
Ollscoil na h-Éireann, Corcaigh

Investigation of neoclassical tearing modes

on MAST using Thomson scattering

A thesis submitted for the degree of

Doctor of Philosophy

by

Thomas O’Gorman

February 2012

Academic Supervisor:Dr P. Mc Carthy

Head of Department:Prof. John McInerney

Department of Physics

University College Cork



Contents

Declaration v

Abstract vi

Acknowledgements viii

Abbreviations ix

Acronyms x

Symbols xii

1 Introduction 1

1.1 Nuclear fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Magnetically confined fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3

1.3 Confinement in tokamaks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Beta limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 Spherical tokamaks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.6 The Bootstrap Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9

1.7 Neoclassical tearing modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .10

1.7.1 Controlling NTMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.8 Plasma diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.9 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 The MAST Machine and Diagnostics 16

2.1 MAST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.1 MAST design and capabilities . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.2 MAST operation and a typical shot . . . . . . . . . . . . . . . . . . . . . 19

2.1.3 Pellet injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Diagnostics used in NTM studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

i



Contents ii

2.2.1 Magnetic coil measurements . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.2 MSE diagnostic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.3 CXRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Codes used in this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 EFIT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.2 CHEASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.3 NCLASS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Programmable hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Thomson Scattering Theory and Experiment 27

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 TS theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 TS from a single electron . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.2 The Doppler shift resulting from electron motion . . . . . . . . . . . . . . 31

3.2.3 Non-relativistic TS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.2.4 Relativistic TS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.5 Scattering from a number of particles . . . . . . . . . . . . . . . . . . . . 36

3.2.6 Scattering from a thermal distribution of particles . . . . . . . . . . . . . . 38

3.2.7 Relativistic TS from thermal electrons . . . . . . . . . . . . . . . . . . . . 40

3.3 Experimental TS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.3.1 Minimising Te and ne errors . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3.2 Types of TS system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3.3 Improvements to MAST Nd:YAG TS system . . . . . . . . . . . . . . . . 46

3.3.4 Simulations for the ITER LIDAR system . . . . . . . . . . . . . . . . . . 51

3.3.5 The effect of the ne profile and sampling region on the Te profile . . . . . . 55

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Design and Implementation of a Sub-cm Ruby Thomson Scattering System on MAST 61

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Overview of ruby system and its upgrade . . . . . . . . . . . . . . . . . . . .. . 62

4.3 Design considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

4.4 New system hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .66

4.4.1 Ruby laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4.2 Collection lens and fibre bundles . . . . . . . . . . . . . . . . . . . . . . . 67

4.4.3 Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4.4 Detector System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73



Contents iii

4.4.5 System noise performance . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.4.6 Improved resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4.7 Triggering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.5 New system calibration and fitting . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5.1 Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5.2 Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.5.3 Noise smoothing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.6 Initial measurements from the upgraded system . . . . . . . . . . . . . . . . .. . 90

4.6.1 Double pulse mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.6.2 Pellet Injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5 Neoclassical Tearing Modes on MAST 95

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 NTM Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2.1 Resistive magnetohydrodynamics and magnetic reconnection . . . . . . .97

5.2.2 Tearing modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2.3 The Rutherford equation and classical tearing modes . . . . . . . . . . .. 100

5.2.4 Neoclassical tearing modes and the modified Rutherford equation . . . .. 101

5.3 Magnetic measurements of NTM widths . . . . . . . . . . . . . . . . . . . . . . . 105

5.4 Heat transport across a magnetic island and estimation of the critical islandwidth . 108

5.4.1 TS measurements ofwd . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.4.2 Comparison ofwd from TS measurements and approximations . . . . . . . 112

5.5 Island rotation frequency and estimation of the ion polarisation current .. . . . . . 113

5.6 Beta scan experiments to determine the marginal island width . . . . . . . . . . . .118

5.6.1 Beta scans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.6.2 Contribution of the MRE terms . . . . . . . . . . . . . . . . . . . . . . . 123

5.7 Triggering of TS lasers on the NTM phase . . . . . . . . . . . . . . . . . . . .. . 126

5.7.1 Design and testing of new triggering unit on MAST . . . . . . . . . . . . . 126

5.7.2 Z shifts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6 Summary and Conclusions 132

6.1 Summary of TS diagnostics improvements . . . . . . . . . . . . . . . . . . . . . . 132

6.2 Summary of NTM results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.3 Future plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135



Contents iv

A NTM Fitzpatrick Derivation 137

A.1 Fitzpatrick heat transport equation . . . . . . . . . . . . . . . . . . . . . . . .. . 137

A.2 Fourier series solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .138

A.3 Finite difference solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

A.4 Boundary conditions atX = Xmax . . . . . . . . . . . . . . . . . . . . . . . . . 142

A.4.1 O(ǫ0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.4.2 O(ǫ1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.4.3 O(ǫ2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.4.4 O(ǫ3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

A.5 Boundary conditions Fourier harmonics . . . . . . . . . . . . . . . . . . . . .. . 145

B The NTM Event Generator 147

B.1 NTM event generator design . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 147

B.2 Improvements in the design of the NTM event generator . . . . . . . . . . . .. . 150

B.2.1 System testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

B.2.2 Design of the FIR filters . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

B.2.3 False triggering resulting from edge localised modes . . . . . . . . . . . . 153

B.2.4 Triggering of vertical shifts . . . . . . . . . . . . . . . . . . . . . . . . . . 154

C Publications 158

Bibliograhy 170



Declaration

The thesis submitted is the author’s own work and has not been submitted for another degree, either

at University College Cork or elsewhere.

v



Abstract

The tokamak concept for a commercial nuclear fusion reactor is a promisingone. However, a

number of issues must be resolved to reach this goal, including effective mitigation of plasma in-

stabilities such as Neoclassical tearing modes (NTMs). Diagnostics systems provide the crucial

information required to further understand the physics of such phenomena and a key diagnostic

is Thomson scattering (TS), which determines the electron temperature (Te) and density (ne) of

plasmas. This thesis describes upgrades to the two TS diagnostic systems (ruby and Nd:YAG) on

Mega Amp Spherical Tokamak (MAST) , improving their spatial and sampling rates and reducing

Te and ne errors, and the use of these upgraded systems to study NTMs in greater detail than was

previously possible on this machine. Specifically, the contributions of the different stability terms

of the modified Rutherford equation (MRE) to the evolution of 2,1 NTMs were investigated using

data from the upgraded TS systems and other diagnostics systems on MAST.The upgraded ruby

TS system can now resolve 200 points along a 1.4 m chord, the number of points being more than

any other current Television TS (TVTS) systems. The uncertainty in Te and ne has reduced to<

4% and< 3% for a observation volumes with a radial extent of 7mm in the range of 40 eV- 2 keV

and at a density ofne = 2 × 1019 m−3. The sampling rate is also improved and the system can

now measure two images at a separation of 230µs and be operated in either a double pulse mode

(two Te and ne profiles measured) or single pulse mode (one Te and ne profile and one background

light). The upgraded Nd:YAG TS system has a 1 cm spatial resolution and a 240 Hz sampling

rate, with lasers now capable of firing in burst mode. Measurements from the two upgraded TS

systems were compared and their Te and ne profiles agreed well. Following these upgrades, these

two TS systems now permit TS measurements of the finite island width stability term on MAST for

the first time and measurements of this stability parameter were used in investigations of 2,1 NTM

evolution on MAST. The finite island width was determined by fitting a heat transport model to

TS measurements of Te from the upgraded ruby and Nd:YAG systems. In addition, other stability

parameters of the MRE were estimated, based on TS, charge exchange recombination spectroscopy

and Mirnov coil measurements (and using CHEASE and NCLASS codes) from the same MAST

shots. The pressure of the MAST plasma was varied using an external heat source and this en-

abled a comparison between 2,1 NTM evolution determined using the MRE to that from magnetic

measurements of island evolution. A good agreement was found. In addition, these experiments

were used to assess the relative contributions of the different MRE stabilityterms for 2,1 NTMs on

MAST, using a fitting approach. The results show that the tokamak curvature stability term is the

principal stabilising term and is comparable in magnitude to the principal destabilising term, the

bootstrap term. In addition, the finite island width is shown to be a crucial term for determining
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the onset threshold of 2,1 NTMs on MAST. In contrast, the ion polarisation term is found not to

influence the evolution of these 2,1 NTMs. Finally, to permit a greater number of finite island width

measurements and more reliable pressure scan experiments, an FPGA triggering system has been

developed and initial tests indicate it operates as designed. This system permits TS measurements

to be synchronised with the phase of the rotating island and triggers the TS laser on different points

of the NTM evolution. Furthermore, it can change the Z position of the MAST plasma in real-time,

which results in a drop in plasma pressure at the location of the island. This permits more reliable

pressure scan experiments. The NTM stability term results presented in this thesis represent the first

step in such NTM evolution research on MAST and the combination of the improved TS capabili-

ties and the new triggering system will permit the further, more accurate diagnostic measurements

required to achieve a greater understanding of these instabilities and potentially lead to effective

mitigation techniques.
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Chapter 1

Introduction

This chapter briefly introduces fusion as an energy source, before looking at magnetic confine-

ment, the tokamak concept and spherical tokamaks. The challenges facedto achieve a commercial

fusion powerplant are then discussed, focusing on the effects of NTMs and the important role of

diagnostics in investigating these and other instabilities. Finally, an outline of this thesis is given.

1.1 Nuclear fusion

Nuclear fusion is the method by which the stars produce their energy and controlled fusion on earth

represents an ideal energy source as it is both sustainable and environmentally friendly, avoiding the

environmental damage and high CO2 emissions associated with fossil fuels. Deuterium and tritium

are used as fuel and these are, respectively, either readily available or can be produced during the

reaction. The waste products from fusion have a short half-life and are safe to dispose of within

a short timescale. Controlled fusion is therefore a potential solution to meet theever-increasing

world energy demand, which is expected to increase 36% in the best-case scenario by 2035 [1].

During nuclear fusion, two light nuclei are fused to form a new set of elements. As the total

mass of the reaction products is less than the total initial mass, this results in the release of energy

(according to Einstein’s equation (E = ∆mc2)). Nuclear reactions are governed by the strong

nuclear force, which has a range of∼ one fermi (10−15 m). However, for distances larger than

a few fermi, the repulsive Coulomb force between the two nuclei becomes dominant. For two

nuclei to fuse, they must therefore gain sufficient energy to produce afinite probability that they

can ‘tunnel’ through the Coulomb barrier (figure 1.1).

The most promising nuclear fusion reaction is between two different isotopes of hydrogen, deu-

terium (2H, ‘D’) and tritium (3H, ‘T’) because it has higher cross-sections at lower temperatures

(figure 1.2). This D-T reaction produces a 3.5 MeV alpha particle (4He) and a 15.1 MeV neutron

1
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Potential energy
(not to scale)

distance between the nuclei, r
r ≈  a few 10     m-15

380 keV

-17.6 MeV

Repulsion by Coulomb force

Tunneling at higher energy

0

 1/r

n

Figure 1.1: The potential energy of two nuclei as a function of the distance between them (r). Once the

nuclei gains sufficient energy to permit it to tunnel throughthe Coulomb barrier, as needed for fusion to

occur. Once the nuclei have overcome the Coulomb barrier, the strong nuclear force becomes dominant (rn

is the range of this force). The energies shown are for deuterium and tritium.

(n) and is given by:
2H +3 H → 4He(3.5 MeV) + n(15.1 MeV). (1.1)

Deuterium is an abundant fuel and occurs with a weight fraction of3.3 × 10−5 in water. This

means that there is sufficient deuterium to produce fusion energy for billions of years. Tritium is

more difficult to obtain as it is an unstable radioactive isotope that decays witha half life of 12.3

years:
3H → 3He+ e+ ν̄ (1.2)

However, tritium can be produced as part of a fusion reaction by using the neutrons produced from

the D-T reaction and reacting these with a lithium blanket, thus overcoming this problem:

n+ 7Li → 4He+3 H + n’ − 2.5 eV (1.3)

In a controlled nuclear fusion reaction deuterium and tritium are thereforeused, and these fuel

atoms are in a plasma state (an ionised gas) at the temperatures required for fusion to occur, and

the resulting neutrons can be used to generate electricity. Fusion reactionsare therefore potentially

self-sustaining, as the energy from the alpha particles (4He) produced during the fusion reaction can

sustain the D-T reaction and the neutrons produced can also be used to breed tritium (as above).

Reaching a self-sustaining state is the aim of controlled fusion and for this to occur the alpha

particle heating must be sufficient to maintain the plasma temperature against thermal losses and



Chapter 1. Introduction 3
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E  (keV)
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D+D

T+T

D+  He
3

Figure 1.2: The cross-sections (σ) for fusion reactions using different fuels. These fuels are deuterium (D),

tritium (T) and helium 3 (3He). The D-T reaction shows the highestσ at lower energies.

the plasma must be kept at a sufficient density by the confinement scheme for a sufficient length of

time. This self-sustaining state is called ignition and the requirements of temperature, density and

time to achieve this are defined by Lawson’s criterion [2] for ignition:

neTeτE ≥ 5× 1021(m−3.keV.s) (1.4)

where,ne is the electron number density,Te the electron temperature andτE the energy confine-

ment time, which is the rate at which the plasma loses energy.

1.2 Magnetically confined fusion

In order to meet Lawson’s criteria for ignition, the plasma must be isolated from material surfaces,

to prevent both thermal losses and to achieve sufficient confinement time and density. As plasma is

an ionised gas which can be contained in a magnetic field, due to the Lorenz force, these fields can

be used as a means of confinement. This approach is referred to as magnetic confinement fusion

(MCF). Most MCF schemes are toroidal, as this shape prevents end losses and thus maximises

confinement time, and a range of these schemes have been developed. These include the stellarator,

the reverse field pinch and the tokamak.

The most successful MCF scheme to date is the tokamak. This is a toroidal machine designed to

confine a plasma in the shape of a torus (figure 1.3). Toroidal, poloidal and vertical magnetic fields
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are used to confine the plasma in a stable equilibrium. The toroidal and verticalfields are produced

by magnetic field coils, which are generally placed outside of the vessel, andthe poloidal field

is generated by the plasma current. The plasma current flows toroidally andcan be generated by

transformer action (inductive current drive) or by using non-inductive methods. The combination

of the vertical, poloidal and toroidal fields produces a complex helical fieldthat achieves a high

level of plasma stability. This stability allows longer confinement times, at higher densities, than

other MCF schemes.

Figure 1.3: Currents and magnetic fields in a tokamak. The plasma is shownin pink and this is surrounded

by the toroidal magnetic field coils (blue). A transformer inthe centre of the torus (green) is used to generate

the plasma current (direction indicated by horizontal green arrow), which in turn generates the poloidal

magnetic field (green arrows). The outer poloidal field coils(grey) are used for shaping and positioning the

plasma. The helical field line (black line), that results from the combination of the toroidal and poloidal

fields is on a rational (q=4) surface in this example. Drawingjg05-537-1cobtained from JET drawing office.

The combination of toroidal and poloidal fields in the tokamak produces helical field lines

(figure 1.3) which lie on a set of nested ‘flux’ surfaces. Each field line ischaracterised by the

number of times it travels poloidally (n) and toroidally (m) around the tokamak. The ratio ofm to

n is given by the safety factor (q), which is an important parameter for stability. On flux surfaces

whereq is a rational number the field line will traveln times poloidally andm times toroidally
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before closing on itself, whereas whenq is an irrational number the field-lines will never close on

themselves, but instead map out the entire flux surface.

Charged particles in the plasma follow a helical path around these field lines and are therefore,

to a first approximation, confined to the flux surfaces. In practice, however, particle drifts occur and

lead to particles and energy migrating across flux-surfaces and leaving the core plasma. These drifts

are caused by both the curvature of the field lines and instabilities and the challenge is, therefore, to

reduce these to minimal levels in order to satisfy Lawsons criterion and achieve ignition. Rationalq

surfaces are more prone to instabilities, due to the field lines not covering these surfaces ergodically,

and this is important for stability analysis.

1.3 Confinement in tokamaks

The energy confinement time (τE) in Lawson’s criteria equation (equation 1.4) is used to indicate

the performance of a tokamak and is given by the ratio of the total plasma energy to the rate

of energy loss.τE can be easily determined as the total plasma energy can be calculated using

equilibrium codes (such as EFIT on MAST) and the power entering the plasma can be determined

by the sum of the Ohmic heating from the plasma current and the external heating, from sources

such as neutral beam injection (NBI) and electron cyclotron resonanceheating (ECRH).

Over the past 50 years, various confinement regimes on tokamaks have emerged. The simplest,

and original, regime is Ohmic confinement, where all of the plasma energy comesfrom Ohmic

heating from the plasma current. This regime has very good confinement time (τOE ), which is found

to scale with the size of the tokamak (aR2)[3]:

τOE = 0.07n̄eaR
2qedge. (1.5)

whereτOE is in seconds,̄ne is the average electron density in1020 m−3, R is the major radius,a is

the minor radius andqedge is the safety factor at the edge of the plasma. The scaling of this Ohmic

regime led to initial optimism that ignition could be achieved if a large enough tokamakwas built.

However, as Ohmic heating is the result of plasma resistivity, which reduceswith Te, it was found

that ignition is not possible without auxiliary heating.

A new confinement regime that includes auxiliary heating was subsequently developed. This is

known as low confinement mode (‘L-mode’). The energy confinement time (τLE ) in this regime is

low and is far less than had been predicted from the Ohmic regime results[3]:

τLE = 0.037
IR1.75κ0.5

P 0.5a0.37
(1.6)

whereI is the plasma current in MA,κ is the elongation of the plasma andP is the applied heating

in MW.
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An improved confinement regime, known as H-mode or high confinement mode, was discov-

ered on the ASDEX tokamak. It was found that when the power injected is increased above a

threshold value, the plasma undergoes a transition from L-mode to H-mode and the energy confine-

ment time is increased by a factor of two [3]. This improvement inτE results from the formation of

a transport barrier at the edge of the plasma, called the H-mode pedestal. This pedestal is unstable

and periodic relaxations in pressure, which release energy from the plasma, are observed. These

relaxations are called edge localised modes (ELMs) and the amount of energy they release into the

vessel wall is a major concern for future next step devices such as ITER.
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Figure 1.4: The effect of different confinement modes and instabilites on tokamak plasma pressure. This

illustrates the improvement in plasma confinement from L-mode (blue line), to H-mode (red line) and the

advanced operating modes (green line). The effects of sawteeth, ELM and neoclassical tearing mode insta-

bilities on confinement are also shown (black dotted lines).The height of the edge pedestal is shown as a

grey dotted line. Drawingjg05-537-1cobtained from JET drawing office.

More advanced confinement regimes have been developed that have further improved confine-

ment compared to the H-mode regime (figure 1.4). Importantly, these regimes are designed to
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permit tokamaks to operate in a steady state, which is required for fusion power plants to be more

efficient. Steady state is currently not possible because using a transformer to induce the plasma

current makes the tokamak a pulsed machine. These regimes focus on usinga non-inductive source

to generate the toroidal current. This source is called the ‘bootstrap’ current and is self-generated

from gradients in the electron pressure. For these scenarios, an H-mode edge pedestal and internal

transport barriers (ITBs) are required. ITBs are created by the suppression of turbulence in the

vicinity of rational q surfaces and are associated with non-montonicq profiles (where aq profile

is peaked in the centre of the tokamak with a negative core magnetic shear (s = rq−1dq/dr)).

This type ofq profile can be formed by using early auxilliary plasma heating and once the ITB

is formed, theq profile can be sustained by the induced ‘bootstrap’ current. These advanced con-

finement regimes can greatly improve confinement, but require very accurate control of the plasma

parameters and are not yet routinely produced on any tokamak.

1.4 Beta limit

The confinement efficiency of a tokamak can also be expressed in terms ofβ, which is defined as:

β =
2µ0p

B2
=

plasma pressure

magnetic field pressure
, (1.7)

As generating the toroidal field is the major cost of a potential fusion reactor, it is desirable for

the value ofβ to be as large as possible. However, the maximum value achievable on tokamaks

is usually limited by the onset of various types of magnetohydrodynamic (MHD)instability which

occur at higherβ values. The mainβ-limiting instability is the kink mode [3] and investigations

[4, 5, 6] have shown that the maximumβ achievable (βmax) before the plasma becomes unstable

to these modes can be expressed as:

β ≤ βmax = 0.72
1 + κ2

2
ǫ (1.8)

whereǫ is the inverse aspect ratio (andǫ = a/R). βmax can therefore be increased by increasing

theǫ or κ of the tokamak. This result led to the development of spherical tokamaks (ST), in which

both these quantities are much higher than in conventional tokamaks and thus higherβmax values

are achieved.

1.5 Spherical tokamaks

The ST concept (figure 1.5) was originally proposed by Peng and Strickler [7] and the first exper-

imental device, the Small Tight Aspect Ratio Tokamak (START), was built at the Culham Labo-

ratory in the early 1990s. This device produced electron temperatures of∼ 100 eV and recordβ
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values of40% [8], substantially higher than the previous record of12.6% measured on the large

aspect ratio DIII-D machine. As a result, a large number of STs have been built worldwide and

include PEGASUS (USA), GLOBUS-M (Russian Federation), ETE (Brazil), TST-2 (Japan) and

two larger mega-ampere devices, NSTX (USA) and MAST (UK).

