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Summary

Measurement of electron kinetic profiles in the divertor re-
gion and during magnetic perturbations using Thomson Scat-
tering

Nuclear fusion is an alternative energy technology which uses the same process
that stars use to generate energy. Fusion is the process where lighter nuclei collide
and fuse together to form a heavier atom through the strong nuclear force. Fusion
is of great interest as a future energy source due to the great energy density of
the fuel which is nearly inexhaustible, a clean source of energy with no emitted
greenhouse gases or long lived nuclear waste, and is inherently safer than nuclear
fission as it is not a chain reaction process. Over the last 50 years, scientists,
engineers, and technicians have brought fusion to the point where a fusion reactor
is scientifically feasible.

Currently in the south of France, the next big step for fusion energy research
is being constructed called ITER. This large experimental device is designed to
produce up to 500MW of fusion energy, and show the technical feasibility of the
tokamak reactor design. The tokamak is a magnetic confinement fusion device
which is in the shape of a torus, where an overall helical magnetic field line
structure is produced by a combination of external coils and a driven current in
the plasma. In order to allow for a project as ambitious and important as ITER
to have the best chance of success, the further development both in engineering
and physics is required.

The research presented in this dissertation focuses on three areas; the develop-
ment, calibration and application of Thomson scattering (TS) diagnostic systems
for nuclear fusion plasmas. The Development refers to work on the design of a
divertor Thomson scattering diagnostic for the MAST Upgrade device. The Cal-
ibration refers to work on calibration of the core LIDAR system on JET, taking
into account its optical design and the impact of the angle of light on filters on
the effective transfer function of those filters. The Application refers to use of
the existing 130 point core Thomson scattering diagnostic on MAST to diagnose
profiles during resonant magnetic perturbation experiments.

As part of the upgrade to the MAST tokamak an advanced divertor con-
cept known as a Super-X divertor (SXD) will be explored. A SXD configura-
tion achieves reduction of plasma temperature and energy fluxes in the divertor
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through magnetic flux expansion, induced by extending the divertor leg to a larger
radius, the longer connection length and closed design of the SXD supports the
removal of power due to plasma-neutral interaction and radiation. The Super-X
divertor on MAST Upgrade will be diagnosed by a Thomson scattering diagnostic.
A preliminary design of the collection optics and calculations of the diagnostics
performance are presented, covering details of the collection cell design, calcu-
lations of the radial resolution, multi-laser operation, and the imaging of the
scattered light onto the fibres while including depth of field effects.

The design for the MAST-Upgrade divertor Thomson scattering spectrometer
is outlined. As the spectrometer needs to accurately measure in regions of low
electron temperature and density, this requires special attention to factors such
as; filter overlap between existing and newly acquired filters, the impact of the
angle of incident light on the filters, and the possible optical fibre options. With
a spectrometer built up with the new filters including components to provide
a 0 degree tilt angle on the final filter, a calibration was performed along with
calculations of the photon budget for the system. Additionally, detector tests were
performed on Avalanche photodiode detectors relevant to the ITER Thomson
scattering system, also tests were performed showing that Raman calibration can
be performed at lower pressure which is preferable for ITER.

Research was performed in order to isolate the cause of the observed discrep-
ancy between the electron temperature (Te) measurements before and after the
JET Core LIDAR Thomson Scattering (TS) diagnostic was upgraded. There has
been a long standing discrepancy between the electron temperature (Te) mea-
surements of Thomson Scattering (TS) and Electron Cyclotron Emission (ECE).
In some cases the TS measurements can be 15 to 20 percent lower than the ECE
measurements, which was sometimes attributed to non-Maxwellian bulk electrons.
Modelling showed that the shift imposed on the stray light filters transmission
functions due to the variations in the incidence angles of the collected photons
impacted the Te measurements, contributing to the observed discrepancy. To
correct for this identified source of error, correction factors were developed using
ray tracing models for the calibration and operational states of the diagnostic.
The application of these correction factors resulted in an increase in the observed
Te, resulting in the partial if not complete removal of the observed discrepancy
in the measured Te between the JET core LIDAR TS diagnostic, High Resolu-
tion Thomson Scattering (HRTS), and the Electron Cyclotron Emission (ECE)
diagnostics.

The TS application section covers an examination into the MAST plasma
pedestal in the presence of edge localised modes (ELMs) and applied resonant
magnetic perturbations (RMPs). ELMs are repetitive events which result from the
edge transport barrier becoming unstable and relaxing to a lower level. An ELM
crash results in a burst of particles and energy released, causing high transient
fluxes of heat and particles onto plasma facing components, often resulting in
serious damage. The work presented is an examination of the plasma pedestal and
ELM behaviour with and without the application of RMPs as obtained by the high
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resolution Thomson scattering diagnostics on MAST. The two primary focuses are
on the impact of the plasma current on the inter-ELM pedestal evolution with
and without the application of RMPs as well as on the impact these applied
perturbations have on ELMs in MAST.

Results presented in this thesis show that the plasma current has a substantial
effect on the inter-ELM evolution and level of response to applied resonant mag-
netic perturbations. Also, regarding the impact of RMPs on the ELM affected
area it is shown that the application of RMPs which provide a measurable amount
of ELM mitigation results in a reduction in the plasma pedestal area impacted
by the ELM collapse. This helps account for the fact that both the max Pe,ped
prior to an ELM and the minimum Pe,ped for the mitigated and natural ELMs
are similar but it remains that there is a large difference in the ∆WELM between
the natural and mitigated ELMs.
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Chapter 1

Introduction

1.1 The global energy crisis

Energy production has played a pivotal role in industrial, technological, and over-
all human development. As the current world consumption climbs to about 14
TWh per year; the ever increasing population and world economies will continue
to push energy demands far beyond levels that the current infrastructure can
maintain. All studies done on energy consumption tell the same story; with one
recent study by the World Energy Council along with the International Institute
for Systems Analysis predicting that within the next 50 years we should see the
worlds energy consumption to rise to about 25 TW per year following a realistic
growth scenario [1]. The problem with future energy production is not solely
based on the ability to provide for the growing demand at an acceptable cost; it
must also take into account long term sustainability, impact on the planets ecosys-
tem, and safety of the production process. To meet all these requirements the
worlds industries and infrastructure must reduce its dependence on fossil fuels,
switching the focus to renewable and advanced nuclear methods. In the energy
sector today, an overwhelming majority of the energy produced is from the burn-
ing of fossil fuels, primarily in the forms of coal, oil, and natural gas. This form of
energy production accounted for two-thirds of the total world energy consumption
in 2010 [2].

As reserves of fossil fuels become depleted, advanced methods have been de-
veloped to locate and extract these precious resources, such as deep offshore oil-
drilling and hydraulic fracturing (fracking) for natural gas. With these advanced
methods, the estimates of the extractable reserves of fossil fuels is continuously be-
ing revamped and thus is estimated to be able to supply the worlds energy demand
for several generations even taking into account the expected growth in energy
demand. Although, it is true that this may reduce the urgency in the shift to
alternative energy production methods economically speaking, the environmental
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Figure 1.1: Primary energy consumption in million tonnes of oil equivalent (MTOE) and the
CO2 emissions in 2 × 106 tonnes from 1965-2013 [3].

impact must also be considered. As fossil fuels have historically been the primary
form of energy, the amount of emissions fed into the Earths atmosphere scales
proportionally to the total amount of energy production / consumption, high-
lighted in Figure 1.1. From the measured emission data it is clear that human
development, primarily the burning of fossil fuels contributes to the vast major-
ity of global emissions. As an example, in 2010, the burning of coal, gas, and
oil was measured to account for 99.6% of the carbon emissions from fuel sources
[3]. The continued dependence on fossil fuels will ultimately result in massive
accumulations of greenhouse gases such as CO2 which absorb the radiation that
is re-emitted by the earth. In large concentrations, this absorption will work to
raise the average global temperature, trapping heat that would otherwise escape.
This unnaturally quick change in the global temperature is not well understood,
but could lead to devastating consequences to the global ecosystem.

With the world population continuing to climb along with an increasing amount
of development in many countries, it is apparent that energy demands will rapidly
increase. No single energy source will solve the energy crisis alone. The solution
is likely to come from a combination of renewable, nuclear energy sources, and
in the short term improvements in carbon capture that can provide energy at an
economical rate while reducing global emissions. Forwarding this approach it is
projected that renewable energy sources will be the fastest growing energy tech-
nology globally over the next two decades, while both nuclear and hydroelectric
energy are projected to grow as well, all at a rate which is faster than the expected
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Figure 1.2: Uranium-235 fission chain reaction where neutron capture leads to an unstable
Uranium-236 nucleus that splits to generate daughter products, neutrons, and energy. Image:
UC-Davis Chem Wiki

increase in the total energy production [2]. While renewable energy sources have
experienced a large amount of growth over the last few decades, they still only
account for a marginal percentage of the total annual power output [3]. The large
growth in renewables shows promise but there are still major hurdles that must
be overcome for them to play a larger role; such as efficiency, the intermittence
in production, cost, energy storage, and transport.

Nuclear fission is a mature technology that has been in use for more than 50
years. The fission reaction occurs when the nucleus of an atom, having captured a
neutron, splits into two or more nuclei, and releases a significant amount of energy
plus additional neutrons, diagramed in Figure 1.2. These neutrons then go on to
split more nuclei and a chain reaction takes place. Fission energy produces no
greenhouse gasses and provides a steady output of energy regardless of weather
conditions. In 2013, nuclear fission accounted for over 11% of global energy pro-
duction, with a total nuclear electricity production of more than 2300 TWh [4].
One issue with fission energy is that it relies on the rare elements of Uranium or
Plutonium which often must be refined in order to be used in pressurized water
reactors, although the Uranium supply is expected to outlast that of coal and oil.
It is possible to utilize another type of reactor called a fast reactor or breeder
reactor which can produce its own fuel or fuel to be used in conventional reactors.
The risks associated with fission reactors are nuclear proliferation, generation of
radioactive waste, and the rare event of a meltdown. Due to recent events in
Japan at the Fukushima-Daichi plant, many countries have started phasing out
fission plants in fear of subsequent events occurring in the worlds aging reactors.
One example of a reduction in nuclear fission power was observed in Germany,
where shortly after the Fukushima incident eight of the seventeen reactor blocks
were shutdown. For the reactors still in operation, additional safety inspection
has been ordered.

Nuclear fusion is an alternative energy technology which uses the same pro-
cess that stars use to generate their massive amounts of energy. Fusion is the
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Figure 1.3: The Deuterium-Tritium (D-T) fusion reaction, resulting a 4He nuclei or α-particle
with a kinetic energy of 3.5 MeV and a neutron with a kinetic energy 14.1 MeV. Image: ITER
Belgian Portal

process where lighter nuclei collide and fuse together to form a heavier atom
through the strong nuclear force, diagramed in Figure 1.3. For fusion energy the
process usually consists of deuterium and tritium fusing together to form a he-
lium nucleus (alpha particle). The fusion process produces a considerable amount
of energy, however, to overcome the longer range electromagnetic forces, fusion
therefore requires very high temperatures or pressures for the reaction to occur
at a significant rate. Fusion is not a renewable energy source it is important
to look at the availability of the fuel that would be used to power the reaction.
The most accessible and only near term possibility for fusion energy is D-T or
deuterium-tritium fusion, so the availability of deuterium and tritium fuel cru-
cial for the future of fusion energy. Deuterium exists naturally in seawater at
a percentage of about 0.0156%, while tritium, a radioactive isotope of hydrogen
with a half-life of 12.32 years, does not exist naturally. The answer to the tritium
quandary is to breed tritium from lithium-6 via neutron bombardment by the
reaction Li6 + n → He4 + T 3. In a reactor this would be done on site inside
the reactor vessel, making the tritium supply self-sustaining. Not only is the fuel
abundant, but it is a fuel with a very high energy density. A single gram of fusion
fuel is capable of generating 90,000 kWh of energy, the equivalent to burning 11
metric tons or 11,000,000 grams of coal [1].

Beyond being a long lived and dense energy source, fusion also is a clean
source of energy, emitting no harmful greenhouse gasses or toxic materials in
the fusion reaction. However, fusion is still a nuclear process and it will produce
neutron-induced radioactive waste, activating components of the machine through
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Figure 1.4: Schematic diagram of a tokamak based nuclear fusion power plant, where heat from
the neutrons in the fusion reaction is used to run a turbine to generate electricity as in current
conventional power plants. Image: EUROfusion

neutron bombardment. Steps will be taken in the construction of future fusion
devices to avoid materials which would generate long lived radioactive isotopes,
this allows for the radio-toxicity of the activated material to decay quickly. It is
expected that after a time frame of approximately 50-100 years the waste from
a decommissioned fusion reactor could be cleared from regulatory control and be
recycled, eliminating the need for costly and dangerous storage of long lived waste
as is observed in the waste from nuclear fission [5].

Currently obtaining energy from nuclear fusion is an experimental technology
which is still in the R&D phase of its development. Recently large investments
have been made by much of the developed world towards making a fusion power
plant a reality. According to the present EUROFusion roadmap [5], a demon-
stration power plant (DEMO) will be constructed in Europe and operated within
the period (2031-2050) producing net electricity to the grid before 2050. Other
countries have even more ambitious goals, with South Korea planning to com-
plete a demonstration fusion power plant in the 2030s [6]. In the United States
the focus is another form of fusion called inertial confinement fusion which uses
lasers to implode a cryogenic fuel pellet, and the LIFE project aims to deliver
multiple of these inertial fusion based power plants in the 2030s [7]. In Russia
the current time frame is similar to Europe, planning for a commercial plant in
2040s-2050s [8]. In China a different approach is taken, they are expected to
complete a fusion-fission hybrid reactor in 2030s-2040s and then full-scale power
plants in the 2050s [9].
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1.2 Nuclear fusion

In nuclear fusion there are more than one reaction of potential interest, these
reactions are

D + T =4 He(3.50MeV ) + n(14.06MeV ) (1.1)

D +D =4 He(0.82MeV ) + n(2.54MeV ) (1.2)

D +D = T (1.01MeV ) +1 H(3.05MeV ) (1.3)

D +3 He =4 He(3.6MeV ) +1 H(14.70MeV ) (1.4)

where the D-D fusion reaction has two possible reaction paths to follow with
roughly the same reaction probability [10]. These reactions all follow the same
basic mechanism that governs fusion; two nuclei are brought close enough together
that they fuse to a final state that is more stable than the initial states. In the
fusion process, as the product is more stable than the reactants, the total mass of
the fusion reaction products is less than the mas of the reactants; the difference
in mass results in the generating of energy and an increase in the nuclear binding
energy of the newly created atom. The energy released follows the form of the
famous relativistic mass equation

∆E =

[∑
i

mi0 −
∑
i

mif

]
c2. (1.5)

This states that the net change in energy equals the total initial mass of reactants
minus the total mass of the final products multiplied by the speed of light squared.
Of course, taking advantage of the vast amounts of energy to be found in fusion
is no simple task. Nuclei are positively charged they will have to overcome the
repulsive Coulomb force to be in close enough proximity, roughly the volume of
the nuclei, where the strong nuclear force will dominate over this electromagnetic
barrier force and initiate fusion. The effective Coulomb barrier that the nuclei
will see is given by

Vcoulomb≈
e2

4πε0

Z1Z2

2r0A
1
3

, (1.6)

where Z1 and Z2 are the atomic numbers of the two reacting nuclei, e is the
elementary charge, and the term r0A

1
3 is an approximation for the nuclear radius.

The Coulomb barrier for any of the possible fusion reactions is generally very high
and would require an equal amount of thermal energy to overcome this barrier.
While the Coulomb cross-section is much larger than the fusion cross-section (thus
there is a much higher probability for elastic collisions than fusion collisions) if
the fuel particles are confined, the energy distribution thermalises. In this state
the particles will follow a Maxwell-Boltzmann distribution which contains a high
energy tail that particles may be found in at a lower probability. These high
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energy tail particles are capable of overcoming the Coulomb barrier when the
fuel as a whole is heated to a thermal energy far below that of the Coulomb
potential energy. For the D-T fusion reaction this is approximately 380 keV [11].
This coupled with the quantum-mechanical tunneling effect allows for a finite
probability of fusion events to occur at an achievable thermal energy, allowing
fusion to be a pursuable energy source.

With consideration given to if it is possible to achieve the conditions to achieve
fusion on an individual reaction basis it makes sense to take a broader perspective
and look at the rate at which this reaction takes place. If we want to write an
equation for the reaction rate of the D-T fusion reaction it would be given by

RD−T = nDnT 〈σv〉, (1.7)

where nD is the deuterium density, nT is the tritium density, 〈σv〉 is the velocity
averaged cross section for the reaction. D-T reaction is the best and only possible
reaction for at least the first generation of fusion reactors with the largest reaction
cross-section at lower temperature, as shown in Figure 1.5.

The concerns of the fusion reaction cross-sections can be followed by con-
sidering the energy balance equation for a self-sustained fusion reaction as the
following

Sα = SB + Sκ′ , (1.8)

where in this equation S stands for the power density gained or lost that is asso-
ciated with alpha particle heating Sα, Bremsstrahlung radiation SB , and thermal
conduction Sκ

′. The neutrons being uncharged particles are not contained by the
magnetic field like the α-particles. They contribute nothing to the power balance
equation but are used to extract the power from the reaction. From this power
balance equation, it is possible to deduce the minimum value of the triple product
of temperature, pressure, and confinement time that will allow the power balance
to be fulfilled and thus to create the conditions for a self-sustaining reaction. This
condition is known as the Lawson criterion, derived by J.D. Lawson in 1957 [12],
which is equivalently written as

nTτe = 3× 1021keVsm−3. (1.9)

This is for D-T fusion and unlike D-D and D−3He this reaction can meet the
Lawson criterion at a level of temperature and confinement time that is within
the capabilities of current machines. Since D-T fusion can generate much more
fusion energy at lower temperatures, it stands as the reaction of choice for the
first generation of fusion reactors. This is not to say that the other reactions are
not appealing, especially neutron-free fusion reactions. However, the much higher
temperatures required and complications in extracting energy from a neutron
free nuclear reaction leaves D-T fusion as the only real choice for current fusion
research.
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Figure 1.5: Velocity averaged cross section as a function of the kinetic temperature (keV) for
different fusion reactions. Image: Kaye & Laby Tables of Physical & Chemical Constants

1.3 The tokamak

In order to further improve on the confinement properties from the earlier linear
devices, with the eventual aim of operating a fusion reactor the system is closed
by wrapping a linear system into a toroidal device. This resulted in an increase in
both the measured particle and energy confinement time and lead to the develop-
ment of three toroidal devices; stellarators, pinches, and tokamaks. Stellarators
rely entirely on external magnetic coils to create the helical magnetic field nec-
essary for good confinement within the device, while this allows for good control
and steady state operation they are complex to design and construct. The second
concept is the Z-pinch, also known as zeta pinch, is a plasma confinement concept
that uses an electrical current in the plasma to generate a magnetic field that
compresses it. The Tokamak device is currently the highest performance concept
of the three mentioned, making it the leading configuration for a fusion reactor
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Figure 1.6: Schematic of the tokamak magnetic configuration. Image: EUROfusion

and the focus configuration considered in this dissertation
The tokamak as shown in Figure 1.6 consists of a torus-shaped vacuum cham-

ber surrounded by magnetic coils, which create a toroidal magnetic field. This
is not enough to obtain a stable plasma equilibrium or sufficient particle confine-
ment; this requires the magnetic field lines to move around the torus with a helical
geometry. To generate the overall helical field required, a poloidal field is gener-
ated by inducing a plasma current in the toroidal direction via the transformer
effect. In this layout the central solenoid of the tokamak acts as the primary
winding of the transformer and the plasma itself acting as the secondary winding.
Beyond generating the required poloidal field, the plasma current heats up the
core plasma, this is known as ohmic heating.

The process of ohmic (or resistive) heating is the same kind of heating that
is seen in an electric light bulb or heater. The heat that is generated by this
process depends on the plasma resistance and the amount of current induced in
the plasma. The process is efficient at lower plasma temperatures but becomes
less effective as the temperature increases due to the reduction in the plasma
resistance. Ohmic heating alone is not sufficient to obtain fusion relevant plasma
temperatures, and additional heating methods must be used, such as neutral beam
injection and radio frequency (RF) heating. A downside of this form of operation
is that the tokamak is inherently a pulsed process due to the AC nature of a
transformer circuit. Tokamaks must therefore either operate for short periods or
rely on other means of heating and current drive in order to achieve a steady state
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operation.
In order to keep the plasma in force equilibrium, additional external poloidal

field coils are necessary. The vertical magnetic field force generated by these coils
compensates for the hoop force, allowing for control of the plasma position. This
force is a combined effect of the plasmas kinetic pressure and the j×B-force that
attempts to expand the plasma inside the vessel radially outward. These coils also
can be used to shape the plasma by modifying the elongation κ or triangularityδ
of the plasma as a way to enhance the plasma performance.

1.4 High confinement and edge localized modes

For a fusion device to be able to sustain an efficient fusion reaction it must be able
to maintain a sufficiently high plasma temperature and density, contained within
the vessel and with a sufficiently long confinement time to allow for the plasma
to reach fusion relevant conditions by reducing plasma energy loss, as stated in
Equation 1.9 for Lawsons criterion. In this expression, if both the temperature
and density were increased, this intuitively would lead to an increase in the plasma
pressure (nkBT ) contained inside the device. If the magnetic pressure exerted by
the coils is unchanged this would then result in an increase in the plasma beta

βplasma which is given as ( B
2

2µ0
), the ratio of magnetic to plasma pressure. In an

ideal device you would wish to have a value that is approaching unity as to keep
the plasma stable with the highest performance for the lowest investment into
the magnetic field. In early devices the β values observed were under 1% but as
devices and the magnetic performance improved, high β values could be reached.

In 1982 at the ASDEX tokamak a new discovery was made while trying to
reduce the influx of impurities into the machine by implementing for the first
time a divertor. Until that time limiter machines (that were not yet carbonized
or boronized) had difficulty in reaching high performance due to high impurity
levels in the plasma [13]. Both limiters and divertors are methods used to take
large heat and particle fluxes and protect the vessel walls from damage. The
divertor however diverts the plasma using magnetic coils to the lower or upper
edge of the plasma where the outer edge of the plasma, the ”Scrape-Off Layer”
(SOL), hits a target plate, allowing for impurities to be removed that enter the
SOL from the core plasma. With the addition of the divertor it was discovered
that if the plasma is heated above a certain power threshold now with reduced
impurity levels, the plasma undergoes a transition into another plasma state of
higher confinement. In this high confinement mode (H-mode) the confinement
is typically a factor of 2 higher than in the low confinement operational state
(L-mode).

H-mode is characterized by a steepening of the plasma edge electron density
and temperature gradients. This enhancement of the edge gradients is generally
explained to be a result of a locally reduced transport, leading to a so-called
edge transport barrier (ETB). The leading explanation for the existence of an H-



1.4. HIGH CONFINEMENT AND EDGE LOCALIZED MODES 11

Figure 1.7: (a) Diagram of edge pedestal stability in pressure gradient and edge current space,
with different possible ELM types indicated in parenthesis. (b) Representation of a possible
ELM relaxation cycle. Image: Wilson H.R. et al. Plasma Phys. Control. Fusion 48 A71
(2006)

mode state is expressed by the apparent reduction of turbulent transport due to
a ~E× ~B flow shear [14]. In L-mode the confinement performance is limited by the
turbulent transport across the magnetic flux surfaces, while in H-mode with the
steep edge gradients from the formed ETB suppresses the heat and/or particle
losses experienced by the plasma, which results in an improved overall plasma
confinement.

