging on the density and
temperature values, produced from a fit to the Selden function, are also shown in
Table 5.3. The results in these tables show a reduction in the error for the integrated
signal in each channel and the resulting electron density and temperature values

respectively when applying the averaging technique.

Profile C1 (nVs) C2 (nVs) C3 (nVs)
Single | 0.173 +0.012 | 0.108 £ 0.009 | 0.000 4 0.027
Averaged | 0.194 + 0.004 | 0.083 £ 0.004 | 0.000 4 0.008

Table 5.2: Core Thomson polychromator 424 signal values for respective channels in 5.15

Profile | n, (10" m—3) T, (eV)
Single 5.82 £0.019 | 12.23 + 5.649
Averaged | 5.57 £0.003 | 12.95 £ 0.014

Table 5.3: Core Thomson polychromator 424 electron density and temperature values in 5.15

Results of this technique were used to compare with other diagnostics oper-
ating in the SOL. At the plasma edge reciprocating probes are often used. They
are especially useful for determining the power fall-off in the SOL which is a key
measurement for divertor survivability. Ohmic L-mode data, shown in Table 5.4,
was analysed for the final MAST campaign where the reciprocating Mach probe

was operational.
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Figure 5.15: Core Thomson polychromator 424 signal trace for hot 29023 showing the
first three channels at 0.29s (left) and averaged for 0.27-0.30's (right). Horizontal blue
lines demonstrate standard deviation in the background signal outside of the fitted Gaus-

sian.
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Shot | Plasma current (kA) | Toroidal field (T) | 7. (m™?)

29003 400 0.585 2.20 x 1019
28996 400 0.585 1.30 x 101?
29007 600 0.585 2.20 x 1019
28998 600 0.585 1.30 x 10%
29018 400 0.400 2.20 x 10
29027 400 0.400 1.65 x 10%

Table 5.4: Physics and engineering parameters used during MAST reciprocating probe experiment

On MAST the Mach probe made direct measurements of the ion saturation
current and did not produce electron density measurements. To enable comparison
between the two diagnostics the Thomson measurements were converted into an

ion saturation current:

]sat = €N Cs = €NeCy/ Te/me (561)

where e is the charge of an electron, n. is the electron density, C is the speed
of sound, c¢ is the speed of light, T, is the electron temperature and m, is the
electron mass.

Plasma shots 29003 and 28996 were used as the reference case with By =
0.585T and I, = 400kA. These shots were taken from a range of MAST experi-
ments varying the line averaged density through control of deuterium gas injection.
The core line averaged density was controlled during the flat top phase of the pulse
between three separate values. Low (L), intermediate (I) and high (H) core line
averaged densities of m, =~ [1.30, 1.65, 2.20] x 10 m~—3 respectively were chosen.
Low magnetic field (Br = 0.400 T) and high current (I, = 600kA) were chosen as
the other two cases which can be seen in Figure 5.16.

The region available for comparison is limited by the radial depth of the probe
penetration, in the time period of its sweep, to an area close to the separatrix. The
intermediate density profiles were omitted from the high current data due to the
probe reciprocation not crossing the separatrix during its sweep. The intermediate

density for the reference was excluded but there was no low density case for the
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Figure 5.16: Thomson density profiles (top) and Mach probe and Thomson /,,; profiles
(bottom) normalised by their separatrix value with all data from 0.25-0.30s. Ion satu-
ration values are normalised by the value at the separatrix position for each diagnostic

respectively.

low magnetic field so an intermediate density was included instead.

The probe profiles were smoothed with a 15 ms window size convolution. Fig-
ure 5.16 shows Thomson profiles deep into the SOL measuring densities down to
~1x10¥ m~=3, where 12 laser pulses were used to produce the averaged data. When
measuring the ion saturation current with the Mach probe, error values of 15% or
more are typically observed [70]. Considering the ion saturation current data within
the sweep of the probe there is a good agreement between the Mach probe and the
Thomson averaging for the ion saturation values, normalised to their separatrix
value, in Figure 5.16. This shows the suitability of the Thomson diagnostic for
SOL measurements and comparison with probe and other edge diagnostics, espe-
cially when implementing this averaging technique.

Power fall-off in the scrape-off layer was investigated using a similar processing
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technique previously [70]. As this technique was tested on MAST data, future
experiments were planned on MAST-U to continue these comparisons with the
addition of infrared camera data to further investigate the power fall-off length.
Unfortunately due to the unavailability of the reciprocating probe due to delays in
its installation and commissioning on MAST-U these experiments were postponed
until subsequent campaigns. This meant that they fell outside the time frame of
the work in this thesis.