There are many advantages of the STs over conventional tokamaks [9, 10]. In particular, The

proximity of the plasma to the central solenoid in an ST allows a more effective use of the toroidal

field. Given that generation of this field will be a major expense for future fusion power plants, STs

therefore represents a more cost-effective solution and the development of ST power plants (STPP)

is one goal of current ST research [11, 12]. This research also focuses on the development of an

component test facility (CTF) [13], which is an intermediate step towards a commercial STPP and

would permit potential powerplant materials to be tested using high neutron fluxes. Recent work

suggests that STs could also be used to burn long half-life nuclear waste from fission reactors [14].

conventional tokamak

R

a

spherical tokamak

R

a

Figure 1.5: Aspect ratios of conventional tokamaks and STs, as indicated by a number of field line traces

(blue lines). The major radius (R, red arrow) in STs is smaller than in conventional tokamaks,whereas the

minor radius (a, black arrow) is of a comparable value. The resulting small aspect ratio of the ST makes its

resemble a cored-out apple in shape, whereas the conventional tokamak resembles a doughnut. Grey arrows

indicate the central columns of these tokamaks.

Although the ST concept is less developed than the conventional tokamak concept, a copper

coiled ST would provide a lower cost solution for a CTF or STPP. Many of the challenges in

developing the ST concept to the commerical powerplant stage are related tothe close proximity

of both the central solenoid and toroidal field coils to the burning nuclear fusion reaction that will

occur in future devices. The limited space on this inboard side reduces the amount of shielding

from high energy neutrons that can be applied and thus the lifetime of these components. The

limited space also reduces the maximum toroidal field possible. Another challenge for a viable

STPP is to generate a sustained toroidal current from the bootstrap current. It has been shown that
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for a steady state or long pulse STPP or CTF, the majority of the toroidal current (90%) needs to

be provided by the bootstrap current [12], as driving the current byother means would significantly

increase their cost. However, this bootstrap current also provides the main drive for neoclassical

tearing modes (see details in section 1.7 and in Chapter 5) and a greater understanding of these

instabilities is needed. Experiment results from MAST, NSTX and other STs will determine the

future and viability of the ST concept. The MAST ST specifically is introducedin chapter 2 as all

of the work presented in this thesis has been carried out on this tokamak.

1.6 The Bootstrap Current

The bootstrap current is vital for steady state operation on tokamaks (as briefly discussed in section

1.3) and studies indicate that bootstrap fractions greater that 70% are required for an economically

viable fusion reactor [6]. However, current machines typically do not reach this value. The ex-

istence of a bootstrap current was first predicted from neoclassical transport theory [15], which

includes the effects of toroidicity on the plasma transport.

currrents due to 

neighbouring 

bananas largely 

cancel

orbits tighter

where field

stronger

banana

trajectory

ion gyro motion

Figure 1.6: Origin of the bootstrap current. The pink surface represents the plasma boundary and the

trajectory of the trapped particles (banana trajectory) isshown as a dark blue line. The projection of this

trajectory on the poloidal plane has a banana shape (purple banana shape) and is referred to as a banana

orbital. A second banana orbital (green banana shape) is shown to illustrate the interaction between two

adjacent orbitals, where particles move in opposite direction (see arrows), which produces the bootstrap

current if a density gradient exists. Drawingjg05-537-1cobtained from JET drawing office.

The bootstrap current arises due to the interaction between passing and trapped particles in the

plasma. These particles are defined by how they are affected by the magnetic mirror that forms

in the tokamak as a result of the radial gradient of the toroidal magnetic field.As particles follow

the helical magnetic field lines they will encounter an increasing magnetic field asthey approach

the inner wall side of the torus and those with sufficient parallel kinetic energy will overcome the
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magnetic mirror effect and become ‘passing particles’. These passing particles are then free to

follow the helical field lines around the torus. In contrast, particles with insufficient parallel kinetic

energy are reflected back to the low field side of the tokamak and are know as ‘trapped particles’.

The projections of these trapped particle orbits onto the poloidal plane are banana shaped (figure

1.6) and referred to as ‘banana orbits’.

On the outer side of each banana orbital, particles are moving in the direction of the toroidal

current, whilst on the inner side they are moving against it. At the intersectionbetween two banana

orbits, there are therefore particles moving with and against the toroidal current. If both orbitals

contain the same number of particles, then there is no net current in this region. However, if a

density gradient exists there will be a net banana orbital current driveand this current is transfered

from the trapped to the passing particles through collisional coupling. This current now carried by

the passing particles is the bootstrap current.

1.7 Neoclassical tearing modes

In addition to the kink mode, a majorβ-limiting MHD stability is the neoclassical tearing mode

(NTM) [16, 17, 18]. A tearing mode is a resistive instability which forms as a magnetic island on

rational surfaces inside a tokamak plasma (figure 1.7) and can be classical or neoclassical. Magnetic

islands deform the flux surfaces within the tokamak, whereby the temperature profiles are flattened

across these islands and this reduces the energy confinement.

A B

Figure 1.7: Tokamak cross-sections showing the formation of a tearing mode on flux surfaces. A. The flux

surfaces (black circles) before the tearing mode forms. B. The deformation of the flux surfaces as a result of

two tearing modes, each on a different rational surface. Thetearing mode observed in the outer part of the

cross section (dark grey shaded region) is a 2,1 and forms on aq = 2 surface. The inside tearing mode (light

grey shaded) is a 1,1 and forms on aq = 1 surface.

In some conditions, a flattening of the pressure across a magnetic island occurs and this leads

to a reduction in the bootstrap current at this location, which influences the dynamics of the island
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[19]. Where this occurs the instability is referred to as an NTM. In these modes, the missing

bootstrap current at this location acts a driving term, which increases the island width until all of

the bootstrap current is removed and the island reaches a saturated islandsize (wsat). A ‘hole’

in the bootstrap current can be interpreted as a current in the opposite direction that enhances the

size of the magnetic island. Saturated magnetic islands can have a radial width as large as 10% of

the minor radius (a) and lead to significant reductions in energy confinement time. The effectof

saturated NTMs on the energy confinement time (τE) can be described using the belt model [20],

as given by:

∆τE
τE

= ∆τ
wsat
a

(1.9)

∆τ = 4
r3s
a3

(1.10)

wherers is the location of the NTM in terms ofa. This indicates that NTMs occurring closest to

the edge of the plasma will lead to the greatest reduction inτE . The most deleterious NTM is the

2,1 NTM, where 2 refers the the poloidal mode numberm and 1 to the toroidal mode numbern.

This type of mode is located on theq = 2 rational surface typically at anr/a of ∼ 0.8.

In addition to their influence on energy confinement, NTMs can also result inlocked mode

disruptions of the plasma. These typically occur because magnetic islands rotate with the plasma

fluid and induce eddy currents in the tokamak vessel which, in turn, inducea torque which slows

the island rotation, thus destablising it. These locked mode disruptions cause the plasma discharge

to terminate prematurely and release the plasma energy into the surrounding vessel. NTMs are

therefore a major concern for future devices both in terms of confinementand potential damage to

the vessel. As a result, a major area of fusion research is investigating the stability and control of

these instabilities. NTMs are discussed in greater detail in Chapter 5, section5.2.

1.7.1 Controlling NTMs

NTMs are likely to be present on future devices, such as the International Thermonuclear Experi-

mental Reactor (ITER) [21, 22] and will need to be controlled. ITER is an important intermediate

step towards a commerical tokamak powerplant. This machine is currently beingconstructed, with

its first plasma expected in 2019, and is based on the conventional tokamak design. It will poten-

tially produce 500 MW of power and operate atQ = 10, whereQ is defined as the fusion power

divided by the input heat power and will operate on a number of scenarios, which are designed to

produce regimes ranging from the conventional H-mode to advanced operating. To achieve these

potentialQ values it is important to be able to mitigate NTMs which may cause loss of confinement

or disruptions.

A number of different methods to control NTMs have already been developed and are described
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in the ITER physics basis [23] and electron cyclotron current drive (ECCD) is the primary tool

planned for NTM mitigation on ITER. Up to 20 MW of ECCD power will be injected into the

plasma from upper ports and the current induced will both replace the missing bootstrap current

and alter∆
′

favourably, in order to stabilise NTMs. Although a number of different experiments

on several tokamaks have demonstrated successful NTM stabilisation using this method, a greater

understanding of the threshold and onset of these instabilities is still required to determine the exact

level of ECCD power needed for effective stabilisation on ITER.

Both the effects of NTMs on theQ and the efficiency of ECCD power in stabilising these (for

2,1 and 3,2 NTMs) has been investigated for the ITER scenario 2 plasma [22]. This was done by

simulating effects of an NTM on the predictedQ of this plasma when a range of different ECCD

powers were applied to stabilise it (figure 1.8). To include the uncertainty in the predicted perfor-

mance of this scenario, these simulations were repeated for different H factors, where these factors

represent± 25% performance variation. The results predict that NTMs can have a significant effect

on the values of Q obtained in ITER and that the 2,1 mode will have the greatesteffect on plasma

performance. It also shows that ECCD can stabilise these modes and improve Q, but the value of

Q achieved is still reduced from that of an NTM-free plasma.

The above analysis has not looked at the effects of mode locking, which isan important consid-

eration for ITER due to its potential to cause plasma disruptions. 2,1 NTMs aremost likely to lock

as they are positioned close to the vessel wall and analysis using ITER-likeplasmas in the DIII-D

machine [25] suggests that an island width of∼ 5 cm would be a sufficient for a 2,1 NTM, with

a rotation frequency of 420 Hz, to lock to the ITER wall. This is much smaller than the predicted

wsat for 2,1 NTMs on ITER (24 cm) and therefore locked modes may be a significant problem for

ITER operations if 2,1 NTMs are not stabilised before reaching a large width.

As a result of the above findings, investigations of NTMs are being carried out on most toka-

maks. In particular, these look to resolve uncertainties about the relative contributions of different

stabilising terms to NTM formation and stability. There is currently no full theoretical description

of these contributions and NTM evolution. However, large island evolution can be described by

resistive MHD theory and small island effects can be modelled using a 2 fluid description or full

kinetic theory. The modified Rutherford equation (MRE) [26, 17] uses approximations of the island

evolution from these theoretical models to determine the time evolution of NTMs, asa function of

these stability terms. A full description of this equation is given in chapter 5. Although the pre-

dicted evolution of NTMs determined by the MRE agrees well with experimental measurements on

a number of machines, the explicit contributions of the individual stability terms are still uncertain.

In recent years, a number of attempts have been made to measure these stability terms. The

main focus to date has been on one stability parameter, the finite island width,this parameter can be
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Figure 1.8: The effect of 2,1 and 3,2 NTMs on the values ofQ as a function of applied ECCD power. These

data were obtained from an estimate of an ITER scenario 2 shot[24]. A number of different coloured lines

from blue (H =1.25) to pink (H = 0.75) represent the possible confinement of this scenario. When taking

the example of the H=1 case it is observed that if no ECCD is applied, Q values of 4.7 and 6.9 are predicted

when 2,1 and 3,2 NTMs are present respectively. In contrast,if the full 20 MW of ECCD power is applied

then these Q values increase to 7 and 8.5 respectively. Figure taken from [24]

calculated from the Te profile around an NTM. The size of this parameter gives the island width,

above which theTe profile is flattened; this flattening results in the bootstrap drive. Experimental

measurements of this parameter have been performed on ASDEX [27] and TEXTOR [28] using

ECE, but not on MAST or other STs, as ECE systems do not work on thesemachines. More re-

search is therefore needed, on a wider range of machines, in order to accurately determine both this

and other stability terms. These measurements would permit better understanding of the evolution,

stability, and therefore mitigation, of NTMs for current and future machines.

1.8 Plasma diagnostics

A large number of plasma diagnostics exist to measure different plasma properties on tokamaks.

These diagnostics differ in the types of parameter measured, whether these are measured as absolute

values or as relative dependencies and the scale (global or local) on which they are measured. Such
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a wide range of measurements are needed to both understand overall plasma behaviour and stability

and to examine local properties and phenomena, such as ELMs and NTMs.Examples of diagnostic

systems used on the majority of tokamaks include interferometry, soft x-ray,magnetic diagnostics,

motional stark effect (MSE), charge exchange recombination spectroscopy (CXRS) and Thomson

scattering (TS). This thesis focuses on TS diagnostics, which measure theTe and ne of a plasma.

The central theme of this thesis is an upgrade of the TS diagnostic systems on the MAST machine.

Details of this diagnostic are discussed in detail in chapter 3. One of the principal motivations for

the TS upgrade was to study NTMs requiring high radial resolution (≤ 1 cm) and low fractional

Te errors (≤ 5%). Even when these parameters are achieved the sampling of TS systems is low

compared to the evolution of NTMs on MAST, so that only a small number of measurements

are possible during a plasma discharge. Two important parameters in NTM evolution, the island

width and the finite threshold width, have been measured for the first time usinga TS system on a

spherical tokamak and this has been facilitated by the MAST TS upgrade described. In addition,

using MAST CXR, MSE and magnetic diagnostics, additional terms critical to NTMevolution have

been estimated.

1.9 Thesis Outline

This thesis focuses on improvements to the TS diagnostic systems on MAST and the use of these

upgraded systems to study NTMs in greater detail than was previously possible on this machine.

In addition, it considers a triggering system that was developed to enable real-time triggering

of TS systems on NTMs. The motivation for this work was to enable more accurate Te and

ne measurements of a number of plasma phenomona to be made using TS, including NTMs, to

contribute to tokamak physics. Publications produced based on this work are listed in appendix C.

In this chapter, a brief introduction is given to nuclear fusion, confinement and tokamaks and

some of the challenges for achieving ignition and steady state operation on future tokamak power-

plants. In particular, it has been outlined how NTMs are a barrier to this aim and how improved

understanding of the factors contributing to NTM evolution is needed for effective mitigation tech-

niques to be developed. Chapter 2 builds upon this introduction, by outlining the components and

capabilities of the MAST tokamak. It then provides details of the operational control of MAST and

the specific diagnostics and codes that are relevant to the results in this thesis, with the exception

of TS (see chapter 3 description). Finally, the programmable hardware devices used to develop the

upgraded triggering system are introduced.

Chapters 3 and 4 focus on the upgrades to the TS systems on MAST. Chapter 3 describes

TS theory and the two TS MAST diagnostic systems, the ruby and Nd:YAG systems, in some

detail. It then presents details of the upgrade to the Nd:YAG system and outlines the new system
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capabilities. In addition, other work contributing to TS diagnostic improvements on both MAST

and the proposed ITER LIDAR TS system are described. These are a method to reduce systematic

errors on the Nd:YAG system, reduction of potential systematic errors in the filter design of the

LIDAR system and finally, improvements of TS edge pedestal fitting.

Chapter 4 then describes the upgrade to the ruby TS system on MAST, which was a central

part of my PhD. This system was fully upgraded and all components were replaced in order to

provide a sub-cm resolution and reduced noise and this chapter outlines the design considerations,

hardware specifications and capabilities of the new system. In addition, calibration of this upgraded

diagnostic is described and a number of initial TS results are presented.

By improving the TS diagnostics systems on MAST measurements of the finite islandwidth

parameter (as described in section 1.7.1 above) are now possible for the first time on MAST. Chapter

5 first introduces the theory of NTMs, including the MRE equation which describes NTM stability.

It then presents novel measurements and estimations of MRE stability parameters, based on TS and

other diagnostic measurements (and using a number of codes) on MAST. The relative contributions

of these stability terms to NTM stability in a MAST plasma are then investigated in a number of

beta scan experiments. Finally, the initial results using a new NTM triggering system, designed to

synchronise the TS measurements with the rotating island structure, are presented.



Chapter 2

The MAST Machine and Diagnostics

This chapter introduces the Mega Amp Spherical Tokamak (MAST) machine used for all results

presented in the following chapters. Firstly, the components, capabilities andoperation of MAST

are described, with an example shot illustrated (section 2.1). The principaldiagnostics systems on

MAST, which are relevant to the study of NTMs, are then discussed (section 2.2). Finally, the codes

used in the analysis of MAST data for the results in this thesis are summarised (section 2.3).

2.1 MAST

MAST is a spherical tokamak (ST) (see section 1.4) at the Culham Science Centre, which became

operational in 1999. It has been designed to further investigate the ST concept following the success

of its predecessor, the small tight aspect ratio tokamak (START) [29]. Inparticular, the MAST

programme aims to establish the physics basis for an ST-based test facility (CTF) [13] and to

improve understanding of tokamak physics and engineering, in order to improve the design of next

stage machines (such as ITER and DEMO) and a potential ST-based fusion power plant (STPP)

[12].

2.1.1 MAST design and capabilities

MAST is a medium size tokamak (figure 2.1) and comprises a cylindrical shaped, stainless steel

vessel (4 m diameter× 4.4 m height) that is designed to sustain a high vacuum within its interior.

As for other STs, it has a low aspect ratio, which permits high beta operation(see section 1.4).

The shape of STs permits improved access compared to conventional tokamaks and on MAST this

diagnostic access is via 3 large rings of ports in the vessel.

The toroidal field on MAST is generated by 24 toroidal field coils, located external to the

vacuum vessel (figure 2.2A). These coils divide the vessel into 12 sectors and create a toroidal

field which has a value of 0.55 T at the major radius (R) and varies strongly across the tokamak,

16
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Figure 2.1: Cross-section of the MAST machine, showing the dimensions of the vacuum vessel. Rings of

diagnostic ports are indicated and the shape of a typical plasma is shown in pink.

from 2 T at the inboard to 0.25 T at the outboard. Poloidal field coils are located inside the vessel

(figure 2.2B) and comprise a central solenoid (P1 coil) and an additional 5coil pairs (P2-P6 coils).

These coils create the poloidal field and are used to give the plasma its shape, provide plasma

positional control and also counteract the hoop force, which would otherwise push the plasma

to a larger radius. Both the poloidal and toroidal coils are water cooled to dissipate the Joule

heating that occurs during their operation. There are additional coils on MAST, including toroidal

Alfv én eigenmode coils and ELM coils, which are used for studies of Alfvén eigenmodes and ELM

mitigation respectively.

External plasma heating is mainly provided by two neutral beam injectors (NBIs), which have

a combined heating power of 5 MW (2.5 MW each). These NBIs can also introduce momentum

into the MAST plasma, resulting in a toroidal velocity of≤ 300 km/s, which may play some role

in suppressing turbulence and increasing MHD stability [30, 31].

There is a large range of diagnostics systems on MAST, including TS, charge exchange spec-

troscopy (CXRS), magnetic coils, soft x-rays (SXR), motional Stark effect (MSE), interferometer,

beam emission spectroscopy and a large number of fast cameras. The TSdiagnostic system is de-

scribed in detail in chapter 3 and the remaining diagnostics systems that have been used for NTM
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studies (in chapter 5) are outlined in section 2.2.

Parameter Value

Maximum plasma current (MA) 1.5

Major radius,R (m) 0.9

Minor radius,a (m) 0.6

Toroidal field (T) 0.55 (atR)

Maximum shot length (s) 0.7

NBI heating power (MW) 5 (each NBI at 2.5 MW)

Typical core Te (keV) 0.5-1.5

Typical core ne (m−3) 1-5 x 1019

Typical core velocity (km/s) 300

Plasma volume (m−3) 10

Vessel volume (m−3) 50

Inverse aspect ratio,ǫ 0.75

Elongation,κ 1.6≤ κ ≤ 2.5

Triangularity,δ δ ≤ 0.5

Maximumβ 15%

Table 2.1: Table to show key MAST parameters.κ andδ are defined in figure 2.3
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Figure 2.2: The toroidal and poloidal field coils of the MAST vessel. The locations of the poloidal coils

P1-P6 are indicated on both the poloidal cross-section diagram and the 3D illustration; P1 is located in the

centre column, while the P2-P6 rings encircle the plasma. A connected double null equilibrium plasma shape

(see section 2.1.2) is seen in the poloidal cross-section diagram.
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MAST is capable of producing plasmas with currents up to 1.5 MA, although currents of∼
750 kA are more typical. The maximum beta achieved to date is∼ 15% and it can also achieve a

maximum core Te of 1.5 keV and a maximum core ne of 5 x 1019 m3. The shot duration is typically

0.3-0.5 s and the maximum duration possible at present is 0.7 s. This duration timeis limited by

the Joule heating of the coils, but is predicted to increase to 1-2 s following theplanned MAST

upgrade. A summary of the main engineering capabilities of MAST is given in table 2.1.