However, in H-mode there are still several plasma instabilities that in turn
degrade the confinement, from instabilities that are present in L-mode such as
magnetic islands and sawtooth modes to additional instabilities caused by the
presence of the steep edge pressure gradient observed in H-mode. In particular
this gradient can trigger edge localized modes (ELMs). These are repetitive events
which result from the edge transport barrier becoming unstable and relaxing to
a lower level. With each ELM crash, large amounts of particles and energy are
suddenly ejected from the confined portion of the plasma and into the area outside
the last closed flux surface called the scrape off layer (SOL). This burst of particles
and energy released causes high transient fluxes of heat and particles onto the
plasma facing components of the device, often resulting in serious damage to the
components. Although, ELMs can be a major issue with regards to the lifetime
of the plasma facing components they also help to remedy some additional issues
with H-mode operation. With the higher level of confinement in H-mode plasma
discharges there is an enhancement of impurity confinement which when built
up in the core of the plasma will cause the discharge to terminate due to an
elevated Bremsstrahlung radiation level and substantial fuel dilution. ELMs help
in preventing this impurity accumulation through the exhaust of particles tied to
the crash of the ETB.

While the theory of ELMs is not yet fully understood, the peeling-ballooning
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model is generally believed to explain some aspects in terms of ideal MHD stabil-
ity with ELMs occurring near or beyond the peeling-ballooning stability boundary
[15], as diagramed in Figure 1.7. In current tokamaks, the presence of ELMs does
not present a serious concern to the lifetime of the plasma facing components
due to the materials of the plasma facing components being able to withstand
the transient fluxes. With the next generation tokamak ITER currently under
construction [16], research into the possibilities to mitigate and/or suppress these
ELMs is a high priority due to its size and expected performance. Extrapolating
from the current devices specifically the Joint European Torus (JET), it is antic-
ipated that the transient loads from ELMs will be above the tolerable limits of
the plasma facing components in ITER and would lead to a lifetime that is not
acceptable for the devices operation. With ITER having a goal of 500 MW fusion
power generated with a Q ≥ 10 for the plasma, meaning ten times the fusion
power out of the plasma compared to the power put into the plasma requires
H-mode operation to achieve the level of confinement performance to achieve this
goal. The price paid for this increased confinement is that ELMs will be present
and they will need to be controlled, mitigated, or suppressed in a way to reduce
the heat and particle loads to a tolerable level.

Several techniques have been developed and implemented on current devices
to mitigate, or even completely suppress natural ELMs within a certain range of
parameter space. It is known that the ELM size, ∆WELM , is reduced through
ELM mitigation as an increase in the ELM frequency is subsequently observed.
Logically, the ELM frequency is the inverse of the time required to re-establish the
conditions for the ELM instability to reoccur. If we follow the general consensus
that the pressure gradient and edge current density (which can be driven by the
pressure gradient) are the critical conditions, then this is the re-heating time after
a previous ELM event, which is expected to take longer if the energy loss is higher
as described by the peeling-ballooning model. In this theory, the plasma pressure
increases to a value that is on the ballooning stability boundary and then remains
there. A hypothesis for the delayed ELM crash is the delay of the current density
build up due to resistive effects, limiting the drive of the peeling mode. Once the
current reaches a critical value an ELM crash occurs. With this being the case,
it is possible to perturb the plasma edge to trigger ELMs with a much higher
frequency compared the natural ELM cycle. This increase in ELM frequency
typically decreases the ELM size, although the marginal decrease in ELM size will
likely decrease at larger frequency. However, ELM triggering methods must be
applied in such a way that the triggered ELMs show a reduction in size compared
to the natural ELMs, otherwise the triggering will just lead to a reduction in
confinement through the degradation of the plasma pedestal.

One method to achieve ELM mitigation and/or suppression is by applying
resonant magnetic perturbations (RMPs) to the plasma edge. This works to
modify the magnetic field at the edge of the plasma which in turn induces a
toroidal sinusoidal perturbation at the plasma edge with a mode number (n)
matching that of the applied RMP. With the application of RMPs if there is a
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reduction of pedestal energy observed it is dependent on the collisionality, with a
reduction in the range of about 30-50% at a low pedestal collisionality and very
little or no reduction at high pedestal collisionality, and in either case it is still
smaller than the reduction of ELM energy loss (factors between approximately
4 and 10) observed during substantial ELM mitigation. A consequence of this
mitigation is that the large transient loads from ELMs can be reduced and are
replaced by a more constant flux of particles and energy, allowing for a more
sustainable H-mode operation with a slight reduction in confinement performance
compared to the non-mitigated H-mode [17].

1.5 This dissertation

The connecting portion of work guiding this dissertation is Thomson scattering
spanning its design for the MAST-Upgrade TS system, the correction of the core
LIDAR (Light Detection and Ranging) TS system on JET, and the application of
TS in the examination of the plasma pedestal on the MAST. In this dissertation
questions will be examined regarding the design aspects of a high resolution TS
system, how ray tracing analysis can simulate, isolate, and correct for an incorrect
calibration of a TS spectrometer, and how RMPs can impact the plasma pedestal
on the Mega Amp Spherical Tokamak (MAST).

In general, the focus of the work presented in this dissertation covers the
following research topics:

� Development of the collection optics for the MAST Upgrade divertor Thom-
son scattering diagnostic and calculations of the diagnostics’ expected per-
formance.

� Design of the MAST Upgrade divertor TS spectrometer for the measurement
of low temperature divertor plasmas.

� Isolate the cause of the observed discrepancy in electron temperature (Te)
measurements before and after the JET Core LIDAR TS diagnostic was
upgraded and develop a correction to the diagnostics calibration.

� Determine the impact that resonant magnetic perturbations (RMPs) have
on the MAST plasma pedestal in terms of confinement performance and
ELM losses, through an examination into the measured ETB location, im-
pact of RMP phase, the inter-ELM pedestal evolution as a function of
plasma current, and changes in the plasma pedestal area that is affected
during an ELM event when the plasma edge is subjected to RMPs.

Before presenting the experimental results for each of these three research
topics, a description of TS theory that covers the essential elements required in
the context of this dissertation is presented in Chapter 2. The three research topics
will be presented in a separate chapter along with the necessary background in an
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introduction section before presenting the experimental results. The additional
background and theory required will be presented in the chapter in which they
are relevant in order to provide a logical progression.

In Chapter 3, work is presented on the optical design and viewing geometry for
the divertor TS diagnostic on MAST Upgrade. The first portion of this chapter
introduces the MAST Upgrade device and the divertor TS diagnostic system.
In this section answers to the following specific questions about the design and
performance of this new TS system will be presented:

� What is the optimal collection cell size and orientation to minimize vi-
gnetting losses in key regions of the Super-X divertor plasma?

� What is the expected performance of the diagnostic within the conditions
and restrictions of the MAST Upgrade divertor?

� Are the effects from laser broadening and depth of field in a multi-laser
system acceptable in regards to laser imaging onto the fiber bundles?

Chapter 4, is focused on the spectrometer design of the MAST-Upgrade di-
vertor TS diagnostic for plasma measurements in a Super-X divertor and con-
siderations for the ITER TS spectrometer. The main focus with respect to the
MAST-Upgrade system is designing and verifying a polychromator that is capable
of accurate Te measurements down to the ∼ 1eV range, while obtaining a TS sig-
nal in all expected divertor conditions to distinguish the signal over background
levels. In this design the following questions are answered:

� What is the expected TS photon budget and how does it compare to the
background levels (Bremsstrahlung and line emission) over the expected
divertor conditions?

� What is the optimal design for the MAST-Upgrade divertor TS polychro-
mator utilizing 3 existing filters from the current MAST system and 3 new
filters to effectively measure down to the 1eV level and allow for effective
Raman calibration?

� What effect does the angle of incidence of collected TS light have on a newly
defined narrow, low Te spectral filters transmission function and how can
this effect be negated?

The second focus in this chapter covers the possibility of low pressure Raman
calibration, which is of interest for the upcoming JET Tritium campaign and for
ITER. Lastly, continuing the focus on ITER, detector tests were performed on
possible detectors for the ITER TS polychromators, where the following questions
are addressed:

� Why is it necessary to consider low pressure Raman calibration for the JET
Tritium campaign or in ITER?
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� Is it possible to perform a Raman calibration using N2 pressures on the
order of 1 mbar and below?

� How do the tested ITER relevant detectors compare in terms of detector
speed and responsivity as a function of wavelength?

� What impact does detector size have on the acquired signal and detector
speed?

In Chapter 5, the necessary background information is presented in the first
three sections, covering an overview of the JET core LIDAR TS system, the
white-light calibration procedure, and the long existing discrepancy in TS and
ECE temperature measurements. In the last section of the chapter, research is
presented that aims to answer the following research questions which are focused
on the correction of the JET core LIDAR calibration and the impact this has on
the understanding of electron temperature data on JET:

� What effect do the incident angles of the collected TS light onto the in-
terference filters blocking the stray laser light have on the calibration and
measurement spectra?

� How do the calculated correction factors for the white-light calibration im-
pact Te and ne measurements of the JET core LIDAR TS system?

� How do the corrected core LIDAR TS, HRTS, and ECE measurements for
Te compare?

Moving away from the diagnostic side of the work presented in this thesis,
Chapter 6 covers an introduction to pedestal physics and resonant magnetic per-
turbations (RMPs) before covering experimental results on the impact of RMPs
on the plasma pedestal in MAST. Moreover, investigations into the inter-ELM be-
havior as a function of the plasma current in lower single null discharges (LSND)
on MAST will be presented. This research addresses the following questions:

� How does the application of RMPs affect the plasma pedestal position?

� What is the impact of the RMP phase on the plasma pedestal behavior?

� How does the inter-ELM pedestal evolution vary between discharges with a
plasma current of 400kA and 600kA in the presence of RMPs and without
RMPs?

� Are the ELMs affected by the application of a variety of RMP configurations
and intensities in terms of affected area and loss time of ELM events?
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Chapter 2

Thomson scattering theory

2.1 Introduction

The subject of Thomson scattering (TS) and the mathematical framework behind
it has been extensively described elsewhere [18]. Therefore, the content presented
here is restricted to a description of the key theoretical components required for
an adequate understanding of its application for plasma diagnostics in this thesis.
In particular this chapter presents an introduction to the history of Thomson
scattering theory and ending in the analytical derivation of the power distribution
for the relativistic incoherent Thomson scattering spectrum for the single and
multiple electron cases.

The formulation of TS theory begins with the description of electromagnetic
radiation scattering by electrons published in 1906 by J.J. Thomson [19]. This
initial theory was later expanded as advancements were made in both knowledge
and applications. These advancements led to the first relativistic treatment of
the TS spectrum, published by Pechacek and Trivelpiece [20] in 1967, which
included a relativistic velocity distribution and finite transit time effects. In 1972
this theory was modified by Sheffield to include additional relativistic corrections
to the order of the relativistic beta (βrel) [21], with a practical implementation
of this result presented by Mattioli [22]. Sheffields work was further extended
by Matoba to include realistic correction terms of the order βrel

2 in 1979 [23].
An analytical form of TS spectrum was derived by Zhuravlev and Petrov [24]
which was derived using considerations from quantum electrodynamics. This was
simplified by Selden in 1980 [25] and in 1993 Naito et al expanded on these results
to formulate an analytical approximation to Seldens depolarization corrections
[26]. This approximation has been shown to produce very accurate results up
to high electron temperatures and is implemented on MAST for the theoretical
Thomson spectrum [27].

The process of Thomson scattering (electromagnetic wave scattering by a

17
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charged particle) can be explained in the following way: An incident electro-
magnetic wave impinges on the particle, which can be restricted to an electron
for the purpose of this explanation. Take this electromagnetic wave, which is
oscillating with a certain frequency and have it become incident on an electron;
this causes the electron to begin to oscillate at the same frequency of the incident
wave. During this oscillation process, the electron which was originally at rest
will emit radiation in a dipole pattern with its radiative minimum in the direction
of the oscillation and maximum in the plane perpendicular to it. This emitted
electron radiation is known as the Thomson scattered signal. In the case of a
non-stationary electron, there is not only a Doppler shift in the frequency of the
primary incident electromagnetic wave but also a second Doppler shift is observed
in the scattered wave of the electron. This formalism can then be generalized to
the case of multiple electrons with a thermal velocity distribution, allowing for
the plasma electron temperature as well as electron density to be determined.

2.2 Incoherent and coherent Thomson scattering

In Thomson scattering there are two regimes of interest, these are known as the
coherent and incoherent scattering regimes. The scattering regime is determined
by the ratio of the k-vector of the probing electromagnetic wave (a function of the
laser wavelength λ0), to the scale length of the plasmas net electrostatic effect (the
Debye length λD). Effectively the Debye length is the scale over which mobile
charge carriers (Ex. Electrons), screen out electric fields. Inside a plasma the
Debye length can be defined as:

λD =

√
ε0k/qe2

ne/Te
∑
ij j

2nij/Ti
, (2.1)

where, ε0 is the permittivity of free space, k is Boltzmann’s constant, qe is the
charge on an electron, Te and Ti are the temperatures of the electrons and ions,
respectively, ne is the density of electrons, nij is the density of atomic species i,
with positive ionic charge jqe.

The ratio of the laser wavelength λ0 to the Debye length λD is often de-
noted as the Salpeter parameter, if λ0�λD(highfrequency) we are in the in-
coherent scattering TS regime where the incident light is scattered off of indi-
vidual free electrons in the plasma. While in the coherent TS regime, where
λ0 > ∼λD(lowfrequency) the Thomson scattered light is based on collective
electron/ion phenomena. In many operational diagnostic systems it is important
to know more precisely to what extent will incoherent or coherent effects influence
the system through the scattering parameter (α),

α =
1

kλD
. (2.2)
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Figure 2.1: Calculation of the expected scattering parameter, α, for four density values to
highlight the scattering regime for the MAST-U divertor TS system.

In the Equation 2.2, k is the Boltzmann factor and λD once again is the Debye
wavelength. In terms of α, incoherent scattering occurs at α�1 and coherent
scattering at α > 1. To put this into context, an estimate of the α value is pre-
sented in Figure 2.1 for three electron density values over an electron temperature
range of 1 eV to 25 eV, covering the expected operational range for the MAST-U
divertor TS diagnostic which will be discussed in more detail in Chapters 3 & 4
of this thesis.

For the MAST-U divertor TS, a diagnostic is designed to measure to extremely
low values of Te, on the order of ∼ 1eV in a region near the divertor tile where
the ionization front is present. Near the divertor, ne is expected to exceed values
of 1×1020m−3, this complicates TS measurements. In a cool and dense plasma
the laser wavelength will approach the Debye length, resulting in the shape of the
scattered spectra to deviate from the Gaussian spectra associated with Incoherent
scattering. In Figure 2.1, it is observed at low temperatures and high densities
that the scattering parameter greatly increases and collective behaviour becomes
more significant. Typically the classical analysis of scattered spectra, where it
is assumed to have a Gaussian shape, is considered valid so long as the Salpeter
parameter does not exceed 0.25. So with a Te of ∼ 1eV , a scattering angle
of 90°, and a laser wavelength of 1064nm the Gaussian assumption holds until
approximately ne≥5×1020m−3.
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Figure 2.2: Thomson scattering geometry and definition of parameters.

Incoherent TS is a very powerful and widely utilized diagnostics in magnet-
ically confined plasma devices, providing highly localized and non-invasive mea-
surements of the electron density and temperature within the plasma. In inco-
herent scattering, the electrons within the plasma are randomly distributed and
the total scattered power measured can be expressed simply as the sum of the
scattered power from each individual electron scattering event. This results in
the incoherent scattering spectrum being dependent on the distribution of the
electrons within the plasma. On the contrary, operation in the coherent Thomson
scattering regime allows for measurements of electron density fluctuations [28] as
well as providing information on the plasmas fast ion population [29]. All scat-
tering discussed in this thesis from this point forward will be for operation within
the non-collective, incoherent, regime.

2.3 Scattering from a single electron

In order to understand the process of Thomson scattering caused by a bulk of
electrons that is required for TS diagnostic systems, there is a need to first describe
the case of scattering off of a single electron. First consider an electron with a mass
m, position rj , and a velocity ~v in the system displayed in Figure 2.2 in Cartesian
coordinates. Incident onto this electron is a monochromatic electromagnetic wave
whose electric field is of the form:

~E(rj , t) = ~Ei,0 cos(~k0 · rj − ω0t). (2.3)

In this expression; ~Ei,0, ~k0 and ω0 are respectively defined as the amplitude,
propagation vector and angular frequency of the incident wave. As this wave is
incident on the electron, the electron is accelerated by the oscillating electric field;
during this acceleration the electron emits its own electromagnetic radiation. The
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acceleration of the electron can be derived starting with the relativistic Lorentz
force equation of an electron in an electromagnetic field.

d

dt

m0~v√
1− β2

rel

= −e( ~E + ~v × ~B). (2.4)

The right hand side of Equation 2.4 consists of a Lorentz force, which is the force
acting on the charged particle in an electric field coupled to the force on the
charged particle due to its motion in a magnetic field [30]. The left hand side is

the resulting force on the particle modified for relativistic mass, defining ~βrel = ~v
c ,

where c is the speed of light in vacuum and v is the velocity of the electron and
including the relativistic factor γ = 1√

1−βrel
2
, it is possible to manipulate equation

2.4, to the form of:

⇒ m0c
d

dt

~βrel√
1− β2

rel

= −e( ~E + ~v × ~B) (2.5)

⇒ m0c
(1− β2

rel)
1
2 (−2 ~βrel · ~βrel

′
) ~βrel(1− ~βrel

2
)

1
2

(1− ~βrel
2
)

= −e( ~E + ~v × ~B) (2.6)

⇒ m0cγ
2(γ−1 ~βrel

′
+ ( ~βrel · ~βrel

′
βrelγ = −e( ~E + ~v × ~B) (2.7)

⇒ γ ~βrel
′
+ ( ~βrel · βrel′ ~βrelγ3) = − e

m0c
( ~E + ~v × ~B). (2.8)

With the form expressed in Equation 2.8 it is possible to perform the operation
~βrel to both sides to obtain the equation for the acceleration of the electron of

the form:

~βrel =
−e
m0cγ

( ~E − ( ~βrel · ~E) ~βrel + ~v × ~βrel). (2.9)

Equation 2.9 can be further modified to include the electric field of the incident
electromagnetic wave in time which is defined in Equation 2.3 and the magnetic
field in time of the incident wave from Maxwells equations, given by

~βrelj(t) =
1

c
(ĵ × ~Ej(t)), (2.10)

where ĵ is the unit vector in the direction ~kj . This allows for Equation 2.9 to
arrive at its final form

~βrel
′
(~r, t′) = − e

m0
(1− β2

rel)
1
2

[
~Ej + ~βrel × (ĵ × ~Ej)− ~βrel( ~βrel · ~Ej)

]
. (2.11)



22 CHAPTER 2. THOMSON SCATTERING THEORY

In order to describe the radiation generated by the accelerated and oscillating
electron it must be taken into account that the field from the electron at time t
is related to the behavior of the electron at a previous time t′, the retarded time:

t′ = t− |
~R− ~r(t′)|

c
. (2.12)

The expression for the retarded time is under the condition that the scattering

volumes are small compared to the distance to the observer, |~r|�|
−→
R | The elec-

tromagnetic field scattered by the electron ~Es is given by the Lienard-Wiechert
potential equations resulting in the expression:

~Es(~R, t) = − e

4πε0cR

[
ŝ× (ŝ− ~βrel × ~βrel

′
)

(1− ŝ · ~βrel)3

]
τ ′
, (2.13)

where the subscript τ ′ indicates that in the formulation, the retarded time was
used. The magnetic field for the scattered electromagnetic wave is expressed as:

~βrels = ŝ×
~Es
c
. (2.14)

In order to define the scattered radiative power flux it is required to define the
Poynting vector ~Ss which is defined as:

~Ss =
1

µ0

~Es × ~Bs. (2.15)

At the point of observation expressed in Figure 2.2, the scattered power per unit
solid angle detected is expressed as:

dPs
dΩ

= R2~Ss · ŝ. (2.16)

It is possible to evaluate this expression for the power per unit solid angle by
including the definitions provided in Equations (2.14, 2.15, and 2.16), resulting
in:

dPs
dΩ

=
1

2
ε0cR

2Es
2. (2.17)

Comparing this result to the incident power flux Si provides the differential cross
section for the scattered power per unit solid angle:

dσ

dΩ
=

dPs

dΩ

Si
= R2Es

2

Ei
2 : where, Si =

1

2
ε0cEi

2. (2.18)

In the laboratory plasmas highlighted in this thesis, the time scale of the scat-
tering process where electrons cross through the scattering volume and undergo
Thomson scattering, is shorter than the duration of the incident laser pulse but
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much longer than the wave period. In an ITER plasma, the electron temperature
(Te) is expected to be as high as 40 keV in the core plasma. At this value of Te
the typical velocity (v) of an electron within the plasma can be estimated using
the classical kinetic energy expression:

1

2
m0v

2 = 40× 103(1.602× 10−19), (2.19)

resulting in v ∼= 1.2× 108ms−1. At this electron velocity, the typical distance the
electron will travel over the typical pulse duration for a laser for a LIDAR (Light
Detection and Ranging) system of 200 picoseconds is ∼ 2.5cm. The LIDAR TS
method uses back-scattered radiation from a short laser pulse as it propagates
through the plasma, in a similar manner to Radar, operating as a timele-of-flight
diagnostic. LIDAR Thomson scattering will be discussed in greater detail in
Chapter 5 of this thesis. The calculated travel distance of 2.5 cm is similar to
the typical scale length of a scattering volume, while the length of the laser pulse
is approximately 6 cm. In such a system the electrons will be moving in and
out of the scattering volume over the duration of the laser pulse and thus we
cannot assume as we have in Equation 2.18 that the electrons will remain in the
scattering volume for the duration of the laser pulse [31].

In order to accommodate this effect, an additional correction must be applied
as Equation 2.18 considers an electron that remains in the scattering volume
over the entire laser pulse length. When this finite transit time effect for small
scattering volumes [21] is taken into account, Equation 2.18 is re-evaluated with
the condition of high electron temperatures with βrel < 1. This results in the
following expression for the differential cross section:

dσ

dΩ
(ωs) = σ0

ω2
s1− β2

rel

ω2
i 1− β2

rel

, (2.20)

where σ0 is the scattering cross section at the wavelength of the incident light:

σ0 = r2
0, (2.21)

with r0 being the classical electron radius:

r0 =
e2

4πε0m0c2
. (2.22)

2.4 Scattering from multiple electrons

This section will focus on the scattering from multiple electrons. In the case
of multiple electron scattering, the total scattered power is given by the sum of
the scattered power for all electrons in the scattering volume assuming incoher-
ent Thomson scattering. From the estimation given in Equation 2.19 for 40 keV
ITER electrons a relativistic βrel = (vc ) ∼= 0.4 is obtained. This is a substantial
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fraction of the speed of light and thus at these temperatures, relativistic factors
must be taken into account in the TS theory used. If we consider a relativistic
isotropic plasma with an electron temperature Te, the electron velocity distribu-
tion function becomes:

f(βrel) =
2β−2

eth

4πK2(2β−2
eth)

1

(1− βrel)
5
2

e[−2β−2
eth(1− β2

rel)
− 1

2 ]. (2.23)

In Equation 2.23, K2 is the modified second order Bessel function of the second
kind, while βeth is the electron thermal velocity normalized to the speed of light
in vacuum (c):

βeth =

√
2kbTe
m0c2

. (2.24)

The differential cross-section per unit solid angle for the thermal electron velocity
distribution given in Equation 2.23 is an integral product of the velocity distri-
bution function and the scattering cross-section taken at given scattering angles.
For a scattering angle θ, the scattering cross-section per unit solid angle and unit
frequency interval is:

d2σs
dωsdΩ

(ωs, θ) =
y

f(βrel)
dσ

dΩ
(ωs)δ(ω − ωs(βrel))d3~βrel. (2.25)

The integration has been performed by Nielsen [32] by applying the constraints
for the most common application of TS diagnostics of a plane polarized wave
scattering perpendicular to the incident electric field ~Ei(φ = 90°). The integration
results in an analytical expression for the relativistic scattering cross section:

d2σs
dλsdΩ

(λs, θ) =
σ0

λi

C(βeth)

A(ε, θ)
e

[
−2β−2

ethBε,θ)
]
, (2.26)

where:

ε =
∆λ

λi
=
λs
λi
− 1, (2.27)

A(ε, θ) = (1 + ε)3
√

2(1− cos θ)(1 + ε) + σ2, (2.28)

B(ε, θ) =

√
1 +

ε2

2(1− cos θ)(1 + ε)
− 1, (2.29)

C(βeth) =
√

1πβ2
eth(1− 15

16
β2
eth +

345

512
β4
eth). (2.30)

This cross-section is a function of the scattering wavelength and valid for Te ≤
25keV , which accommodates the temperature ranges observed in MAST and JET
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plasmas. The resulting spectrum as seen in Figure 2.3 shows a Doppler shift in
the blue direction that increases with temperature as explained in the subsequent
section.