Despite this, a method of improving the quality of the Thomson scattering
data in the scrape-off layer has been developed. This has shown to be effective
at reducing the systematic noise level in the signal. Ton saturation current values
converted from Thomson scattering data show good agreement with reciprocating
Mach probe data in the SOL. Through control of uncertainties and measurement
of electron densities on the order of ~1x10"®¥m™3, the technique has shown its
suitability for analysis of the MAST-U scrape-off layer. This is a significant im-
provement on previous analysis methods which due to system limitations at the
plasma extremes, meant that data in the deep SOL from Thomson systems was not

typically used without significant processing or unrealistic physical assumptions.
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Chapter 6

Summary and Outlook

6.1 Summary

In the work carried out in support of this thesis the development, installation and
operation of the MAST-U divertor Thomson scattering system has been presented.
This has enabled new divertor analysis to be carried out in support of MAST-U
with the ability to measure the electron density and temperature along the divertor
strike leg. Successful operation of this system has led to a number of publications
by the author both as a lead investigator and as a co-author. The work discussed
in this thesis this has centred around the MAST-U tokamak and the development
of plasma diagnostic techniques and analysis of data from MAST-U plasmas. This
has mainly been as part of edge and exhaust experiments. Other contributions
to the field were made in the topic areas of pedestal physics and development
of polarimetric Thomson scattering measurements in high temperature JET D-T
plasmas which were not relevant to the core body of work discussed in this thesis.

In Chapter 3 the MAST-U divertor Thomson scattering system is introduced.
Integration of the divertor Thomson system with the existing core Thomson sys-
tem is outlined. This enables parallel measurements of the electron density and
temperature profiles in two areas of the MAST-U tokamak which are discussed in
Chapter 5. Simulations and laser fluence testing of the in-vacuum laser mirror and
focusing lens were carried out which showed that the mirror coating selected was
expected to sustain the laser load from a MAST-U physics campaign in the optical

setup chosen. This was shown to be correct during commissioning and operation
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during the campaign and it continues to be operating without issue beyond the
work carried out during this thesis.

The development of the low temperature polychromators and the modifications
made to facilitate low electron temperature measurements in the Super-X divertor
are presented. It was found that the inclusion of a 1061/2nm filter was crucial
to enabling electron temperature measurements below the limit of the previous
generation of polychromator. Furthermore the reduction in the angle of incidence
of this filter from 94.5° to 90° was found to have an impact on the quality of sub-
eV electron temperature measurement in the Super-X divertor. This is supported
by simulations which show a clear reduction in the fractional error for electron
temperature measurements below 5eV with this adjustment.

Simulations were carried out to test the addition of a 1067/2nm filter to im-
prove the sub-eV measurements of the divertor Thomson system. This was shown
to reduce the fractional error that would be measured by the system and as a
result this is being considered as a future improvement for the system in light of
lower than expected electron temperatures in the Super-X divertor. Measurements
of the plasma background emission while the Thomson laser was not firing were
performed. These showed that there was a radial and spectral variation in the
emission measured that did not scale with the filter bandwidth. Specific line emis-
sion governed by fluctuations in the electron temperatures is evidently being picked
up in specific wavelength channels.

In Chapter 4 the process of calibrating the divertor Thomson scattering poly-
chromators is outlined. A discussion on Rayleigh and Raman scattering and the
rationale behind the use of Raman scattering for calibration of the MAST-U Thom-
son systems is covered. Parallel calibration of the core and divertor Thomson sys-
tem allowed comparison between the two diagnostics. The divertor system showed
a good signal level which was repeatable over 1s (33 laser pulses) of data acquisi-
tion. This behaviour was observed to scale linearly with pressure with ~5% error
due to fluctuations in the laser energy. There was negligible stray light observed
during the calibration and when accounting for the difference in laser energy and
vignetting the signal level between the two systems compares favourably. With

dedicated alignment of the collection cell to the laser line, the sensitivity of the
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fibre backplane position was investigated. Good backplane alignment of the bifur-
cated fibres was observed which led to a good signal level being measured at each
of the 12 spatial points across the viewing chord. Once all of the 12 spatial points
had been commissioned during Raman scattering this allowed the vignetting curve
of the collection cell to be measured and accounted for with the Raman calibra-
tion. Successful Raman calibration of this system in Nitrogen was crucial to its
commissioning and it has facilitated high quality electron density measurements in
the Super-X divertor which are presented in Chapter 5.