2.1.2 MAST operation and a typical shot

It is possible to generate a range of different scenarios on MAST, principally by adjusting the

currents in the poloidal field coils and altering the quantity and onset times of both the gas fuelling

and NBI heating. These scenarios can vary in terms of beta,q profile, electron and ion temperatures,

as well as plasma current, shape, density and performance; the particular scenario required will

depend on the plasma physics issue being investigated. In the case of the NTM investigations

(chapter 5), high performance hybrid scenarios have been mainly used, which are characterised by

early NBI heat, fast current ramps and strong inboard gas fuelling. Inaddition, a connected double

null (CDND) plasma shape (figure 2.3) is typically used for NTM studies, asit is found to
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Figure 2.3: Four categories of plasma shape on MAST. These categories are A. connected double null

(CDND), B. disconnected double null (DND), C. upper single null (USND) and D. lower single null (LSND).

In CDND discharges, the two x-points are located on the same flux surface, whilst in DND discharges the

x-points are located on different flux surfaces. The difference between the minor radii of the upper and lower

x-point locations of a DND plasma is defined asdrsep. Plasma elongation (κ) and triangularity (δ) are two

important parameters which are used describe all plasma shapes and these are defined in A.

produce higher beta values than other shapes. However, the new NTM triggering system on MAST
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(section 5.7) changes the plasma from this shape to a disconnected double null (DND) shape, in

order to drop plasma beta during beta scan experiments (section 5.7.2).

In a typical MAST shot, the plasma current waveform follows the pattern shown in figure 2.4

and is predominantly controlled by the P1 and P3 coil fluxes. 100 ms prior to theshot, the P1 coil

is ramped up to its maximum current (∼ 40 kA) and the P2 coil is used to counteract the stray field

from P1 and also to create the magnetic null (x-point). Once P1 has reached ∼ 40 kA, deuterium

gas is puffed into the vessel at a number of locations and the P1 current isgradually decreased; this

downward flux both initiates and sustains the plasma current. At this time, the current in the P3

coils is ramped up to maximum and quickly down again, with the drop starting at the same time as

the decrease in P1 current. This reduces the flux required by P1 to initiate the plasma current.
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Figure 2.4: The time evolution of a typical MAST shot. All plots show current evolution from -0.2 s to 0.6

s; plasma current is initiated at time 0 s. The top plot shows the plasma current and shows a typical current

shape and the key stages during a shot. The lower plots show the poloidal coil currents for P2-P5 (second

plot), P6 (third plot) and P1 (bottom plot). These show the waveforms of the P1-P6 currents during a shot

and in particular how P1 influences plasma current.

The plasma current increases to 500-900 kA in∼ 0.1 s and then levels out to a specified ‘flat
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top’, with the rate of change of the P1 current reduced to sustain this level(figure 2.4). This flat

top continues until the shot is terminated, which either occurs when P1 reaches its current limit (∼
- 40 kA) or the plasma disrupts (e.g. a disruption caused by an NTM). During the entire shot, the

P4 and P5 coils are used to control the plasma shape, provide the vertical field and also counteract

the hoop force. In addition, the P6 coils, which are connected in anti-series, produce a radial

field which is used to control the vertical position of the plasma. ST plasmas areprone to vertical

displacement events and real-time control of these, made possible by fast power supplies in the P6

coils, is needed.

2.1.3 Pellet injection

In addition to the components described above, MAST also has a pellet injector. Pellet injection

was first suggested by Spitzer in 1954 [32] as a means of refuelling a thermonuclear plasma. It

involves injecting frozen pellets of hydrogen into a plasma and generally allows deeper fuelling

than using gas puffs from the edge of the plasma. Pellet injection can also beused as a diagnostic

technique for perturbative transport studies [33].

MAST has an 8 pellet, gas gun pellet injector. The pellets used are cylindrical and contain∼
0.5, 1 and 2× 1020 atoms of deuterium, in the small (1.08 mm length), medium (1.36 mm) and

large (1.71 mm) pellets sizes respectively [34]. Pellets are launched either vertically through the

x-point or radially from the low field side (LFS) and the pellet velocity (Vp) is typically 300-1200

m/s [34].

The upgraded TS system (described in chapter 4) has been synchronised with the pellet injector

to trigger Te and ne measurements during injection. This allows detailed investigation of the pellet

deposition dynamics, which can be extrapolated to injection on future machines. The results from

these injection experiments are discussed in section 4.6.2.

2.2 Diagnostics used in NTM studies

MAST is equipped with a wide range of diagnostics, which can be divided intoimaging diagnostics,

magnetic coils, electrical probes, spectroscopy and the diagnostics based on the optical effects of

free electrons. The diagnostics principally used for NTM investigations are TS, magnetics, SXR,

CXRS and MSE. These are summarised below, with the exception of TS as this isdiscussed in

detail in chapter 3.
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2.2.1 Magnetic coil measurements

MAST is equipped with a large range of magnetic coils and these allow the plasma current, stored

plasma energy, loop voltage and plasma position and shape to be determined, inaddition to other

plasma parameters as discussed by Wootton et al. [35]. Magnetic coil measurements are also the

principal constraint on the EFIT code (see section 2.3.1) used to determinethe plasma equilibrium.

Mirnov-type magnetic coils are predominantly used for measurements of MHD instabilities, in-

cluding NTMs. MAST is equipped with a number of these coils at different poloidal and toroidal

locations, which measure the vertical component of the magnetic field (Bz). The centre column

toroidal Mirnov array consists of 12 Mirnov coils located at the midplane (Z = 0 m) and spaced

at toroidal angles (φ) of 10◦, 50◦, 70◦, 110◦, 130◦, 170◦, 190◦, 230◦, 250◦, 310◦ and350◦. The

outboard Mirnov toroidal array is located at the midplane and spaced atφ of 150◦, 270◦ and330◦.

In addition, there also is a centre column and outboard vertical array atφ = 270◦. This consists

of 59 coils, 40 of which are located on the inboard side and 19 on the outboard side, at vertical

positions between−1.5 m and1.45 m.

Magnetic coils operate on the principle that the flux linking a given magnetic coilcan be deter-

mined from the induced voltage and that the magnetic field normal to this coil can then be deter-

mined from the flux [36]. The Mirnov signals on MAST, which are small cross-section, multiple-

turn coils of wire, detect the time derivative of the magnetic field (B) that results from rotating

instabilities. These generally rotate at approximately the same rate as the fluid velocity and can be

detected even when the resulting magnetic perturbations only represent a very small proportion (a

factor of10−3 to 10−4) of the equilibrium poloidal field.

To determine the amplitude, phase, and both toroidal (n) and poloidal (m) mode numbers,

of MHD instabilities in a MAST shot, a standard approach is to perform a running fast Fourier

transform (FFT) of the Mirnov signals measured. In this approach, the raw Mirnov data is typically

sampled at≥ 100 kHz and is divided into segments of∼ 5-10 ms, depending on the sampling

frequency. An FFT is then performed on the raw data in each segment andthe resulting power

spectra are calculated as functions of frequency. These spectra arecombined into a spectrogram

that shows the power of the Mirnov signal at different frequencies asthe shot evolves (figure 2.5).

To then identify the poloidal and toroidal numbers of the instabilities, the phasebetween different

Mirnov coils at different poloidal and toroidal locations are compared.

2.2.2 MSE diagnostic

An MSE diagnostic can measure the pitch angle of the plasma internal magnetic field. This angle

provides an important constraint for equilibrium codes that determine current density profiles in

the tokamak (such as EFIT). Without this constraint, the effects of the current distribution inside
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Figure 2.5: Time evolution of a MAST shot, showing magnetic spectrogramand CXRS measurements. Data

taken from shot 24225. The top plot shows the magnetic spectrogram, with the n=1 components (red), n=2

components (blue) and n=3 components (green at 37.5kHz and 0.2s). The middle plot shows the waveform

of the NBI heating during the shot (black lines) and the saddle coil waveforms (red lines); this coil is used

to measure mode locking. The bottom plot shows the plasma current (black line) and thes amplitudes of the

n=1 component (red line) and n=2 component (blue line). In this shot, the NBI heating is applied at 0.12 s

and a 2,1 NTM appears at 0.23 s, as indicated by the low frequency (∼ 6 kHz) n=1 mode observed on the

spectrogram. The frequency of this mode is well matched to that calculated using CXRS (see section 2.2.3)

for the q=2 surface, which is overplotted on the spectrogram(black dots). At 0.29 s the 2,1 mode locks to the

plasma vessel and this results in its frequency dropping to zero (at 0.30 s), as seen on both the spectrogram

and the CXRS frequency trace. The saddle coil signal increases from 0.29 s onward and this locked mode

results in a disruption at 0.32 s.

the plasma cannot be fully determined. An MSE diagnostic is installed on MAST and takes mea-

surements from one of the NBI neutral beams. MSE relies on the splitting of theBalmer line as a

result of the Stark motional electric field (E = v × B), which is produced in the rest frame of the

neutral deuterium atoms. The amplitude of the different split components canthen be related to the

pitch of the magnetic field. On MAST, the MSE system consists of 35 radial channels (where R =

0.7-1.5 m) and has a spatial resolution of∼ 2.5 cm [37]. This system also has a time resolution of

∼ 1 ms at angular uncertainty levels of∼ 0.5◦ [37].
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2.2.3 CXRS

The CXRS diagnostic determines the temperature and velocity of impurity carbonions (C+
5 ) using

Doppler spectroscopy [36]. TheseC+
5 parameters can be assumed to equal those of the deuterium

ions, as the energy transfer between these species occurs on a fastertime scale than the energy

confinement. This diagnostic therefore measures the evolution of the plasma ion velocity and tem-

perature profiles.

When an NBI beam is switched on,C+
5 ions undergo a charge exchange reaction with the

neutral particles of the beam. The Doppler-width of the charge exchangespectrum emitted is

proportional to theC+
5 temperature and the toroidal velocity can be determined using the measured

shift of the centre of this spectrum. The chord of the CXRS spectrometer system collects light from

a small volume at the intersection of the neutral beam path and its line of sight and, as a result,

CXRS can provide local measurements of temperature and velocity. This is useful for analysing

fine scale structures associated with MHD instabilities.

On MAST, the CXRS diagnostic [38] comprises a set of 64 lines of sight foreach NBI beam.

This system has a high spatial resolution, of∼ 1 cm over a radial range of 0.8 - 1.4 m, and also a

high temporal resolution, of 5 ms [38]. On MAST, a significant background light is measured by

the CXRS diagnostic, due to the high neutral density in this vessel, and must beremoved to obtain

the net CXRS signal. This background light can thus complicate the diagnosticanalysis. However,

in the last campaign, a new set of background chords were installed to measure the background

signal and these will permit a more accurate background subtraction.

2.3 Codes used in this Thesis

This section briefly outlines the three codes used in the NTM studies described in chapter 5. These

are EFIT, NCLASS and the cubic hermite element axisymmetric static equilibrium (CHEASE)

code.

2.3.1 EFIT

EFIT is an equilibrium reconstruction code [39, 40] which solves the elliptic second-order, non-

linear partial differential Grad-Shafranov equation [3, 6], subject toboundary conditions given by

measurements of magnetic flux (ψ) and∇ψ taken from magnetic coils at the edge of the plasma.

This equation, which describes the force balance in a tokamak, is given by:

∆∗ψ = −µ0R2p
′ − ff

′
(2.1)

∆∗ = R
∂

∂R

(
1

R

∂

∂R

)
+

∂2

∂Z2
,
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where∆∗ is the Grad-Shafranov operator andp andf are functions describing the plasma pressure

and poloidal current profiles, respectively. To provide a unique solution to equation 2.1, thep′(ψ)

andff
′
(ψ) functions are described by a low order polynomial or spline. The solution of equa-

tion 2.1 is further constrained using TS measurements of plasma pressure and MSE pitch angle

measurements.

The calculations of different NTM stability parameters are sensitive to a number of variables

determined by the equilibrium reconstruction, in particular theq profile, and high quality equilibria

are therefore required for NTM analysis. The variables supplied by EFIT for this analysis are the

poloidal flux, the major and minor radii, the magnetic field components and theq profile. A G

EQDSK file (the contents of which are fully described by Lutjens et al. [41]), containing informa-

tion on the plasma equilibrium that was generated from equilibrium data using EFIT [41], is used

in the NCLASS and CHEASE codes below.

2.3.2 CHEASE

The CHEASE code was developed by CRPP [41] and also solves the nonlinear partial differential

Grad-Shafranov equation (2.1) [3, 6]. It then uses the solution to calculate a number of stability

parameters, which are used to calculate the bootstrap and curvature terms (where both terms are

based on the approximations of Sauter et al. [26, 42]) of the modified Rutherford equation (MRE).

The MRE is used to study NTM stability and is described fully in sections 5.2.4.1 and 5.2.4.2.

The initial inputs for the CHEASE code include the EQDSK file from EFIT, which provides

information on the experimental equilibrium. The Te, ne, TC+

5

andZeff profiles are also used as

initial inputs and these data are predominantly used to enable calculation of the bootstrap current.

2.3.3 NCLASS

The NCLASS module [43, 44] provides information about the neoclassicaltransport properties

of a plasma and is valid for multispecies plasmas of different aspect ratios, collisionalities and

geometries. Important parameters for the study of NTMs have been determined using this code

(see chapter 5); specifically, these are the bootstrap current, neoclassical resistivity and the radial

electric field (Er).

The FORCEBAL wrapper [43] is used to call the NCLASS module and input experimental

data. These NCLASS inputs include the Te, ne, NC+

5

, TC+

5

andVC+

5

profiles and the EQDSK file

from EFIT.
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2.4 Programmable hardware

Two types of programmable hardware have been used during the research for this thesis, complex

programmable logic devices (CPLDs) and field programmable gate arrays (FPGAs). These have

been used to develop both the ruby TS triggering system (a CPLD device, see section 4.4.7) and

an NTM triggering unit (an FPGA device, see appendix B). An advantageof using programmable

hardware is that costs are typically lower compared to equivalent off-the-shelf solutions. In addi-

tion, these devices allow greater flexibility in both hardware design and configuration.

A potential limitation of these programmable devices is that they require the use oflow level

programming languages and thus code development could be time consuming. However, in recent

years a number of software tools have been developed to reduce FPGA application development

time. One example is the Xilinx software development kit [45] and this was employed during the

FPGA NTM triggering system development chapter 5, as described in appendix B.



Chapter 3

Thomson Scattering Theory and

Experiment

This chapter introduces the theory of Thomson scattering (TS) (section 3.2) and the practical im-

plementation of using TS as a diagnostic tool on tokamaks (section 3.3). The experimental section

first outlines the importance of minimising Te and ne errors and then describes the three types of TS

systems relevant to the work in this thesis: the ruby TVTS and Nd:YAG TS systems on MAST and

the LIDAR (Light Detection And Ranging) TS system on ITER. Experimentalresults to improve

the TS systems on the Nd:YAG and LIDAR systems (sections 3.3.3 and 3.3.4 respectively) are then

presented, followed by a section outlining improvements to edge pedestal measurements using TS

data (section 3.3.5). Experimental TS results continue in Chapter 4 with the upgrade to the ruby

TS system. These results outline my contributions to TS system development. Thiswork has been

performed in collaboration with Dr. Rory Scannell at the Culham Science Centre.

3.1 Introduction

TS is an important diagnostic tool in plasma physics to measure the Te and ne profiles. It describes

the elastic scattering of electromagnetic radiation by electrons that occurs when the oscillating field

of the incident plane of an electromagnetic wave causes a free electron to oscillate at the wave

frequency. Dipole radiation results from the acceleration of the electron and the radiated light

is Doppler-shifted, , by a magnitude proportional to the dot product of electron velocity and the

difference between the input and scattered wave vectors. In TS plasma diagnostics, the oscillating

field of the incident plane wave is provided by a high-power laser and the electrons in the plasma

within this laser field are accelerated to produce scattered radiation. This radiation is collected

using optics and the scattered spectrum is then split into wavelength channelsby a spectrometer. By

fitting these detected spectra to theoretical spectra, both the electron temperature (Te) and electron

27
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density (ne) can be obtained. TS can be coherent and incoherent (see section 3.2.5), but unless

stated otherwise, all reference to TS in this thesis refers to incoherent TS.

TS was brought to recognition as an important diagnostic tool in 1968, whena team at the

Culham Laboratory used it to validate the electron temperature claims of the T-3Tokamak [46].

These measurements also led to the recognition of the high performance of tokamaks and thus

contributed to these machines becoming the leading confinement devices in fusion research. Since

this time, TS diagnostic capabilities have increased in spatial and temporal resolution, providing

measurements of the Te and ne profile that have improved our understanding of complex plasma

behaviour, including transport and stability in MCF plasmas. TS is widely usedon most MCF

schemes and in other non fusion applications.

The main alternative diagnostic system for determining local measurements of Te is electron

cyclotron emission (ECE). However, this diagnostic requires information about the internal mag-

netic field, whereas TS does not rely on the measurement of this nor other external parameters.

In addition, TS can be used on a spherical tokamak, whereas an ECE system cannot, due the low

ratio of magnetic fields to plasma density of these machines. Furthermore, TS can provide local

measurements of ne, which can also be measured using reflectometry. However, the interpretation

of reflectometry data is often complicated by plasma conditions [36]. TS systemsdo, however,

require a combination of high-power lasers, large collection optics and very sensitive detectors to

achieve low noise measurements. Measurements can therefore be limited by therepetition rate of

these lasers and detectors.

The three TS systems considered in this thesis are either on the MAST tokamak or the prospec-

tive ITER machine. On MAST, there are two TS systems, one Nd:YAG laser-based and one ruby

laser-based, and on ITER there will be a core LIDAR TS laser system. One important considera-

tion of the ITER machine is that, once built and running, it will be radioactive and it will therefore

not be possible change TS system components. These systems vary in laser energies, spatial and

temporal resolutions and operational parameters, leading to different potential Te and ne profile

measurements. Details of each system are given in section 3.3.2 below.

A major consideration when optimising a TS system is the level of resolution. Systems with

greater spatial and temporal resolutions are able to probe the smaller scaleswhich affect transport

and stability in tokamaks. In particular, NTMs and ELMs represent two of theprincipal stability

limits in tokamaks and both evolve on very fine spatial scales. They can therefore be better under-

stood with higher resolution TS measurements. Both the ruby and Nd:YAG TS systems on MAST

have recently been upgraded (section 3.3.3 and Chapter 4 respectively), to improve both spatial

and temporal resolution for this purpose. Improvements in resolution were achieved by completely

redesigning and building both systems. As a result, these upgraded systemsare two of the most
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advanced TS systems worldwide and each has a high resolution over a large scattering plasma

radius.

Another key factor in optimising TS system performance is the amount of noise; low noise

is needed to obtain accurate measurements of Te and ne. The accuracy of these measurements are

determined by the level of systematic and statistical error that arise in the TS data. Systematic errors

tend to occur due to errors in system calibration, whereas statistical errors are related to the number

of photons collected and this is determined by the system hardware (see section 3.3.1). Further

to the Nd:YAG upgrade, a procedure to remove the systematic errors from thisTS system was

developed and this is discussed in section 3.3.3.2. In addition, as preventionof systematic errors

is an important consideration in the design of the proposed LIDAR system onITER, since access

to components once operational will be very limited, a modelling approach to minimisesystematic

errors of its optical system is presented in section 3.3.4.

Finally, another important influence on Te and ne data is the distortion that occurs in these

profiles if the sharp gradients of the edge pedestal are not accounted for. An approximation method

to improve interpretation of TS data in the edge pedestal region has been developed and this is

outlined in section 3.3.5.

3.2 TS theory

In this section, TS theory is described, starting with simple TS from a single electron and building

up to the relativistic TS required to measure Te and ne in a tokamak. The relationship between the

Te and ne of the plasma and the TS light can be determined by first considering the scattered light

from a single electron in the formalism of classical electrodynamics. The Doppler shift of the scat-

tered radiation that results from the electron motion within this formalism can then be generalised

to the case of multiple electrons and finally to a thermal distribution of electrons in the incoherent

scattering limit. These are each discussed in turn, followed by the analytic approximation used to

experimentally determine Te and ne from TS.

3.2.1 TS from a single electron

In general, the frequency of input light is much greater than the electron cyclotron and the plasma

frequencies (1012 Hz and∼ 1012 Hz respectively) in tokamaks. It can therefore be assumed that

the refractive index of the plasma is∼ 1 at the input light frequency and, as a result, that the effects

of laser beam refraction and absorption are negligible. These effects have therefore been ignored in

the equations below.

To determine the acceleration of an electron in the electromagnetic field of a laser, the electric
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and magnetic fields of a laser are first defined. The resulting force on theelectron due to these

fields (the Lorentz force) is then calculated and used to determine the acceleration (equation 3.4)

including relativistic terms. Thus, considering a single electron, located at~rp(t), with a velocity

~v(t), and at timet, the electric field of the incident laser beam, as evaluated at the position of the

electron (~rp), is:

~Ei(t) = Eo cos[~ki. ~rp(t)− ωit] , (3.1)

where~ki andωi are the incident wavevector and the incident frequency of the laser respectively.

The magnetic field of the input light is then given by:

~Bi(t) =
1

c

(
î× ~Ei(t)

)
, (3.2)

wherêi is the incident unit vector.

The force experienced by the electron in the electromagnetic field of the incident laser beam is

given by the Lorentz force:

~F = −e( ~Ei + ~v × ~Bi), (3.3)

and the acceleration of the electron due to this force is given by equation 3.4[47].