From Equation 2.26 the total scattered power Ps per unit wavelength from the
plasma due to an electron density ne within a scattering volume ∆V , detected
at the point of observation ~R over a scattering angle ∆Ω can be expressed in the
form:

dPs
dλs

(~R, λs) = neSi∆V∆Ω
d2σs
dλSdΩ

(λs, θ). (2.31)

To manipulate this expression, the term Si∆V is substituted by the equal expres-
sion: Pi∆L both with the dimensionality of [Wm], where Pi is the incident laser
power and ∆L is the length of the scattering volume. This allows for Equation
2.31 to be rewritten in the form:

dPs
dλs

(~R, λs) = nePi∆L∆Ω
d2σs
dλSdΩ

(λs, θ). (2.32)

Equation 2.32 is fitted to the scattered spectra captured by a Thomson scat-
tering diagnostic system to obtain the values for electron temperature (Te) and
density (ne). In the classical TS case, Equation 2.32 is reduced to:

Ps = nePi∆L∆Ωr2
0. (2.33)

In the typical experimental Thomson scattering setup, the ratio between the scat-
tered and incident power Ps

Pi
is on the order of 10−10∆L∆Ω, with contributions

(∆L∼10−2) and (∆Ω∼10−2) resulting in ratio of ∼10−14. From this result it is
apparent that high input laser power and a high sensitivity detection system are
required for the operation of a TS system. As an approximation (2.32) can be
reduced to a Gaussian of the following form:

dPs
dλs

(~R, λs) ∼ exp
(
− 1

2

(λs − λi
σλ

)2)
, (2.34)

where, λi and λs are the wavelength of the incident and scattered light and
σλ =

√
2λi sin θ

2βeth, which gives the width of the scattered TS spectrum. The
equation in this form is still valid for low temperature cases where Te < 1 keV.

2.5 Relativistic blue shift

The scattered electromagnetic wave experiences a Doppler shift due to the motion
of the observed electrons; the Doppler-shifted frequency is defined as:

ωs =
1− ~βrel · ι̂
1− ~βrel · ŝ

ωi. (2.35)
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(b) The spectral distribution of scattered photons 

(a) The spectral distribution of scattered power 

Figure 2.3: The Zhuravlev/Selden spectrum modified for the Naito depolarisation correction.
The scattered power is described by the Selden function and is related to the number of scattered
photons by a factor λ. The spectra are plotted for a range of Te, for constant but arbitrary ne
at a scattering angle of π (commonly used for backscattering ) at the Nd:YAG laser wavelength
(1064 nm).
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This results in the Doppler-shifted frequency ωs being a function of the incident
light frequency ωi and the electron velocity ~βe. From Equation 2.34, it follows
that for an electron with a velocity towards the observer, the value of ~βe · ŝ will be
greater than 0. This causes the shifted frequency ωs to have a frequency above the
frequency of the incident light ωi, reducing the wavelength of the scattered light
by a value of ∆λ. Considering the opposite case, where the electrons velocity is
away from the observer, results in an increased wavelength of the scattered light
compared to that of the incident electromagnetic wave.

A characteristic of the TS spectrum is that an overall blue shift of the scattered
light is observed. This can be understood from the Doppler shift expressed above
coupled with an expression for the scattered power:

Ps(ωs) ∝
1

γ2

(ωs
ωi

)2 1

(1− βe,s)2
(2.36)

In this expression it is seen that the scattered power is amplified at higher
scattered wavelengths. Looking at the terms of this equation individually; the
term 1

γ2 does not cause any Doppler shift due to its symmetry as a function of βe,

the term ωs

ωi

2 clearly is enhanced at higher frequencies of the scattered light, which

means an enhancement at lower wavelengths. The final term 1
1−βe,s

2 enhances

the scattered power when ~βe � s > 0, resulting once again in an enhancement at a
higher frequency (lower wavelength) of the scattered light. The enhancement of
these two terms for the electrons moving towards the observer results in the net
blueshift observed in the TS spectrum. Assuming that each electron undergoing
Thomson scattering can be represented by a radiating dipole, the bulk scattered
light moving towards and away from the collection lens would be approximately
equal. In the term 1

1−βe,s
2 in Equation 2.36 it is seen that the power of scattered

light moving towards the observer (blue shifted) will be amplified as βe,s will be
positive, making the entire term to become greater than one. In the case of light
moving away from the observer (red shifted), the power will be suppressed since
βe,s will be a negative value, resulting in the term to become less than one.

An extension of this can be understood by examining Equation 2.13 for the
electric field of the scattered electromagnetic radiation. Looking at the denom-

inator 1− ŝ � ~βe
3
, with the scattered power Ps proportional to Es

2, results in a
power spectrum for the scattered light ∝ 1

1−ŝ� ~βe
6 allowing for the relativistic blue

shift to be observable even at low electron temperatures.

2.6 TS ne and Te measurements

Applying Thomson scattering theory to an actual diagnostic system it is possible
to discuss the process of how electron density and temperature measurements
are obtained for collected Thomson scattered light. To give an example of the
measurement process the MAST core TS diagnostic is discussed. To begin this
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Figure 2.4: Measured scattered signal for MAST core TS spectrometer and the fit in ne and Te
to measured scattered spectral signals.

discussion, each spectrometer in the system will measure an intensity of scattered
signal in each of the spectral channels of the spectrometer measured from a spec-
ified view region. In Figure 2.4, the scattered signals and the fitting used extract
the electron temperature and density values for the plasma location measured by
spectrometer #365 for shot #29784 on the MAST tokamak is shown.

This fitting of the measured spectral signals is done at each radial position
within the diagnostics viewing region to determine the electron distribution re-
sponsible for the scattered Thomson light collected. The fitting of these scattered
signals with a magnitude Si with an measurement error of σi in the ith spectral
bin of a polychromator, the signals are fitted as a function of Te and ne. This
function can be defined as Fi(ne, Te). The fitting process undergoes many iter-
ations to minimize the value of χ2 until a good fit is achieved, with the output
being the Te and ne values that result in a fit to the measured scattered signals
Si [27].

χ2 =
∑
λbin=i

(Si − Fi(ne, Te)
σi

)2
. (2.37)

This is a simple explanation of the fitting process and how the values of Te and
ne are obtained through the measured Thomson scattered signal. A more intuitive
way of describing the calculation of Te and ne through the fitting process, is to look
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at Equation 2.37 for the effective number of photoelectrons in a spectral channel
due to Thomson scattering. This expression is used to describe the absolute
density calibration of the diagnostic:

np,eff = ne ∗ nlaser ∗
dσTS

dΩ
∗∆ΩT (λL) ∗ LQE

∫
φ(λ)

φ(λL)

S(λ;Te,θ,λL)

λL
dλ, (2.38)

nlaser is the number of photons in the scattered laser pulse, dσT
dΩ is the TS

differential scattering cross-section per unit solid angle, L is the scattering length,
QE is the quantum efficiency, ∆Ω is the solid angle, φ is the spectral channel
transfer function, S is the Selden equation [25], and the transmission of the system
at the laser wavelength of 1064nm is given by T (λL). In Equation 2.38, the fitting
process for extracting the associated values of Te and ne for each spatial position
is made more evident. To simplify this equation all terms outside of the integral
can be thought as a single function of ne, which can be defined as a1(ne). This
absolute calibration is accomplished on MAST through Raman scattering, the
calculated Raman product gives the scattered signal per energy of injected laser
light:

Rp =
Tgaskbre

2

σRaman

Signal

PgasElaser
, (2.39)

Where Tgas is the gas temperature, σRaman is the Raman cross section, Pgas
is the gas pressure, and Elaser is the injected laser energy. Measuring the Raman
product allows for the calculation of the factor a1(ne) when iterated at each
value of ne for a span of Te from the Selden integration it is possible to converge
on density and temperature value at each spatial position, achieving a fit to the
measured TS signals in each channel of the spectrometer as is shown in Figure 2.4.
In each spectrometer the fitting calculates the measured ne and Te for that spatial
location based on the fit through the measured signals in each spectral channel.
This process is done for each spectrometer, resulting in ne and Te profiles for each
TS laser pulse of the plasma discharge, an example profile for discharge number
29784 is shown in Figure 2.5.

2.7 Conventional vs. LIDAR Thomson scatter-
ing

In both the conventional and LIDAR scattering designs, the scattered light is
collected via a collection lens where it is then split into spectral channels by a
sequence of optical filters obtaining a limited spectral resolution. In a conventional
TS diagnostic system, the viewing chord is separated into multiple collection
volumes. In each of these collection volumes the light collected is sent through
fibers to its own designated spectrometer, this means that a high spatial resolution
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Figure 2.5: The ne and Te profiles at 0.2916s of discharge #29784 on the MAST Tokamak,
where each point gives the measured ne or Te value for a single spatial position at a specific
time in the discharge.

conventional system will require a large number of spectrometers. The collection
geometry in a conventional system is typically designed for scattering angles of
90°± 20°, allowing for the maximum amount of collected signal. Figure 2.6 shows a
schematic for the conventional JET HRTS (High Resolution Thomson Scattering)
system.

LIDAR (LIght Detection and Ranging) is a time of flight diagnostic utilizing
the time of flight of the laser pulse and subsequent scattered signal to spatially
resolve the electron temperature and density measurements within the plasma
using a single spectrometer and set of detectors. As a result, the collection optics
and geometry of the system is simplified compared to a conventional system and
also requires one diagnostic port, making it well suited for use in fusion devices
where access and neutron shielding are major concerns for the diagnostic. Another
advantage of a LIDAR design is that the calibration requirements are significantly
reduced with the simplified detection system with a single spectrometer. The
LIDAR system being a time of flight diagnostic the collection lens and the injected
laser share the same port, with a scattering angle of 180°or π (backscattering).
However, this system has additional requirements in order to obtain a good spatial
resolution, both the laser pulse length and the detector response time must be
very short, on the order of 300 ps. This is required to obtain an acceptable radial
resolution in a time of flight diagnostic system. ITER was originally designed to
have at least one LIDAR TS system but the challenges of obtaining the resolution
requirements among other challenges has moved ITER to favor a conventional
system, which is explained more in Chapter 5.
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Figure 2.6: JET HRTS diagnostic schematic, scattered light is collected from cell at top of the
machine at a 90 degree scattering angle, with laser coming into the device from the low-field
side of the Tokamak. Image: EUROfusion
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Abstract

The super-X divertor on MAST-Upgrade will be diagnosed by a Thomson scat-
tering diagnostic. A preliminary design of the collection optics and calculations
of the diagnostic’s performance are discussed in this paper. As part of the design
the location and size of the collection cell were optimized to minimize vignetting,
especially in the region of interest close to the divertor strike point. The design
process was complicated by the limited access available in the closed divertor
geometry. In the study of the diagnostic’s performance, the radial resolution,
projection of the laser image onto the fiber bundle, and impact of depth of field
with a multiple laser system were investigated. In this design there is a trade-off
between the resolution of the system and the lifetime of the beam dump. For this
reason the beam has its focal point at the start of the viewing region and diverges
in width to approximately five millimeters near the divertor tile. The effect of
this large variation in beam width is examined primarily at the two extremes by
means of ray trace modeling. This model takes an object with dimensions of the
beam width imaged onto the fiber bundle to investigate the effect of misalignment
for a narrow or broad laser image. In a similar manner ray tracing was performed
to determine the effects of depth of field for four and two laser systems. As the
electron density of the system may be low, performance analysis considers firing

33
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multiple lasers simultaneously to improve photon statistics.

3.1 Introduction

Advanced divertor concepts such as a Snow-Flake divertor or Super-X divertor
(SXD) are considered as possible alternatives to conventional divertors. These
divertor concepts are attractive as a method to more reliably handle the high
divertor power loads expected in future fusion devices [33][34]. In an SXD, a
reduction of plasma temperature and energy fluxes in the divertor is achieved by
magnetic flux expansion, induced by extending the divertor leg to a larger radius
and a reduction of the poloidal magnetic field within the divertor. Also, the longer
connection length L‖ and closed design of the SXD supports the removal of power
due to plasma−neutral interaction and radiation [35]. The introduction of a SXD
configuration as part of the upcoming upgrades on the MAST spherical tokamak
required the development of a diagnostic system to diagnose the plasma within
this new divertor configuration. This will partly be accomplished by Thomson
Scattering (TS) [36]. Figure 3.1 shows the design of this TS diagnostic for MAST-
Upgrade.

Using Thomson Scattering to diagnose the plasma inside the SXD on MAST
Upgrade allows for measurements of the electron temperature and density evolu-
tion along the extended divertor leg. This is useful in understanding the perfor-
mance as well as the physics of this advanced divertor concept. Once the plasma
reaches the strike point, there is expected to be a high density / low temperature
detachment region which extends a few centimeters from the divertor strike point.
The TS diagnostic is designed to have the capability to measure profiles of the
electron temperature (Te) and density (ne) along the divertor leg, while also al-
lowing for measurements of the detachment front evolution. Numerical modeling
using SOL transport codes show that the Te within the SXD on MAST-U will
not exceed 100 eV, while in the detachment region near the divertor tile Te is
expected to be in the sub eV range [38]. Electron density is expected to vary
from approximately 3 × 1018m−3 to > 1020m−3 in the detachment region. The
TS diagnostic is designed to measure electron temperatures from ∼1 eV to 100
eV and over this density range.

In Figure 3.2 the view region of the TS collection optics is highlighted. It is
clear from this figure containing a sample Super-X divertor scenario equilibrium,
the laser path cannot be entirely parallel to the magnetic field ( ~B). The layout of
the TS system with respect to the magnetic field lines and the effects of divertor
detachment define the spatial resolution required by the system in both the radial
and z directions. Although many of the parameters of the MAST-U SXD plasma
are unknown, modeling using the SOL transport codes SOLPS/EIRENE along
with experimental observations made on MAST provide good estimates of the
diagnostics resolution requirements [38]. In the radial direction, which extends
primarily along the field lines, the resolution requirement is driven by the need to
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Figure 3.1: The MAST-U SXD TS design showing the laser injection, collection lens design,
viewing region of the diagnostic, beam dump, and the divertor geometry.

resolve the detachment front and filament structures which are both on the order
of 1 cm. In the z direction which primarily spans across field lines a resolution of
∼1 cm is required in order to capture the change in electron temperature.

3.2 Collection cell & vignetting minimization

The MAST Upgrade Super-X divertor presented a variety of challenges in the
design of the divertor TS collection cell due to the limited access of the closed
divertor geometry. The design of the collection cell required the losses due to
vignetting to be minimized over the collection region. It was especially important
to ensure the ability to measure the plasma effectively close to the divertor tile was
preserved, in order to diagnose up to the detachment front of the diverted plasma.
In order to reduce the vignetting, the vertical height and tilt of the collection lens
was altered and at each orientation the vignetting losses were determined. The
lens was placed as high as possible within the available port in order to minimize
the vignetting close to the divertor tile. In this paper there are references to the
T5 tile. This is the designation for the divertor tile which the Thomson scattering
view region approaches.

In Figure 3.3 it is clear that there are losses due to vignetting and that the
size, position, and tilt of the collection optics define the resulting vignetting losses.
Beyond adjusting the position and tilt of the lens, size was also considered and
lenses examined spanned diameters from 150 to 200 mm. In this analysis an
optimal collection cell position and orientation was determined by examining the
vignetting losses along the viewing region of the laser line, shown in red in Figure
3.3. This resulted in a 185mm collection cell which is orientated such that the
vignetting losses were specifically minimized for the region near the divertor tile
at the cost of larger vignetting losses near a radius of 1000 mm. Regions where
> 20% of the scattered light is obscured due to vignetting will not be used for TS
measurements. Figure 3.4 shows the calculated losses due to vignetting for this
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optimized design.

3.3 Radial resolution

Calculations of the expected radial resolution for the MAST-U divertor TS system
provided some insight into the diagnostics design. The calculation of the radial
resolution was initially set up with the laser within the view region being divided
into 100 view segments each with a 10 millimeter scattering length. After the
method was confirmed for the fixed laser width (dL) and view width (dV ) case, it
was expanded to include changes in the laser size and view width as functions of
the view location. The calculation of the radial resolution for the system (dr) was
performed as an upper bound or worst case scenario given by the maximum radial
displacement between the boundary polygon vertices lying on the intersection of
the laser and view region boundaries for each collection segment. This calculation
process is clarified in Figure 3.5.

The result of this radial resolution calculation is presented in Figure 3.6, which
plots the radial resolution (dr) for all 100 view segments. From these results it is
clear that the radial resolution is larger than the width of the laser line over the
entire collection region. Although this difference between the laser width and the
radial resolution does lead to an increased collection of background plasma light it
is necessary to retain the fiber geometry to maintain device flexibility. Initially the
diagnostic will contain 10 spectrometers and fiber bundles able to be positioned
to measure signals at any of the 100 defined spatial locations. Positions near the
divertor tile will have a laser width > 5mm and require the fibers full 7mm height
perpendicular to the laser line to accommodate the large laser width. To reduce
the background level, apertures could be installed to increase the signal-to-noise
ratio. This worst case scenario approximation for the radial resolution highlights
that over the entire view region the radial resolution is still operating within the
required specifications (on the order of 1 cm) [35].

These results coupled with measurements of the spatial variation of a detached
inner divertor leg on MAST suggest that the proposed divertor TS diagnostic
should be able to resolve the evolution of the detachment front in the MAST-U
Super-X divertor without issue.

3.4 Expected fractional Te error

In the SXD high background levels and low plasma densities may limit the accu-
racy of Te measurements, even with low Te values allowing for narrow filters to
reduce background levels. To understand what should be expected in terms of the
quality of Te measurements performed by this diagnostic, the first order approach
was to model the fractional Te error over the expected measurable temperature
range. The expression for the fractional Te error is defined as
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Figure 3.4: The losses calculated due to vignetting for the designed MAST-U divertor TS system
as a function of radius.

%Teerror =
σTe
Te

. (3.1)

The calculation was done over the entire Te range expected for the MAST-U
super-X divertor, assuming a Poisson error, a constant ne = 5 × 1018m−3, and
assuming the current MAST core TS spectrometer layout [37].

With the MAST-U divertor TS system designed to accommodate up to four
of the YAG lasers from the current core TS diagnostic [37], there is the ability
to fire two lasers simultaneously. The injection of two lasers doubles the num-
ber of photons available for Thomson scattering, reducing the fractional error of
measurements. Using such a technique it is possible to obtain quality Te measure-
ments in discharges with low divertor plasma density or high background levels
that would otherwise not be possible with just 1 Joule of injected laser energy.

For an initial estimate of the fractional error of the divertor TS diagnostic,
calculations were performed using a background solely consisting of an elevated
level of Bremsstrahlung radiation. The background level within the divertor is
expected to have a contribution from line radiation; this and other radiation
sources are approximated by the additional radiation above the Bremsstrahlung
level. The impact of doubling the injected laser energy is substantial at the low
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Figure 3.5: The radial resolution (dr) calculation process defined as the maximum displacement
of the boundary polygon vertices formed via the boundaries of the laser line and view segment
defined by the collection optics.

density range that the diagnostic will operate in, reducing the fractional error by
approximately 30% over the measureable temperature range, shown in Figure 3.7.
The tradeoff of implementing this concept is that it comes with a reduction in the
repetition rate of the diagnostic.

3.5 Laser imaging onto fiber bundle

The fiber packing used in the system as well as how the laser was imaged onto the
fiber end for various positions along the laser line have been examined. A trans-
mission function for different packing fractions was developed for two collection
cell designs with a different F/#, which are highlighted in Table 3.1. The fiber
options investigated in this section are based on the current design found in the
MAST core TS system, with 130 fibers in Hexagonal Close Packing, covering a
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3mm diameter fiber end, imaging from F/6 to F/1.75. The designs investigated
were an F/6.5 system which used the same fiber packing as the MAST core TS
and an F/7.5 system that used the slightly modified scheme due to the required
fiber dimensions. The previously mentioned fiber transmission functions give the
percent of rays collected by the fibers with respect to the position on the fiber
backplane for both F/# designs. This transmission function was obtained by
imaging a fine uniformly spaced grid of incident rays covering the entire fiber
backplane.

To perform a quantitative analysis of the effect that the laser width, view
position, and misalignment has on the intensity of collected light, a ray tracing
calculation was performed. This was accomplished using the optical design soft-

Table 3.1: Two TS collection lens designs with their F/#s, lens diameters, and dimensions of
the fiber backplane used in the investigation of laser imaging onto the fiber bundle.

F/# Lens Diameter Dimensions:Backplane

F/6.5 185mm 3.11mm× 2.02mm
F/7.5 160mm 3.92mm× 1.60mm
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ware, ZEMAX. Inside ZEMAX, three measurement positions along the laser line
within the viewing region of the diagnostic were investigated; the position closest
to the center column at the start of the viewing region, the position near the di-
vertor T5 tile at the end of the viewing region, and the central position of the laser
line within the viewing region of the diagnostic. Over these positions, the laser
width varies from 0.9mm at the position near the center column, to 2.2mm at the
central position, and finally to a maximum of 5.2mm at the position close to the
divertor T5 tile. At each of these three locations, rays were traced from a square
source with dimensions corresponding to the associated laser width onto the fiber
backplane. At the fiber backplane the image of the laser is examined by plotting
the relative illumination scanned along the y-axis along with the generated fiber
function. Although results presented here just show one wavelength, calculations
were performed at five wavelengths in total, spanning 900 nm to 1150 nm.

From the results of the intensity distribution of the laser image onto the fiber
backplane it was possible to model the effects of misalignment of the laser image.
The method used to examine this effect was to take the results from the illu-
mination Y-scan and perform a convolution of this illumination profile with the
calculated fiber packing function for both the F/6.5 and F/7.5 collection optics.

From the results presented in Figure 3.8, the current F/6.5 collection cell de-
sign can handle a misalignment of the laser line up to the maximum expected
value of nearly 2mm within the plasma (0.5mm at the fiber backplane) at all view
positions without a sizeable loss in collected TS signal. However, the F/7.5 col-
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Figure 3.8: Convolution of the view center position and T5 divertor tile position illumination
Y-scan with the corresponding fiber function for the F/6.5 and F/7.5 collection cell system.

lection cell design is not as able to accommodate such a misalignment, especially
at regions close to the divertor tile where the laser width is large ( 5 mm). In the
F/7.5 case at the T5 divertor tile position, at 0.5mm misalignment at the fiber
backplane only about 60% of the original signal is collected by the fiber bundle.
Such a loss of signal near the divertor tile is not acceptable as it is a region of
high interest and background levels.

3.6 Depth of field for a multi-laser system

The system was modeled looking at the extreme cases for a four laser system. Us-
ing the ZEMAX optical design software, a 185mm collection lens design collecting
at F/6.5 was modified to look at the impact a shift of the depth of field has on
the laser image on the fiber. This displacement is the maximum expected shift
due to the separation of a four laser system at a position near the divertor tile.
It was then applied as the extreme case for the three modeled positions spanning
the entire view region of the laser line. To observe the effect a ray tracing analysis
was performed for point sources displaced by 0 mm and ±12 mm within the depth
of field for each of the three examined positions.