In Chapter 5 the main body of results from MAST-U plasma experiments
is presented. The divertor Thomson system made the first electron density and
temperature measurements along the Super-X divertor strike leg. The electron
density and temperature parameter space of the Super-X divertor was measured
over the course of 68 plasmas. Electron density values were typically in the region
of 1 x 10 m™2 and electron temperature values typically in the region of 1 eV which
was in contrast to the values predicted by simulations previously which predicted
1.1eV [65]. Despite the value predicted in these simulations agreeing with the
values measured experimentally, there are a number of physical differences which
would explain a discrepancy between the two values. The magnetic geometry in
the simulated Super-X is different to that achieved experimentally, particularly in
terms of the magnetic flux expansion. There is also a far higher concentration of
neutrals in the plasma, crucially with these levels not controlled by the cryopump,
as in the simulations. If these conditions were put into the model in [65] it is
expected that they would predict higher temperatures than those measured by the
divertor Thomson scattering system.

There was observed to be little change in the distribution in the parameter
space between plasmas operating with 600 kA and 750 kA plasma current. Over the
course of the 68 plasmas profiled there were differences in the magnetic geometry
and the alignment of the strike leg with the divertor Thomson laser line. It was
observed that while there was a difference in the electron density and temperature
measured away from the strike leg, the impact of this was not as significant as
expected. The electron density and temperature values measured were still typi-

cally in the region of 1 x 101 m™3 and ~1eV respectively. This was due to the

115



lower than expected electron density and temperature values across the Super-X
chamber and the lack of any significant gradient in the profiles, particularly in the
case of detached plasmas.

The effect of divertor detachment was observed in the electron density mea-
surements in the divertor. A rollover was seen in this data when analysing divertor
Thomson scattering data. There was a good agreement between the Langmuir
probe ion saturation measurements and the divertor Thomson measurements for
the electron density at which the rollover was observed which was ~7 x 10 m~2 in
line integrated density. There was also good agreement in the values for attached
(4 x 10" m~2) and detached (1.2 x 10** m~?) plasma conditions as indicated by the
rollover in the ion saturation current measurements. This was in contrast to the
effect seen on the electron density at the midplane SOL as measured by the core
Thomson system, which continued to increase with the core line integrated den-
sity. In contrast the electron temperature measurements made by both Thomson
systems demonstrated identical behaviour during the detachment phase where a
monotonic decrease was seen.

The effect of a ramp in the gas fuelling on the electron density and temper-
ature profiles was investigated. This showed good agreement with the behaviour
seen in other detachment experiments where the density increased until the point
of rollover before dropping with further increases in upstream density. The electron
temperature meanwhile decreased monotonically throughout the gas ramp as the
divertor became more detached until around 0.5eV where the soft detection limit
of the divertor Thomson system restricted the measurements. These measurements
were compared to the divertor monitoring spectrometer (DMS) systems which were
operational during the same plasma. Electron density and temperature values in-
ferred from Balmer Spectroscopy Plasma-Molecular Interactions (BaSPMI) analy-
sis agreed favourably with the divertor Thomson measurements within the bounds
of their error in this regime. Electron density values dropped from ~1 x 10 m—3
around detachment onset and dropped to below ~5 x 10'¥ m~2 at the end of the
fuelling ramp when the plasma was at its most detached. Meanwhile the electron
temperature dropped from ~1.5 eV at the detachment onset down below 0.5eV

before Thomson scattering signal was no longer being transmitted, particularly at
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spatial points closer to the target.

For a series of plasmas a divertor Thomson polychromator was replaced with
100 kHz measurements of Dg (486 nm), Fulcher band (600 nm) and D, (656 nm)
emission. Emission from the Fulcher band was shown to have a positive correlation
with electron temperature up to the 1.5eV peak temperatures observed in the
Super-X chamber during this plasma. However Dg and D / D,, emission was shown
to have a negative correlation with electron temperature from 0.75eV at which
point the emission was observed to increase with decreasing electron temperature.
This data showed good agreement based on previous results and indications from
the Dg and Dg / D, emission of electron-ion recombination were observed during
a detached plasma. This is a positive outcome for first results from this system
with more of these polychromators planned to be implemented for future MAST-U
experiments.

Prior to the start of MAST-U experiments an averaging technique was devel-
oped to allow measurements down to electron densities of ~1 x 10"¥m™2 in the
SOL with the core Thomson scattering system. This allows measurements below
the noise floor of the diagnostic by averaging the scattered signals and using the
result of the averaged signals to produce electron density and temperature values.
This technique was shown to reduce the background noise level and the minimum
electron density measurable by the system by several factors. This technique was
tested on a series of plasmas and the Thomson measurements, converted to ion
saturation values for comparison, showed good agreement with reciprocating Mach
probe measurements surrounding the separatrix.