~̇
β = − e

m0cγ

{
~Ei −

(
~β · ~Ei

)
~β +

(
~β · ~Ei

)
î−
(
~β · î

)
~Ei

}
, (3.4)

where~β is the relativistic velocity and is used to calculatedγ, the Lorentz factor. The product ofγ

and the rest mass (m0) is in turn used to calculate the mass of the electron (m):

β =
v

c
(3.5)

γ =
1√

1− β2
(3.6)

m = m0γ . (3.7)

The radiative part of the electromagnetic field is produced by the oscillating electron. The

scattered electric field (~Es) is therefore given by:

~Es (~r, t) =
e

4πε0

[
1

(1− ~β · ŝ)3sc
ŝ×

(
ŝ− ~β

)
× ~̇
β

]

Ret .

, (3.8)

wheres is the distance between the electron and the observer (figure 3.1) andŝ is the unit vector in

the direction of propagation (ŝ = ~s
s ). The subscriptRet indicates that the quantities in brackets are

to be evaluated at a retarded time (t′). This is because the scalar and vector potentials depend on

the charge motion at an earlier time (t′) than measured (t), which is determined by subtracting the

time it takes light to travel between the charge and the point of observation:

t′ = t− s

c
. (3.9)

A more detailed description of the radiative part of the electromagnetic field is described by Feyn-

mann et al. [48].
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Figure 3.1: Schematic diagram of the scattering geometry of a typical TSsystem, considering one electron

only. The incident electric field (Ei) from a laser accelerates an electron at position~rp (red), that is moving

at velocity~β (red). The light from the oscillating electron is radiated after the electron travels distance (vt)

along the direction~s and is collected by the collection optics at position~r (red). ~s is approximately equal

to the scattered wavevector~ks (black), asvt is much less than the distance to the collection optics. The

frequency difference between the input wavevector,ki (black), andks is given by the dot product of the

differential wavevector,k (black), times the electron velocity.~so (red) is defined in section 3.2.2. Dotted

lines indicate the scattered plane.

3.2.2 The Doppler shift resulting from electron motion

The Doppler shift is the apparent change in frequency due to the motion ofthe source. Doppler

spectroscopy measures the velocity of an object based on the change in the frequency that it emits.

In the case of TS, the change in the scattering frequency is proportionalto the component of the

electron velocity in the direction ofk (figure 3.1), wherek is the difference between the input and

scattered wavevectors. This Doppler shift results from the combination oftwo effects. The first is

that the electron ‘sees’ the incident wave at a Doppler-shifted frequency, as it is moving relative

to the input wave in the lab frame. The second is that electron has a velocity component in the

direction of the observer.

The phase of the scattered field (Φ(t)) from an oscillating charge is given by the phase of the

incident field (3.1), as evaluated at the retarded time (equation 3.9):

Φ(t) = ~ki. ~r(t′)− ωit
′ . (3.10)
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If the velocity (~v) of the electron is constant (figure 3.1), then~rp(t) and~s(t) are:

~rp(t) = rp0 + ~vt (3.11)

~s(t) = ~s0 − ~vt . (3.12)

The retarded time can then be calculated by substituting equation 3.12 into equation 3.9:

t′ = t−
( |~so − ŝ · ~rp|

c

)
. (3.13)

As it is assumed that the electron displacement (~vt′) is very small compared to the distance to

the observer then:

t′ =

(
t− ~so

c
+
ŝ · rp,o
c

)
(3.14)

t′ (1− ŝ · β) = t− ~so
c
+
ŝ · rp,o
c

. (3.15)

The expression for retarded time (equation 3.15) can now be substituted intothe equation 3.10 to

give the phase of the scattered wave:

Φ(t) = ~ki · ~rpo − (ωi − ~ki~v)t
′

= ~ki · ~rpo − ωi(1− i~β)t′

= ~ki · ~rpo − ωi
1− î · ~β
1− ŝ · ~β

(
t− ~so

c
+
ŝ− rpo

c

)
(3.16)

The scattered frequency (ωs) is given by:

ωs = ωi

(
1− î · ~β
1− ŝ · ~β

)
(3.17)

and the phase of the scattered wave can now be redefined as:

Φ(t) = −~k · ~rpo − ωst+ ks · so . (3.18)

The resulting scattered frequency is monochromatic and dependent uponthe frequency of the

incident laser beam (ωi) and the velocity of the scattering particle (~β). It is assumed that the plasma

has a refractive index of∼ 1, so the input and scattered frequencies are each equal to the wavevector

multiplied by the speed of light:

ωi = kic (3.19)

ωs = ksc . (3.20)

Given the relationship between wavevectors and wave frequencies in equation 3.20, equation

3.16 can be rewritten as:

~ki.~rpo + ωs
so
c

= ~ki.~rpo + ~ks. ~so = (~ki − ~ks). ~rpo + ~ks.~r . (3.21)
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The differential wavevector,~k, is the difference between the incident wavevector (~ki) and the scat-

tered wavevector (~ks):

~k = ~ki − ~ks . (3.22)

Using this and equation 3.16, the phase of the scattered wave can now be determined:

Φ(t) = ~ks.~r − ~k. ~rpo − ωst
′ , (3.23)

and by also using equation 3.17, an expression can be derived that relates the frequency difference

(∆ω) between incident and scattered light to the electron velocity:

ωs − ωi = (~ki − ~ks).~v

∆ω = ~k.~v . (3.24)

Thus, the frequency shift of the scattered light is given by the the dot-product of the differential

wavevector and the electron velocity.

3.2.3 Non-relativistic TS

We first consider scattering from particles with velocities much slower than thespeed of light. If

equations 3.8 and 3.17 are taken within the limit ofβ << 1, then allβ terms can be neglected,

except for the expression describing the phase (equation 3.18). This isbecause the frequency

difference between the incident and scattered light is of the orderβ. By eliminating theseβ terms

in equations 3.4 and 3.8, the scattered electric field is reduced to:

~Es(t) =
e2

4πε0m0c2s
ŝ× (ŝ× ~E0) cos(~ki. ~rp(t

′)− ωi(t
′)) . (3.25)

When determining the scattered power, the phase component can be neglected as this will

average out. The vector triple product in equation 3.25 can therefore bereduced to:

~A×
(
~B × ~C

)
=
(
~A · ~C

)
~B −

(
~A · ~B

)
~C (3.26)

ŝ×
(
ŝ× ~E0

)
=
(
ŝ · ~E0

)
ŝ = E0 sin(φ)ŝ , (3.27)

whereφ is the angle between the scattering direction (ŝ) and the input electric field (E0). An

expression for the scattered electric field (~Es(t)) can then be determined using equation 3.27:

~Es(t) =
r0
s
~E0 sin(φ) cos(~ki.r − ~k.~rp − ωit) , (3.28)

wherer0 = e2

4πǫ0m0c2
is the classical electron radius constant.

The scattered power (Ps) per unit solid angle (Ω) is:

d ~Ps
dΩ

= s2~S.ŝ , (3.29)
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whereΩ is the solid angle [49] and~S is the Poynting vector, which is the change in power per unit

area radiated by an electromagnetic field. The formula for this is:

~S = ǫ0c
2 ~Es × ~Bs , (3.30)

whereBs is the magnetic field of the scattered light. The equation for the scattered powerin terms

of the electric field is then obtained by substituting equations 3.2, 3.28 and 3.30 into equation 3.29:

d~Ps
dΩ

= ǫ0cE
2
s

= r20ǫ0c sin
2(φ) E2

0 . (3.31)

It is then convenient to define the differential cross-section as the ratio of d~Ps
dΩ to the incident

power (I0 = ǫ0cE
2
0 ). This can roughly be interpreted as the likelihood that the interaction of the

input photon with an electron will result in a scattered photon, which is givenby:

d~σs
dΩ

= r20 sin
2 φ . (3.32)

Thus, the classical differential scattering cross-section is equal to the product of the square of the

classical electron radius and the square of the sine of the angle between the input electric field and

the scattering direction. TS systems are typically designed so thatφ is 90◦, makingd~σsdΩ equal tor20.

3.2.4 Relativistic TS

Relativistic effects must be considered in TS when the electrons that scatterlight have thermal

velocities approaching the speed of light, which is frequently the case in tokamaks. A relativistic

TS formalism is therefore needed.

The relativistic scattered electric field is determined using equations 3.3, 3.4, and 3.8, with the

vector triple product from equation 3.26:

~Es(~r, t) =
q2

4mcπε0




1

(1− ~βs)3s
ŝ × (ŝ− ~β) ×

{
~Ei − (~β · ~Ei)~β + (~β · ~Ei)̂i− (~β · î) ~Ei

}




Ret

. (3.33)

The terms in the cross-products of this equation are further simplified by using the following vector

identity:

~A×
(
~B ×

(
~C + ~D

))
= ~A×

(
~B × ~C

)
+ ~A×

(
~B × ~D

)
, (3.34)

and after some algebra, the following expression is obtained for the scattered electric field:

~Es (~r, t) =
r0
γ




Ei

(1− ~βs)3s
[−(1− βi)(1− βs)ê −

βe(1− βs)̂i+
{
(1− βi)ŝ.ê+ (ŝ.̂i− βs)βe

}
ŝ−

{
(1− βi)ŝ.ê− (1− ŝ.̂i)βe

}
~β
]




Ret

, (3.35)
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whereê is the unit vector in the incident electric field direction (ê =
~Ei
Ei

), βi is the component of

the electron velocity in the direction of the incident light andβs is the component of the electron

velocity in the direction of the scattered light.

The above expression (equation 3.35) can be simplified by considering thecase where the

polarisation of the incident electric field is perpendicular to the scattering plane. In this situation,

all of the dot-products of the incident electric field unit vector and the scattering unit vector would

be equal to zero:

ê.ŝ = 0 . (3.36)

Equation 3.35 can be further simplified by selecting only the scattered light thatis parallel toê,

which is achieved by placing a polariser in front of the scattered light. Selecting only that scattering

light parallel toê is equivalent to obtaining the dot-product ofê and equation 3.35:

ê. ~Es(~r, t) =
r0
γ

[
Ei

(1− ~βs)3s

{
(1− ŝ.̂i)β2e − (1− βi)(1− βs)

}]

Ret

, (3.37)

and this equation can be reduced to the classical scattered field equation (3.28) by taking the clas-

sical limit (β << 1).

Using equations 3.31 and 3.37, the scattered power per unit solid angle is then calculated as:

dPs
dΩ

= ǫ0c
r20
γ2

E2
i

(1− βs)2

(
(1− cos θ)β2e − (1− βi) (1− βs)

(1− βs)2

)2

. (3.38)

whereθ is the scattering angle andcos θ = ŝ.̂i. This expression can be further simplified to:

dPs
dΩ

= ǫ0c
r20
γ2

E2
i

(1− βs)2
(1− βi)

2

(1− βs)2

(
(1− cos θ)β2e

(1− βs)(1− βi)
− 1

)2

, (3.39)

and, using equation 3.17 for the scattered frequency, even further simplified to:

dPs
dΩ

= ǫ0c
r20
γ2

E2
i

(1− βs)2
ω2
s

ω2
i

(
(1− cos θ)β2e

(1− βs)(1− βi)
− 1

)2

. (3.40)

This gives the energy per unit time time at the position of the observer. However, it must be

multiplied by (1−βs) in order to obtain the energy per unit time at the position of the particle. This

is typically referred to as the finite transit time correction [50].

The differential cross-section can now be determined:

dσs
dΩ

=
r20
γ2

1

(1− βs)

ω2
s

ω2
i

(
(1− cos θ)β2e

(1− βs)(1− βi)
− 1

)2

. (3.41)

This equation is not symmetrical for the positive and negative velocities, norfor ∆ω around the

incident scattering frequency. This causes a greater amount of scattering towards higher frequen-

cies, and hence lower wavelengths, which results from two effects. Firstly, a preferentially greater

scattered power is observed from an electron moving towards the observer than one moving away.
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When the electron moves towards the observerβs will be positive and therefore the 1
(1−βs)

compo-

nent of equation 3.41 will have a greater value. Secondly, whenωs is greater thanωi, the ratio term
ω2
s

ω2
i

in equation 3.41 causes a greater amount of scattering power.

The effect of the
(

(1−cos θ)β2
e

(1−βs)(1−βi)
− 1
)2

term in equation 3.41 is to depolarise the scattered light.

This has a very small influence on the scattered power at a given frequency, but a large effect on

the number of scattered photons at high Te. This term will be discussed with regard to TS spectra

from relativistic Maxwellian distributions in section 3.2.7.

3.2.5 Scattering from a number of particles

Only scattering from individual particles has been considered so far. Now we consider TS from

multiple particles. In this section, the differences between incoherent and collectively scattered

regimes are outlined. In subsequent sections, scattering from a thermal distribution is considered

for classical and then relativistic thermal velocities. To determine the total scattered electric field

from a number of particles, the sum of the individual scattered electric fields must be calculated:

−→
Es =

∑

j

−→
Ej . (3.42)

This summation is carried out over all of the electrons in the scattering volume and the average

scattered power is obtained by summation of all of the scattered electric fields:

d
−→
P s

dΩ
= s2ǫ0cE

2
s

= s2ǫ0c
∑

j

−→
Ej .

∑

k

−→
Ek

= s2ǫ0c
∑

j

−→
E2
j + s2ǫ0c

∑

j 6=k

−→
Ej .

−→
Ek. (3.43)

The first term of equation 3.43 is the sum of the power scattered by each electron. The second

term is related to the correlation of electron positions. If the electrons are distributed randomly in

space, this correlation term will sum to zero. However, a plasma exhibits collective effects, which

can lead to correlations between electron positions on different length scales. The regimes where

these collective effects play a role in TS scattering can be shown by substituting the classically

scattered electric field equation (equation 3.25) into equation 3.43:

N∑

j=0

−→
Es(t) =

N∑

j=0

r0
s
~s× (~s×−→

E0) cos(Φ(t)). (3.44)

The equation for the scattered power is thus:

d
−→
P s

dΩ
= Nǫ0cr

2
0 sin

2 φE2
0

N∑

j

cos(Φj(t)). (3.45)
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To view a random distribution of electrons, the phase component (Φj) of the electric field must

sum to zero. The
N∑
j
cos(Φj(t)) term, which includes the correlation of electron positions, is then

equal to 1 and therefore the collective motion of the electrons does not influence the scattered power

in equation 3.45. Consider the equation for the phase of the scattered electric field:

Φ(t) =
−→
ks .

−→r −−→
k .−→rpo − ωst. (3.46)

The second term of this equation is the projection of the differential vector (~k) onto the position of

the electron (~rpo). This term is dependent on the relative electron positions. The size of~k therefore

influences whether the electrons are considered to be correlated or uncorrelated.

In a plasma, correlated interactions between the electrons occur on scale lengths greater than

the Debye length (λD) and below this scale length electrons can be considered to be randomly

distributed. The Debye length is given by:

λD =

√
ε0kBTe
e2ne

. (3.47)

The condition which determines whether the scattered light is from a random distribution of elec-

trons is therefore:

λD >>
1

k
, (3.48)

where the1k term can be viewed as the distance over which the particle motion is sampled in relation

to the Debye length (figure 3.2). If the Debye length is much greater than 1 over the differential

k vector, then phase components are randomly distributed and the collective effects of the plasma

are not seen. A term can be defined (α) that shows whether light is incoherently or collectively

scattered from a plasma:

α =
1

kλD
. (3.49)

The magnitude of this term determines which of the plasma parameters the detectedscattered spec-

trum is related to. Ifα is much less than 1, the collective scattering effects can be neglected and the

scattered light is incoherently scattered. This is because the scattered spectrum results from scat-

tering from individual electrons and is therefore determined by the underlying thermal distribution.

Whenα > 1, the scattering contributions from different electrons, and their surrounding shielding

clouds, add up coherently. Under such conditions, it is possible to deduce information about the ion

velocity distribution and experimental methods to exploit this are being explored, to permit study

of fast ion distribution in future fusion devices. Finally, whenα ∼ 5−20 then it is possible to study

density fluctuations in the plasma. In the work presented in this thesis, only incoherent scattering

has been considered.
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Figure 3.2: Incoherent and collective scattering. The relationship between the differentialk vector (~k) and

the Debye length determines whether TS is incoherent or collective. The latter is represented by a circle

of radiusλD. The distance over which electron motion is sampled is givenby λ. A. The phases of the

electron positions are not correlated and the TS light is incoherently scattered. B. The influence of the ions

on the electrons is now important and hence the electron positions are correlated and TS light is collectively

scattered.

3.2.6 Scattering from a thermal distribution of particles

Electrons velocities in tokamaks are assumed to be in a Maxwell-Bolzmann distribution. The scat-

tered spectrum measured by a TS system will therefore be from a large number of electrons in this

type of distribution. The Maxwell-Bolzmann velocity distribution, at temperatureTe, is given by

[47]:

f(v) =
( m0

2πkT

) 3

2

exp

(
−m0v

2

2kTe

)
for v << c, (3.50)

f(β) =
α

2πK2(2α)

exp
[
−2α(1− β2)−

1

2

]

(1− β2)
5

2

for v < c, (3.51)

whereK2(2α) is the modified Bessel function of the second order and second kind.
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The total scattering cross-section, per unit solid angle, for a thermal distribution of particles can

now be calculated. This is equal to the volume integral of the product of the electron velocity distri-

bution and the scattering cross-section per unit solid angle. Both terms are evaluated at a particular

scattering frequency and scattering angle. This gives the sum of all scattering contributions from

all scattering electrons:

d2σs
dωsdΩ

(ωs, θ) =

∫∫∫
f (β)

dσ

dΩ
(ωs, θ) d

3~β (3.52)

This equation can then be used to relate the actual TS spectrum measured to the underlying Te in the

tokamak. It is useful to once again consider the classical low electron velocity limit (v << c) before

considering the full relativistic case. To calculate the scattering cross-section for this classical limit,

the scattering angle is taken to be90◦ and equations 3.32 and 3.50 are both substituted into equation

3.52:
d2σs
dΩ dω

(~s, ωs) = σ0
1

∆k(πv2th)
1/2

e−(∆ω)2/(vthk)
2

, (3.53)

wherevth is the thermal velocity and is equal to2kBTe/me; and∆ω is given by equation 3.24.

Whenβ << c then(ωs−ωi) << ωi and the magnitude of the differential wavevector is therefore:

k = 2kssin
θ

2
. (3.54)

In this equation it is assumed that the input and scattered wavevectors are of equal length, as shown

in figure 3.3.

θ

ks

ki

θ
k

v
laser

observer

/2

electron

Figure 3.3: Magnitude of the differential k vector,~k (black). When the input,~ki (red), and scattered,~ks

(blue), wavevectors are assumed to be of equal length, then the scattering geometry can be represented as

shown, whereθ is the scattering angle and~v is the electron velocity. After some simple geometry (dotted

black lines), the magnitude of~k can be represented ask = 2kssin
θ
2
.

Since spectrometers measure light by wavelength, it is convenient to convert frequencies (ω)

into wavelengths (λ):
δω

ωi
= −δλ

λi
. (3.55)
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Then, when inserting equations 3.54 and 3.55 into equation 3.53 to give the wavelength spectrum,

we have:
d2σs
dλ dω

(~R, λs) = σ0
c√

π2λisin(θ/2)vth
e−{(∆λ c)/(2vthλisin(θ/2)}

2

(3.56)

This equation is a Gaussian distribution which is a function ofλ. The Te can be calculated from

the standard deviation of this distribution and the ne from its amplitude.

3.2.7 Relativistic TS from thermal electrons

Equation 3.56 is only valid for electron temperatures up to a few 100 eV, whereas those in tokamaks

are typically in the order of keV. Relativistic effects must therefore be considered for the TS of

multiple particles in tokamaks. To permit relativistic experimental scattered spectra to be fitted,

an analytical approximation of equation 3.52 was developed by Selden [51,52]. However, this

neglected the effects of scattered light depolarisation (discussed at the end of section 3.2.4). This

issue was later addressed by Naito et al. [53], by defining the depolarisation as a product of the

Selden spectral function (SZH ) and a polarisation function (q):

S(ǫ, θ, α) = SZh(ǫ, θ, α)q(ǫ, θ, α) . (3.57)

The form of this Selden-Naito equation requires a change of variables:

ǫ =
λs
λi

− 1 (3.58)

α =
1
2mec

2

kBTe
, (3.59)

whereǫ is the normalised wavelength shift andα is a function of temperature.