Change in the depth of field effectively causes a smearing out of the distri-
bution of photons that is put onto the fiber plus some distortion to the spot
distribution. The reason the central position is less affected by changes in the
depth of field is that altering the depth has no effect on the angle of incidence
into the collection optics, as it is positioned on the optical axis. For positions
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off the optical axis, a change in depth caused by the laser separation alters the
collected light angle of incidence on the collection lens. This causes a more sub-
stantial change in the orientation of the imaged photons. To highlight the impact
of source displacements within the depth of field Figure 3.9 and Figure 3.10 show
the illumination scan and spot diagram results for the view center and divertor
T5 tile positions respectively.

From the results shown in Figure 3.9 and Figure 3.10, it was concluded that
the broadening of the laser image onto the fiber backplane due to depth of field
is tolerable. The fiber height perpendicular to the laser propagation is 7mm and
even at the T5 tile position with the laser width being ∼5.2mm plus the additional
∼0.5mm broadening from the effects of depth is still within the bounds of the 7mm
fiber height. For the 4-laser MAST-U divertor TS system presented, the effects
from depth of field were found to be negligible.

3.7 Conclusions

This paper has described an outline of the design and viewing geometry for di-
vertor Thomson scattering as it is to be implemented on MAST-U. The collection
cell selected was an F/6.5, 185 mm diameter lens system which focuses on min-
imizing the vignetting close to divertor tile through the tilt and positioning of
this collection cell within the available port. In order to understand the expected
resolution of the system, a calculation of radial resolution was performed. This
calculation showed that the diagnostic should have the capability to resolve fea-
tures of interest within/along the super-X divertor, while retaining flexibility in
position of measurements.

Performing TS measurements within an extended divertor geometry is ex-
pected to have high background level as well as regions of low electron densities
that result in a higher fractional error of the diagnostic. The expected fractional
error was calculated at a low density of ne = 5.0 × 1018m−3 and a background
level above the Bremsstrahlung level. This gave an approximation of the frac-
tional error with the impurity concentrations unknown. Finally, the laser width
and depth of field effects on the laser image onto the fiber backplane were inves-
tigated. The current F/6.5 collection cell design can accommodate the maximum
expected misalignment of the laser line of nearly 2mm within the plasma (0.5mm
at the fiber backplane) and the additional ∼0.5 mm broadening from the depth
of field for all plasma positions.



Chapter 4

Spectrometer design for
MAST & ITER TS

This chapter covers two main areas of interest; the first main section covers work
done in the design of the MAST-Upgrade divertor TS diagnostic and the second
main area covers studies focused on the ITER core TS system. For the MAST-
Upgrade divertor spectrometers the following is investigated; first the photon
budget for the spectrometer system is examined as a precursor to the spectral
design for the system aimed towards measuring electron temperatures down to the
1eV level. The photon budget covers how the expected TS signal compares to the
background sources expected within the MAST Super-X divertor. Subsequently,
the spectral design for the system is determined through examinations into the
expected performance with the addition of new low temperature spectral bins
to determine the optimal design for the spectrometer. In order to make sure
the narrow interference filter located near the laser wavelength is in its defined
position, the impact of the angle of light on to an interference filter is examined.
In this section a wedge is designed and put in place in the spectrometer to bring
the incident light into normal incidence to the filter, reducing overlap with the
adjacent filter and limiting the shift to a lower wavelength which would impact low
temperature measurements. Finally, in the last section dealing with the MAST-
Upgrade spectrometer design, a calibration of the system is performed with the
newly defined filters in place.

For the ITER core TS system, the first section covers low pressure Raman
calibration. This is important to examine for ITER due to the difficulties of a
large vessel volume and with handling Tritium when pumping out the gas used
for Raman calibrations. This was performed on MAST as an exercise in the feasi-
bility of such a calibration. The final section of this chapter covers detector tests
performed for possible detectors to be used in the ITER core TS spectrometer,
covering such details as the detector response speed, rise time, the responsivity,

45
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and the impact of the detector area for Hamamatsu and Execlitas detectors.

4.1 Photon budget

As part of the design of the MAST-Upgrade divertor TS spectrometer, an investi-
gation is made into the photon budget of the system, looking at the amount of TS
signal in comparison to the estimated level of background light. In the Super-X
divertor on MAST-Upgrade there are increased concerns with background levels
when compared to the existing core system. This concern is due to the key fea-
tures of the proposed Super-X divertor design which includes magnetic topology
which allows for a longer connection length and magnetic flux expansion inside
the divertor as well as a baffle that allows for greater separation of the divertor
plasma from the core plasma. Inside the divertor it is expected that transport will
be altered with competing radial and parallel transport along with larger power
losses from the higher collisionality with an increased neutral density [38]. Simula-
tions were performed to look at the expected TS signal at various divertor relevant
electron temperatures and densities, along with the expected Bremsstrahlung and
other background light levels to see how the scattered signal level compares to
the overall background levels.

Before simulations can be performed on the various background and TS light
levels, estimations are needed of the expected electron densities and temperatures
expected over the diagnosed area of the divertor plasma. Previous SOLPS model-
ing performed by E.Havlic̆kov́a [38], provided the needed distribution of electron
density and temperature inside the divertor to allow for further investigations
into the signal levels expected for the TS diagnostic. In Figure 4.1 a modeled
ne distribution is shown for an expected MAST-Upgrade plasma discharge and
Super-X divertor configuration, showing that the density along the divertor leg
will range from a value of 0.5 × 1019m−3 away from the divertor target and as
shown in Figure 4.2 up to approximately 8.0 × 1019m−3 at the target. Near the
divertor the target, which is the region of greatest interest to diagnose the Te
values cover a range from approximately 15eV to less than 1eV, while further up
the divertor leg the modeled Te values are higher, losing energy through radiation
on the way to target.

The expected level of TS signal is estimated through the equations presented
by A.C. Selden which gives an accurate expression of the scattering spectrum
[25]. The spectrum is calculated at three different temperatures (5eV, 25eV, and
100eV) at a fixed density of 1.0×1019m−3 to investigate the expected signal level
over the measured wavelength range for the polychromator design presented in
sections 4.2 to 4.4, shown in Figure 4.3. Along with calculations of the expected
TS signal, investigations into the expected background levels also need to be
calculated to determine if measurements by the TS diagnostic are possible in the
expected divertor conditions. The first and primary radiation source calculated is
Bremsstrahlung; this is calculated for the same three Te values as was done with
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the TS signal calculations. Bremsstrahlung radiation is emitted when charged
particles in the plasma are decelerated when deflected by another charged particle,
this results in a continuous spectrum due to the nature of braking radiation. This
continuous spectrum becomes more intense along with a shift in the peak toward
higher frequencies with increased particle braking. The relativistic expression for
the total radiated power for a single particle through Bremsstrahlung is expressed
by the Larmor formula:

P =
q2γ4

6πε0c

(
β′2 +

(~β · ~β′)
1− β2

)
, (4.1)

where ~β = ~v
c (velocity of the particle divided by the speed of light in vacuum),

λ is the Lorentz factor, ~β′ signifies a time derivative of ~β, and q is the charge of
the particle. In a plasma, the free electrons continuously collide with the ions,
producing Bremsstrahlung. This is known as Thermal Bremsstrahlung of which
a detailed treatment is given by Bekefi [39].

As the spectral shape is a function of Te, changes in ne will only modify the
amplitude of the TS signal and that of the Bremsstrahlung level as well by a factor
of ne

2. The resulting TS signal has an amplitude of over an order of magnitude
higher than the Bremsstrahlung level at its peak (near the laser wavelength).
When ne is increased by a factor of ten from 1.0 × 1019m−3 to 1.0 × 1020m−3,
the Bremsstrahlung level increases by a factor of 100 and becomes around the
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Figure 4.3: The simulated Bremsstrahlung and Thomson signal levels at Te= 5eV, 25eV, and
100eV at a 2 fixed electron densities 1.0× 1019m−3 and 1.0× 1020m−3 for the MAST-Upgrade
divertor TS system.

same level of the expected Thomson signal. The simulation results presented,
highlight that the expected TS signal is adequately higher than the expected
Bremsstrahlung radiation levels at the temperatures and densities expected within
the MAST-Upgrade Super-X divertor. Also, it is increasingly clear that having
polychromators with well-defined spectral bins close to the laser wavelength are
required for low temperature measurements to achieve an acceptable signal to
background ratio and maintain good stray light rejection.

When diagnosing the plasma within the Super-X divertor there are additional
radiation sources that are of concern beyond Bremsstrahlung radiation. In the
divertor, a large amount of radiative power is expected through plasma inter-
actions with neutrals. The interaction of plasma particles and the low energy
neutrals inside the divertor will lead to line emissions. Line emissions are caused
by the excitation of atoms or molecules into high energy states and the emitance
of a photon with a specific frequency when relaxing back down to a lower energy
state. In a device like MAST-Upgrade the expected line emission sources are
expected to mimic those measured in previous measurements of emissions at the
MAST divertor. Measurements of the background light emissions for discharge
number 28839 at the MAST divertor are presented in Figure 4.4, taken at the
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Table 4.1: Final specifications for the filter bandwidths and incident angles of the three new
divertor TS spectrometer filters.

Filter Low wavelength cutoff High wavelength cutoff Angle of Incidence

1 1060-1060.7nm 1061.85-1062.2nm 0.0± 2°

Filter Central Wavelength FWHM (Bandwidth) Angle of Incidence

2 1071.2nm 5.2nm 4.5± 2°
3 1081nm 14.3nm 4.5± 2°

time instance, t = 0.27s.
Within the region of interest for the divertor TS system which spans from

approximately 1000nm to 1100nm the primary light source is expected to be
from helium and carbon lines, as expressed in the MAST results. Additionally,
if N2 seeding is used inside the divertor, there is a N2 emission line at approxi-
mately 1011nm that must also be taken into account. These line emissions can
be expressed in a simplified manner by looking at the bottom non zero level
measured with an approximate radiance of 0.02 to 0.04 W/m2/mm/sr as the
minimum level between 1000nm to 1100nm and another level that corresponds to
the peak line emission of the main helium line (0.30W/m2/mm/sr) converted to
photons/(mm), presented in Figure 4.5.

From these results of the MAST divertor, the expected level at the He-I line
(1083.2nm) of approximately 6.0 × 104 photons/(nm) is near the expected level
in the TS signal at that wavelength for the case of a spectrum with a Te = 100eV
and ne = 1.0×1019m−3. Although, divertor plasmas on MAST-U are expected to
have electron temperatures much less than 100eV, the design of the spectrometer
allows for TS measurements to still be performed even if line emissions blind a
channel on the red-shifted side of the laser wavelength. This is possible with the
introduction of spectral channels on the blue-shifted side of the 1064nm laser line
which covers a similar electron temperature range.

4.2 TS spectrometer for low Te measurements

The design for the MAST-Upgrade divertor TS spectrometer for the initial oper-
ation will be based on the existing edge TS spectrometers with modified spectral
channels for low Te measurements. This modification comes in the form of three
new optical filters, defining three additional spectral channels near to the laser
wavelength (low Te) for the divertor spectrometers. After the work presented in
this section was completed, the final specifications for the three new filters are
presented in Table 4.1:

To reach these final specifications for the filters, investigations have been per-
formed in order to determine the optimal bandwidth for the new filters to provide
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Figure 4.4: Spectral measurement of background line emissions at the MAST divertor, discharge
number 28839.
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accurate measurements at low Te, while providing sufficient blocking of the stray
laser light. The new filters are specified at OD6, allowing for a transmission of
only 10−6 at the laser wavelength. They are newly produced by Alluxa and allow
for greater transmission coupled with better laser stray light blocking compared
to the existing MAST interference filters which have a lower peak transmission
and are specified to OD5. The first investigation is into what is the best position
and bandwidth of the new filters in order to measure down to values of Te ∼ 1eV.
The filter that is of primary of interest is filter 1, as filters 2 and 3 are designed to
mirror existing filters present on the low wavelength side of the YAG wavelength
of 1064 nm, shown in Figure 4.6 of the proposed spectrometer filter layout.

In this spectrometer layout, the position and bandwidth of filter 1 of the spec-
ified new filters is especially important to investigate due to its small bandwidth
and proximity to the laser wavelength. To estimate how the position filter 1,
with a fixed bandwidth of 1.75mm impacts the low Te measurement performance.
This was accomplished by varying the central wavelength between four values;
1060, 1061.1, 1061.5, and 1062 nm with the expected Te error calculated at each
position. This analysis considers a spectrometer with only the three proposed
filters but with the two of the new filters being mirrors of the existing filters,
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Figure 4.6: Proposed spectral filter layout for the 6-channel spectrometer for the MAST-Upgrade
divertor TS system.

this simplified spectrometer is a good representative of the entire system. The
Te error calculated represents the 1 − σ random error on the observed Te based
on the number of scattered and background Bremsstrahlung photons. The TS
and background photons are calculated using the assumptions presented on the
right side of Figures 4.7 and 4.8. The results are presented in Figure 4.7 and
show that increasing the central wavelength from 1060nm to 1061.1nm shows a
large reduction in the calculated Te error. However, any additional shifts in the
filter closer to the wavelength from the 1061.1nm position yielded only a small
improvement at low Te.

As well as looking at the impact of moving filter 1 in wavelength with a fixed
bandwidth, the impact of broadening or narrowing the bandwidth of filter 1 at a
fixed central location of 1061.1nm was investigated. If not considering stray light
or filter overlap effects with the existing filters, this had a minimal impact on the
expected performance of the system covering a filter bandwidth of 1.0nm to 2.50
nm. This analysis was also applied to filter 2 of the new filter set to determine what
the bandwidth and wavelength position of these two filters should be when they
are manufactured. From the results presented in Figure 4.7, the best selection for
the central wavelength for filter 1 is 1061.1nm as not much change in performance
is noticed moving the filter closer to the laser wavelength with greater risk of
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Figure 4.7: Percent Te error from 0.1 to 100 eV for the four filter-1 positions, with TS and
background Bremsstrahlung photons calculated using the assumptions provided.
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Figure 4.8: Percent Te error from 0.1 to 100 eV for the four filter-2 positions, with TS and
background Bremsstrahlung photons calculated using the assumptions provided.

stray light issues. The analysis on filter 2 presented in Figure 4.8 shows that a
bandwidth of 5.2nm a central wavelength of ∼ 1071.2nm is the best option, with
good performance over the entire Te range of an interest down to approximately
1eV.

Once it is known what sort of filter specifications have the best performance
when considering the three new filters alone, the three additional filters from
the existing edge and core Thomson scattering systems are added. The final
spectrometer design will have a similar bin layout to that presented in Figure 4.6,
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Figure 4.9: Estimated measured signal in photoelectrons from 0.1 to 1000.0eV for the six spectral
channels of the proposed MAST-Upgrade divertor TS spectrometer.

containing six spectral channels focused on low temperature measurements. It is
important in the design process to examine the expected signal calculated using
the Selden-Matoba equation. This is done for each spectral bin defined by the 3
existing and 3 newly proposed spectral filters over a range of Te (eV) values, with
special attention to the overlap of the new 1061.1nm filter and the existing filter
specified at 1057.7nm with a bandwidth of 5.5mm being taken, shown in Figure
4.9.

From Figure 4.9, it is clear that there is a large overlap of the new 1061.1nm
filter with the existing filter, whose central wavelength is measured to be 1058.8nm
(1057.7nm specification) with a bandwidth of 5.5nm. It is known that the exist-
ing filter in question has a variance in its upper wavelength cut-off and general
position of the filter by over 2nm when considering all 130 core and 8 edge spec-
trometers. In order to provide the best possible contribution of the new narrow
1061nm filter it is important to select the optimal channel 1 filter from the existing
spectrometers to be used in the divertor system. From full spectral calibrations of
each spectrometer performed before MAST was shut down for the upgrade data of
each existing spectrometers channel 1 filter wavelength position was derived. For
each of the channel 1 filters in the existing MAST polychromators, the upper cut-
off wavelength of each filter was calculated, defined by the high wavelength 50%
transmission point of the normalized filter transmission function. Plotting the
wavelength cut-off in ascending wavelength for the core and edge spectrometers
is presented in Figure 4.10.

To highlight the high level of variation existing in this filter within the 138 total
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Figure 4.10: The current Ch1 filter 50% transmission upper wavelength position for each spec-
trometer sorted by wavelength in ascending order for core TS (left) and edge TS (right).

MAST core and edge TS spectrometers, from its specified central wavelength of
1057.7nm with a bandwidth of 5.5nm, the normalized transmission function for
the minimum, median, and maximum wavelength cut-off are plotted in Figure
4.11. This shows in detail that the selection of the best filter for the new divertor
system is important and as well one should expect some variation in the newly
acquired filters transmission functions.
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Figure 4.11: The current Ch1 filter profiles for three spectrometers of the core TS (left) and
edge TS (right) providing the minimum, median, and maximum upper wavelength cut-offs.
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Figure 4.12: Normalized transmission functions of the 6-Channel divertor TS test spectrometer,
with the existing Ch1 filter (gold) from spectrometer 207 of the edge system.

Taking into account all of this analysis, filter specifications were determined and
filters were procured. The result of this can be seen in Figure 4.12, where three
new filters have been tested alongside existing filters to generate an expected
6-channel spectrometer layout as shown.

This end result shows that even in the case of spectrometer 207 which has
good candidate existing filters for the divertor system, the existing filter specified
at 1057.7nm almost completely overlaps with the new 1061nm filter, if inserted
into the system without considering the impact of the angle of incident light onto
the filters.

4.3 Light angles on spectrometer filters

The impact angle of the light on an interference filter is described in detail in
Appendix A of this thesis. There it is explained how the angle of incident light
onto an interference filter results in an effective wavelength shift of its transmission
function, which is determined by the equation:

λnew → λ

√
1− (

n0

neff
)2 sin2 θ, (4.2)
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Figure 4.13: A seven spectral channel polychromator for the MAST TS system, showing a
raytracing of the path of the scattered light as it is reflected from each interference filter, incident
at a 4.5°angle. Image: PhD Thesis R. Scannell

where in Eq. 4.2 n0 is the refractive index of the surrounding medium, neff
is the effective refractive index of the filter, and θ is the incidence angle of the
incoming light, see appendix A.1 for a detailed derivation of Eq. 4.2.

Looking at the MAST-Upgrade divertor TS spectral design, the primary con-
cerns regarding this angular shift is focused on the new 1061.1nm/1.75nm Alluxa
filter. As the spectrometer is designed such that the angle of light onto each
of the spectral filters is 4.5±2°due to the spectrometers layout and the expected
angular spread of the collected light, Figure 4.13 shows this angle in an overview
of the MAST TS polychromator, containing seven spectral channels (note that
the MAST-Upgrade TS polychromator will be a 6-channel system). In the poly-
chromator there is no beam dump but the inside of the polychromator is black
anodized, while the filters light rejection is relied on for dealing with stray laser
light. Any residual stray laser light will be diffusely reflected, resulting on a small
amount of becoming incident onto the interference filters. If the stray laser light
is incident onto a filter at very oblique angles there will be a substantial shift in
the filters transmission function in wavelength. In response to stray laser light
this shift is actually beneficial, as laser light will see a transmission function that
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Figure 4.14: (a) The wavelength spread calculated for the ±2°cone angle of normal incident
light on a delta function interference filter. (b) Same calculation but for incident light at a
4.5°±2°angular distribution as in the uncorrected MAST-Upgrade divertor TS spectrometer
case.

is shifted down in wavelength, further away from the ∼1064nm laser wavelength
as the incidence angle differs from normal. To add to this, light that is incident
onto the interference filters at extreme angles will have a low chance to be inci-
dent on the APD (Avalanche Photodiode), with focusing optics designed for the
small range of incidence angles of the collected light, as shown in Figure 4.13.
When considering visible light, the mirrors in the polychromator are designed to
transmit light outside of the wavelength region of interest. These mirrors have a
measure transmission of approximately 20 to 40% from 425nm to 625nm with a
near zero transmission from ∼625nm up to the laser wavelength. This works to
further reduce the impact of any stray visible light within the polychromator.

This shift from the angle of incidence always pushes the transmission function
further down in wavelength as the angle of incidence increases. The angle of
4.5°is to allow the light to travel through the spectrometer system from one filter,
mirror, and detector assembly to the next until the light reaches the final detector.
The way to help maintain the sensitive specifications on the 1061nm filter is to
de-tilt this channel of the spectrometer so that the incident light comes in at a
mean angle of 0°(normal incidence). De-tilting this channel will work to undo the
downward wavelength shift of the transmission function, to allow for the channel
to collect a useful signal, as currently this channel is almost entirely blocked
by the existing low temperature filter, as seen in Figure 4.12. The de-tilting is
performed at the 6th and final channel by a wedge with a 4.5°tilt to put the filter
into normal incidence with the incoming light [40]. To show the impact of this
angular dependence it is presented in Figure 4.14, which contains plots impact
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of an angular distribution of incident light on a delta function of wavelength
representing an interference filter.

A spectral calibration was performed comparing the position of the 1061nm
specified filter with and without the de-tilting wedge in place. The impact of the
de-tilting the actual interference filter is presented in Figure 4.15, which shows
along with the results presented in Figure 4.14, that a small difference in the light
incidence angle makes for a large difference on such a narrow filter. This de-tilting
allows for a small shift towards the laser wavelength of this filters transmission
function, helping the channel provide a meaningful signal by reducing the overlap
with the neighboring filter function and keeping the channel in its specified, low
Te optimized position. The change in the filters tilt results in a shift of the
transmission function of around 1nm and a substantial change in the overlap
with the adjacent channel. This allows the 1061nm channel to contribute useful
signal that will aid in low Te measurements which are necessary for diagnosing
the MAST-Upgrade divertor plasma.
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4.4 Spectrometer calibration

In order to obtain the detailed transfer functions for each of the polychromator
channels, a monochromator calibration is required. The monochromatic light used
to perform this calibration is generated from an initial broadband light source fed
into the Czerny-Turner spectrometer. On both the light input and output of this
device there are narrow slits that can be adjusted to allow for an appropriate
level of signal while narrow enough not to contribute to the instrument function
for the calibration, allowing for the smaller bandwidth spectral channels to be
properly resolved. On the input side the narrow slit of light from the light-source
is imaged onto a diffraction grating which separates out this broadband light into
different wavelengths that are imaged onto different spatial locations inside the
Czerny-Turner spectrometer. In the calibration software that controls the system
the user is able to control what narrow part of the total spectrum is imaged onto
the output slit that corresponds to the set output wavelength through the use of a
stepper motor which rotates the diffraction grating, controlling the wavelength of
the outputted light. The light outputted is not a singular wavelength but contains
a certain spectral width around the set wavelength, this spread in the output light
determines the spectral instrument function of the monochromator.

In order to measure the instrument function of the calibration system a Xenon
lamp is used, where two emission lines at λ=980.0nm and λ=992.3nm were mea-
sured at the output of the system. The width of the instrument function is then
determined by fitting the measured signal by a Gaussian, which was measured to
have a σ∼0.13, shown in Figure 4.16. As well as the width of the instrument func-
tion it is important to take also into account the wavelength error in measuring
these known emission lines. The first emission line is at λ=980.0nm but the fit to
the data gives a central peak at 980.153nm, while the second peak at λ=992.3nm
was measured to be at 992.465nm, a 0.165nm shift. The instrument function is
important to take into consideration as it is the limiting factor in determining
the systems spectral resolution, this is evident as it smears out the measurements
of the polychromators spectral transfer functions measured during the spectral
calibration using the monochromator.