As a result of the work carried out in support of this thesis there has been a
number of techniques implemented that will impact the development of Thomson
scattering systems in the future. The MAST-U divertor Thomson system has shown
that in-vessel optics can be used to create a unique scattering geometry to suit the
needs of the tokamak. The use of in-vessel optics will be affected in future tokamaks
such as ITER operating with a D-T fuel mix where the resulting neutron fluxes
will significantly affect the use of traditional optical coatings. Despite this, this
work has shown that tokamaks operating outside of this bespoke fuelling scenario,

only currently permitted by JET and ITER in the future, will be able to exploit a
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similar technique.

This work has shown that sub-eV electron temperatures can be measured with
a filter based polychromator in a high stray light region such as the baffled Super-
X divertor. Implementation of OD6 light rejection filters and a filter transmissive
to the laser wavelength facilitated this. Through comparison of stray light levels
between a core and divertor Thomson polychromator in Section 3.3, in a spatial
location that picks up significant stray light from the centre column, the effect
of these mitigation techniques is demonstrated. Stray light mitigation will be ex-
tremely important for Thomson systems on tokamaks operating with metal divertor
tiles and the development of advanced plasma scenarios. Metal divertor tiles will
result in increased reflectivity and produce additional sources of stray light. Re-
sults from this work have shown the ability of this design to mitigate these effects

over previous generations of hardware.

6.2 Future Work

Based on the work carried out during this thesis a few suggestions for future work
are given below.

With the X-point Thomson scattering system due for installation and com-
missioning in the near future, integration of this system with the core and divertor
Thomson system would enable further study into detachment access in the Super-X
divertor, particularly with the electron density and temperature measurements in
this area of the plasma which have not been produced from a Thomson scatter-
ing system before. The inclusion of this data into analyses such as that presented
in Section 5.3 would be a significant improvement. It would also allow compari-
son between the Thomson measurements and the MAST-U bolometry systems [71,
72] and measurement of electron density and temperature fluctuations around the
X-point during detachment.

The results presented in Chapter 5 showed that the electron density and tem-
perature parameter space of the Super-X divertor was lower than predicted by
simulations. The interference filters for the divertor Thomson system were chosen

based on the assumption that the electron temperature, particularly in attached
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plasmas, would be higher than the few eV measured. Including the 1067/2nm
filter, as discussed in Section 3.3, would improve the fractional error of the current
polychromator configuration for measurements below 5eV based on the simulations
performed.

While it could be justified that improving the electron temperature range
below ~0.5eV would be more beneficial, there is a limit to how narrow a bandwidth
filter can be used in these polychromators based on the cone angle of the filters
which is +2°. This means that it would be difficult to implement a filter much
closer to the laser wavelength than the 1061/2nm filter is currently. With further
MAST-U enhancements such as the divertor GDC and the cryopump in future
plasmas, the electron density and temperature parameter space of the Super-X
divertor is expected to increase, particularly in attached divertor plasmas. In the
case that the divertor conditions do not improve, the inclusion of the 1067/2nm
filter, while not improving the electron temperature range of the system, would
increase the number of captured photons and still provide a clear improvement in
the sub eV measurements which will be beneficial during detachment regardless.

First results from the ultra fast divertor spectroscopy system are presented in
Section 5.4. The Fulcher band, Dg and Dg / D, emission were compared to electron
temperature measurements from the divertor Thomson system and showed good
agreement. Integration of this system with Thomson channels would allow elec-
tron density and temperature measurements to be made at the same spatial point
to improve the understanding of the atomic and molecular processes influencing
detachment access. In addition, the ability to add to the number of these units
and place them along the viewing chord and sample along the strike leg would be
of great benefit. Given the 100 kHz temporal resolution there is the potential to
integrate these measurements into the MAST-U plasma control system [73] for real-
time detachment control in the Super-X divertor which is far beyond the capability
of any current tokamak.