The Selden spectral function component of equation 3.57 is defined as:

SZh(ǫ, θ, α) =
C(α)

A(ǫ, θ)
e−2∗α∗B(ǫ,θ)

A(ǫ, θ) = (1 + ǫ)3
√
2(1− cos θ)(1 + ǫ) + ǫ2

B(ǫ, θ) =

√
1 + ǫ2

2(1− cos θ)(1 + ǫ)
− 1

C(α) =

√
α

π

(
1− 15

16

1

α
+

345

512

1

α2

)
(3.60)

and the Naito polarisation function,q(ǫ, θ, α), of equation 3.57 is defined in equation 3.61. This

equation only provides a first order approximation of the depolarisation, but has been shown to vary

less than 1% from true values at 40 keV, and even less at lower temperatures [54]. Hence, as the
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temperatures on MAST are typically around 1 keV, this is a valid approximation touse.

q(1,1)(η, θ, α) = 1− 4ηζ
2ζ − (2− 3ζ2)η

2ζ − (2− 15ζ2)η

u =
sin θ

1− cos θ

x =

√
1 +

ǫ2

2(1− cos θ)(1 + ǫ)

y =
1√

x2 + u2

η =
y

2α

ζ = xy (3.61)

The scattering spectra calculated from the Selden-Naito formula (equation 3.57), at increasing

electron temperatures, are shown in figure 3.4A. When the thermal electronvelocity is relativistic,

the scattering spectra are shifted to the blue side of the spectrum. At very high Te , the scattered

spectrum is depolarized. The origins of both these effects are as those explained for the single

electron case in section 3.2.4.

It is useful to compare the classical and relativistic analytical forms of TS todetermine over

what Te ranges each approach is valid. An approximation for the width of a classical TS spectrum

(∆λwidth) can be determined using equation 3.56 and is given by:

∆λwidth
λ0

=
2sin(θ/2)

c

√
2kbTe
me

, (3.62)

In addition, the blue-shift that occurs due to relativistic effects (∆λblue) is described by:

∆λblue−shift
λ0

≈ −2.8x10−5Te(eV )sin2(θ/2), (3.63)

where this equation has been taken from calculations by Sheffield et al. [55]. Figure 3.4B shows

comparisons of the TS spectrum width and the blue-shifted peak with their respective low temper-

ature approximations, all as functions of Te . These simple approximations do not reproduce the

observed shifts and widths determined by the Selden-Naito equation [53] aswell whereTe > 2

keV.

3.3 Experimental TS

This section considers the practical implementation of TS as a diagnostic system intokamaks and

ways to improve and optimise accuracy. Firstly, ways to reduce the Te and ne errors in TS data

are considered, this being critical for the accurate measurements of NTMsdiscussed in chapter 5.

Three common types of TS system for tokamaks are then introduced, the TVTS, Nd:YAG TS and

LIDAR TS systems, each relevant to results in this thesis.
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Figure 3.4: A. The relativistic scattered spectrum calculated from theSelden-Naito analytical formula,

whereλ0 is the laser wavelength. Higher Te leads to a broader TS spectrum and a greater blueshift of the

intensity peak. B. Variation of the spectrum width (red, solid) and amount of blueshift (blue, solid) with

Te and comparison of these with their low temperature approximations (red, dashed line and blue, dashed

line respectively).

Specific TS experimental results are then presented. Briefly, these are the recent upgrade to the

Nd:YAG system, simulations of the proposed design of the LIDAR system collection optics and

finally, an approximation method to determine the Te and ne pedestal parameters using TS. My

contribution to each of these is indicated in the relevant sections. TS experimental results continue

in Chapter 4 with the MAST ruby TVTS system upgrade.

3.3.1 Minimising Te and ne errors

As a result of the low cross-section of TS, only a small number of input photons will be scattered.

Furthermore, only a small number of these will be collected by a TS system; typically, only ∼ 1

in every1012 input photons results in a scattered photon being detected. It is thereforeimportant

to minimise the statistical and systematic errors of the scattered spectrum measured by a TS sys-

tem to ensure the Te and ne profiles are measured as accurately as possible. Statistical errors are

determined by the design of a given TS system, whereas the systematic errors result from errors in

system calibration; both are discussed below. A critical aspect of the design and improvement of

TS systems is therefore identifying the sources of Te and ne error and minimising these as far as

possible.
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3.3.1.1 Minimising statistical error

The statistical error (σs) of TS measurements for different spectral channels, and hence the Te

and ne errors, are principally determined by the number of scattered photons detected (σpoisson).

This is in turn determined by both detector efficiency and the number of photons collected by the

system optics. However, noise from the background plasma light (σ2background) and the amplifier

(σ2amplifier) can also affect the error on the Te and ne measurements. The noise measured using a

TS system can be written as:

σ2s = σ2poisson + σ2background + σ2amplifier (3.64)

Theσ2background andσ2amplifier contributions to the overallσ2s are usually determined by mea-

suring the signal on a given system when the laser is not being fired and there is no scattered signal.

This assumes thatσ2background is similar in the presence and absence of a scattered signal. It is

desirable to minimise these spurious noise contributions in a given system andσ2background can be

effectively reduced with respect to theσ2poisson by measuring a large scattered signal over a short

time window. For this reason, TS lasers are typically high power with pulse widths of 10-50 ns

and energies 1-10 J. The effective detector signal is often further amplified before the addition of

the amplifier noise. However this can limit the available dynamic range of the measurements. The

Poisson noise (σpoisson) is related to the number of scattered photons collected and is given by:

Ns = nlaserner
2
0∆Ω∆L

∫
S(λ, θ, Te)

λ0
dλ, (3.65)

where∆L is the scattering length and∆Ω is the solid angle collected. The integral of the Selden-

Naito equation is then normalised to 1:
∫ ∞

0
S(λ, Te, θ)

dλ

λ0
= 1. (3.66)

Thus, the number of scattered photons detected can be given by:

Ns = nlaserner
2
0∆Ω∆L

[
QE

NF 2

]
T

∫
φ(λ)

S(λ, θ, Te)

λ0
dλ, (3.67)

whereT is the transmission of the TS optics,r0 is the classical electron radius,
[
QE
NF 2

]
represents

the efficiency of the detector andφ(λ) is the response function of the different spectral channels.

QE is the quantum efficiency and represents the number of electrons produced for a given incident

photon.NF is the noise factor, which is the ratio of the input and output signal to noise ratios and

represents additional losses in the detector.

The number of scattered photons detected can be maximised by optimising each term in equa-

tion 3.67, via choices in laser energy and wavelength, collection optics design and detector effi-

ciency. Increasing the laser energy increases the number of input photons (nlaser), but it is difficult
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to obtain high frequency, high energy lasers in the wavelength regions optimal for detector effi-

ciency. The two most common lasers used in TS systems are the ruby and Nd:YAG lasers; the

former having higher energies and the latter with higher repetition rates. Thegreater the solid angle

of the collection optics, the more scattered photons collected. This is achievedby increasing the

F/# number of either the collection lens and/or the collection mirror. However, large F/# number

lenses are difficult to manufacture and require large access ports to viewthe scattering volume and

in most tokamaks port access is highly restricted. In addition, increasing theamount of light col-

lected also increases the background plasma light collected. In contrast, increasing the laser energy

only increases the number of scattered photons (or theσpoisson).

3.3.1.2 Minimising systematic error

Systematic errors often significantly contribute to Te and ne errors and these mainly arise due to

errors in system calibration. To determine the Te and ne profiles, the scattered signal in each spectral

channel must be known. Calibrations are therefore required to calculatethe transmission of a TS

system. This is typically obtained using calibrated light sources and by filling thetokamak with

noble gases and measuring the Raman and Rayleigh scattered signals from these gases using the

given TS system. Calibration of TS systems is difficult due to limited access to the tokamak; and

will be further limited on ITER due to the radioactive environment it will have. Detailed modeling

of TS systems can identify sources of calibration error and thus permit minimisation of systematic

errors. This is discussed for the specific cases of the MAST Nd:YAG system and the LIDAR system

on ITER in sections 3.3.3.2 and 3.3.4 respectively.

3.3.2 Types of TS system

The three most common types of TS system on tokamaks are the TVTS, polychromator TS and

LIDAR TS systems. These systems vary in terms of their repetition rates, laserenergies and spa-

tial resolutions. Each TS system type is broadly introduced later in this section, with specific TS

systems described in detail elsewhere.

In Television TS (TVTS) systems [56, 57, 58], a diffraction grating spectrometer and an in-

tensified CCD camera are used to take a 2-dimensional (2D) image of the scattered spectrum as a

function of plasma radius. The advantage of this type of system is that a large number of spatial

points can be detected using a single spectrometer. Ruby lasers are typicallyused in TVTS systems

as they are high energy (10 J) and have a wavelength (693 nm) which produces a TS scattered

spectrum that matches the peak wavelength range of the detectors (500 - 900 nm). A disadvantage

of ruby lasers is that they typically have a low repetition rate (1 Hz) and this limits the repetition

rate of the Te and ne measurements. A detailed description of the ruby TVTS system on MAST is
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given in section 4.4.1 of chapter 4.

Parameter Ruby TVTS Nd:YAG Nd:YAG LIDAR LIDAR

(MAST) (MAST) (MAST, Edge) (JET) (ITER)

Laser energy (J) 10.0 1.6 1.6 1.0 5.0

Laser

repetition (Hz) 1 240 240 4 100

typical ne (m−3) 1.0× 1019 1.0× 1019 1.0× 1019 1.0× 1019 5.0× 1019

typical Te (eV) 1000 1000 1000 1.0× 105 1.0× 105

Scattering angle (◦) 90 90 150 180 180

λ0 (nm) 694 1064 1064 694 1064

α 1.5× 10−3 2.3× 10−3 2.3× 10−3 1.5× 10−4 5.1× 10−4

Solid angle (sr) 3.49× 10−3 2.18× 10−2 2.18× 10−2 1.23× 10−2 3.07× 10−3

No. input photons 3.51× 1019 8.60× 1018 8.06× 1018 3.51× 1018 2.69× 1019

Scattering length (m) 0.007 0.01 0.008 0.12 0.067

No. scattered photons 6.1× 104 8.9× 104 6.7× 104 2.5× 105 1.3× 106

Table 3.1: Comparison of parameters for the different TS systems on MAST, JET and ITER. The number

of scattered photons is calculated using the formula (inputphotons)*(typical ne )*(solid angle)*(TS cross-

section)*(scattering length)*(fraction of the scatteredspectrum taken at a typical temperature)

A polychromator system differs from a TVTS system in that it uses a separate bandpass filter-

based spectrometer (a polychromator) for each spatial point. First harmonic Nd:Yag lasers are

typically used in this type of system as the it is not possible to produce a TV-type system with high

sensitivity at the Nd:Yag wavelength (1064 nm). This produces the principal disadvantage of poly-

chromator systems, in that a separate polychromator is used per spatial channel, which increases

the cost of the system. In addition, often only one side of the scattered spectrum is detected to

reduce the number of spectral channels required. The laser energiesof Nd:YAG lasers (1-5 J) are

typically less than ruby lasers (10-20 J), which increases the relative Te and ne errors. However, a

major advantage of Nd:YAG systems is that Nd:YAG lasers have much greater repetition rates (∼
50 Hz) than ruby lasers and thus more Te and ne measurements can be performed per plasma shot.

The Nd:YAG system on MAST is described in detail below (section 3.3.3).

A Light Imaging Detection and Ranging (LIDAR) TS system is currently usedon JET and

is also planned for ITER. LIDAR systems are characterised by a180◦ scattering angle, with the

scattered light backscattering from the input laser pulse, instead of the30◦ − 150◦ angles typical

in conventional TS systems, including Nd:YAG and TVTS. In addition, the spatial position of the

scattered spectrum is determined by taking the time of flight of the laser beam, which requires very

short laser pulses (∼ 300 ps) and very fast detectors (∼ 300 ps) and digitisers (∼ 400 ps). One
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principal advantage of LIDAR systems is that the same port is used for boththe laser input and

collection of scattered light. This is particularly relevant for future reactors whose port access will

be restricted, as their surface areas will be required for blankets to breed the fuel. Another advantage

of this system type is that it only requires a single polychromator to measure thescattered spectrum,

thus reducing systematic errors related to multiple polychromators. The main disadvantage of

the LIDAR system is that the minimum possible spatial resolution is typically less thanthat of

conventional TS systems, as this is determined by detector speeds and laserpulse duration. Both

Nd:YAG and ruby lasers can be used for the LIDAR TS systems. The current JET LIDAR system

uses ruby lasers whilst the ITER LIDAR system will use Nd:YAG lasers.

Table 3.1 illustrates these differences between these three types of TS system by comparing

their major operating parameters. The TS systems on MAST, JET and ITER are used as examples.

3.3.3 Improvements to MAST Nd:YAG TS system

The Nd:YAG system on MAST was recently upgraded in order to provide higher spatial and tempo-

ral resolution measurements of the Te and ne profile. This was carried out as part of a wider upgrade

to the core MAST TS system that also included upgrading the ruby TS system(described in Chap-

ter 4). Figure 3.5 shows the layout of these two upgraded TS systems. Bothof these upgraded

systems were subsequently used to study the heat transport and evolutionof NTMs and enabled

this to be done in greater detail (see Chapter 5). The motivation for installing two TS system was

to combine the respective advantages of the TVTS system and Nd:YAG polychromator system.

The TVTS system can achieve high radial resolution whilst the Nd:YAG system can obtain high

temporal sampling. An additional benefit of two independent measurements at similar positions in

the plasma is that systematic error can be more easily identified in either measurement.

In addition to upgrading the Nd:YAG hardware, a method was also developedto remove sys-

tematic error in the this system. This involved identifying and removing systematic errors in the

spectral calibration and is described below. This method has also proven very important for accurate

measurements of NTMs (Chapter 5).

Although I was the principal investigator for the upgrade to ruby system, I only contributed par-

tially to improvements to the Nd:YAG system. However, I was involved in the process throughout

its entirety.

3.3.3.1 Upgrade of the MAST Nd:YAG system

The upgraded MAST Nd:YAG system utilises 8 Nd:YAG 1.5 J, 30 Hz lasers, each with a wave-

length of 1064 nm. The system records Te and ne measurements for 130 spatial points, with radial

positions ranging between 0.25-1.5 m [59]. The resulting resolution is∼1 cm and the time separa-
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Figure 3.5: Layout of the Nd:YAG and ruby TS systems on MAST. Light from the Nd:YAG lasers travels to

the MAST vessel, guided by a flightline, and transverses the vessel 15 mm above the midplane. In contrast,

for the ruby system, light from a ruby laser transverses the MAST vessel 15 mm below the midplane. Both

systems share the same collection optics, but scattered light for the Nd:YAG system is collected and relayed

to polychromators, where the TS signal is digitised, whilstscattered light for the ruby system is relayed to a

grating spectrometer and digitised.

tion between the lasers can be adjusted to suit the experimental scenario being studied. In the case

of heat transport studies for NTMs this separation is typically set to∼20µs, to match one poloidal

rotation of the island.

The Nd:YAG lasers travel along a 30 m beam path to the MAST vessel and thebeam profile

is controlled by two cylindrical lenses. The lasers then follow a path 15 mm vertically above

the midplane of the MAST vessel and the beams impact upon a stainless steel beam dump. This

consists of narrow blades to ensure that any laser beam reflections areat oblique angles and thus

do not escape into the MAST vessel. The laser beam path is also fitted with baffles to reduce stray

light.

It is crucial that the Nd:YAG lasers are well aligned to the object plane of thecollection lens

and a number of methods are implemented to ensure this. Firstly, HeNe (helium neon) lasers are

aligned to have the same flight path as the Nd:YAG lasers and the HeNe laser positions are then

measured on a target by removing the beam dump. In addition, split fibres are used to measure the

amount of TS signal in the top and bottom halves of the laser beam at two fixedpoints to determine

the alignment. Finally, a telescopic CCD imaging system measures both beam size and position

inside the MAST vessel, utilising the reflected signal from one of the lenses onto the beam path.

The TS light is collected by an upgraded F/6 collection lens, which collects four times more

light than the pre-upgrade lens. The light is imaged at F/1.75 onto a fibre backplane consisting



Chapter 3. TS Theory and Experiment 48

of 132 fibre bundles, which transmit the scattered light across 30 m to 130 polychromators. In

each polychromator, bandpass filters are used to split the light into 4 spectral channels below the

Nd:YAG laser wavelength. Avalanche photodiodes are used to measure thescattered signal in each

spectral channel, which is then fitted with a Gaussian profile. This gives thetotal scattering signal

in each spectral channel (figure 3.6).
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Figure 3.6: Fitting the TS signal in the Nd:YAG system. A. Measured scattered signals (black) overlaid

with Gaussian fits performed on the embedded computer system(blue), for the 4 Nd:YAG spectral channels.

Position and 1-sigma values are related to the Nd:YAG pulse width and avalanche photo diodes and show

good agreement between the channels. The difference in the 1sigma measurements are a result of the

different responses of the digitisers for each channel. B. Afit (red line) of the measured Nd:YAG spectrum

(signal integrals from A.) (blue dots) at one spatial point using the Selden-Naito approximation. This gives

the Te and ne values at this point.

For every 5 spectrometers there is 1 cPCI computer chassis, containing 20or 24 1 GSample/s

ADC and 1 single-board computer (SBC). Each cubicle in figure 3.7 contains 15 polychromators

and 3 computer chassis in total. The integration of the scattered signal for each channel is performed

by these computer chassis and the data are sent to the MAST data repository. Here it is fitted to the

theoretical TS spectra (figure 3.6) using Raman [60] and whitelight calibration data. Real-time Te

and ne profiles are also calculated using the 26 distributed PC chassis. These aredetermined using

a look-up table, which is tabulated for each spectrometer using its spectral and Raman calibration

[61].
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Figure 3.7: Photograph (left) and flow diagram (right) of assembled polychromators and the data acquisition

system on the Nd:YAG TS system. The photograph shows the 8 cubicles in the Nd:YAG spectrometer room

and for every 5 polychromators (red box) there is an SBC (orange box), and for each cubicle there is a 250

KS/s digitiser (light blue box). The schematic diagram shows how the TS signals in the Nd:YAG system

are processed to produce Te and ne profiles. Once the TS signal is acquired (acquisition systemis shown

in blue) it is sent to the PCs (grey) for real-time calculation of the Te and ne profiles and to the MAST data

repository for analysis post shot (green).

3.3.3.2 Removal of systematic error from the Nd:YAG system

To correctly determine the Te and ne from a measured scattered signal (M(r, λ)), the calibration of

each spectral channel in each polychromator must be obtained. Errors inthese calibrations result

in systematic errors in Te and ne across the radial profiles and removal of these systematic errors

is therefore necessary for accurate study of magnetic islands and othersmall structures in Te and

ne profiles. A method was developed to remove these errors from the MAST Nd:YAG TS system

and is described in this section.

The Nd:YAG spectral calibration is obtained by performing an absolute radial calibration (R(r))

of one channel in each polychromator, using Raman scattering off of nitrogen. The relative cali-

bration (I(r, λ)) of the three remaining channels to the absolutely calibrated channel is obtained

by illuminating each polychromator with a calibrated whitelight source. The measured scattered

signal is given by:

M(r, λ) = R(r)I(r, λ)STS(r, λ) (3.68)

whereSTS is the scattered TS spectrum. We can rewrite the scattered spectra in terms of the



Chapter 3. TS Theory and Experiment 50

measured quantities:

STS(r, λ) =
M(r, λ)

R(r)I(r, λ)
(3.69)

To identify systematic errors, an assumption of the ‘expected’ scattered spectra must be made.

A reasonable assumption is that, in the absence of transport barriers, magnetic islands or other MHD

events, the Te and ne profiles should be smooth and linear over 3 spatial points (∼ 3 cm) (figure

3.8). Using this assumption [62], we can calculate a correction factor to remove the calibration

error. Theith spectral point is taken for a given spectral channel and we assume that this point is

midway between the adjacent points (i− 1, i+1). The correction factor (Cr(r, λ)) for theith point

is equal to yi

ym . The effect of this assumption is to smooth out the systematic errors in the spectra

between adjacent points. The means that the systematic deviation between neighbouring radial

channels can be calculated using experimental data from a large number oftimes and shots. The

spectral calibration is therefore multiplied byCr(r, λ) to remove the mean systematic deviation.

n   or Te e

r

= measured data point

= calculated data point

systematic

          error

∆r = 1 cm ∆r = 1 cm

∆y

∆y

i  + 1

i  - 1
i

iy
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Figure 3.8: Schematic diagram of the assumption made when removing systematic errors, i.e. a linear

relationship (red, dashed line) between local points. The central blue dot represents the signal in theith

radial channel for a given spectral channel, whereas the green dot is the calculated data point between points

i-1 and i+1, if a linear relationship is assumed.

This corrected calibration has been shown to significantly reduce the systematic Te and ne error

in the profiles on the Nd:YAG system and an example of this for an individual shot is shown in fig-

ure 3.9. Any reduction in systematic error will also result in a reduction of theχ2 values determined

by fitting the experimental data to the theoretical spectrum, as a better agreement between the the-

oretical spectra and the experimental data is possible. This is shown in figure 3.10, which displays

the time-averagedχ2 (
〈
χ2(r)

〉
t
) before and after the correction has been applied. The correlation

of the correction factors over a period of six months was also investigated and the results showed

these factors to remain well-correlated over this time (see figure 3.11). As a result of these findings,

this correction method is now applied to all Nd:YAG data to remove systematic error.
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Figure 3.9: The Te and ne profiles before and after corrections for systematic errorswere applied. Red dots
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reduction in the systematic error after correction has beenapplied.
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3.3.4 Simulations for the ITER LIDAR system

It is critical to ensure that the design of components in the vicinity of the ITER vessel perform to

specification, as the high neutron dose will restrict any access to these once ITER begins operations.