The setup for the spectral calibration of a polychromator is illustrated in
Figure 4.17(a). Once the light leaves the monochromator, it is passed through an
optical fiber and into the polychromator input just as in the case of collected TS
light. Once inside the polychromator the light continues along the normal path for
Thomson scattered light, where the light eventually ends at its respective detector
based on its wavelength. The light input into the polychromators must be chopped
as its electronics will reject DC light, so by using a chopper operating as high
speed, a time-varying component is introduced to the light signal before inputting
into the polychromator. To finalize the calibration process, a power calibration,
must be performed. This is to account for the relative intensity variation that
exists in the monochromatic light coming from the broadband light source at each
wavelength in the calibration band. Light is passed from the monochromator into
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Figure 4.16: Characteristic emission lines for Xenon at λ = 980.0nm and λ = 992.3nm as
measured by the monochromator to highlight the instrument function width of the spectral
calibration system.

an absolutely calibrated radiometer photodiode to measure this spectral intensity,
as the output wavelength of the monochromator is scanned over the required band,
the power calibration setup is shown in Figure 4.17(b).

To investigate the MAST-Upgrade divertor TS system, a test polychromator
was assembled and underwent a spectral calibration. The process described above
applies for this test polychromator in the same way as calibrations performed on
the existing MAST core and edge systems. The result of this spectral calibration
is displayed in Figure 4.18 for the 5-channel test polychromator, which again
highlights the importance of overlap between the 1057nm (in black) and 1061nm
(in yellow) channels in terms of low temperature measurements.

4.5 Low pressure Raman calibration

4.5.1 Raman calibration on MAST

On MAST Raman calibrations are routinely used to provide an absolute calibra-
tion for the edge and core TS systems. This calibration technique does have a
number of pitfalls that must be avoided for the calibration to be successful. The
spectrometers for Raman calibration must have spectral bins in close proximity
to the laser wavelength, with the optical filters having steep functions allowing for
good rejection of the laser stray light. Also, to consider before attempting Raman
calibration is that the spectral calibration of each of the systems polychromators
must be done accurately as any small error in the spectral calibration will have a
great impact on the Raman calibration even if only a small effect on TS measure-
ments [27]. With these concerns understood, a discussion of Raman calibration
will follow, along with a description of calibrations done at low gas pressure.

Raman scattering is the inelastic scattering of a photon off of a molecule,
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Figure 4.18: Spectral calibration for the 5-channel test polychromator for the MAST-Upgrade
divertor TS system where the 1061nm filter (yellow) is set to be at normal incidence with the
incoming light.

where the scattered Raman light will occur at a number of discrete wavelengths
around the laser wavelength (λL). The exact wavelength and intensity of each
Raman lines are determined by the type of molecule as well as its rotational
and vibrational states. While changes in vibrational and rotational states are
possible only the cross section due to rotational Raman scattering is generally
considered, because The wavelength shift from the laser wavelength due to the
lowest vibrational transition (at room temperature) is larger than the largest
shifted wavelength detected.

When Raman scattering occurs there are two possible outcomes. The molecule
absorbs energy +∆E in the scattering event and the emitted photon has a lower
energy than the absorbed photon, and scatters at a higher wavelength hc

λs
< hc

λL
,

this is known as Stokes Raman scattering. The scattered molecule can also lose
energy −∆E, then the scattered photon gains energy and scatters at a lower
wavelength hc

λs
> hc

λL
, this is known as anti-Stokes scattering [27]. In the MAST

core and edge systems only the anti-Stokes lines are considered as the polychro-
mators are designed to transmit only the blue-shifted wavelengths. In the MAST-
Upgrade divertor TS system there are also channels on the red-shifted side of the
laser wavelength allowing for the Stokes lines to also be used in the calibration.
Figure 4.19 shows the typical Stokes and anti-Stokes Raman cross section in N2

and the location of several spectral bins of the MAST polychromators that are
and will be used in Raman calibration on both the MAST core and divertor TS
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Figure 4.19: Raman anti-Stokes lines from N2 for a vessel of temperature 300K, showing the
normalized spectral transfer functions for the two Raman relevant channels of the MAST core
TS polychromator.

systems.
Performing a Raman calibration provides calibration coefficients for the TS

system. These coefficients are obtained by fitting the measured data of the total
Raman intensity vs. the pressure into a line by the least square method and
taking the inverse slopes of the fitted line, as shown in Figure 4.20. This infor-
mation is then used to calculate the calibration constant for each spectrometer
and laser in the system. In the case of the MAST system, two channels are used
in the Raman calibration as seen in Figure 4.19, the ratio of the scattered signal
strengths measured by these two channels during Raman scattering is directly
proportional to the ratio of the Raman cross sections for each channel, giving
identical calibration constants.
To be able to calculate the calibration coefficients the total intensity of the Raman
scattered signal is required, this can be given by the function:

SR = E1L∆QmG
∞∑
j=2

WG
j

dσGJ
dΩ

fj,raman(λGJ ), (4.3)

where, G and J mean calibration gas (for example N2) and the initial rotational-
angular-momentum number, respectively. nG stands for the number density of
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Figure 4.20: Scattered Raman signal vs. N2 gas pressure for Ch1 and Ch2 of the MAST core
TS system polychromator #343 and laser-1 (includes channel cross-sections).

gas molecules, is wj
G =

nj
G

nG is the corresponding fraction for the molecule density
in the initial upper state J · njG. λj is the wavelength of the Raman scattering
light, it can be calculated from the wavenumber shift, δ = (4B0− 14D0)(J − 0.5),
with known rotational constants B0 and D0 for the lowest vibrational level [41].

In Equation 4.3 the dαJ
G

dΩ gives the differential cross section for the anti-Stokes
rotational Raman transition and for the case of N2 gas it can be expressed as,

dσNj
dΩ

= σ‖

[
(1− ρ) cos2 ψ + ρ

]
, (4.4)

σ‖ =
64π

45

3J(J − 1)

2(2J + 1)(2J − 1)

γ2

λ2
λ4
j . (4.5)

Where ψ is the angle between the electric-field polarization directions of the inci-
dent and observed scattered lights, in our case on MAST the polarization of the
Thomson scattered light is parallel to the polarization of the incident light, except
for a very small proportion depolarized by relativistic effects and the magnetic
field [27].

The cross section represented by σ‖ is proportional to the scattered light po-
larized in the z direction, parallel to the incident−beam polarization. The po-
larization fraction ρ, is the ratio of the perpendicular component to the parallel
component, and γ is the value of polarizability anisotropy. Frequently in TS sys-
tems, such as in the MAST TS system, a polarizer is used in order to remove the
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perpendicular component of the randomly polarized background light. This also
removes the perpendicularly polarized Raman scattered light and thus simplifies
the computation by having the calibrating light and scattered light with the same
polarization, with the relative transmission of the two polarizations no longer im-
portant [27]. This allows us to concentrate on calculations only considering σ‖ as
expressed in Equations 4.4 and 4.5.

4.5.2 Low pressure Raman studies

The motivation of performing these low pressure Raman calibration studies on
MAST is of interest for calibrations during the JET Tritium campaign as well as
in the future on the ITER TS systems. In systems where the Tritium is present
in high enough concentrations, the vessel must be pumped through a uranium
bed to remove the Tritium before pumping out to atmosphere. However, on
normal Raman calibrations on MAST the N2 pressure within the vessel usually
reaches 100-120mbar and can be pumped quickly due to the smaller volume and
no Tritium operations. As an estimate, even with 1mbar or 100Pa of N2 on
ITER with a vessel volume of 1000m3, there will be 105Pa ∗m3 of N2 inside the
ITER vessel. On ITER the Tritium plant will have a pump rate on the order
of 1Pa ∗m3s−1, this means that it would take on the order of 105seconds or 28
hours to pump ITER of 1mbar of N2. It is still uncertain what diatomic gas will
be used during Raman calibration on ITER. Basically, N2 is bad when dealing
with a vessel containing Hydrogen, Deuterium, or Tritium as it will result in the
creation of ammonia or Tritiated ammonia which is hard to deal with and also
very bad for the Uranium beds. But alternatives such as Raman scattering in H2

or D2 deals with the issue of an explosive gas, of course if the Oxygen is kept
away this is not an issue but there is a risk that there may be a sudden leak in
the vessel which would lead to a large explosion with high levels of H2 or D2

exposed to Oxygen and a high intensity laser pulse. So filling a vessel like ITER
or JET with even 1mbar is already questionable. In response to these concerns, a
low pressure Raman scattering was done on MAST to explore what levels of gas
pressure is actually required for an accurate calibration.

In this calibration on MAST like most calibrations, it is performed in N2, as is
the most common gas for its wide availability, reasonable detectability, and safety.
Hydrogen or Deuterium actually offer a better separation of Raman lines for
detection but are more expensive and come with more safety risks. The calibration
process was performed starting up at 129mbar pressure in the vessel of Nitrogen
and moving down in ∼20mbar increments down to a pressure of 10.4mbar in the
form of a standard calibration on MAST. After that was completed, calibration
shots were performed at 1mbar and 0.mbar of Nitrogen pressure while also taking
a shot at ∼0mbar. The 0mbar was actually a very low pressure of 2× 10−7mbar,
which is close to the lowest achievable pressure on MAST of ∼ 1 × 10−7mbar.
This results in the 2×10−7mbar data being used as the zero level baseline for the
background scattered signal to remove the ADC noise.
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Figure 4.21: Average Raman signal over radial position (spectrometers 330-430) for a single
time instance for a 1mbar MAST shot #28380 with background levels plotted in green.

In the case of a gas pressure of 10.4mbar and up, the Raman signal can be
seen clearly in the raw data from the ADC but dropping to 1mbar or below it is
no longer possible to isolate the Raman scattered signal from the noise using the
data from each spectrometer separately. The approach then has us looking at a
method to combine the signals detected by a number of spectrometers, averaging
the signal of a single spectrometer over all time instances, or averaging over both
to achieve a definitive signal that can be used in the calibration, to investigate
whether it is possible to calibrate at these low densities. Averaging over radial
positions produces the results shown in Figure 4.21 for a N2 pressure of 1mbar.

In order to gain more signal for these low pressure calibrations, the signal is
averaged over all 400 time instances, as this provides four times the data for the
averaging over each of the 100 spectrometers in the system. This averaging allows
for there to be a discernable profile for the 1mbar case but not for the 0.095mbar
case. In order to receive a good signal from ∼0.1 to 1mbar averaging is performed
over all time instances as well as all 100 spectrometers resulting in 40000 pulses,
results after this averaging is shown in Figure 4.22.

The extra peak in the noise signal found in spectral channel 1 and not in
spectral channel 2 is likely due to transmission of laser light. From the time delay
observed in this extra peak the source is most likely due to stray light incident with
the center column or wall tiles which undergoes a reflection(s) before entering the
collection region to account for the additional 20-30ns between this signal and the
Raman signal. Light at the laser wavelength is able to be transmitted even with
the filters being OD5 (allowing for a transmission of 10−5 at the laser wavelength)
as the laser light is much more intense than the scattered Raman light. So even
with the screening a small amount of laser light will result in a measurable signal,
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Figure 4.22: (a) Signal after the averaging, offset elimination, and ADC noise dampening for
1mbar and 0.095mbar shots for spectral Ch1. (b) Shows the same shot for spectral Ch2. Notice
the large noise value for spectral Ch1 and the lack of such noise in spectral Ch2.
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Figure 4.23: Fits from 0.1mbar to 129mbar on a log log plot for spectral channel 1.

if transmitted to the detectors. This collected light mimics that of the Raman
scattered light and becomes collected as an extra contribution to the background
or noise signal. By performing shots at a near zero level it made it possible to
isolate and then subtract out this large contribution of noise, where you can see
from Figure 4.22 that at 0.095mbar this stray light effect is actually greater than
the actual signal which sits at a slightly earlier sample time.

Taking the Raman signal data from each pressure for both channel 1 and
channel 2 with the averaging it is possible to make a fit and capture the calibration
factors by the slope of that fit as was previously described. In Figure 4.23 the
data for channel 1 is plotted and a fit is performed from 0.095mbar to 129mbar.
The results are compared performing a fit at both low pressure and the standard
pressure range to see what sort of error would be expected in a low pressure
Raman calibration.

Although much averaging is required, it is possible to perform a low pressure
calibration below 1mbar of N2 through many additional laser pulses. The current
results through averaging signals at low N2 pressures, an error of approximately
5% is estimated by comparing the fitted slope of Raman signal from 0.095mbar
to 1mbar. In the case of the 100mbar N2 pressure a signal can be extracted with
approximately 100 pulses, which is easy to obtain with a short laser exposure
(operating at 240Hz). While, if measuring at 0.1mbar from this work it is expected
that approximately 105 pulses are required for the signal observed in Figure 4.21
through averaging. To achieve this without the averaging, it would require 400s
of laser pulses while capturing the Raman signal with the 240Hz MAST TS YAG
laser system. In general if calibrations can be done at slightly higher pressures
like a calibration done from 5mbar to 10mbar the amount of laser pulses required
to achieve a calibration would be greatly reduced, this would help ensure a longer
beam dump lifetime and allow for calibrations to be performed more quickly than
a calibration from 0.1mbar to 1mbar. The verdict for ITER is that low pressure
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Raman calibrations are possible given a sufficient number of laser pulses at each
pressure and accurate control of the vessels gas pressure.

4.6 ITER TS detector tests

There are many issues in developing a polychromator for ITER, the focus of this
section is on the detectors ability to measure at high Te in the UV range at the
required specifications. When it comes to the detectors for these polychromators
the following factors were investigated for a number of possibilities both with
and without built in pre-amplifiers; the detector speed, spectral range, measured
signal, and the wavelength response. Before going into the detector tests a short
introduction to the proposed spectral layout of the ITER core TS polychromator
is provided.

A proposed chassis design is based on the current MAST polychromators but
due to the need to cover a wider range of electron temperatures more spectral
channels will be required beyond what is present in the current MAST system,
which contains five. The current proposal calls for a seven spectral channel design
which measures to low wavelength, high Te, making sure to take into account a
few constraints. Firstly, if the system is able to use Raman calibration especially
if done in N2, it will require narrow filters near to the 1064nm Nd:YAG laser
wavelength. Secondly, it is necessary that the spectral channels avoid the Dα

line and the wide spectrum of line radiation from 450-550nm as the system will
need to collect in this region, and finally it may also need to accommodate a
second laser wavelength (λ0L ) such as the Nd:YAG second harmonic at 532nm
if implemented in the diagnostic design. An example of a possible spectral layout
of the polychromator is based of the existing MAST system with two additional
channels to measure at higher Te.

For the ITER Thomson scattering system, the detector speed is an important
factor to examine due to the need for the detector to be faster than the time
elapsed for the laser to travel from the closest point to the beam dump and back
in order to avoid stray light reaching the detector. As the stray laser light is
many orders of magnitude stronger than the TS light, the detectors must not
allow incident stray laser light as it will render them blind for Thomson scattered
light. In the case of the ITER core system the closest point to the detector is at
the mid-plane which is ∼2m from the beam dump, so a total round trip at this
spatial point of ∼4m. This means that the total scattered signal pulse, which
takes into account the laser pulse width and detector + amplifier response time
must be much less than ∼12ns at the amplifier to avoid stray light collection.

A number of detectors were tested to determine the speed of each detector,
including the rise time, fall time, and response. This was done by applying
monochromatic light in several wavelengths and using an 8GHz oscilloscope to
capture the response. First investigation was to examine if there is a link between
the detector size and the detector speed. Looking at an example of this, Figure
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Figure 4.24: Scope traces and the measured FWHM response time for the two 8664 Hamamatsu
detectors tested with a 1.0mm detector diameter (a) and 2.0mm detector diameter (b) at 633nm.

4.24 presents the S8664-10k and S8664-20k Hamamatsu detectors with a detec-
tor diameter of 1.0mm and 2.0mm respectively. These detectors are designed to
operate in the UV wavelength range (high Te).

The results show that the changes in the detector response time solely based
on the detector size are marginal with the response FWHM measured at 0.77ns
and 0.93ns, while the rise time is measured at 0.48ns and 0.54ns for the 1mm
and 2mm diameter detectors respectively. The other tested detectors follow this
same trend with an increasing detector size except for those with the pre-amplifier
built in to the detector, as the amplification stage will of course add to the overall
response time of the detector system. As mentioned, tests were performed to
see how a change in the wavelength of the inputted light impacts the detector
speed. It is expected that there may be some variation due to the specified
operational wavelength of each detector. Again, focusing on the UV optimized
S8664 detectors, these two detectors were tested at three different wavelengths;
390nm, 633nm, and 743nm. The results from these tests are shown in Figure
4.25.

As these two detectors have their peak sensitivity at 600nm it is expected
that some deviation from this wavelength might result in a slight increase in
the detectors response time. Other detectors tested had similar results and to
understand more about the effect of wavelength variation on these detectors, the
detector spectral range was examined. In each case the 633nm tests have the
shortest response time but in detectors that are more suited for lower or higher
wavelengths the variation seen between the wavelengths will either be reduced or
increased but in all cases the response is slowest for the 743nm position.
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Figure 4.25: Detector response profiles and three wavelengths for the time for the two 8664
Hamamatsu detectors tested with a 1.0mm detector diameter (a) and 2.0mm detector diameter
(b).

The ITER polychromators will contain various detectors to cover the measured
wavelength range with the best possible accuracy, choosing the best available
detector for each spectral bin. Using the same monochromator used in spectral
calibrations it is possible to measure the detector responsivity as a function of
wavelength by scanning in wavelength increments from 400nm to 1200nm for
both the Hamamatsu and Excelitas detectors. The resulting measurements are
shown in Figure 4.26 for the Hamamatsu detectors without pre-amplifiers and
Figure 4.27 for the Excelitas detectors with pre-amplifiers.

For the Hamamatsu detectors each are optimized for a different wavelength
range and this is expressed by the varied peak in the responsivity profiles for the
three detectors. All three of these detectors are with a 1.0mm detector area with
no pre-amplifier. In this comparison the S11519 detector which is optimized at
1000nm measures the highest responsivity due to the scaling at 633nm, setting
the responsivity equal at that wavelength for all three detectors.

For the Excelitas detectors the spectral responsivity and the peak measured
intensity is slightly varied between all the non UV optimized detectors as they are
optimized between 900nm and 1060nm and mostly share a similar responsivity
profile. While for the C30659-UV detector the profile is peaked near a wavelength
near 600nm and falls off to an intensity of approximately zero near the peak
location of the other tested detectors designed to measure with peak performance
around the 1000nm. For the Excelitas detectors tests the signals were normalized
in order to provide a better comparison between the detectors as the gains on
each of the detectors varied, the non-normalized responsivity profiles presented in
Figure 4.28.

The responsivity shows the detector response over a wavelength range, giving
a measured signal as a function of the input light intensity. Each of the three
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Figure 4.26: Responsivity of the tested Hamamatsu detectors without pre-amplifiers, profiles
are rescaled to measurements at a single wavelength of 633nm.
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Figure 4.27: Measured intensity normalized to the peak sensitivity of each detector of the
Excelitas detectors with pre-amplifiers.
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detectors plotted in Figure 4.28 are optimized for a certain wavelength and it is
shown by the peak responsivity matching the optimized wavelength range. The
C30659 Excelitas detector has a much lower responsivity in comparison to the
other two detectors plotted due to the lower gain of 200kV/W compared to the
3000kV/W gain of the other two detectors.

For these detectors the final investigation is into the overall intensity of the
signal measured by each option and how the detector signal scales with the de-
tector area. For the detectors without pre-amplifiers the measured signal ranges
from a level of ∼1mV for the two detectors with a 0.5mm2 area to a signal level
of ∼2.5mV for the S8664 − 20 detector with a 3.14mm2 detector area. In these
detectors the signal amplitude increases less than linear with detector area. In
the case of the Excelitas detectors with pre-amplifiers the signal response is more
linear with area with a signal of ∼65mV for the 30659-900-R8AH detector with
a 0.5mm2 area and a signal of ∼275mV for the C30950-CD3193 detector with a
1.77mm2 area.

4.7 Conclusions

The first main section to summarize covers the MAST-Upgrade divertor TS spec-
trometer design. In terms of the photon budget, through the examinations of
the expected background and TS signals for the Super-X divertor conditions, it
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Figure 4.28: Responsivity of 3 tested Excelitas detectors with pre-amplifiers.



76 CHAPTER 4. SPECTROMETER DESIGN FOR MAST & ITER TS

is determined that the TS signal is above the background levels. With the de-
sign of the spectrometer with mirroring spectral bins on both sides of the laser
wavelength it is possible to overcome issues with line emissions that might blind
one of the channels to the TS signal. The spectrometer is designed to measure at
low Te levels through the application of three proposed spectral channels along
with three of the existing spectral channels present in the MAST core TS spec-
trometers. Through examinations of the expected Te error and TS signal levels
an optimal design was achieved. This design considered such details as the tilt
of the proposed narrow, low Te spectral filter to reduce the angle of incidence on
the filter such that it is not completely overlapped by the neighboring filter and
more closely maintaining its designated spectral location. With representatives
of the new filters being procured from Alluxa, a test spectrometer was assembled
and calibrated.

The second section of this chapter was focused on considerations for the ITER
core TS spectrometer. Low pressure Raman calibrations performed on the MAST
device were performed to examine the feasibility of such calibrations for the ITER
device, which cannot undergo Raman calibrations at the usual pressures at which
Raman calibrations are performed on existing devices, with N2 pressures often
exceeding 100mbar due to vessel size and Tritium operations. These studies on
MAST have shown that a Raman calibration at levels below 1mbar is possible
but requires a good deal of additional laser pulses to achieve a measurable Raman
signal. Beyond the low pressure Raman calibration, studies were also performed
on possible detectors for the ITER core spectrometer. In these tests it is shown
that the new detectors from Hamamatsu and Excelitas have a high level of per-
formance with fast response times and responsivities that effectively cover from
the UV range up to the YAG laser wavelength (∼1064nm), which is required for
the ITER system.



Chapter 5

Calibration correction of
JET core LIDAR

5.1 JET core LIDAR TS diagnostic

This chapter is focused on work done regarding the JET core LIDAR Thomson
scattering diagnostic system, whose diagram is presented in in Figure 5.1. This
schematic shows; the laser path, collected light path, and the location where all
the key components of the system are located. Sensitive systems such as the laser
and polychromator are positioned in the diagnostics hall, above the JET torus on
the other side of the biological shield to protect from neutron damage.

To understand a bit of how the LIDAR TS system works at JET, the laser
beam is followed from its source where is brought down into the torus hall through
the shield penetration point where the laser beam is then brought into the plasma
via a single dielectric mirror. After passing through the plasma, the laser impacts
on a beam dump which is mounted on the inner wall of the tokamak (central
solenoid). The scattered TS light is collected through the same port as the injected
through six fused silica windows that surround the laser input window, with a
collection solid angle of ≈ 5.5 × 10−3sr at the plasma centre. The laser input
window has a diameter of 6cm while the surrounding collection windows have a
diameter of 17cm placed at a major radius of 7.5m or 4.45m from the plasma
centre [42]. The windows are arranged in this manner to simplify the production
of the vessel window, as a single large mirror would prove difficult and expensive to
manufacture if consistent properties are maintained over its entire surface, which
is required to effectively function as both a laser input and collection window for
the scattered TS light. The scattered light is brought to the spectrometer system
through the use of two mirror assemblies, one set vertically, one horizontally,
and a mirror near the laser input mirror to direct the light from the vertical to
the horizontal collection mirrors. Once the light reaches the spectrometer the

77
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Figure 5.1: A schematic diagram of the JET core LIDAR Thomson scattering diagnostic. Image:
EUROFusion

light is separated into different wavelength bands ny interference filters, into six
separate spectral channels. The collection optics has an overall transmission of
approximately 20% over the measured wavelength range from 400 to 800nm.