Given the ability to run the core and divertor Thomson systems in parallel, this
enables the study of ELM burn through from the SOL to the Super-X divertor. By
putting the Thomson system into burst mode [48] the firing of the Thomson lasers
can be separated by as little as 10 us. This would allow the propagation of an ELM

119



to be tracked from the SOL and into the divertor with sufficiently small spacing
between the time of the lasers firing. With a D,, filtered camera already measuring
in the divertor, a type I ELM would clearly be visible in the divertor. The effect
this has on the electron density and temperature of the divertor plasma is of great
interest for the operation of next generation tokamaks, particularly those operating
with advanced divertor configurations such as the Super-X. If these experiments
were carried out with the ultra fast divertor spectroscopy system also operating it
would allow further study into the atomic and molecular processes surrounding an

ELM.
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Appendix A

Raman Spectrum

The total Raman cross section measured by a given filter o reman can be calculated
based on the contribution of the Raman line intensities 0 rgman(J) and filter trans-
mission 7T'(A ) at each wavelength for each rotational state J within the pass band
of that filter [58]:

%0 Raman(J)T (A7) (A1)

The intensity of Raman lines can be calculated from the fraction of molecules
in each state F'(J) and their differential cross section S(.J):

URaman(J) = F<J)S(J> (A.2)

where the fraction of molecules in the state J is dependent on their rotation

energy F/(J) and their nuclear spin statistical weight ¢g(J) such that:
1
F(J)= =g
(=5
g(J) = 6 for even J in Nitrogen
g(J) = 3 for odd J in Nitrogen

(J)(2J + 1) exp (;f—jfg‘])> (A.3)

where kg is the Boltzmann constant and T}, is the gas temperature, measured
as 294 K given the in-vessel and the gas achieving a thermal equilibrium overnight

before the calibration was run.

E(J) = he (Bo(J(J + 1)) — Do(J(J + 1))* + Ho(J(J +1))*) (A.4)
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where h is Plancks constant, c is the speed of light and the remaining constants
are listed in Table A.1.
The differential cross section for anti-Stokes lines, given the wavelengths of

concern during this calibration, making the transition J — J + 2 are given by:

S(J):O-J_)J/ X S(J) (AS)
B 3J(J—1)
s(J) = 2027 + 1)(27 — 1) (A-6)
- 2
O = 32(27") (%) (A7)
J
Symbol Value
By 198.95m™!

Dy | 572x 1074 m™!

Hy |370x10"°m!

72 0.50 x 107 m®
464.311

Table A.1: Raman constants for Nitrogen as used in Equation A.4 from [58] with the exception of v2

which is from [59]
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Appendix B

Images of Divertor Thomson Scattering

System Optics

The images in this appendix are from various stages along the beam path of the
divertor Thomson system ranging from where the beam path splits from the other
lasers in the core system through to where the alignment of the system is tested
as in the pit below the MAST-U vessel. The layout of the cubicle containing
these optics can be seen in Figure 3.4. The images were captured during optical
alignment with a series of low power HeNe lasers attached to the optical path of

each laser to aid in alignment of the invisible Nd:YAG lasers.
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Figure B.1: D-shaped mirror inside Thomson scattering optics cubicle. Divertor laser
spot can be seen on first mirror with remaining core lasers passing over the top. Red

viewing camera (LHS) is used to check and adjust alignment in the locked tokamak hall.
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Figure B.2: A view of the zero degree mirror that rotates the beam polarisation (centre)
and final mirror (bottom) that reflects the beam towards the focusing lens and Brewster
window. Alignment camera (left centre) used to monitor and adjust the alignment in the
locked tokamak hall. HeNe diode behind the final mirror is used to align the lasers in

the pit below the vessel.
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Figure B.3: 3.41 m focal length lens used to focus the laser into the scattering region
in the lower Super-X null. Image taken of the lens in position as described in subsec-

tion 3.2.1.
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Figure B.4: Alignment of two HeNe diodes centred on the target in the pit below the
MAST-U vessel. Bright central spot is from the laser room and the fainter spot is from
behind the final mirror seen in Figure B.2 to check co-alignment. Laser spots below the

central target are a back reflection from a mirror surface within the optical system.
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Appendix C

Laser Beam Focussing Simulations

The images in this appendix are from simulations of the laser beam focusing as
described in subsection 3.2.1. A graphical representation of these simulations with
the quantitative results of mirror loading and the alignment margin listed on the
images. There were four lens to Brewster window distances simulated during this
work, which were Om, 0.5m, 1.0m and 1.5m. The results of these simulations can

be seen below.
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Figure C.1: Simulation of the laser beam focusing as described in subsection 3.2.1 with

the lens positioned at the Brewster window
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Figure C.2: Simulation of the laser beam focusing as described in subsection 3.2.1 with

the lens positioned 0.5 m from the Brewster window
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Figure C.3: Simulation of the laser beam focusing as described in subsection 3.2.1 with

the lens positioned 1.0 m from the Brewster window
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Figure C.4: Simulation of the laser beam focusing as described in subsection 3.2.1 with

the lens positioned 1.5 m from the Brewster window
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