This section describes simulations performed on the proposed design of thecollection optics for the

ITER LIDAR TS system. Precise collection optics design is necessary to ensure Te and ne errors are
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lation for all channels remains high over this time period

minimised in this system and the particular focus of these simulations was to determinethe effects

of the angular distribution of optical rays on the LIDAR optical bandpass filters. The proposed

collection optics for the ITER system are shown in figure 3.12. Scattered light is collected by a

mirror at an equatorial port and is then relayed through a labyrinth to a vacuum window at the rear

of the port plug. The scattered light is then transmitted to a polychromator via optical fibres. The

LIDAR collection optics has a large depth of field in the object plane of the collection lens. As a

result, the solid angle collected by this optics system will decrease with distanceacross the tokamak.

At the inner wall, therefore, only the minimum light (F/18) will be collected, with themaximum

(F/6) at the outboard of the tokamak. Scattered light from these differentradial positions (and F/#s)

produces different angular distributions at the bandpass filters of the polychromator system.

If the angle of incidence onto an optical bandpass filter is not normal to its surface the effective

wavelength seen by the filter is shifted. This results in a broadened spectral transmission, which
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depth of field

cone A
optical rays

cone B

Figure 3.12: A schematic layout of the collection optics planned for the ITER LIDAR system. The F/# of

light collected by the system is dependent on the radial position of the scattering volume, as illustrated by

two cones of light at two different radial positions (cones Aand B).

causes a reduced sharpness in the filter bandstop. This is important to avoid, as a sharp bandstop

is necessary for removal of laser light, measuring low electron temperaturesand accurate Raman

calibration. The relationship between the angle of incidence (θ) and the wavelength shift on an

optical filter with an effective refractive index ofneff , in a surrounding medium of indexn0, is

given by:

λ→ λ

√

1−
(
n0
neff

)2

sin2θ. (3.70)

Simulations were performed which combined equation 3.70 with optical ray tracing of the

LIDAR design, in order to calculate the spectral shifts that result from theangular distribution on the

bandpass filters. A major consideration in these simulations was the filter diameter, since angular

distribution of optical rays on the filters reduces with increasing filter diameter. Current limitations

in the construction of these filters prevents diameters greater than 300 mm and, therefore, this value

was taken as the upper limit to test in the simulations.

These optical simulations were performed to estimate the spectral shifts of scattered data col-

lected from radial positions (r/a) +1, +0.5, 0, -0.5 and -1, on filters of diameters 170, 215, 260 and

300 mm. The width of the filter bandpass for all combinations of position and diameter was taken

to be 0.01λ0, whereλ0 is the normalised laser wavelength. For each position in the plasma and

for each optical filter, the ray angle distribution was calculated from 100 points. These points were
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Figure 3.13: The effect of angular distribution on the spectral transmission of filters. For a given F/# number

(each represented by coloured line), a larger filter diameter leads to a lower angular distribution (lefthand

column), which leads to a reduction in the blueshift of the filter transfer functions (righthand column).

taken from a random position in the field of the scattering centre and the raysfrom these travelled

through to random positions in the pupil of the collection optics.

The simulation results show that larger F/#s, collected at radial locations on the tokamak in-
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board side, produce greater broadening of the filter bandstops and that a similar broadening occurs

as bandpass filter diameters are reduced (figure 3.13). To be confidentthat the LIDAR system will

work over its full range of F/#s, the minimum bandpass filter diameter requiredfor optimal stray

laser light removal and a lower measurable Te range was assessed at the worst-case F/# scenario

(F/18, inboard, r/a = -1).

To remove stray laser light the transmission at the laser wavelength must be ofthe order of

10−5 (optical density of 5). The results (figure 3.13) show that at F/18 smaller diameter bandpass

filters close to the laser wavelength will not remove stray laser light as effectively as required due

to optical transmission outside the bandstop region. Filter diameters greater than 260 mm will be

required to remove stray light sufficiently to prevent interference with TS data. Similarly, at F/18,

filter diameters greater than 260 mm are required to place the filter bandstop close to the laser

wavelength, which is required to measure low electron temperatures.

In addition, the variation of the F/# with radius also affects the Raman calibrationof the system.

Raman scattering from nitrogen gas is typically used to provide an absolute density calibration of

polychromator-based TS systems [60]. An increase in F/#, which broadens the bandstop, leads to a

decrease in the signal due to the Raman scattering as function of the r/a of ITER. To minimise this

decrease to permit accurate Raman calibration (to∼ 6 %) a minimum filter diameter of 260 mm is

needed. Systematic variation could be further reduced if another filter is included to measure the

Stokes lines above the laser wavelength, as the shifts in the spectral transmissions of the filter at

each side of this wavelength tend to cancel each other out [63].

These optical ray tracing simulations have shown that the spectral transmission of the filter used

in the ITER LIDAR system will vary as a function of the minor radius. Such variation will result in

concurrent increased stray laser light, prevent lower electron temperature measurements and likely

lead to errors in the Raman calibration if not accounted for in the LIDAR system design. Increasing

the bandpass filter diameters to above 260 mm should produce a sufficiently sharp bandstop (within

a few nanometers of the laser wavelength) to sufficiently minimise these effectsand thus errors in

Te and ne measurements on ITER (figure 3.13).

3.3.5 The effect of the ne profile and sampling region on the Te profile

Previous sections have considered approaches for improving measurements of Te and ne data. Here,

we look at improving the interpretation of the Te and ne data in the edge pedestal. The measurement

and scaling of Te and ne in this region is one of the most important and well-studied topics in

tokamak physics and is principally measured using TS systems. Typically, anmtanh function [64]

is used to describe the shape of the Te and ne profiles in the pedestal region (figure 3.14) and it

can be fitted to these profiles to determine important pedestal parameters. These parameters can
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Figure 3.14: The general form of the edge pedestal. The Te and ne andpe edge pedestal can be described

by a modifiedtanh function (black line), which has 5 free parameters - the pedestal width, pedestal offset,

pedestal position (black dot), pedestal knee and core slope.

then be used in scaling laws for future devices.However, sharp gradients in Te and ne profiles in

the edge pedestal are not reproduced accurately by TS systems. A number of effects can lead

to a systematic error in the Te and ne profiles. The radial sampling of the TS system may be

small compared to the ne gradient that the system measures. In this case, the average Teprofile

measured is weighted towards the high density part of the sampling volume. Furthermore, the

radial resolution of the TS measurement is typical smaller than the sampling and hence light is

redistributed between neighbouring sampling volumes. This will also affect the gradient of the Te

and ne profiles measured and is represented as a radial instrument function (I(r)).

In previous work, the effect of theI(r) was included by first convolving the Te and ne profiles

calculated from the mtanh function byI(r) before fitting this function to the processed TS Te

and ne profiles in the pedestal region. This method is referred to as forward deconvolution in the

literature. However, this method does not account for the effects of the ne gradient and the fact

that the redistribution of light occurs between TS spectra and not the analysed Te and ne profile.

A full spectral fitting method was later developed to include these effects [54], but requires all of

the absolute and spectral calibration information for each spectral channel at each step of the fitting

process. However, these data are often not available. A new analyticalmethod to determine the

edge pedestal from TS data has since been developed and is presentedhere. This new method

is able to fully account for the ne gradient and approximate the spectral smoothing effects, but

removes the need for the calibration information for each spectral channel and requires only the
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processed Te and ne data [65].

In TS systems, raw spectral data are detected for a fixed sampling volume. The total spectrum

(Sob) detected is given by the sum of the TS spectra from the electrons within thatscattering vol-

ume. This can be represented by the convolution of the underlying scattered signalS(λ, r) and an

instrument function:

Sob = S(λ, r)⊗ I(r). (3.71)

When fitting a given TS spectra, it is usually assumed that the mean spectrum detected will give

the mean estimate for the Te and ne of that sampling volume and thus the convolution in equation

3.71 can be ignored. The Te are ne resulting from this fit are referred to as the observed Te (Te,ob)

and ne (ne,ob) respectively. In the core of the tokamak, the width of a given sampling size(∆r) is

sufficiently small, compared to the local gradients in the Te and ne profiles, to make this assumption

valid. However, at the edge pedestal, a steep gradient in the Te and ne profiles develops and the

width of this steeply gradated region is often comparable to∆r, making the assumption less valid.

Themtanh function, that describes the shape of the Te and ne pedestals, contains 5 free pa-

rameters: pedestal height (ne,height,Te,height), width (∆ne ,∆te), position (ne,pos,Te,pos), core slope

(ne,CS ,Te,CS) and scrape-off layer (SOL) offset (ne,SOL,Te,SOL). When using the forward decon-

volution method, the spectral signal is not convolved withI(r) before fittingSob to the Selden-Naito

approximation. TheTe,ob andne,ob profiles that result from the fit ofSob are instead fitted to an

mtanh function, which has first been convolved with theI(r):

mtanh (∆ne , ne,height, ne,sol, ne,CS , ne,pos) → ne(r) → ne(r)⊗ I(r) ⇔ ne,ob

mtanh (∆Te , ne,height, Te,sol, Te,CS , Te,pos) → Te(r) → Te(r)⊗ I(r) ⇔ Te,ob (3.72)

The forward deconvolution method can effectively reproduce the underlying ne profile, but not the

underlying Te profile (figure 3.15). This is because ne is not related to the shape of the TS spectrum

and is only influenced by its integral, whereas Te is directly related to the width of the TS spectrum

and therefore the forward convolution ofmtanh does not reproduce the underlyingTe(r) well.

In contrast, the full spectral fitting method includes the convolution that generatesSob (equation

3.71). This convolution is carried out at the spectral level at which it occurs in the measurements

and therefore can accurately reproduce the underlying Te and ne:

{(Te(r), ne(r)) → S(λ, r)⊗ I(r) ⇔ Sob(λ, r)} → ne(r), Te(r). (3.73)

The full spectral fitting method requires all of the absolute and spectral calibration information

for each spectrometer, at each step of the fitting process. A new method that does not require

these data and can be applied to processed Te and ne profile has been developed. This method

which improves upon the forward deconvolution method by including the effects of ne gradient and
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spectral smoothing on the edge pedestal, is now described. We assume thateach TS spectrum in

the edge pedestal is approximately Gaussian. The addition of Gaussians withsimilar intensities

and widths (∆λ1,∆λ2) produces a Gaussian which has a width (∆λob) approximately equal to the

mean width of the added Gaussians:

∆λob =
∆λ1 +∆λ2

2
(3.74)

The width of the TS spectra scales as∼
√
Te (see equation 3.62, section 3.2.7). Using equation

3.62,
√
Te can be substituted for the spectrum width (∆λ) in equation 3.74. This permits theTe,ob

in a scattering volume of constant density to be approximated by:

Te,ob ∝
(√

Te,1 +
√
Te,1

)2

4
(3.75)

Due to the ne variations in a scattering volume,Te,ob is weighted by the high density region and this

is given by:

Te,ob =

(∫ √
Te(r)ne(r)I(r)dr∫
ne(r)I(r)dr

)2

. (3.76)

This equation only applies to an individual scattering volume. However, it can be generalized to a

radial profile using the convolution operator:

Te,ob(r) =

(
(
√
Te(r)ne(r))⊗ I(r)

ne(r)⊗ I(r)

)2

(3.77)

This new method has been found to give a good estimate of the underlying Te profile in the edge

pedestal (figure 3.15). Comparison of this approach to the full spectralfitting method shows it

reproduces the underlying Te pedestal parameters to a similar level of accuracy when the edge

pedestal width is greater than half of the TS sampling size (∆r). At lower widths, this method

results in systematically lower estimates for (∼ 20%) than the full spectral model. However, it

will be a valid approach for a large number of TS systems, as their spatial sampling is typically

greater than, or equal to, the pedestal width. In addition, this new analytical method can be applied

to the existing pedestal scaling database, which is currently based on the forward deconvolution

model. By doing so, more accurate scaling of edge pedestal parameters for future devices can be

determined.

3.4 Conclusions

This chapter has outlined the theory of TS, starting from the case of a singleelectron and ending

with expressions used to fit TS spectra in order to determine the Te and ne profiles in tokamaks.

In these discussions, an effort has been made to give the reader a summary of the basics of TS,

including the origins of the relativistic blue-shift and different scattering regimes.
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Figure 3.15: A comparison of the Te and ne pedestal parameters obtained when using different approaches

to account for I(r). The top plots show ne pedestal width, barrier position and height obtained usingthe

forward deconvolution method (green dots), the full spectral fitting method (red diamonds) and also when

I(r) is not accounted for at all (purple dots). The bottom plots show the Te pedestal width, position and height

obtained using the new approximation method (orange dots),the full spectral fitting method (red diamonds)

and when I(r) is not accounted for (purple dots)

The experimental TS section introduced the main types of TS system used in MCF. However,

the main focus of this section was the minimisation of Te and ne errors, this being a major goal of

TS system development as reduction will permit more accurate measurements of structures in Te

and ne , such as NTMs, ELMs, ITBs and the edge pedestal. A number of experimental approaches

to reduce Te and ne errors have therefore been carried out and the results of these experiments were

presented in this chapter. These have either led to notable reductions in Te and ne error in existing

systems or identified potential sources of error for LIDAR on ITER.

An upgrade to the Nd:YAG TS system to provide higher spatial and temporal resolution mea-

surements of Te and ne was carried out. This produced a system with a spatial resolution of 1 cm

across the MAST major radius, requiring the construction of 130 polychromators. The temporal

resolution of the system is 240 Hz, provided by 8 lasers operating at 30 kHz each. Furthermore,
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these lasers can be operated in burst mode and bursted over fast events, for example, NTMs, saw-

teeth crashes, disruptions and ELMs. The combination of these capabilities permits potentially

greater understanding of such instabilities. Studies have already been carried out to investigate

sawteeth crashes [66], disruptions [67] and NTMs (see Chapter 5) using this upgraded system.

In addition to the hardware upgrade, a method to remove systematic error in theNd:YAG sys-

tem was developed. This focused on removing the systematic errors that result from errors in the

spectral calibration. The correction factors used in this method led to a reduction in theχ2 errors

and were shown to be stable, remaining correlated over a 6 month period. This method improved

the accuracy of the Te and ne measurements on the Nd:YAG system further to the above hard-

ware upgrade and, in particular, enabled greater accuracy of NTM measurements (chapter 5). This

method is currently being extended for a more generalised functional relationship between neigh-

boring points using non-parametric regression techniques [68].

Ray tracing simulations of the optical design of the ITER LIDAR TS system highlighted that the

angular distribution on the bandpass filters was a potential source of Te and ne error on this future

system. The F/# will vary with minor radius on this system and the simulation results showed that

a greater F/#, with respect to the filter bandpass diameter, leads to larger Te and ne errors. It was

also found that by choosing filter diameters greater than 260 mm in the system design, these errors

could be minimised to a level which permits accurate Raman calibrations and measurements at

lower Te ranges.

Finally, a method to improve TS measurements in the edge pedestal region was developed, as

the sharp gradients in this region need to be accounted for to prevent distorted Te and ne profiles

measurements. However, this has been neglected in most of the current pedestal scaling databases.

The full effect of these sharp gradients can be calculated from a spectral fitting method [54], but this

requires spectral calibration data which is not often available. The method presented in this chapter

is an approximation that allows the current pedestal scalings to be corrected without the strict

requirements of spectral fitting. Results using this method have shown it to be ingood agreement

with the full spectral fitting method at pedestal widths greater than half the sampling width, which

is typically the case for TS system. This method has been recently been appliedfor pedestal scaling

of DIII-D, Asdex and JET [69].



Chapter 4

Design and Implementation of a Full

Profile Sub-cm Ruby Laser TS System

on MAST

This chapter describes the design and implementation of the upgrade to the MAST ruby TS sys-

tem to permit enhanced studies of plasma evolution and transport. Section 4.2 first gives a broad

overview of the ruby TS system and its upgrade. This is followed by a discussion about what fac-

tors were important to consider in the upgrade, in order to maximise spatial resolution and reduce

statistical errors (section 4.3). Full details of the upgraded system are then outlined (section 4.4),

with the specifications for each component and a discussion of how each contributes to the overall

system resolution and error levels. The calibration and fitting of the new system are then discussed

(section 4.5) and the results compared to the design parameters. The final section outlines initial

measurements made using the upgraded ruby TS system (section 4.6), whichconfirm its function

and its potential use for future studies. Examples of the use of data from thisupgraded system, to

study NTMs, is presented in chapter 5.

4.1 Introduction

One of the challenges of plasma physics diagnostics is to achieve greater spatial and temporal res-

olution measurements of the H-mode pedestal, ELMs, magnetic islands, internaltransport barriers

and other phenomena related to plasma evolution and transport. Higher resolution measurements of

the plasma electron temperature (Te) and electron density (ne) profiles can constrain more accurate

models of these phenomena, allowing greater understanding and predictions of plasma behaviour.

To achieve greater resolution and reduce noise, a major upgrade to the ruby TS system on the

MAST tokamak was therefore carried out and its design and implementation areoutlined and dis-

61
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cussed in this chapter. Importantly, this upgrade permits probing of sub-centimetre spatial scales

and although existing systems have been designed to measure sub-centimetreradial resolutions,

one of the novelties of this upgraded system is that high radial resolution is maintained over a large

1.4 m laser chord. In particular, the improved spatial resolution of the new system permits enhanced

study of the width of the H-mode pedestal (which is 1-2 cm on MAST) and the seed island physics

of NTMs (the flattening of the Te profile for the onset of an NTM on MAST is predicted to be of

the order of∼ 1 cm).

4.2 Overview of ruby system and its upgrade

The ruby system is in the TVTS category (see section 3.3.2 in Chapter 3) [56,57, 58]. It is one

of two TS systems on MAST, the other being the Nd:YAG laser system (see section 3.3.2). Each

system provides independent measurements of the Te and ne profiles, but shares common collection

optics. Thus, the timing of the ruby system upgrade was set to coincide with anupgrade to the

Nd:YAG system [70], to ensure both systems were compatible with a new F/6 collections lens that

was installed.

The schematic layout of the upgraded ruby TS system is shown in figure 4.1. In this system,

light from a Q-switched ruby laser is first injected into the plasma along the mid-plane of the MAST

tokamak. The scattered light (between scattering angles 83-120◦) from a 1.4 m laser chord is then

collected by an F/6 collection lens and imaged onto 85 fibre bundles. Each fibre bundle is 4.95

mm x 1.82 mm and collects scattered light at F/1.75. The light is transported 12 m along these

fibres to a grating spectrometer, where the bundles are arranged to forman 8.5 mm x 130 mm input

slit. A coupling lens system within the spectrometer collects F/4 of the F/1.75 light cone delivered,

dropping the effective F number (F/#) of the collection lens to F/15. From thecoupling lens system,

the light is guided onto two holographic notch filters using a telecentric lens system. It then passes

through a Littrow lens, grating and spherical field mirror onto an F/0.7 image intensifier lens. A

GaAsP generation 3 (GEN3) filmless image intensifier is contact-mounted to this lens system and

light from the phosphor of the image intensifier is lens-coupled to a cooled, fast frame-transfer CCD

camera. An new intensified CCD camera design allows the ruby TS system to take two images,

separated by a minimum of 230µs. The system is fully automated for each MAST discharge.

The overall layout of the previous ruby system on MAST was the same as that shown in figure

4.1. However, the majority of individual components have been replaced inthe upgrade, in order

to achieve improved spatial resolution and reduced error in Te and ne measurements. The previous

ruby TS system on MAST [71, 72] was only a single pulse system and had aspatial resolution

of 300 points, with only 100 points at high optical contrast (which is definedas greater than 50%

modulation transfer function (MTF)). In comparision, the upgraded rubysystem [73] is a 512 point



Chapter 4. Design and Implementation of Ruby TS System Upgrade 63

ruby
laser

collection lensoptical fib
res

 

ruby

spectrometer beam path

detector

MAST vessel

Figure 4.1: Layout of the ruby TS system on MAST. The ruby laser generatesa 15 ns pulse which passes

through the MAST vessel. Scattered light from this laser beam is collected by the collection lens and im-

aged onto the optical fibres which transmit light to the spectrometer. The TS spectrum is measured by an

intensified CCD camera (detector).

dual snapshot TS system, with∼ 200 points (∼ 7 mm) at high optical contrast (see section 4.4.6),

and can be used to either measure two Te and ne profiles (double pulse) or one Te and ne profile

and one measurement of the plasma background light (single pulse) (see section 4.6.1). This spatial

resolution and the effective number of points the new system can resolve isgreater than similar

TVTS systems. Finally, the system upgrade has also increased the number of scattered photons

that can be detected by a factor of∼ 3, compared to the previous system. This was achieved by

replacing the previous GaAs image intensifier with a filmless GaAsP image intensifier that has a

greater effective quantum efficiency (EQE) (see section 4.4.4.1). Table 4.2 in section 4.4.5 gives an

estimated photon budget for the upgraded and previous core TS systems on MAST.