In the original JET LIDAR system, the laser was a 3J, 300ps, 0.5Hz ruby
laser and contained detectors with a 450ps FWHM response time. Since then the
system has been upgraded and now consists of a 694.3nm ruby laser operates at 1J
and at a 4Hz repetition rate with the oscillator set to produce a 300ps pulse width
[42]. This pulse width was selected as a good compromise between achieving the
required spatial resolution and preventing damage to the optical components.

5.2 White-light calibration

Typically in a TS system a white light calibration is performed in order to validate
the relative calibration between channels after a monochromator calibration of
the system is performed. In the case of the JET core LIDAR spectrometer, the
monochromator calibration is performed at the detectors and thus contains no
information of the influence caused by optical components along the rest of the
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Figure 5.2: Experimental setup of the white-light calibration. Image: K. Beausang Thesis

optical path, thus a white light calibration is used to account for the overall
spectral response of the system over the full optical path of the collected TS
light. This white light calibration is performed using calibrated light from a high
reective parabolic aluminium plate placed in front of the collection windows and
a calibrated halogen light source of a known spectral shape placed at the laser
input mirror assembly.

The setup for the white light calibration system is shown in Figure 5.2, the
calibration goes as follows: The calibrated white light source illuminates the re-
flective plate, which provides a uniform illumination of all six of the collection
mirrors. The light is then sent through the Thomson scattering system through
the mirror assemblies, up to the roof laboratory and into the spectrometer system
in the same way that Thomson scattered light does.
In the white-light calibration the measured signals in each channel, designated by
Si can be compared to the theoretical values computed by an integration of the
source intensity Isource, as a function of the wavelength (λ):

Si =

∫ ∞
0

Isource(λ)×Ri(λ)dλ, (5.1)

where Ri (λ) is the transmission of the ith spectral channel of the spectrometer
as determined from the monochromator calibration as a function of wavelength.
Through this comparison it is possible to build up correction factors for the spec-
tral transmission of the TS system excluding any impact from the vessel windows.

Ideally when performing this calibration, each of the spectral channels should
be illuminated with the same intensity of light, however this is not the case. The
reasoning for this is due to the wide spread of the spectral intensity of the collected
light and the limited dynamic range of the data acquisition system. As the gains
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on the various detectors will be different this fact needs to be taken into account,
as well as the effect of the polarizer in the 1st channel of the spectrometer which
reduces the intensity in that channel by 50%. The polarizer in the first spectral
channel is present to reduce the contamination of stray light, being the channel
closest to the laser wavelength. In normal TS operation, the collected light, except
for some relativistic effects, is already polarized so the effect of the polarizer on
the measured signal is minimal. Resulting in a correction factor for each of the
spectrometers given by:

Ki =
Si

GRS,i
∫∞

0
RGi × Isource(λ)

P dλ

[ i = 1→ P = 2

i 6= 1→ P = 1

]
, (5.2)

where Si is the average signal in each channel, GRS,i is the detector gain during
the white-light calibration, and RGi is the spectral calibration normalized to unity
gain. The last step of the white-light calibration is to convert the spectral transfer
functions from a per Watt basis to a per incident photon basis. This allows for
the system to take into account the fact that photons at different wavelengths will
carry different energies. Resulting in the expression for the final spectral response
per photon:

Cphotons,i(λ) = Ki ×RGi(λ)/λ. (5.3)

5.3 JET TS/ECE Te discrepancy

In this section, the long existing discrepancy between the electron temperature
measurements from the ECE and TS systems on JET is described. The discrep-
ancy starts at low Te but is more significant at higher temperatures, typically
above 6keV [44][43]. Shown in Figure 5.3 is a comparison between the ECE and
TS electron temperature for more than 40 discharges under various heating con-
ditions under Ohmic, Neutral Beam Injection (NBI), Ion Cyclotron Resonance
Heating, or a combination of the three heating methods. The data is an average
of the electron temperature measurements over the region of ±10cm from plasma
center. In these discharges, the magnetic field BT varied from 2.6 to 3.5 Tesla, the
electron density (ne) ranges from 2×1019m−3 ≤ ne ≤ 6×1019m−3 and the input
power from Neutral beam injection PNBI ≤ 18MW and ion cyclotron resonance
heating PICRH ≤ 8MW for the discharges present in Figure 5.3.

This discrepancy in the Te measurements on JET can be characterized by
three features; firstly, there is a sustained disagreement in temperature that is
present only in the plasma core. Secondly, analyzing the JET discharges where a
discrepancy is present, the measured ECE spectra is inconsistent with that of a
Maxwellian electron distribution, this is evident by comparing the peak intensity
of the 3rd harmonic with that of the 2nd harmonic although both are optically
thick, the 3rd harmonic peak intensity is less than the 2nd harmonic, shown in
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Figure 5.4. Thirdly, the discrepancy cannot be entirely explained by the aforemen-
tioned inconsistencies with even low power and Ohmic discharges experiencing up
to a 10% discrepancy in the plasma core in the ECE and TS diagnostics. This
discrepancy was eliminated by removing optical filters from the core LIDAR TS
system and will be explained in detail in the next section.

To help understand the remainder of this discrepancy, a fully relativistic ra-
diation code (SPECE) [64] was used to calculate the absorption and emission
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coefficients, taking into account wall reflections and instrumental effects. In this
way the consistency of the experimental ECE spectra with that of a Maxwellian
can be examined. Work was carried out by E. de la Luna [45] in an attempt to
investigate the role of different plasma parameters on the observed discrepancy.
This was achieved through compiling a list of high performance discharges with
varying levels of measured Te which occurred in the two year period between
2004-2006.

5.4 Calibration correction of JET Core LIDAR

J. Hawke1, R. Scannell2, M. Maslov2, J.B. Migozzi3, and JET EFDA Contribu-
tors*

*JET-EFDA, Culham Science Centre, Abingdon, OX14 3DB, UK
1FOM Institute DIFFER Dutch Institute for Fundamental Energy Research,
Association EURATOM-FOM, 3430 BE Nieuwegein, Netherlands
2EURATOM-CCFE Fusion Association, Culham Science Centre, Abingdon, Oxon,
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3JBM Optique, 4 Rue du Calvaire Btiment 11, 92210 Saint Cloud, France

Abstract

This work isolated the cause of the observed discrepancy between the electron
temperature (Te) measurements before and after the JET Core LIDAR Thomson
Scattering (TS) diagnostic was upgraded. In the upgrade process, stray light fil-
ters positioned just before the detectors were removed from the system. Modelling
showed that the shift imposed on the stray light filters transmission functions due
to the variations in the incidence angles of the collected photons impacted plasma
measurements. To correct for this identified source of error, correction factors
were developed using ray tracing models for the calibration and operational states
of the diagnostic. The application of these correction factors resulted in an in-
crease in the observed Te, resulting in the partial if not complete removal of the
observed discrepancy in the measured Te between the JET core LIDAR TS diag-
nostic, High Resolution Thomson Scattering (HRTS), and the Electron Cyclotron
Emission (ECE) diagnostics.

5.4.1 Introduction

Shortly into the ITER-like Wall (ILW) campaign [46][47] on JET, the Core LI-
DAR Thomson Scattering diagnostic was upgraded with new detectors. The
previously observed discrepancy in the measured electron temperature between
the LIDAR and ECE diagnostics [44] was reduced and in many cases eliminated.
This prompted an investigation into the JET core LIDAR diagnostics optical de-
sign and calibration through ray tracing. In this model the cause of the observed
systematic error in the measured electron temperature profiles was determined to
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be a result of the angular effects on the transmission functions of optical interfer-
ence filters within the spectrometer. In ray tracing, an analysis of a large number
of rays provides a high quality representation of the system during both plasma
measurements and the calibration. The developed ray-tracing model looks into
the behaviour of the collected light rays on the filter surfaces, namely the distri-
bution of incident angles as a function of position in the plasma. Applying this
model along with laboratory measurements of the stray light filters transmission
as a function of wavelength and incident angle generated a change in the spectral
calibration of the diagnostic.

5.4.2 JET core LIDAR layout

The JET core LIDAR spectrometer is a 6-channel system arranged in a 3D layout,
where the channels of the spectrometer are defined by a set of low pass filters
arranged in a stack configuration. In this filter stack the collected light is reflected
off of the filters as shown in Figure 5.5, defining the channels of the spectrometer,
shown in Figure 5.6 [48]. In all but channel 6, stray light filters were placed just
in front of the detector. In order to avoid confusion, the transmission functions
of the two types of filters examined in this work, the stray light filters and filter
stack filters will be referred to as stray light filters and transmission functions
respectively [42][49]

Inside the system there are three different stray light filter configurations and
two different stray light filter types. In particular, channel 3 contains two stray
light filters, one of which is tilted by approximately 25°with respect to the optical
axis. Due to the combined effect of the stray light filter type, configuration, and
channels proximity to the ruby laser wavelength (694.3 nm), channels 2 and 3
were the only channels that the presence of these stray light filters was expected
to influence Thomson scattering measurements.

The required transmission characteristics of the stray light filters were obtained
using a Lambda9000 UV/VIS spectrophotometer, where the transmission of the
stray light filter was measured at 0°, 10°, 20°, and 30°light incidence. The mea-
surements at normal incidence were used as the baseline stray light filter function
to be modified according to the modelled angular distribution of incident light.
The data from the tilted incidence measurements was used to determine the value
of the filters effective refractive index (neff ). The effective refractive index is re-
quired in determining the effective wavelength shift due to the angle of incidence
of the incoming light (θ) given the refractive index of the surrounding medium
(n0), given by Equation 5.4 [50].

λ→λ
√

1− (
n0

neff
)2 sin2 θ. (5.4)
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Figure 5.5: Layout of the JET Core LIDAR Thomson Scattering spectrometer with the channels,
filter locations, and light path highlighted. Image: EFDA JET

5.4.3 Neff calculation

Due to the lack of documentation on these Ruby stray light filters it was necessary
to calculate the effective refractive index (neff ). To accomplish this, the measured
filter transmissions were compared to the shifted baseline stray light filter function
at the same angles of incidence 10, 20, and 30 degrees with a varying neff . These
shifted baseline functions were obtained by applying Equation 5.4 to the measured
normal incidence stray light filter function for a range of possible neff values. This
fitting process found the optimal value for neff to be equal to 1.65. In Figure
5.7, the dashed curves all used this value of 1.65 for neff in the calculation of the
shifted distribution for the three angles using Equation 5.4.

5.4.4 Ray tracing model

The few key elements that were necessary in order to perform the necessary ray
tracing consist of: the plasma source definition, the modelling of the white light
calibration source, and the definition of the stray light filter surfaces. Before the
construction of the model it was observed that the different channels of the spec-
trometer have an identical optical path from the source to the detector (ignoring
channel 1). Identifying this feature of the system made it possible to perform all
modifications and subsequent ray tracing calculations based on a single channel
of the spectrometer.
a. Source definition
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Figure 5.6: Normalized transmission functions for the JET core LIDAR TS diagnostic generated
by the wavelength splitting of the collected light by the low pass filter stack and split into the
six channels of the spectrometer.

To model the light collected from different positions within the plasma, a longi-
tudinal source was defined with bounds extending from r/a = -0.8 corresponding
to the High Field Side (HFS) to r/a = 0.8 corresponding to the Low Field Side
(LFS). In the expression r/a, r is the position relative to the major radius and a
is the minor radius of the tokamak. The different plasma positions are defined as
points along this extended line source, resulting in the model presented in Figure
5.8.

For the JET core LIDAR system there are six vessel windows where collected
TS light is brought outside the vessel and onto the six corresponding mirrors of
the vertical mirror assembly. During white light calibration these vessel windows
are covered with a screen that is illuminated by a white light source. This in turn
illuminates all mirrors of the vertical mirror assembly and the collected light trav-
els through the diagnostics optics to the detectors surface. The calibration setup
was modelled as a source plane the same size as one of the vessel windows and on
this surface thirteen uniformly distributed point sources were defined. This col-
lection of point sources produced a light distribution similar to the actual system,
entirely illuminating the corresponding mirror in the vertical mirror assembly.
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Figure 5.7: Best fit between the 0 degree transfer function shifted by Equation 5.4 and the
measured transfer function for a single fixed nonzero angle of incidence for Ch2 of the JET core
LIDAR TS Diagnostic with neff equal to 1.65.

b. Ray tracing process and results

The purpose of this model was to capture the expected angular distribution of
rays on the stray light filter surfaces for both operation and calibration instances.
In the ray tracing process, each ray is individually launched from its defined
source point to a point within the detectors surface [51]. The process is repeated
to generate a full spread of rays from the various source points. The incident
angle onto the stray light filter surface for each of the traced rays was calculated,
resulting in the angular distributions shown in Figure 5.9.

The angular distributions were calculated for five radial positions in the plasma,
along with the distribution captured during the white light calibration of the sys-
tem. Due to the layout of the system with six collection mirrors with none being
on axis there are no points at zero incidence angle for any of the angular dis-
tributions in either measurements or calibration. Furthermore, it is clear from
Figure 5.9 that the diagnostics white light calibration was not a good represen-
tation of the angular distributions observed during plasma measurements. This
difference in the angular distributions during white light calibration and plasma
measurements is most pronounced in the core of the plasma. This resulted in the
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Figure 5.8: Extended source definition and ray tracing onto the detector for the operational
plasma position for the JET LIDAR TS diagnostic.
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Figure 5.9: The angular distributions of 6000 rays per plasma position on the stray light filters
for the plasma positions and white light calibration cases. These distributions are on a stray
light filter placed normal to the optical axis just before the detector.

systematic error being largest in the region where the diagnostic is designed to
deliver the highest quality measurements. With such severe incidence angles the
calibration was not applicable and the affected measurements must be corrected
by taking into account these distributions in order to be accurate around the r/a
= 0.0 position of the plasma.

5.4.5 Angular effect on filter transmission

Using these angular distributions, the measured normal incidence filter function,
and the calculated neff together with Equation 5.4, the wavelength shift due to
the angles of the rays was calculated. In some cases this angular effect caused a
substantial shift in the peak transmission range of the stray light filter function
downward in wavelength space. In Figure 5.10 the impact of the ray angles on
the stray light filter function is observed. This shift in the filters transmission
affects the spectral calibration of the diagnostic. For channels 2 and 3 of the
spectrometer, regions exist where the shifted stray light filter function is not
at its peak transmission value for wavelengths where the channels transmission
function is defined. In these regions, with the shifted stray light filter function
applied to the underlying transmission function, a decrease in the total integrated
area of the transmission function is observed. Figure 5.11 shows how each plasma
position resulted in a different level of modification to the underlying transmission
function of Ch2 as expected, based on the observed angular distribution at each
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Figure 5.10: Underlying Ch2 transmission function plotted along with the central plasma posi-
tion and white light altered stray light filter functions.

position.
The integral of each of these curves range from Icentre/Iunderlying = 0.88 at

the central plasma position, to Ir/a=0.8/Iunderlying = 0.77 at the low field posi-
tion. The transmission function modified by the white light calibrations angular
distribution observed the greatest reduction in the integrated area of the channels
transmission function, with a ratio of Iwhitelight/Iunderlying = 0.74.

While the results here are for Ch2, Ch3 undergoes the same process. For Ch3,
the presence of the 25°tilted filter causes the stray light filter function to alter the
underlying channel transmission function. Without this tilted filter element there
would be no effect on the spectral calibration of Ch3.

5.4.6 Systematic error calculation

In order to quantify the impact that the modifications to the channel 2 and 3
transmission functions had on plasma measurements, the systematic error within
the diagnostic were calculated.

Tunderlying(λ) = f(λ, θ = 0). (5.5)

This calculation started with the white light angular distribution being applied
to the underlying transmission function for each channel. This modified the un-
derlying function by reducing its integrated signal area by a factor representative
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of the stray light filter wavelength shift for that channel.

Tbaseline(λ) =
[
Tunderlying(λ, θ = 0)×

∫
TWL

(
λ, θ = fWL()

)
dλ
]
. (5.6)

The white light calibration integral factors of 0.740 for Ch2 and 0.903 for Ch3 were
then applied to the underlying transmission of the respected channel; resulting
in a new set of baseline transmission functions. The plasma position modified
functions were fitted to this new baseline function (Tbaseline), allowing for the
expected Te and ne systematic errors to be calculated:

Tmeasured(λ) =
[
Tunderlying(λ, θ = 0)×

∫
TTS

(
λ, θ = fTS()

)
dλ
]
. (5.7)

From the baseline and measured transmission functions, a value for Te,observed is
calculated by fitting the signal obtained by Tmeasured for each underlying input
temperature Te,input to the signal obtained by Tbaseline. This process simulates
the measurement process of the JET LIDAR TS diagnostic, where the signal
observed in each channel is compared to its white light calibrated value.
Using the calculated calibration correction factors, the effective Te systematic
error for the diagnostic can be determined. In Figure 5.12, the systematic Te
ratio of Te,observed/Te,actual is plotted.
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Figure 5.11: Ch2 underlying transmission function (solid red curve), white light modified (solid
black curve), and modified (coloured dashed curves) transmission functions.
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Figure 5.12: Te systematic error for the five plasma positions over the entire JET Te range.

From the calculation of the systematic Te error for the various plasma positions
it is observed that the observed Te values are approximately 6−12% lower than
the actual Te values over the measurable temperature range. The calculation of
the systematic ne error follows a similar pattern, peaking at approximately 10%
systematic error at a Te near 1keV (see Figure 5.13). The large errors observed
for both Te and ne at values of Te approaching zero, is due to the diagnostics
inability to accurately measure at these low temperature values.

5.4.7 Correction of LIDAR TS data

Using the calibration correction factors for each of the five primary plasma po-
sitions computed through ray tracing, a linear fit was applied to generate a cor-
rection function covering the full spatial range measured by the diagnostic. This
correction function was applied to the white light calibration of the diagnostic,
adjusting the calibration to account for the ray angle effect on the spectral cali-
bration. On JET there are multiple diagnostics that can measure the Te of the
core plasma; the core LIDAR TS, Electron Cyclotron Emission (ECE), and High
Resolution Thomson Scattering (HRTS) diagnostics [52]. When the developed
correction was applied to existing core LIDAR TS data, a substantial increase in
the measured electron temperature of the plasma core was observed, bringing it
closer into agreement with measurements by the other diagnostics.

The corrected carbon wall JET discharge database was broken up into two
groupings, one spanning from shot number 49800 to 78166 and the other from
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Figure 5.13: Systematic error in ne for the five plasma positions over the entire JET Te range.

78167 to 79853. In the first set, the stray light rejection issue being corrected for
interfered with another issue, the partial depolarization of the laser light. The
reason for this depolarization was due to an error in the diagnostic setup, which
caused the input laser beam to be elliptically polarized. Therefore the scattered
Thomson light collected by the diagnostic was also depolarized. If there were no
polarizers present in the LIDAR spectrometer, no difference would be observed
using a polarized or partially depolarized input laser beam. However, with a
polarizer present in channel 1 of the spectrometer only a fraction of the useful
signal (about 75-80%) was seen in this channel. During the calibration of the
system this was not taken into account, therefore channel 1 was measuring less
signal than expected, causing a slight bias in Te measurements. In the second
set of discharges, channel 1 was excluded from the fit due to its bad signal to
noise ratio, also removing the additional error caused by partial depolarization.
Additionally, in the ILW campaign shots 80000 to 81500 were exclusively Ohmic
discharges with the stray light filters still installed in the system.

In the discharges of the second carbon wall grouping and ILW Ohmic dis-
charges, the application of the correction successfully brought the JET core LI-
DAR Te measurements into agreement with that of the other diagnostics. This is
seen in Figure 5.14, where the effect of the applied correction is shown through a
histogram of Te,reprocessed/Te,original for the carbon wall discharges spanning from
78167 to 79853. This histogram shows that the correction increases the measured
Te by 7-11% on average. A consequence of this is the realization that the observed
discrepancy between the JET LIDAR TS and ECE diagnostics was a combined
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Figure 5.14: Histogram for the core LIDAR data of the ratio (Te,reprocessedTe,actual) for JET
shots 78167 to 79853.

effect and not solely due to the diagnostics weighing of the non-maxwellian bulk
electrons on JET [44] differently, as previously thought.

5.4.8 Conclusions

Ray tracing has shown that the previously unaccounted for effect of the angular
distribution of collected light rays on the detector stray light filters was the pri-
mary cause for the observed discrepancy in Te measurements. With the systems
optics optimized for collection of light at the centre of the plasma, while severe
incident angles with values of over 20 degrees were observed in the white light
calibration of the diagnostic. These incident angles caused a shift and subsequent
decrease in the channels integrated signal when the shift of the stray light filter
function was extreme enough to alter the channels transmission function. The
relative signal observed by the calibrated system versus the actual signal from the
various plasma positions is the cause of the observed systematic error. Isolating
the cause of this discrepancy allowed for the calculation of correction factors for
the diagnostics white light calibration. The application of these correction fac-
tors saw an increase in the observed Te, moving the measurements by the JET
core LIDAR diagnostic closer into agreement with the HRTS and ECE diagnos-
tics for all applicable JET discharges and in some cases completely removing the
discrepancy.

It is expected that a LIDAR system will be used as the ITER Core TS diag-
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nostic. In the ITER system or any other future LIDAR diagnostic, errors like the
ones described in this work found in the diagnostics design or its operation must
be avoided. In principle, any possible source of error should be properly studied
and corrected for.



Chapter 6

Impact of RMPs on the
MAST pedestal

There is a necessity for strong ELM mitigation in future devices, such as ITER.
This is not only required to lower the target heat loads to an acceptable level but
also to prevent tungsten accumulation, through rapid low power ELM events. This
chapter is focused on the impact of ELM mitigation through resonant magnetic
perturbations (RMPs), Section 6.1 begins by providing an introductory discussion
of the current status of ELM mitigation by RMPs for various devices before
focusing on experimental observations of ELMs and their mitigation on the MAST
device in Section 6.2. After the background information is presented in these first
two sections, results involving the application of RMPs for ELM mitigation on
MAST are presented. These results cover three main areas; the RMP induced
toroidal perturbation (Section 6.3), impact of the RMP phase on the plasma
pedestal (Section 6.4), inter-ELM behavior with application of RMPs (Section
6.5), the impact of RMPs and mitigation level on the ELM affected area (Section
6.6), and finally a summary of the chapters results (Section 6.7).

6.1 Mitigation of ELMs by RMPs

Although operating a tokamak in the high confinement mode allows for better
plasma performance, from current estimations [53], the energy and particle flux
from type-I ELMs onto the plasma facing components will be beyond tolerable
limits for an adequate material lifetime in future tokamaks like ITER. This re-
sults in the need for a robust ELM control scheme that can decrease the amount
of energy released by an ELM event, or completely suppress ELMs. One such
mechanism relies on applying resonant magnetic perturbations (RMPs) to the
plasma edge, which results in a local perturbation of the magnetic field in the
pedestal region, leading either to smaller, more frequent ELMs (ELM mitigation)

95
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Figure 6.1: Experimentally determined mitigation/suppression access conditions in terms of
pedestal collisionality (ν∗e ) versus the pedestal density as a fraction of the Greenwald density
(ne/nGW) for a) suppression of type I ELMs and b) type I ELM mitigation. Image: A. Kirk et
al. Nucl. Fusion 55 043011 (2015)

or complete suppression of the ELMs (ELM suppression). One explanation of the
effects of RMPs is that the suppression of ELMs is caused by the ergodisation of
the magnetic fields in the Edge Transport Barrier (ETB) region of the plasma.
This then may lead to an increased radial heat transport and thus a reduction of
the pressure gradient to a stable level, suppressing the onset of an ELM event.
However, this interpretation on how magnetic perturbations can suppress ELMs
is still under debate [54].

Even with the exact mechanism in which resonant magnetic perturbations
manage to mitigate or suppress ELMs uncertain, it has proven to be successful
and is a promising technique for ELM control. The application of RMPs has
been shown to suppress ELMs in three experimental devices (ASDEX-Upgrade
[55], DIII-D [56], KSTAR [57]) and mitigate them in additional devices (JET*,[58]
MAST,[59] NSTX [60]) (* JET does not have dedicated RMP coils but ELM mit-
igation is achieved through (R)MPs from error field correction coils (EFCC),
which introduce a static, helical error field and results in an observed reduction
of ELM losses (ELM mitigation) [58]). On DIII-D suppression was achieved in
both low and high collisionality discharges, while on ASDEX-Upgrade suppression
has only been achieved at high collisionality. In the low collisionality discharges
on DIII-D, RMPs seem to enhance the transport of particles/energy. Results of
ELM mitigation and suppression access on various devices is shown in Figure 6.1,
which includes recent results from low collisionality experiments on MAST and
ASDEX-Upgrade. This keeps the edge pressure gradient below a critical value
that would cause the pedestal to become unstable and cause an ELM event to
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Figure 6.2: CAD schematic of the MAST ELM control system of 18 coils (6-upper and 12-lower).

trigger, while maintaining an edge transport barrier [61]. However, in the high
collisionality cases on both DIII-D and ASDEX-Upgrade the pedestal character-
istics remain largely unchanged with the application of the RMPS and the reason
for the suppression of type-I ELMs is unclear. In these discharges both of these
devices observe a period of ELM mitigation similar to mitigation periods observed
in JET [58][62] and MAST [63], before achieving complete suppression of type-I
ELMs, where small ELM crashes are still present but are observed to have changed
ELM type.

On the MAST Tokamak the current ELM control system consist of 18 coils,
6 in the upper row and 12 in the lower row of the machine, as shown in Figure
6.2. Having this coil setup allows for a considerable amount of flexibility, not only
allowing for the application of magnetic perturbations in higher toroidal mode
numbers (n = 4 and n = 6) but also mixed spectra can be applied, for example,
applying an n = 3 (top) and n = 4 (bottom) perturbation. Each coil can have
a current of ∼1.4kA applied. The system is capable of applying an RMP phase
between 0−30 degrees due to design of the coil system (see Section 6.4). The RMP
phase here is defined as the toroidal phase of the RMP perturbation relative to the
perturbation peak as the 0 degree position and the coils can be adjusted to rotate
the perturbation toroidally by up to 30 degrees relative to the fixed diagnostic
locations.

6.2 Experimental observations on MAST

During a typical H-mode discharge on MAST, type-I ELMs are observed. An
ELM event is experimentally characterized by a spike in the measured Dα signal
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Figure 6.3: MAST ne and Te plasma profiles before and after a natural ELM event in the
unmitigated discharge number 30090.

and a collapse in the pressure pedestal (Pe). The ELM can be described as a
quasi-periodic relaxation of the ETB that results in the expulsion of energy and
particles from the confined pedestal region of the plasma to the outside. This
sudden release of particles and energy from the confined region into the scrape-off
layer (SOL) is due to a partial breakdown of the edge pedestal, thus the measured
pedestal collapse. An ELM impacts a region of the plasma, if unmitigated this
can approximately affect the outer 20% of the plasma normalized area (r/a), even
with the ELM itself being localized to the very edge of the plasma. The measured
heat loss that occurs due to an ELM crash can be calculated from the measured
convective and conductive losses. Assuming that the ELM losses are poloidally
symmetric, this allows for the total measured heat loss due to an ELM crash
(electrons and ions) is expressed by the integral:

∆WELM =
3

2
×
(∫

V

∆pe + ∆pidV

)
, (6.1)

where ∆pe and ∆pi are the changes in the electron and ion pressure pedestal
heights due to an ELM crash and V is the total plasma volume. ELMs are not
observed to directly affect the core of the plasma due to the short duration of the
ELM crash, which is too short for the plasma core energy to be lost.

The loss due to an ELM is substantial (with the decrease in ne over the
pedestal region clearly visible), and amounts to approximately (5-10%) of the
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plasma energy, this is due to the fact that the plasma pedestal typically accounts
for 30-50% of the total plasma energy. Although part of this energy will be
dissipated in the form of radiation in the SOL of the plasma, the remaining
energy will be deposited in plasma facing components, the majority onto the
divertor tiles. In experiments it has been observed that particles ejected by an
ELM take on a filamentary structure. These filaments are field-aligned structures
that are accelerated radially far into the SOL and beyond, eventually terminating
onto plasma facing components, be it the divertor plates or locations on along the
inside wall of the tokamak. This filamentary structure has been directly observed
on MAST, specifically by fast cameras that view the entire MAST plasma area
(Figure 6.4).

Through results on many devices, including MAST, it is known that ELMs
must be mitigated on future devices such as ITER. This is necessary in order to
lower heat loads on plasma facing components to a tolerable level and limit the
accumulation of tungsten in the plasma below critical radiation limits. However,
this is not the full story, there are also negative aspects of ELM mitigation by
RMPs that must be addressed along with their desirable impact. Looking at the
MAST results (Figure 6.5) when RMP ELM mitigation is applied it is clear as the
level of mitigation increases it results in an increase in ELM frequency, reduction
of ∆WELM , and subsequently a reduction in the measured divertor target heat
load. The additional sections of this chapter will further explore the impact of
applying RMPs on MAST plasmas, focusing on the induced plasma perturbation
and the reduction in the ELM affected area in the application of a mitigating
RMP field.

6.3 RMP toroidal perturbation

When RMPs are applied to the MAST plasma it is observed that there is a change
in the edge transport barrier (ETB) of the plasma. This is due to an induced
corrugation of the plasma edge which matches the toroidal mode number of the
applied RMP perturbation. The size of the shift in the ETB location (measured
using the linear-Dα camera in conjunction with the TS profiles), varies with the
strength of the applied perturbation which is controlled by the RMP coil current
and the proximity of the plasma edge to the coils. The position of the observed
ETB location shifts outwards or inwards depending on the RMP applied and the
toroidal location of the plasma. This shift due to the RMP coils is a local effect
and thus the measured perturbation is a function of the position of the diagnostic,
relative to the phase and mode number of the perturbation. The total observed
shift is due to this effect and the response of the plasma control system.

Figure 6.6 shows a set of similar discharges with only the strength of the n=
6 RMP perturbation changing between the discharges. When the coil current in-
creases the effective outward shift of the average pedestal position also increases.
These profiles are obtained by averaging the ne TS profiles for each discharge dur-
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(a)

(b)

Figure 6.4: Two sequential high-speed camera images taken (a) before an ELM in H-mode and
(b) during the ELM showing the filamentary structure. Taken with a time separation of 100µs
between profiles and with an integration time of 10µs during MAST discharge #16203.
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(2013)

ing the last 25% of the ELM cycle in a time window covering from 0.50s to 0.60s,
where the RMPs are at their designated full current value and the plasma current
(IP ), is not ramping down. This is done to ensure that the various profiles from
the four discharges provide a good comparison. The averaged ne pedestal is plot-
ted with respect to the relative ETB location, which is calculated by taking the
ne pedestal position as measured by TS and subtracting the ETB location mea-
sured by the linear-Dα camera which views the plasma from a different toroidal
location. From the results presented in Figure 6.6 it is found that as the RMP coil
current is increased from 0kA to 1.4kA the perturbation increases which results
in a local outward shift of the plasma ETB location as expressed in the shift of
the measured ne profiles.

MAST has the flexibility to allow for operations where the plasma edge is
moved outward to be in closer proximity to the RMP coil, which in turn amplifies
the effect of the perturbation on the plasma. In the n= 4 discharges, the outboard
plasma pedestal is incrementally moved outwards towards the vessel wall radially
from 1.38m to 1.41m. When the plasma boundary is moved into closer proximity
to the RMP coils, an increase in ELM mitigation is observed. Comparing the n= 4
results to those of the investigated n= 6 discharges, a similar trend is observed. In
the n= 6 discharges the plasma position was kept constant while varying the RMP
coil current from 0 to 1.4kA. This is shown in Figure 6.7, where either pushing the
plasma outward, closer to the RMP coils with a fixed coil current or increasing
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Figure 6.6: TS ne profiles with respect to the relative ETB location for n = 6 RMP.

the coil current at a fixed plasma position, the ELM frequency increases, resulting
in an increase in ELM mitigation.

The RMP active discharges marked in black within Figure 6.7 have a nearly
constant RMP coil current at 1.3 to 1.4kA, however they vary in ELM frequency
and relative ETB location due to the fact that from discharges 29768 to 29777 the
plasma position changes by 3 cm from 1.38m to 1.41m. This shift in the plasma
position changes its proximity to the RMP coils, causing an increase in the level
of ELM mitigation of over a factor of two while also increasing the local shift
in the relative ETB location by several millimetres. The much larger change in
the relative ETB location observed in the n= 6 RMP configuration discharges in
comparison to the change measured in the n=4 discharges is due to the toroidal
mode number of the perturbation and relative positioning of the TS and linear-
Dα camera diagnostics. This is explored in more detail in section 6.4 examining
the phase of the applied RMP.

6.4 Impact of applied RMP phase

Previous results on MAST have shown that there are changes in the plasma
pedestal behaviour with the application of RMPs in an n=6 configuration in a
zero degree phase, when compared to non-RMP discharges [17]. These changes
consist of a drop in the density pedestal height as well as an increase in density
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Figure 6.7: ELM frequency as a function of the relative ETB location and how they scale with
RMP strength (coil current and plasma location).

and temperature pedestal width. New results where an n=6 RMP was applied at
a 30 degree phase have been obtained and this section is focused on the impact
this change in the RMP phase has on the pedestal in comparison to the 0 degree
phase case. Just as in Section 6.3, two diagnostics were used to examine the
impact of the applied RMP phase, a Thomson scattering diagnostic and linear-
Dα. These two diagnostics are on adjacent MAST sectors, so approximately
30 degrees out of phase with each other. On applying an n=6, 0 degree RMP,
the Thomson scattering diagnostic measures at the peak of the toroidally local
outward perturbation of the plasma and the linear-Dα measures roughly at the
trough of the toroidal perturbation as predicted by ERGOS simulations (Figure
6.8). If you then apply an RMP at a 30 degree phase the shift causes the peak and
trough positions to switch as observed by the diagnostics, so the TS system now
views approximately the trough of the perturbation and the linear-Dα camera at
the peak.

In the case of actual plasma discharges on MAST, in order to determine the
impact of the RMP phase, three discharges are examined (no RMP, 0 degree
n=6, and 30 degree n=6) as shown in Figure 6.9. What this shows is that in
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comparison to the non-perturbation case, applying an RMP in 0 degree or 30
degree causes the relative ETB location to shift outward as seen by examining
the plasma pedestal position as measured by TS.

From Figure 6.9 it is observed that the application of an n=6, 0 degree RMP,
TS measurements show an increase in the pedestal width, while the measured
pedestal position moves outward as expected from the ERGOS simulations shown
in Figure 6.8. Still considering an applied n=6, 0 degree RMP, the trough of the
perturbation measured by the linear-Dα camera, shows that the peak gradient
location does not move and the density gradient magnitude shows a slight increase.
However, on application of n=6, 30 degrees RMP, the peak gradient as observed
by the linear-Dα decreases strongly and moves outwards by ∼20mm. At the
location of the TS measurements, on application of the n=6, 30 degree RMP,
there is little change in position of the ETB but a slight increase in the density
gradient has been measured. Since there is a density pedestal height drop on
application of the RMP, due to an earlier collapse of the pressure pedestal during
the inter-ELM period, subsequently the density width is contracting to cause an
increase in gradient. These results indicate a toroidally varying density pedestal
width, and hence pressure gradients, on application of RMPs which corresponds
to the applied fields mode number and amplitude. The changes in pedestal width
and position as measured by the TS diagnostic are presented in Figure 6.9, while
the changes in the density gradient as measured by TS and linear-Dα is presented
in Figure 6.10.

Although not presented here, for completeness it is worth mentioning that
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examinations were made into the rotation of the RMP phase in n=3 lower single
null discharges (LSND). These results showed that it was possible to rotate the
RMP phase between 0 and 30 degrees over a single discharge. The results showed
very little impact, which is due to the limited phase range and 120 degree phase
pattern of the n=3 discharge, allowing for only slight changes in the observed
perturbation by the TS system and linear-Dα camera over a 0 to 30 degree RMP
phase range.

6.5 Inter-ELM behaviour on MAST

It has been shown in previous studies on MAST that the application of RMPs
impacts the inter-ELM pedestal evolution where a reduction in the peak ne,ped
and pe,ped is measured, while the Te,ped remains similar with and without the
application of an RMP [17]. On MAST a change in the plasma current IP causes
a substantial change in the inter-ELM evolution of the plasma pedestal. We focus
firstly on the 400kA and 600kA discharges without an applied RMP presented in
Figure 6.11. In the case of the 400kA discharge, the pedestal continues to build up
slowly after the first few ms within the inter ELM period until the collapse at peak
ne,ped of approximately 4.0×1019m−3 for the natural (RMP off) discharge 30378.
A comparable 600kA discharge peaks near 6.0×1019m−3 after approximately 7ms
into the inter-ELM period with the profile flattening by the end of the inter-ELM
period in both the natural and mitigated cases.

When applying RMPs to the 400kA discharges, in this analysis the low miti-
gation discharge is shot 29947 which has an RMP coil current of 0.6kA applied,
exhibits a negligible change in ne,ped or the inter-ELM period length before the
ELM crash. During the high mitigation discharge, shot 29777 with a 1.3kA RMP
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Figure 6.11: Evolution in the inter-ELM period of for ne,ped 400kA and 600kA MAST plasma
discharges on the low-field side with and without applied RMPs.

coil current with a plasma pedestal position pushed closer to the RMP coils at a
position of 1.41m, exhibits a reduction in the peak ne,ped by approximately 25%
and an inter-ELM time before the ELM crash has been reduced to approximately
a third of the natural discharge inter-ELM time length. In these lower single null
divertor (LSND) 400kA discharges it is shown that a sizeable amount of ELM
mitigation is required before seeing substantial losses in ne,ped and a large change
in confinement. In the 600kA discharge observed with an applied RMP coil cur-
rent of 1.4kA the change in ne,ped is minimal, as at this level of mitigation the
inter-ELM evolution of ne,ped has plateaued at the discharges peak value. Due
to the greater confining fields at an IP of 600kA, this allows for the pedestal
to evolve more quickly due to the increased confinement to a peak ne,ped in a
shorter inter-ELM time. The result of this effect is that in 600kA discharges it
is possible to have moderate mitigation of ELMs with a lesser reduction in the
overall confinement performance of the plasma when compared to the 400kA dis-
charges on MAST. However, if you push the mitigation to very high levels on both
400kA and 600kA discharges like those observed in Figure 6.11, due to the faster
pedestal build up and steeper pedestal gradient, discharges with high mitigation
will see greater losses in relative confinement performance for a 600kA discharge
on MAST.

In the case of both the 400kA and 600kA discharges when an RMP pertur-
bation is applied and ELM mitigation is observed, the ne,width increases over the
inter-ELM period at a higher rate than the unmitigated discharge, as represented
in Figure 6.12. The definition of the electron pedestal widths (ne,width, Te,width,
and pe,width) are defined by 4× the mtanh width parameter (α∆) as expressed
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discharges on the low-field side with and without applied RMPs.

in Equation 6.2, which defines the mtanh fit used on MAST. This expansion is
also observed in the Te,width and Pe,width, this increase observed in the pedestal
width can possibly be explained by phenomena such as island structures that
are enhanced / formed through the applied perturbation which could result in
an increase in the measured pedestal width. Such structures have been reported
to exist on experiments in DIII-D when RMPs are applied [13]. On MAST, ex-
periments were performed investigating the impact of RMP phase in discharges
with applied n = 3 perturbations. In these discharges a phase rotation between
0 and 30 degree phase was found insufficient to observe any notable changes in
the pedestal profiles. As such only static changes have been examined and are
expressed in Section 6.4 and also in the case of the pedestal behaviour shown in
this section, with the island formation given as a possible explanation for the ob-
served increase in the pedestal width under the influence of RMPs. Examinations
into the ne,width values in both 400kA and 600kA discharges and how the plasma
energy Wplasma changes with the application of RMPs and the change in ne,width
is shown in Figure 6.13. In the 400kA discharges it is noticed that the Wplasma
is reduced as RMPs are applied but with minimal change in ne,width, with both
the low mitigation and high mitigation discharges behaving similar. In the 600kA
discharges, the application of RMPs reduces the Wplasma as it did in the 400kA
case but in this case it is also observed that the application of RMPs increases
ne,width.

It is apparent from the results in Figures 6.11 and 6.12 that the build-up of
the plasma pedestal in the inter-ELM period varies between 400kA and 600kA
discharges, with or without RMPs applied to the plasma. In order to have a closer
look at the inter-ELM behaviour for representative 400kA and 600kA lower single
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null discharges (LSND) on MAST, average mtanh profiles were calculated within
the ELMy H-mode period, covering the entire inter-ELM period. On MAST, the
measured edge profiles are fit to an analytical parameterization, P (r;~a), which
is convolved with the instrument function of the TS diagnostic to account for
its spatial resolution. This parameterization (P (r;~a)) is based on a modified
hyperbolic tangent function (mtanh), and is defined [65]:

P (r;~a) =
aped − asol

2

[
mtanh

(
aetb − r

2a∆
, aslope

)
+ 1

]
+ asol, (6.2)

where

mtanh(r, a) =

(
(1 + ar)er − e−r

er + e−r

)
. (6.3)

This calculation is performed using the average values of the outboard pedestal
position, width, height, slope, and offset over the captured time instance for five
approximate inter-ELM times (0.1 to 0.9 of the total time 1.0). Using these
five parameters a fit is generated of the plasma pedestal that is representative of
the measured profiles. In Figure 6.14, the evolution of the mtanh profiles over
the inter-ELM period is presented for unmitigated (coils off) 400kA and 600kA
discharges.

In these two coils off discharges (29948 and 27315), the primary difference
is observed in the Te and subsequently the Pe profiles. In the 600kA discharge
with higher electron density, as the ne pedestal builds up over the inter-ELM
period, the increased density results in a slight drop in the Te pedestal within the
same period. This results in pressure pedestal that has a similar peak inter-ELM
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Figure 6.14: Shows the evolution for the (a)(d) Te pedestal profiles, (b)(e) ne pedestal profiles,
and (c)(f) the Pe pedestal profiles for 400kA and 600kA RMP off discharges.

pedestal height as the 400kA discharge it is compared to but reaching its peak
value more quickly. Generally on MAST to get high Te,ped values ne,ped needs to
be kept at a lower value, resulting in an inter-ELM evolution more like the 400kA
case examined here. When RMPs are applied to similar discharges as the coils off
reference discharges presented in Figure 6.14, it is possible to examine how the
pedestal evolution differs in highly mitigated 400kA and 600kA discharges. In the
two discharges compared in Figure 6.15 (29784 and 27846), both have a high ELM
frequency with FELM ∼200Hz and mitigation levels FELM,mitigated/FELM,natural

of ∼4.0 for the 400kA discharge and ∼2.2 for the 600kA discharge.

In the two discharges presented in Figure 6.15 it is clear from the data of the
pressure gradient and Pe,ped profiles that the examined 600kA discharge (27864)
experiences a much smaller change in its peak pressure profile and pressure gra-
dient over the inter-ELM period when compared to the 400kA discharge (29784)
at a similar level of ELM mitigation. This would allow for even higher ELM
frequencies to be obtained without resulting in as large a decrease in confine-
ment performance compared to a 400kA discharge operating with a similar ELM
frequency. Both of these discharges have seen a drop in the Pe profile at the
ψ = 0.90 position of approximately 0.2 kPa but looking at the pedestal location,
there is a much larger drop in the 400kA discharge observed when a high level of
RMP field is applied compared to the coils off reference discharge, while a much
smaller change at the pedestal location is observed in the 600kA case. Much of
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Figure 6.15: (a)(c) The evolution of the Pe profiles and (b)(d) evolution of the pressure gradients
during the inter-ELM period for RMP mitigated 400kA and 600kA MAST discharges.

this can be a result of the mitigation factor being almost double in the 400kA
mitigated discharge, but it has been observed that the 600kA discharges do have
a pedestal that builds up more quickly and often flattops within the inter-ELM
period resulting in less confinement losses with the application of RMP fields for
ELM mitigation.

Taking a subset of discharges in both 400kA and 600kA that covers from coils
off reference discharges to a high applied RMP field discharge it is possible to
map out the changes in the peak pressure gradient as a function of the observed
mitigation level. In Figure 6.16 it is shown that in the 400kA discharges, a small
amount of applied RMP field that results in a fractional increase in the observed
ELM frequency, there is already a large drop in the measured peak in the pressure
gradient. As the ELM frequency is further increased to a mitigation factor of ×4
times FELM,natural the general trend is that the peak dP

dψ stays around the same
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level as the low mitigation RMP applied case. In the case of the three 600kA
discharges examined, the application of RMP perturbations of a moderate level
results in a slight increase in mitigation along with a proportional drop in the
average dP

dψ near the end of the inter-ELM cycle. As a stronger RMP is applied a

much larger drop is seen in the peak dP
dψ over a similar change in ELM mitigation

similar to the change measured between the coils off discharge and the moderate
RMP applied discharge. In these 600kA discharges a levelling off of the measured
peakdPdψ is not observed, but as the RMP mitigation level increases the measured
spread in the ELM evolution as well as the ultimate peak value of the pedestal
pressure gradient are greatly reduced, both by approximately a factor of two at
the highest mitigated discharge in this comparison. For each of these discharges,
the data used to compute the peak dP

dψ along with the mitigation factor was taken
during the timeframe where the RMP coils were active, in H-mode, and before
the plasma current IP began ramping down. This helps ensure that the impact
seen in the similar discharges in both 400kA and 600kA are a result of the applied
RMP field.
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Figure 6.17: The ne pedestal height evolution over the inter ELM period in two highly mitigated
RMP discharges and their coils-off reference.

6.6 ELM affected area

RMPs applied to discharges on MAST often result in a mitigation of Type-I
ELMs. In these mitigated discharges it is observed that the ELM frequency
increases, while the individual ELM amplitude decreases, effectively lowering the
transient heat loads on the divertor targets. From TS measurements it is possible
to extract the ne pedestal height and see how it evolves over the inter-elm period,
this is plotted in Figure 6.17 for an coils-off reference discharge and two highly
mitigated RMP active discharges.

The inter-ELM evolution of the ne pedestal shows that with the applied RMPs,
the pedestal growth when the plasma is subjected to RMPs is similar to the
unmitigated evolution. The primary difference is that evolution is terminated
earlier within the inter-ELM period under RMP induced ELM mitigation. The
application of RMPs, somehow destabilizes the plasma edge, resulting in a ELM
crash at an earlier time than in the reference discharge where no RMPs are applied.
Here we examine how this RMP mitigation impacts the overall area affected by
an ELM event and its significance. The discharges displayed in Figure 6.17 have
a plasma current of 400kA and especially in these discharges the peak Pe,ped is
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Figure 6.18: Averaged profiles of electron density measured by TS before (left) and after (right)
an ELM crash for the two highly ELM mitigated shots with and without strong refuelling and
their coils-off reference.

reached early in the inter-ELM period and flattops for the natural ELM case with
no RMPs applied. When RMPs are applied it is seen that prior to an ELM, the
peak ne,ped and thus the Pe,ped are quite similar to the unmitigated case, the same
holds with the minimum values just after the ELM, so how is the large difference
in the ∆WELM for mitigated and unmitigated ELMs explained?

This discrepancy can be explained by the ELM affected area, which is found
to be much smaller for the case of mitigated ELMs. This has been observed on
MAST by use of the Thomson scattering diagnostic, averaging profiles in a steady
H-mode period just before and just after ELM events and plotting the measured
losses in the ne profile by taking the profile before the ELM and subtracting the
profile after the ELM, the difference being equated to the ne losses, the averaged
profiles just before and just after the ELM are presented in Figure 6.18 for the
same three discharges.