4.3 Design considerations

The two major design objectives for the ruby system upgrade are to maximise the spatial resolution

and to minimise the statistical error of measurements (maximising the number of scattered photons

collected), whilst effectively eliminating stray laser and plasma light. The rubyTS system can be

broken down into five major components: the ruby laser, the collection lens, theoptical fibres, the

spectrometer and the detector system. Here, we discuss the factors that must be considered for

each of these components to ensure the upgrade design objectives are met; and in the following

discussions, the spatial resolution of each component is represented bya point spread function

(PSF). A PSF is the response of an imaging system to a point source or point object. The response

of an individual fibre bundle has also been modeled as a PSF. This provides a convenient method
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to characterize their contribution to the system resolution. Figure 4.2 assists these discussions by

illustrating how each component contributes towards the resolution and statistical error, and also

the Te range, of the ruby system. The latter is an important consideration becauseall TS systems,

being spectrometers, are designed to function over a particular Te and thus a particular spectral

range.

Firstly, we consider the ruby laser design. The greater the laser energy, the more scattered pho-

tons there will be and the lower the statistical error of the Te and ne (see section 3.3.1 in chapter

3). Another factor to consider is the width of the laser beam from which scattered light is collected.

This is important because the most expensive component of the ruby TS system is its fibre bundle

array and a reduction in the area of scattered light collected from the laserbeam would therefore

reduce the overall upgrade cost significantly. However, this approach is not appropriate, as simula-

tions show that such reductions in area would lead to large inaccuracies, due to the need for a highly

precise laser alignment that is not currently realistic in a tokamak environment.The laser path and

the width of the laser beam must also be considered as these influence the spatial resolution. These

are discussed in section 4.4.1.

The next component to consider is the collection lens. The greater the quantity of light col-

lected by the lens (determined by the solid angle (∆ΩCL)), the lower the statistical errors in Te and

ne. However, it is difficult to achieve both a large solid angle and high resolution (PSFCL) si-

multaneously in an optical system. The lens design must therefore be highly optimised to achieve

both a high etendue and spatial resolution (see section 4.4.2). Furthermore, due to its proximity to

the tokamak, it is necessary to use radiation-hardened glass in the collectioncell, and this results

in a slightly reduced spectral transmission (TCL(λ)) in the red part of the spectrum and influences

the Te range of the ruby system. The magnification (MCL) of the collection lens determines the

area, and the input solid angle, of the optical fibre bundle array (∆AFB) at the backplane of the

collection lens. The limiting factors for the optical resolution (PSFFB) of these fibres are the fibre

diameter (Fd) and the overlap resulting from fibre packing. At the input end of the fibre bundles

(fibre backplane, see figure 4.5) five of the fibres at either end of each fibre bundle collect light

from the two neighbouring spatial points. To include this smearing in the overall spatial resolution

of the system the response of an individual fibre bundle has also been modelled as a PSF. This PSF

(PSFFB ) has been modelled as three top hats representing the fibre bundle and its twoneighbour-

ing fibre bundles. The central top hat contains 82% of the signal while each neighbouring top hat

contains 9% of the signal. Using the correct magnification factors, this PSF can be combined with

other PSFs which arise in the system on the final image plane of the CCD camera(figure 4.9). It is

also important to conserve etendue in the design of optical systems and the etendue of a system is

limited by the mimimum etendue of each of its components. In this case, the major limiting factor
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Figure 4.2: Schematic diagram of the design considerations for the rubyTS system upgrade. The influence

of each components of the TS system (the laser, collection lens, fibre bundles, spectrometer and detector) on

the design objectives of optimised Te range, spatial resolution and statistical error reductionare shown. The

blue arrows indicate how the different design factors for each component are interconnected and also how

optimising these for one component influences the design of other components and system design overall.
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is the spectrometer, which has an etendue of a factor of four less than thatof the new collection lens.

This is because it is not currently possible to build a GEN3 image intensifier with a diameter greater

than 25 mm. However, matching the etendue of the fibre bundles to the collection lens would permit

a further upgrade to the spectrometer in the future without the need to reinstall the fibres, although

only a quarter of this total etendue would be collected using the current spectrometer. The choice

of a fibre solution is also highly constrained by the present availability, transmission efficiency and

cost of optical fibres.

Next we consider the spectrometer design. When building a TVTS system, thearea of the fibre

backplane must be remapped to the input slit of the spectrometer system. This remapping will affect

the spatial resolution and etendue of the spectrometer. A number of radial fibres on the backplane

of the collection lens are typically mapped to one radial point at the input slit (figure 4.5 in section

4.4.2). This method of mapping increases the etendue of the spectrometer anddecreases the radial

resolution of the system. Increasing the width (ws) of the spectrometer input slit also reduces the

spectral resolution. This in turn affects the size of the bandstop (∆Bs) at which the laser andDα

emission line can be removed and thus the statistical error for a given Te range. The choice of

grating (lines/mm) can also influence the Te range by altering the linear dispersion (dλ
dx ). Finally,

it is highly important to optimise the optical resolution of the spectrometer (PSFSP ), which is

determined by the convolving the optical resolutions of each of its lenses.

The final component we consider is the detection system, which consists of an image intensifier

lens coupled to a CCD camera. The statistical error and Te range will predominantly be determined

by the spectral sensitivity (EQE(λ)) of the image intensifier. This is because the gain introduced

into the signal by the image intensifier will virtually negate the effects of the reduced transmission

of the coupling lenses (Cvig(r, λ)) and the sensitivity of the CCD camera on the statistical noise.

As noted above, a GEN3 image intensifier with high spectral sensitivity is limited to a25 mm

diameter and this will ultimately limit the etendue of the spectrometer. The spatial resolution of

the detection system is determined by a combination of the PSFs of the image intensifier (PSFII ),

coupling lenses (PSFCuL) and CCD camera (PSFD, PSFS).

4.4 New system hardware

In this section each component in the upgraded ruby TS system is described, with the specifica-

tions and final design of each component discussed in detail. In addition, the contribution each

components makes to overall system performance is outlined.
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4.4.1 Ruby laser

The laser used in the upgraded ruby TS system is a Q-switched ruby 10 J,1 Hz laser. It consists

of an oscillator and three amplifier sections (figure 4.3B). The energy of the laser beam is 10 J, the

pulse full width half maximum (FWHM) is 15 ns and the full angle beam divergence is 0.5 mrad.

It is possible to double pulse this laser to also produce two 5 J pulses separated by 230µs at 1 Hz.

To produce two laser pulses, the Pockels cell is opened twice during a 1 ms pulse of the flash lamp.

This 230µs time separation between the Pockels cell openings is found to give two approximately

equal energy pulses.

A flight line guides the laser beam to the plasma and the laser beam is focused at the centre

of the plasma, passing the centre column at a distance of∼ 45mm, and finally terminating on a

graphite beam dump. Throughout this ex vessel flightline, baffles are used to minimise stray light.

In the upgraded system, the chord passes along the midplane (Z = -0.015 m) of the MAST vessel

and is approximately parallel to the radial direction, except near the MAST centre column. In this

region, it passes perpendicular to the radial coordinate to produce a much greater radial resolution

on the HFS of the MAST plasma.

The laser must be accurately aligned so that its image can be fully collected by the fibre bundles.

To ensure this, the position of a HeNe alignment laser beam on two spatial markers at either side

of the MAST vessel is used to monitor the laser alignment daily. The image of the ruby laser is

coherently mapped to the spectrometer slit and small segments of the fibre inputslit can be masked

to determine the laser alignment during experimental campaigns (figure 4.3A).However, this does

perturb the intensity of the TS signal detected and the ne profile must therefore be recalibrated to

account for the effects of these masks.

4.4.2 Collection lens and fibre bundles

The design of the collection lens determines the quantity of scattered photons that are collected.

The etendue of the collection lens is defined as the product of the solid angleof light collected and

the area of object being imaged. The solid angle collected by a lens is inversely proportional to its

F/#, which is the ratio of the focal length to the aperture. Therefore, the closer an object is to the

lens, the greater the solid angle of light that is collected for a given lens aperture. It is desirable to

measure the full Te and ne profile across the centre of the MAST vessel and the resulting∼ 2 metre

distance between the laser beam and the collection lens requires a large aperture, in order to collect

a given solid angle of light.

The collection cell (figure 4.4) has a diameter of 520 mm and a length of 650 mm. The com-

bined weight of the collection cell and its lenses is∼ 90 kg. TS light is collected at F/6 from the

1.4 m Nd:YAG and ruby laser chords. The observation volumes are imaged with a magnification
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Figure 4.3: Ruby laser. A. The ruby laser is imaged onto 85 fibre bundles. These fibres are remapped to the

spectrometer slit. At the spectrometer slit, masks (grey lines) can be placed in front of the fibre bundles to

check the laser alignment. B. The ruby laser system consistsof one oscillator and three amplifier sections.

When the ruby laser is fired a small amount of the signal is takenfrom the oscillator to trigger the CFD and

finally the image intensifier. The laser energy is determinedby a calibrated avalanche photo diode (APD)

located after the final amplifier stage. A HeNe laser (grey, dashed line) is used to accurately align the ruby

laser (red line).

of 0.29 at F/1.75 onto sets of fibre bundles (1 set for the Nd:YAG TS system,the other for the ruby

laser TS system). The collection cell has six radiation-tolerant lenses that can withstand the effects

of neutral beam generated neutrons. Four of these lenses are made from silica and the remaining

two are manufactured from radiation-hardened flint glass (figure 4.4).

Eighty-five coherent fibre bundles are used to map the image of the ruby laser chord to the input

slit of the ruby spectrometer (figure 4.5). Each of these fibre bundles is 12 m long and contains 243
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Figure 4.4: Components of the combined collection lens and window. Scattered light collected from the

laser beams passes through six lenses (cyan disks) which image it onto two fibre backplanes, one ruby

and one Nd:YAG. A wire grid polariser is used to ensure only the perpendicularly polarised light reaches

the backplanes and is collected by the fibres. A blade shutteris used to protect the window during glow

discharge cleaning between MAST dicharges.

fibres. The inner diameter of each fibre is 210µm and the outer diameter, including cladding, is

230µm. The numerical aperture of each fibre is 0.37. These fibres are made from plastic clad

silica (PCS) and are not radiation resistant. However, calculations basedon the worst-case neutron

damage estimates predict only a 10 to 15% reduction in transmission in the red part of the spectrum

over the next ten years of MAST operation. These estimates are based onpublished measurements

[74] of the induced absorption of PCS fibres.

The maximum spatial resolution is determined by mapping the fibre bundles and is 2.4 mm of

the laser chord for this system. The fibres are hexagonally packed to collect as much scattered light

as possible (∼ 50%) from the fibre backplane. However, this close packing results in a redistribution

of scattered light into the neighbouring radial channels and at the collectionlens there is a 9%

redistribution of light into neighboring channels, with a further 5% at the spectrometer input slit

(figure 4.5).

The fibre bundle array is imaged onto the input slit by means of a relay lens system, which

is based on a Petzval lens configuration (M = 1.5). Scattered light is collected from the output of

the fibre bundles at F/4 and is telecentrically imaged onto two holographic notchfilters. The notch

filters are placed on the outer edges of the spectrometer slit and remove the laser light at high optical

density (6 OD) around a narrow 10 nm bandstop. The narrow bandstopof these filters increases the

detected fraction of the TS spectra in the 10 to 100 eV range by up to 20% (figure 4.14) at lower

Te.
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Figure 4.5: Mapping the fibre bundles from the collection lens to the spectrometer input slit. An area

that is 9 fibres high by 3 fibres wide at the backplane of the collection lens is mapped to a single row in

the spectrometer input slit, as illustrated by fibres 1-27 (red filled circles). This area corresponds to 2.4

mm horizontally (green dashed box) along the laser, but due to the hexagonal fibre packing fibres overlap

between these 2.4 mm segments which results in redistribution of light into the neighboring channels (half

blue circles).

4.4.3 Spectrometer

The spectrometer is a diffraction grating spectrometer set on a Littrow mount. The fibres, which

are in the object plane, are imaged onto the CCD camera (in the image plane) in both radial and

wavelength space. The spectrometer has two intermediate image planes: one at the field mirror and

one at the image intensifier (figure 4.6). The intermediate image plane formed atthe concave field

mirror corrects for the curvature introduced by the lens system.

A 600 lines/mm grating is used with a singlet Littrow lens to disperse the light onto a field

mirror. The grating in the ruby spectrometer is blazed at an 11.21◦ angle, where blazing means

tilting the grooves of the grating with respect to the grating surface. This allows the concentration

of spectral energy to be focused into a particular diffraction order [75], thus improving grating

efficiency. A blaze angle of 11.21◦ focuses the spectral energy into the first diffraction order for

input light of 656.3 nm wavelength giving a grating efficiency of∼ 70%. The equation describing

the diffraction from a grating is:

sinα+ sinβ = knλ, (4.1)

whereα is the angle of incident light,β is the angle of diffracted light, both with respect to the
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Figure 4.6: The grating spectrometer with image intensifier and CCD camera. A. The layout of the new

spectrometer showing its different subcomponents. Scattered light from the fibre bundles enters the spec-

trometer and the different wavelengths are imaged in the z direction, while the different radial positions are

imaged in the y direction. B. Optical ray tracing showing howwavelength and radial points respectively

are imaged by the spectrometer. In the top view, two different wavelengths are traced, 550 nm (green) and

694 nm (cyan). In the side view, two different radial positions are traced, corresponding to 0.25 m (red) and

0.75 m (blue). The rays form intermediate image planes at theinput slit and field mirror before finally being

imaged at the front of the image intensifier. Details of the CCD camera coupling lenses are not shown here as

these are commercial lenses and the lens designs are not available. The F/# of each part of the spectrometer

is given.

normal from the grating,k is the diffraction order,λ is the wavelength andn is the number of lines

per unit length.

As the ruby spectrometer is in a Littrow configuration, and the light is thereforereflected back

at a similar angle to which it was incident on the grating(α = β), the diffraction grating equation
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can be simplified to:

2sinβ = knλ. (4.2)

The angular dispersion of the grating can be determined from the derivative of the grating equation

4.1, holding the incident angle (α) constant [49], as given by:

dβ

dλ
=

kn

cosβ
. (4.3)

The linear dispersion is a measure of the number of nanometers per unit length of the spectrum.

This can be determined for the grating from the reciprocal of the productof the angular dispersion

and the effective focal length (F ) of the grating, given by:

dλ

dx
=
dλ

dβ
× 1

F
(4.4)

dλ

dx
nm/mm =

106cosβ

knF
. (4.5)

The spectral instrument functionI(λ) is important as it determines the lower Te measurable by

the system. This is because the width of a given spectrum is∼ 2 ∗
√
Te for 90◦ scattering. Hence

the system cannot measure below∼ 50 eV in the regions covered by the field mirror mask.I(λ) is

defined as the product of the linear dispersion of the grating and the width of the input slit of the

spectrometer. The linear dispersion of the ruby spectrometer is 1.6 nm/mm, whilstthe width of the

input slit of its spectrometer is 8.5 mm, which gives anI(λ) of ∼ 14 nm. TheI(λ) calculated from

Rayleigh scattering calibration (discussed in section 4.5.1) is shown in figure4.11. In addition, the

upper Te range of the system is determined by the linear dispersion combined with the wavelength

sensitivity of the image intensifier. The system design has been optimised to have the lowest Te

and ne error over the typical Terange experience on MAST (5 eV to 2 keV). The lowest Te that

this system can measure is∼ 50 eV. The Te and ne errors predicted for the final system design are

shown in figure 4.8.

The field mirror has a spatial mask consisting of two black strips which remove light at theDα

emission line (656 nm) and the ruby laser wavelength (693 nm). The width of each black strip is

∼ 15 mm, which corresponds to 10 nm in wavelength. The width of the ruby slit atthe location of

the notch filters has been reduced to∼ 5 mm to allow more scattered light at wavelengths closer to

the laser wavelength, which permits measurements at lower temperatures.

Light leaving the field mirror is imaged onto a 25 mm diameter image intensifier using anF/0.7

lens. An extremely low F/# is exploited to couple as much light as possible to the imageintensifier.

In addition, a cylindrical lens is contact-mounted to the front of the image intensifier to correct for

any optical aberrations across the field. Finally, the light is coupled to the CCD camera by using

two camera lenses, that provide a total magnification of 0.37.
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4.4.4 Detector System

The scattered light is detected using a GaAsP GEN3 filmless image intensifier lenscoupled to a

cooled, back-illuminated, fast frame transfer CCD camera. In the followingsections the compo-

nents of this detector system are discussed in detail. In addition, the parameters which determine

the efficiency of this system are presented in table 4.1.

4.4.4.1 Image intensifier

The image intensifier amplifies the optical signal and can be gated around a short time interval.

It consists of a photocathode, a micro channel plate (MCP) and a phosphor screen (figure 4.7).

The photocathode converts incoming photons to photoelectrons and the MCPthen intensifies them.

Finally, at the far end of the image intensifier, there is a phosphor screen that converts the photo-

electrons back into photons. This is a P46 phosphor with a decay time of 0.2µs and permits two

images to be taken in quick succession.

e

e
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photoelectrons

micro channel plate phosphor
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Figure 4.7: Overview of the image intensifier. Incoming photons are converted to photoelectrons at the

photocathode, which are then multiplied by the MCP and then converted to light upon hitting the phosphor.

By changing the voltage between the photocathode and the MCP(∆V1) from 200 V to -100 V the system is

gated on and off respectively. A second voltage (∆V2) of 500-1000 V is then used to control the photon gain

(Gp) and finally, a voltage (∆V3) of 5000 V is used to accelerate the photoelectrons onto the phosphor.

A Hamamatsu filmless GaAsP 25 mm diameter GEN3 image intensifier was shown to be the

most suitable for the ruby system upgrade requirements because of its highquantum efficiency (QE)

at the relevant wavelengths. The photocathode has a peak QE of 35%. The peak EQE (EQE =

QE
(Nf )2

) is ∼ 18% over the spectral range (550-800 nm) of the spectrometer.Nf is the noise factor,

which is the ratio of the input signal to noise ratio (SNR) to output SNR and represents additional
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noise arising due to the image intensifier.

The photon gain (Gp) of the image intensifier is given by:

Gp = QE ×Gc × Pe, (4.6)

whereGc is the electron gain of the MCP (500-1000) andPe is the conversion factor of input

electrons to photons at the phosphor (∼ 21 photons/electrons). The maximum achievable gain is∼
8000 at the peak MCP voltage.

4.4.4.2 CCD camera

The CCD camera is a cooled, ProEM camera from Princeton Instruments ([76]). This camera uses

a back-illuminated CCD and has∼ 90% QE for wavelengths between 550-700 nm, which is well

matched to the output spectrum of the phosphor. The camera has two readout amplifiers. The

first is a slow (100 kHz) low noise amplifier and is this is currently being used.The second is a

10 MHz electron multiplication amplifier which could be used for potential future high repetition

measurements of theTe andne profiles.

The CCD chip consists of 16µm square pixels in a 512× 1040 grid. In the ruby TS system the

camera is used in frame transfer mode, where 512× 512 pixels (8.2 mm× 8.2 mm) are active and

the remaining pixels are used for storage. The read noise at 100 kHz is 3.5electrons (e−) rms and

the vertical transfer time is 450 ns per row. Thus, the minimum time required to transfer a 512×
512 image into the storage region is 230µs. Two images can therefore be captured at a separation

of 230µs and the second image recorded can either be the plasma background lightor a second

snapshot of the Te and ne profiles. This time lapse between captured images is well matched to the

optimum separation required to double pulse the ruby laser.

The PSF of the CCD camera is a combination of both the detector and sampling PSFs. The

detector PSF (PSFD) is determined by the width of the detector, which in this case is one 16

µm pixel. Optical distortion makes it impossible to align a CCD pixel perfectly with discrete

object points and this leads to a reduction in the final image resolution, which is represented by the

sampling PSF (PSFS). This is calculated using an approach developed by Park et al [77], where

the sampling PSF is represented by a tophat with a width equal to the centre-to-centre spacing in

the pixel array. For the CCD chip in the upgraded system, this width is equal tothe detector size.