An example of the measured electron density losses and ELM affected area is
plotted in Figure 6.19, this is done for same three interesting discharges presented
in Figure 6.18; one with no RMP applied, one that is heavily refueled with an
n=6 RMP applied, and one that is highly mitigated with an n=4 RMP applied.

As shot 29784 experiences a large density pump out that is not replaced by addi-
tional refuelling it has a lower peak ne loss which would be expected. However,
as both shot 30270 and 29784 have similar amounts of ELM mitigation through
the application of RMPs their measured ELM affected area is quite similar and
much smaller than the similar coils off reference discharge, which would in term
lead to a reduction in ∆WELM for both mitigated discharges.
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In order to understand how the strength of the applied RMP perturbation
impacts the ELM affected area, a set of similar discharges is compared. In these
five discharges, which are presented in Figure 6.20 (400kA discharges) the current
in the RMP coils IELM ranges just from 1.3kA to 1.4kA in the RMP discharges
but the position of the plasma is moved between 1.38m and 1.41m outward. This
movement of the plasma allows for a stronger RMP perturbation to penetrate into
the plasma, effectively behaving as an increase in the current in the coils. This
allows for similar discharges to cover the ratio FELM,mitigated/FELM,natural from
1 to approximately 4 in steady increments. Looking at the ne and Te pedestals
for the last 25% of the inter-ELM cycle for these five discharges: 30378, 29768,
29771, 29777, and 29784 it is highlighted that the relative strength of the per-
turbation has a large impact on the average pedestal just before the ELM crash.
The results presented show that applying a smaller perturbation in the case of
discharge number 29768 lead to an overall impact on the plasma pedestal is min-
imal compared to the coils off discharge 30378 at an ELM mitigation factor of
∼ 1.5. If the plasma is moved closer to the coils with the same applied n=4 RMP
field IELM = 1.3kA by just 10 mm in discharge 29771 there is a sizeable decrease
in the average ne and Te pedestal just before the ELM crash compared to the
coils off case. This trend continues as the plasma is moved further outwards, the
ELM mitigation factor increases up to ∼ 4, resulting in a further decrease in the
temperature pedestal height but not nearly as large of a change seen between the
change in mitigation factor between discharges 29768 and 29971 as seen in Figure
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Figure 6.20: (a) Impact of applying different perturbation strengths through the ELM coils
and plasma position on the temperature and density pedestal for four n=4 RMP discharges.
(b) Change in Wplasma as a function of fELM for four n=4 RMP discharges and the coils off
reference discharge.

6.20.

For these five discharges the pedestal behaviour shows that there is a definite
impact of increasing the RMP perturbation strength on the confinement perfor-
mance. However, once the ELM mitigation reaches a certain amount, in this
case a mitigation factor of approximately 2.8, further increases in mitigation have
a lesser impact on the measured electron density and temperature pedestals as
measured by TS for the last 25% of the inter-ELM cycle. First looking at the
Wplasma vs. fELM it is observed that indeed the application of RMPs causes an
increase in ELM frequency that is accompanied by a measured drop in Wplasma.
In the case of these five discharges, once the ELM frequency reaches a level of
125Hz the drop in plasma energy tends to level off, creating two primary regions
in Wplasma observable in Figure 6.20(b), the natural/low mitigation region and
mid-to-high mitigation region.

Looking at the outboard pedestal of these discharges and averaging TS data
just before and after an ELM event for each of the discharges it is possible to
calculate the losses experienced in the ne profile. In Figure 6.21 the results show
a similar story in regards to the ELM affected area of the outboard pedestal region
as is seen in the changes in Wplasma. Once the mitigation is increased by moving
the plasma to the 1.40m position in discharge 29771, the ELM mitigation increases
to approximately 2x the unmitigated case, with this there is an observed reduction
in both the Wplasma as well as the ELM affected area. As the mitigation increases,
the ELM affected area decreases further with a much narrower affected area in
discharges 29777 and 29784 than observed in unmitigated ELMs, which equates
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Figure 6.21: Average electron density ELM loss profiles for four similar RMP discharges with
varying levels of ELM mitigation and their coils-off reference discharge.

to a substantial reduction in ∆WELM at the cost of only a slight reduction in the
plasma stored energy and confinement performance when mitigation is increased
beyond a moderate mitigation factor of approximately 2.0.

6.7 Conclusions

The application of resonant magnetic perturbations (RMPs) on the MAST plas-
mas results in various effects, both positive and negative. In this chapter it has
been explained that the mitigation of ELMs through the application of RMPs re-
sults in the expulsion of core impurities through high frequency mitigated ELMs
at the cost of reduction in the overall confinement performance, due to a reduc-
tion in the edge transport barrier (ETB). When RMPs are applied they result in
an induced toroidal perturbation of the plasma edge and pedestal region. This
local perturbation matches the toroidal mode number of the applied RMP, which
results in a local shift in the relative ETB location. This local perturbation was
most noticeably impacted by the phase of the RMP during a n = 6 perturbation,
only able to apply a phase from 0 to 30 degree where the applied phase impacts
the local pedestal position, width, and edge density gradient as measured at the
fixed position of the TS and linear-Dα camera diagnostic systems.

On the MAST tokamak the majority of discharges are operated at a plasma
current of either 400kA or 600kA. Discharges for both of these plasma currents
were compared and it is found that there is a different behavior in the plasma
pedestal within the inter-ELM period with and without the application of RMPs.
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In many cases it is observed that the peak electron density pedestal flattops in
600kA discharges after a quick buildup, while in the 400kA discharges the electron
density and temperature pedestal typically builds up slowly throughout the inter-
ELM period. Furthermore, the 600kA discharges examined show a strong build
up of the electron density pedestal with a slight reduction in electron temperature
due to a large increase in the electron density. The result of this is a pressure
profile for the 600kA discharges that is less varied in the inter-ELM period with
and without the application of RMPs when compared to the 400kA cases, allowing
for less impact with higher levels of ELM mitigation.

As RMPs are applied they result in ELM mitigation which reduces the size
and increases the frequency of ELM events. When an ELM event occurs during
a discharge that is mitigated through the application of RMPs a reduction in
the area that is affected by the ELM is observed. This helps to account for
the fact that both the max Pe,ped prior to an ELM and the minimum Pe,ped for
the mitigated and natural ELMs are similar but it remains that there is a large
difference in the ∆WELM between the natural and mitigated ELMs. Several
discharges were examined to show that the application of mitigating RMPs results
in a change in the measured ELM affected area. As well it has been shown
on MAST that much of the loss of confinement performance can be regained
through aggressive refueling. Comparing two discharges with high levels of ELM
mitigation it has been shown that applying additional refueling doesn’t impact
the ELM affected area but rather the peak losses up to the natural ELM level.
This shows that highly refueled discharges with high levels of ELM mitigation
give a good balance of performance and still experience a reduction in the ELM
affected area as well with ∆WELM .



Chapter 7

Evaluation and discussion

With projects such as MAST-Upgrade and ITER currently under construction,
accurate and robust diagnostic systems are interestingly important factors. Such
systems not only matter in the design of such a device but ultimately in its ex-
perimental success. The work covered in this dissertation is focused around a
key diagnostic system, Thomson scattering. This diagnostic is applied on every
major magnetic confinement plasma device due to its ability to provide depend-
able, accurate, and non-invasive measurements of plasma conditions. The work
performed on MAST and JET covers a range of work; from the developmental
design, calibration, optimization to the application of Thomson scattering for the
study of plasma physics phenomena. This chapter summarizes the main findings
of the work in this thesis, along with their implications.

Thomson scattering diagnostics

In the development of a divertor TS system for MAST-Upgrade many issues were
encountered in both the optical and spectral design. This is due to the restrictive
geometry and difficult to measure plasma conditions that are present within the
designed Super-X divertor configuration that is to be implemented on MAST-
Upgrade. The design of this system not only will provide useful information
about divertor plasmas on MAST-Upgrade, it also serves as an exercise for the
design and implementation of an advanced Thomson scattering diagnostic. With
only one divertor TS system currently in operation at the DIII-D tokamak in
San Diego, California such a design will influence work on future TS systems, for
example, the ITER divertor TS diagnostic system.

Designing collection optics for the MAST-Upgrade divertor TS system re-
quired some additional constraints than most existing TS systems. Due to the
restrictive geometry, the collection optics were designed to minimize vignetting,
especially near the detachment front (close to the divertor tiles). The ability to
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diagnose and study plasma detachment is a very interesting and important fac-
tor when looking forward to devices such as ITER and DEMO, where expected
heat fluxes are expected to be beyond the damage threshold for materials. With
defined TS viewing chords with a spatial resolution of ∼1cm in the expected
detachment region, operations on MAST-Upgrade will provide insight into not
only the impact of detachment on target heat loads but also the physics of diver-
tor detachment through accurate measurements of the divertor plasma electron
profiles.

In order to be confident in the designed diagnostics ability to effectively mea-
sure within the divertor plasmas expected in MAST-Upgrade, additional effects
due to a multi-laser system and the impact on the collection optics were also
examined. Due to the fact that the TS measurement region extends all the way
to the divertor tile and the beam dump system a compromise in the beam width
of the TS laser is required to provide acceptable resolution while maintaining a
beam that can be safely extracted and dumped. This compromise resulted in
a fibre option based on a F/6.5 collection cell that can accommodate the larger
laser beam width near the divertor tile with acceptable tolerance for both laser
misalignment and depth of field effects from using up to four separate lasers in
the system. This results in a good level of confidence that the designed optics
will be able to effectively diagnose the plasma over the entire 1m collection region
along the Super-X divertor leg, allowing for the study of this unique and advanced
divertor concept. Research into this divertor geometry could also be of impor-
tance for DEMO with high expected heat fluxes as a Super-X divertor allows for
increased radiative losses as the plasma travels along the extended divertor leg,
which should substantially reduce the heat loads on the divertor target.

The diagnosis of the plasma within the MAST-Upgrade Super-X divertor not
only requires a carefully defined optical system but also a spectrometer design
that is suited for the low electron temperatures expected on the order of ∼1eV.
On MAST we are lucky to have a strong starting point, utilizing the current
MAST core TS polychromator design. From this design the two high electron
temperature spectral channels were removed and 3 new spectral channels were
added to the system. After examining the expected performance of multiple
different polychromator iterations, a final design was determined. This design
contained an additional narrow low Te channel as well as two channels that mirror
two of the existing low Te channels taken from the existing core system, which
aids in reducing the impact of strong line radiation. This design is important not
only to measure in the low Te plasma with high background levels (relative to
TS signal) within the Super-X divertor on MAST but also serves as a model for
future divertor (low Te) TS systems, such as in the ITER divertor.

On JET, the core LIDAR diagnostic system has been the result of a different
form of diagnostic development. Originally designed as a single point TS system,
it was converted into a LIDAR system when it was determined that the optics
were well suited for such an application. Over the years it has undergone multi-
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ple upgrades; most recently it was found that there was a discrepancy between
measurements before and after the system was modified. Stray light interfer-
ence filters positioned just before the detectors were removed from the system.
Modelling showed that the shift imposed on the stray light filters transmission
functions due to the variations in the incidence angles of the collected photons
impacted plasma measurements. To correct for this identified source of error,
correction factors were developed using ray tracing models for the calibration and
operational states of the diagnostic.

The application of these correction factors resulted in an increase in the ob-
served Te, resulting in the partial if not complete removal of the observed dis-
crepancy in the measured Te between the JET core LIDAR TS diagnostic, High
Resolution Thomson Scattering (HRTS), and the Electron Cyclotron Emission
(ECE) diagnostics. This results in a significant change in the interpretation of
JET results, as the corrected LIDAR data will provide a higher Te level and
an adjustment to the overall profile. Also, the thought process with regards
to the discrepancy observed between the different diagnostic systems has now
changed. A portion of this discrepancy which was attributed to such factors
as non-Maxwellian bulk electrons is now understood to be due to the improper
calibration of the core LIDAR diagnostic, not accounting for the impact of the
interference filters present in the system. The finding of this systematic error in
the JET core LIDAR TS systems calibration reinforces the importance of building
diagnostics while avoiding calibration errors.

Effects of RMPs on plasma pedestal

The mitigation, suppression, and overall control of Edge Localized Mode (ELM)
instability is an important topic of research with devices such as ITER and DEMO
on the horizon. In these future devices, ELMs will need to be mitigated in such a
way that the particle and heat fluxes onto the plasma facing components (PFCs)
are within the materials limits. A possible mechanism to achieve sufficient ELM
mitigation on ITER or DEMO is through the use of resonant magnetic perturba-
tions (RMPs). When RMPs are applied to the plasma edge, it induces a toroidal
corrugation at the plasma midplane, causing a local non-axisymmetric radial dis-
placement of the edge transport barrier (ETB). As the mitigating RMP field
increases the intensity of the observed corrugation also increases, resulting in a
more pronounced displacement of the plasma edge. On MAST this toroidal per-
turbation has been examined experimentally utilizing two diagnostics capable of
measuring the plasma boundary, located at two different toroidal locations, sepa-
rated by approximately a 30 degree toroidal angle. This coupled with the ability
to alternate the RMP perturbation between 0 and 30 degree phase allows for a
toroidal map of corrugated plasma boundary.

The induced toroidal perturbation causes local variations in the plasma edge,
resulting in local changes in both the ETB location and the plasma edge den-
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sity gradient. Because of this variation of the pressure gradient upon applica-
tion of RMPs, an impact of the overall pedestal stability is expected. The non-
axisymmetric perturbations of the pedestal heightens the kinetic ballooning mode
instability, by expanding the region over which the infinite-n modes are unstable
and enhancing the growth rate of the mode. Consequently, this limits the pres-
sure gradient to a lower value when compared to the case where no RMPs are
applied. This follows the experimental observation of the pedestal width increas-
ing locally before the peeling-ballooning limit is reached. Putting the change in
pedestal stability into context, it was determined through experimental observa-
tions and gyrokinetic analysis of MAST plasmas, that the pedestal pressure must
be reduced by approximately 30% for the infinite-n ballooning mode growth rate
in the toroidal position of greatest instability to equal that in the case with no
RMPs [66].

The local toroidal displacements due to applied magnetic perturbations are
not just a concern on future devices because of the reduction in pedestal stability
but also there are concerns with regards to the shift in the edge plasma boundary
and the proximity to plasma facing components. On MAST this is not an issue as
there is a large amount of vessel flexibility, with a vacuum vessel much larger in
size than the plasma volume contained within it. This results in there being more
than enough room between the plasma edge to accommodate the local displace-
ment around ±2cm, which is approximately ±4% of the minor radius on MAST.
However ITER, whose geometry is based on JET, is designed with a tight fitting
vessel to most effectively utilize the external field coils. As such, it is possible
that a local shift of the plasma edge by a few centimeters may be enough to cause
concerns of the plasma edge coming in contact with the vessel wall.

When RMPs are applied to MAST plasmas, ELMs are mitigated. The miti-
gation of ELMs typically comes with an observed increase in the ELM frequency,
meaning a reduction in the inter-ELM time when compared to the natural ELM
cycle. Investigations were performed looking into the inter-ELM pedestal evolu-
tion of discharges with a plasma current equal to 400kA and 600kA, both with
and without the application of RMPs. Generally, the inter-ELM evolution of the
MAST pedestal has been observed to remain similar with and without RMPs
applied. That is the ne,ped, Te,ped, and Pe,ped evolution up to the point of the
ELM crash evolve at the same rate in comparable discharges with and without
an applied RMP field. What can be inferred from this is that during the buildup
period, early in the inter-ELM period, the transport observed between natural
and RMP mitigated discharges must be similar. The differences observed with
the application of RMPs on the pedestal in MAST is an expansion of the pressure
pedestal width ∆Pe and a subsequent change in the pressure gradient. This is
accompanied by an ELM crash earlier in the inter-ELM period. The primary
difference observed between the 400kA and 600kA discharges examined is the
pressure pedestal and pressure gradient evolution, with a more constant Pe pro-
file and pedestal pressure gradient observed in 600kA discharges. This is possibly
explained by reaching the kinetic ballooning mode (KBM) limit for the pedestal
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pressure gradient almost immediately after the ELM crash and staying on the
ballooning mode stability boundary as the current density builds up and even-
tually causes an ELM crash. As experimental results shown in this thesis show
that despite a toroidal variation of the plasma profiles, inter-ELM transport is
not significantly modified by the application of RMPs but does result in the ELM
crash occurring earlier in the ELM cycle, hence the observed increase in ELM
frequency. With no measurements of the current density this process is specula-
tive, based on the prevailing KBM instability theory of ELMs and the measured
pedestal pressure gradient in these discharges.

While it is often thought that the complete suppression of Type-I ELMs is the
ultimate goal for future devices such as ITER and DEMO, complete suppression
may not be possible and is undesirable, if no other means of particle losses sets
in, for example continuous high frequency modes. In many ELM-free phases,
typically the density and plasma impurity content increases almost linearly in
time, suggesting that there is very little particle transport across the H-mode ETB
without the presence of ELMs. However, on DIII-D, ELM suppression doesnt
show this same behavior. The density is observed to be stationary and even lower
than what is observed in the ELMy H-mode regime. Experiments on JET with the
Be/W ITER-like wall (ILW) have experienced issues with tungsten accumulation.
To combat this, neutral density refueling, where deuterium gas is pumped in at
the plasma edge is used to reduce tungsten accumulation. The process in which
this reduces tungsten accumulation can be due to an increased neutral density
at the plasma edge that shields the core plasma from the sputtered tungsten
atoms, as well as a cooling effect that reducing the edge temperature, causing a
reduction in sputtering yields. ELM mitigation be used in a dual role, not only
reducing the target heat fluxes due to an ELM crash but also the smaller and more
frequent mitigated ELMs reduce the level of impurities (such as tungsten). The
smaller, mitigated ELMs transport Tungsten out of the plasma and in particular
prevent Tungsten accumulation that might occur in an ELM free phase. As
well, particle losses during ELM mitigation are larger than those during natural
ELMs as shown by the ’density pump-out’ or the loss of line average density
on application of RMPs, so the reduction in loss per ELM is overcompensated
by increase in ELM frequency. As excessive neutral density refueling can lead
to a collapse in Te,ped reducing plasma confinement, using RMP driven ELM
mitigation to aid in removal and control of plasma impurities is a feature that
should be utilized. (This is especially true in ITER, where RMPs are already
likely to be in operation to reduce the transient heat loads on PFCs).

When RMPs are applied and density losses are replaced it is seen that prior to
an ELM, the peak ne,ped and thus the Pe,ped can be quite similar to the unmiti-
gated case, the same holds with the minimum values just after the ELM. However,
it is observed that there is a difference in the ∆WELM for mitigated and unmit-
igated ELMs which the results of this thesis have shown. In RMP mitigated
discharges there is a measured density pump-out, if this density is not replaced
there typically is a decrease in the average pressure pedestal. Similarly, in AS-
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DEX Upgrade discharges where there is Type-I ELM mitigation RMPs typically
lead to a reduction in the pedestal density profile as seen on MAST. Comparing
the n=4 and n=6 RMP discharges on MAST presented in Section 6.6, to the
n=2 RMP discharges on ASDEX Upgrade presented in [67], there is an observed
reduction in the overall plasma stored energy by 20 to 30% during Type-I ELM
mitigation at low pedestal collisionality. At high collisionality there is no density
reduction, even a slight increase is observe [55]. These results on MAST and AS-
DEX Upgrade highlight that there is often a price to pay in confinement for the
reduction in the ELM heat loss through ELM mitigation. Aggressive refueling
combined with a slow ramp in the RMP coil current has been applied on MAST
to minimize the induced density pump out. In this method much of the loss in
confinement can be regained, while there remains a measurable decrease in the
ELM affected area.



Appendix A

Ray angle & filter
transmission

In order to better understand the impact that an interference filter has on incident
light it is possible to approximate the interference filter by a Fabry-Perot cavity.
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Figure A.1: Diagram of the two incident light rays with different paths in a Fabry-Prot cavity
representation of an interference filter.

In Figure A.1, two rays are incident onto the cavity and pass through the different
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mediums with refractive indices n0 and ne which represent the medium outside
the filter (air) and inside the filter respectively. When ray-1 (blue) and ray-2 (red)
interfere with one another after the point (P) on the Fabry-Perot cavity boundary
that represents an interference filter. At the point of interference between the two
rays they traveled a different distance through both mediums. Ray-1 has travelled
in medium n0 an extra length represented by l0 while ray-2 has travelled within
medium ne an extra length le which is equal to 2l′e. The difference between these
two rays entering the filter is beyond the path length differences inside and outside
of the filter is the angle of incidence on the filter. Looking at this analytically,
starting with the expression:

le = 2l′e. (A.1)

The distance l′e can be expressed in terms of the cavity width (d) and the angle
of reflection from normal incidence (β).

le =
2d

cosβ
. (A.2)

Using the Pythagorean identity:

sin2 β + cos2 β = 1, (A.3)

it is possible to express Equation A.2 as:

le =
2d√

1− sin2 β
. (A.4)

Using Snells law:

sin θ

sinβ
=
ne
n0
, (A.5)

equation A.4 can be re-written as:

le =
2d√

1− n0

ne

2 sin2 θ
. (A.6)

Now that le is expressed in this form it is possible to look at the expression of l0,
starting from Figure A.1.

l0 = 2m sin θ, (A.7)

the distance m can be expressed as l′e sinβ making the expression become:

l0 = 2(l′e sinβ) sin θ, (A.8)

which as before l′e can be expressed as d cosβ , allowing the expression for l0 to
become:
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l0 =

(
2d sinβ

cosβ

)
sin θ. (A.9)

Using the Pythagorean identity as was done for the expression for le along with
Snells law the final expression for l0 becomes.

l0 =
2d(n0

ne
) sin2 θ√

1− (n0

ne
)2 sin2 θ

. (A.10)

Now to understand the impact on the wavelength of an incident light ray as
a function of the angle of incidence onto an interference filter we first look at the
following example. If the interference filter has the same refractive index as the air
the phase difference before and after passing through the filter for ray-1 and ray-2
would be proportional, in the case with a different refractive index for the filter
this is not the case. This reinforces that it is not the overall path length difference
through the medium that matters but rather the phase difference experienced by
the rays.
The phase shift for ray-1 is given by:

δ0 =
l0
λ

(2π). (A.11)

The phase shift for ray-2 is given by:

δe =
le
λe

(2π), (A.12)

where, λe = n0

ne
λ. From these phase shifts it is possible to calculate the phase

difference from Equations A.6 and A.10:

∆δ =
2π

λ
∗ ne
n0

[
2d√

1− (n0

ne
)2 sin2 θ

−
n0

ne
2dn0

ne
sin2 θ√

1− (n0

ne
)2 sin2 θ

]
. (A.13)

Equation A.13 can be simplified to:

∆δ =
2π

λ
∗ ne
n0
∗ 2d ∗

1− (n0

ne
)2 sin2 θ√

1− (n0

ne
)2 sin2 θ

, (A.14)

which comes to:

∆δ =
2π

λ
∗ ne
n0
∗ 2d ∗

√
1− (

n0

ne
)2 sin2 θ. (A.15)

It is possible to express the wavelength of the light after it leaves the interference
filter (λ) as:
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λ =
2π

∆δ

ne
n0

2d

√
1− (

n0

ne
)2 sin2 θ. (A.16)

For positive interference at order m, ∆δ is expressed as (m2π), putting this into
the expression for λ, results in:

λ =
ne
n0

2d

m

√
1− (

n0

ne
)2 sin2 θ. (A.17)

By plugging a value of θ = 0 into Equation A.17, results in the peak wavelength
for a zero degree angle:

λ0 =
ne2d

n0m
. (A.18)

Inserting λ0 into the equation for the resulting (shifted) wavelength we finally
come up with the equation for the observed wavelength shift caused by incident
angle of light an interference filter that is commonly used:

λ = λ0

√
1− (

n0

ne
)2 sin2 θ. (A.19)
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