4.4.4.3 Coupling lenses

CCD cameras can be coupled to image intensifiers using either fibre stubs or lenses. Although

coupling efficiency (ǫ) is typically greater for fibre stubs, these provide less flexibility in terms of

magnification (M ), CCD camera choice and the area of image intensifier utilised. Lens coupling
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Parameter upgraded ruby original ruby

system system

CCD Quantum Efficiency at 550 nm (%) 90 70

Image intensifier EQE (%) 18 6

Spectral range of spectrometer (nm) 550-800 600-900

Efficiency of phosphor (photons/electrons) 21 70

CCD read noise (e−rms) 3.5 4

CCD gain (counts/e−) 1.5 0.5

Coupling efficiency of coupling lenses (%) 4 4

Counts/photoelectron1 180 100

Table 4.1: Efficiency of the detector system on the original and upgraded ruby TS systems.1 The number

of counts/photoelectron is given by the product of the imageintensifier photon gain (Gp), the efficiency of

the coupling lenses (ǫ) and the CCD camera gain and Q.E.

was therefore chosen for the upgraded ruby system. Here, the coupling efficiency between the

image intensifier and the CCD camera is determined by a transmission coefficient of the optics (T )

multiplied by the ratio of the solid angle collected to the solid angle emitted by the phosphor. The

coupling efficiency of a perfect lens, illuminated by a Lambertian source [78], is given by:

ǫ =
T

4F 2(M + 1)2
, (4.7)

whereF is the F/# number of the lens system, calculated from the ratio of the limiting aperture

diameter to the focal length of the lens system. In the ruby TS system a Canon 80-150 mm F/2.8

zoom lens is coupled to a Canon 50 mm F/1 lens. The first lens acts as a collimatorand converges

the divergent light from the phosphor into a parallel beam. The second lens focuses the light

onto the CCD camera. The magnification for these lenses is adjusted to 0.37 to match the area

of the CCD chip. The coupling efficiency of this system is∼ 4%, which is greater than would be

expected from equation 4.7, because the phosphor screen producesmore forward directed light than

a Lambertian source. Optical vignetting is the reduction of an image’s brightness at its periphery

compared to its centre. At the edge of the field, optical vignetting reduces thecoupling efficiency

to ∼ 1%. This reduction at the field edge is a result of the relative separation ofeach lens stop.

However, the low CCD read noise and the high photon gain of the system produce an acceptable

signal to noise ratio at the edges of the image.
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Figure 4.8: Monte Carlo models of the TS spectra and errors in Te and ne as predicted from parameters

in tables 4.1 and 4.2. A. Predicted TS spectra. The number of photons (scattering signal, black line) is

the number of detected photons evaluated at the image intensifier photocathode. The noise is dominated by

the Poisson noise of the scattered signal, making the effects of the brehmsstrahlung (red, dashed line) and

the effective CCD amplitude (blue, dashed line) negligible. The effective CCD amplitude was determined

by dividing the square of the CCD read noise by the product of the image intensifier gain, CCD gain and

coupling lens efficiency (see table 4.1). B. The predicted variation of the percentage Te (black line) and

ne errors (red dashed line) as a function of Te. The photon error (blue dashed) is the Poisson error of the

number of scattered photons detected. This figure shows the optimum Te range for low error measurements.

4.4.5 System noise performance

Extensive Monte Carlo modelling using repeated random samples was performed during the de-

sign of the upgraded system to predict how it would perform in terms of Te and ne statistical errors.

The fractional errors in both Te and ne as a function of Te are shown in figure 4.8, with the mea-

surement error for a 7 mm radial point shown to be< 4 % of Te and< 3 % of ne , in the 40

eV to 2 keV range. The fractional error inTe in the lower Te range (< 40 eV) increases as the

TS spectral width approaches the bandstop of the notch filters. The removal of theDα emission
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line wavelength results in a slight increase in the fractional error of Te in the 80-200 eV range.

The fractional error in ne is determined by the photon statistics of the photons detected. One of

the major factors that determines the statistical error for both the Te and ne measurements is the

choice of photocathode in the image intensifier. GaAsP photocathodes havea higher QE than GaAs

ones, but their sensitivity tends towards zero beyond 800 nm. However,simulations have shown

that for the Te range expected on MAST (0 to 5000 eV) the higher quantum efficiency ofGaAsP

photocathodes has a greater influence in reducing statistical error than the wider spectral range of

the GaAs photocathodes.

The main contributors to background noise are Bremsstrahlung, line emissionand CCD noise.

The amount of Bremsstrahlung is determined by the gate duration of the image intensifier (50 ns)

and is therefore very low in the upgraded system. The ratio of Bremsstrahlung to scattered signal

in this system is also very low, due to the high energy of the ruby laser pulse (figure 4.8), making

the contribution of Bremsstrahlung negligible. The level of line emission is determined by plasma

impurity conditions and, typically, no line emission is observed in the ruby TS spectra. In the case

of plasma start-up and low density measurements, the ruby system can be operated to measure the

background light 230µs after measurement of the TS spectra, which can be used to prevent fitting

errors. Finally, the level of the CCD noise is determined by the product ofGp andǫ. If this is

sufficiently high then the effect of the CCD noise is negligible (figure 4.8). In addition, the CCD

noise can be further reduced by binning pixels and reducing the number of spectral bins.

Table 4.2 shows the photon budget of the upgraded system compared to theprevious ruby

and Nd:YAG systems. The upgrade permits higher resolution measurements withmore scattered

photons detected, principally as a result of the higher EQE of the detector system.

The very low background noise on this system (figure 4.8) means that it can be used to measure

the very low electron densities that occur in plasma start-up experiments on MAST. The signal can

even be binned to reduce the radial resolution, which increases the number of scattered photons and

thus reduces the error in Te and ne.

4.4.6 Improved resolution

The contribution of each component to the spatial resolution of the upgraded system has been mod-

elled and the components that limit the resolution are shown to be the fibre bundles, the coupling

lens system and the CCD detector. The performance of the upgraded system agrees well with

predictions from these modelling results.

The spatial resolution achievable with the ruby TS system is determined by the convolution of

the PSF for each of the system components that the scattered light passes through. The contribution

of the collection optics (PSFCL) and spectrometer optics (PSFSP ) to the overall PSF can be esti-
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Parameter upgraded ruby previous ruby Nd:YAG

Resolution (mm) 7 15 10

F/# 15 15 6

Input slit width (mm) 8.5 7.5 N.A

Laser energy (J) 10 10 1.6

EQE (%) 18 6.7 8-15

Transmission (%) 20 20 40

fdetected (%) 1 90 90 60

p.e. (/cm/1019) 2 3300 1100 2900

Table 4.2: Photon budget for upgraded MAST TS systems and the previous ruby TS system.1 detected frac-

tion of photoelectrons at 1 keV.2 effective number of detected scattered photons per centimetre of scattering

length per 1019 m−3 of plasma density.

mated using optical ray tracing techniques. This was carried out using the optical design program

Zemax ([79]) and the estimated PSF values are shown in figure 4.9A. ThesePSF values are then

convolved withPSFFB, which represents the redistribution of light due to the fibre bundle map-

ping. The combined optics PSF (PSFCO), which represents the contributions ofPSFCL, PSFSP

andPSFFB, has been evaluated at different positions in the field of the lens system and is well

represented by a Gaussian with an FWHM of 0.024 mm. Finally, this Gaussian is convolved with

the PSFs from the coupling lenses (PSFCuL), image intensifier (PSFII ) and the CCD camera

pixel size (PSFD) and sampling (PSFS) to give the system PSF (figure 4.9B). The system PSF

has an FWHM of 0.035 mm and∼ 200 points (2.2 pixels), resolved at 50% MTF.

The major limiting factor for the resolution is the combined optics PSF and, followingthis, the

component with the next largest influence on the resolution is the coupling lens that couples light

from the phosphor of the image intensifier to the CCD chip. In this coupling lens, two commercial

camera lenses are combined and each focused at infinity. The first lens isan F/2.8 zoom lens, which

is reversed and attached to the front of a second, F/1 lens. The overallresolution of these combined

lenses is∼ 40 cycles/mm, at 50% contrast. In the future, further improvement could be madeto

this lens component by employing a purpose-built lens solution.

4.4.7 Triggering

Plasma events are typically much faster than the repetition rate of a ruby laser.To gain the maximum

possible information from a MAST shot a ‘SMART’ real-time triggering unit has been developed

[80] to trigger the ruby laser on specific plasma events, such as pellet injection and rotating magnetic
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Figure 4.9: Contribution of the different components to the spatial resolution of the ruby TS system, eval-

uated on the CCD camera. A. Contribution of the components prior to the image intensifier. ThePSFCL

(blue, dashed line) andPSFSP (green, dashed) were determined by tracing optical rays though each compo-

nent for a radial location of 0.854 mm.PSFCL, PSFSP andPSFFB (red, dashed) can then be convolved

to estimate their combined effect (PSFCO, black, dashed line), and this is well represented by a Gaussian

(PSFcoe, black solid line) with an FWHM of 0.024 m. B. Contribution of the Gaussian and components

after the image intensifier. The PSF of the entire system (purple, dashed) has a FWHM of 0.035 mm. This

is determined by convolving the Gaussian estimatePSFcoe (black, solid),PSFII (red, dashed),PSFCuL

(green, dashed),PSFD andPSFS (both as blue, dashed line).

islands (see Chapter 5 and Appendix B for further discussion of these). This unit triggers both the

ruby laser and a custom designed unit which controls the triggering of the image intensifier and

CCD camera (figure 4.10).

The detector system must be gated around the laser pulse to ensure that theplasma noise is not

greater than the scattered light signal. This is achieved using the image intensifier, which acts as a

fast optical gate and has a gate width of 50 ns. A small fraction of the laser oscillator beam is used

to trigger a constant fraction discriminator (CFD), which in turn triggers a complex programmable
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Figure 4.10: Upgraded ruby TS system triggering. The optical path (red lines) of the scattered light, which

travels through the laser flight line, plasma, collection lens, fibres and spectrometer to reach the image

intensifier. The image intensifier triggering is timed to ensure that the gate is opened when the scattered

light from the optical path arrives at it. An optical signal from the laser oscillator is sent to the CFD, which

starts the electrical path (black arrows), whereby the CFD triggers the CPLD, the gating unit and, finally, the

image intensifier. The SMART trigger unit sends optical pulses to both the laser and the CPLD unit; and

this system can operate in either single pulse (mode 0) or double pulse (mode 1) mode. During single pulse

operation, the second image intensifier gate measures the plasma background radiation, whereas for double

pulse operation, the image intensifier opens in synchronisation with the ruby laser pulses.

logic device (CPLD) unit, then a gating unit and, finally, the image intensifier (figure 4.10). The

CFD generates an electrical pulse from the optical input signal and is used because its trigger point

is largely independent of the signal amplitude. This eliminates any jitter of the imageintensifier

gate which can arise due to variations in laser energy. The CFD then triggers the CPLD unit, which

has been programmed asynchronously in VHDL hardware description language ([81]) to generate

the pulses required by the gating unit.

The CPLD can operate in two modes and these are controlled by an optical trigger sent by the

SMART triggering unit. In the first mode of operation, the laser is triggered once, with one image

of the TS light and one image of the background light taken. In the second mode of operation,

the laser is triggered twice and two images of the TS are taken. It is critical thatthe CPLD unit

operates as fast as possible to ensure that the image intensifier gate opening is synchronised with

the arrival of the scattered light. Because the CPLD is programmed asynchronously, the time delay

between the rising edge input and the output pulses can be reduced to 14 ns. By comparison, the
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fastest off-the-shelf pulse generator available at the time of the ruby upgrade would have introduced

a time delay of 50-80 ns and increased the hardware costs by a factor of ten.

4.5 New system calibration and fitting

In this section the calibration of the new system is first discussed (section 4.5.1) and then the

fitting routines, used to determine the electron Te and ne profiles, are described (section 4.5.2). In

addition, as the PSF of the coupling lenses of the image intensifier in TVTS systems suppresses

high frequency noise, which can lead to false filamentary structures in the Te and ne profiles, the

effects of this optical smoothing must be correctly estimated to determine the statistical error on the

Te and ne profiles. This has been carried out for the upgraded ruby TS system and we show that the

noise estimates agree well with the design parameters (section 4.5.3).

4.5.1 Calibration

Routine Rayleigh and white light calibrations are performed once or twice during a MAST cam-

paign to assess system performance and ensure accurate Te and ne profiles are determined. A large

number of the parameters that are used in these calibrations were measuredat the completion of

the system upgrade. The Rayleigh calibration is used to determine the relativetransmission of

the ruby system in radial space, while the white light calibration is used to determine the relative

transmission in wavelength space.

4.5.1.1 Rayleigh calibration

A Rayleigh calibration is performed by filling the MAST vessel with nitrogen (N2) gas and calcu-

lating the intensity of the Rayleigh scattered light. Rayleigh scattering is the scattering of radiation

by neutral atoms or molecules, in which there is no change in the photon frequency. The Rayleigh

cross-section is proportional to1
λ4

of the input photons. In the case of the ruby laser the scattering

cross section is2.1×10−24m−2 [60]. The number of Rayleigh scattered photons (NR) is given by:

NR = nlaserngas

[
dσ

dΩ

]

rs

∆Ω∆L

[
QE

NF 2

]
T

∞∫

0

Ω(λ)R(λ)dλ (4.8)

wherenlaser is the number of incident laser photons,ngas is the density of the nitrogen gas,
[
dσ
dΩ

]
rs

is the differential Rayleigh cross section andT is the optical transmission. If it is assumed that the

Rayleigh scattering spectral distribution (R(λ)) is a delta function, then the integral in equation 4.8

reduces to the spectral response of the wavelength channels (Ωi(λL)):
∞∫

0

Ω(λ)R(λ)dλ = Ωi(λL). (4.9)
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The number of scattered photons can be expressed in terms of the laser energy, and the gas

density in terms of its pressure (Pgas) and temperature (Tgas), using the ideal gas law:

NR = Cs(λL)Ωi(λL)
Pgas
kbTgas

, (4.10)

where:

Cs(λL) = nlaser

[
dσ

dΩ

]

rs

∆Ω∆L

[
QE

NF 2

]
T. (4.11)

The linear relationship between the number of scattered photons and the pressure inside the

vessel is used to determine the Rayleigh coefficients (Cr):

Cr = CsΩi(λL) (4.12)

NR = CrPgas (4.13)

After substituting in the known constants and measured quantities intoCr, it is then possible to

determine a relative intensity calibration for the ruby system. Figure 4.11A shows the Rayleigh

signal as a function of radius at 150 mbar. Figure 4.11B shows the Rayleigh coefficientsCr as a

function of radius and these coefficients agree with the relative whitelight calibration and optical

vignetting after the image intensifier. This agreement shows that the laser is well aligned, since

the drop in transmission is a result of the optical vignetting in the CCD coupling lenses. The stray

light pressure is also shown in figure 4.11B and this parameter, calculated from the zero offset of

the Rayleigh calibration linear fit, is indicative of the level of stray light. Stray light intensity is

greatest near the inboard side of the tokamak, as the laser light is reflectedoff the centre column in

this region.
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Figure 4.11: Rayleigh calibration measurements. A. The raw signal detected from Rayleigh scattering at

150 mbar. TheI(λ) at each radial point is determined by a cross-section in the wavelength direction. B.

The Rayleigh coefficients (Cr) as a function of radius. The radial calibration (black) agrees with the relative

whitelight calibration (red) and the optical vignetting profile (blue) of the coupling lenses.
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4.5.1.2 Whitelight calibration

A whitelight calibration is performed using a broadband spectral source (tungsten lamp) and cal-

culates the spectral transmission of the ruby system. A white piece of paper isplaced at the focal

length of the collection lens and is illuminated by the tungsten lamp. The light reflected off this pa-

per provides a useful calibration light source as it has a uniform spread (Lambertian reflection) and

the spectral emission of the tungsten filament (NWL) is known to high accuracy (within∼ 1%). The

spectral transmission (|Cs(λ)|) of the system is given by the normalised signal measured (|Nc,WL|)
divided by the calibrated spectral transmission (NWL) of the lamp.
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Figure 4.12: Whitelight calibration. A. The number of CCD counts detectedas a function of radius and

wavelength. A reduction in signal intensity is seen betweenthe centre of the image and the edges due

to optical vignetting in the CCD coupling lenses. The radialpositions of the notch filters are indicated

(black arrows) on both figures. Notch filters are placed at thetop and bottom of the spectrometer input slit,

corresponding to the region of lower temperature at the edgeof the MAST plasma. B. The transmission of

the notch filters as a function of radius. Where the notch filters are present (grey arrows) the transmission is

reduced by 20%, with a further 10% reduction occurring at thephysical edge of the filter plates.

An example of a whitelight image is shown in figure 4.12A. The effect of the optical vignetting

present in the CCD camera coupling lens can be seen as the gradual reduction of signal intensity

from the centre of the image to the edges. The transmission is also reduced, as a result of the notch

filters, at radial positions between 200-600 cm and 1100-1500 cm. The notch filters are designed

to remove light that is at the laser wavelength. The variation of transmission in the radial direction

therefore cannot be determined from the Rayleigh calibration and must instead be determined from

the whitelight calibration. To do this, a series of images are taken both with and without the notch

filters present and this gives their transmission. This radial transmission (figure 4.12B) is then

interpolated at the laser wavelength and multiplied by the Rayleigh calibration to give the radial

transmission of the ruby system with the notch filters installed. Although the presence of the notch
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filters reduces the transmission of the system by 20%, this is is offset by the narrow bandpass of

these filters, which increases the number of detected photons at the lower Te ranges typical at the

edge regions. However, a further 10% drop in transmission occurs at the edge of these filters, which

corresponds to radial points at 0.6 and 1.1 m (figure 4.12B).

4.5.1.3 Radial positions and scattering angles

To determine the radial coordinates of the Te and ne points, the position of the scattering volumes

that are imaged by the fibre bundles must be measured. This was done by back-illuminating the

input slit of the spectrometer and measuring the radial position of each fibrebundle (inside the

MAST vessel) along the HeNe alignment laser beam that is aligned to the ruby laser beam.

In addition, the width of the TS spectra is proportional tosin( θ2), whereθ represents the scat-

tering angles. The scattering angles must therefore be known to allow accurate measurements of

Te, which is also proportional to the width of the TS spectra. The angles were determined using

optical ray tracing in the Zemax model of the collection lens. Optical rays fromeach fibre bundle

were traced to the laser chord and the angle between each ray and the laser chord was estimated.

4.5.2 Fitting

Te and ne profiles are calculated by fitting a model (FTH ) to the TS spectra at each radial point

using a non linearχ2 fitting routine. Figure 4.13 shows a schematic outline of the parameters used

to calculate theχ2 parameter. The experimental spectra (DTH ) is determined by subtracting the

background CCD image from the scattered image or, if the system is operatingin double pulse

mode, an average background image (taken during previous shots) is subtracted.

The data points of the model (FTH ) are calculated using the Selden-Naito formula (S(λ, θ, Te))

(see equation 3.60 in Chapter 3), with an initial estimate of Te and ne made. The spectra calculated

using this formula are then convolved with theI(λ) that is determined during the Rayleigh cali-

bration. The effect of the ruby TS system on the transmission and noise must then be determined.

This effect is represented by theCs parameter, which can be broken down into radial and wave-

length dependent components. The radial transmission at the laser wavelength is determined by the

Rayleigh calibration, as explained above, while the wavelength dependence on the transmission is

determined from the whitelight calibration.

Figure 4.14A shows 512 point profiles of Te and ne. A fit to the spectra at one radial point

is shown in Figure 4.14B and Figure 4.14C shows the number of scattered photons detected by

the system, as a function of radius and wavelength. Here, theχ2 values determined from the

experimental data are lower than expected, as the fitting assumes each data point to be independent,

which is not the case on the ruby TS system. Instead, a correlation exists between neighbouring
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Figure 4.13: Calculation of the TS spectral model (FTH ) using calibration measurements and fixed param-

eters. The dependencies between these measurements and parameters are shown. The radial dependence

(NC,R) of the intensity of the spectra is given by the Rayleigh calibration. The spectral transmission mea-

surement (CS(λ)) is determined using a calibrated tungsten lamp. This modelis then fitted to the raw

experimental data (DTH ).
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Figure 4.14: Ruby TS Te and ne profiles from a typical shot on MAST (shot number 25195). A. The

complete Te and ne profiles for this shot, generated by fitting a model for the TS spectra to the raw data.

This process is shown for an example radial point (0.71 m, redstars). B. The raw data (black dots) and fitted

TS spectrum (red line) corresponding to radial point 0.71. C. The raw data (scattered photons recorded by

the CCD camera) for shot 25195. The white line corresponds tothe cross section of wavelength data at radial

point 0.71 m, which was used to generate the raw data points inplot B. Notch filters at the edge of the image

(yellow arrows) remove less of the scattered signal around the laser wavelength than the field mirror mask

(red dashed arrows) used for the hot central regions.
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data points due to the smoothing of the signal by the CCD coupling lens prior to theCCD sensor.

4.5.3 Noise smoothing

The optical smoothing that results from the CCD coupling lens suppresses the high spatial fre-

quency part of the noise spectrum. This can lead to the appearance of filamentary structures in the

fitted Te and ne data. Such structures have been misinterpreted on a TVTS system in the past [82],

where the fluctuation in data was attributed to filamentation of the plasma. Thus noise smoothing

is an important consideration in a TVTS system and extra care must be taken when interpreting

fluctuations.
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Figure 4.15: PSF of the image intensifier and coupling lensesPSFICuL. The points (black) show the

measured signal from a single photon incident on the image intensifier. These can be represented by a

Gaussian (red) with a standard deviation (σ) of 0.63 pixels. This Gaussian is used to represent the noise

smoothing which occurs in the upgraded ruby TS system.

For intensified CCD-based systems, the noise statistics detected (Nc) are determined by two

factors, the number of photons (Np) and the convolution of the PSF image intensifier and coupling

lenses,PSFICuL(h, l), whereh andl refer to the indices on a two dimensional grid. ThePSFICuL

is measured by operating the detection system in photon counting mode and measuring the PSF

resulting from a single photon incident on the photo cathode (figure 4.15).

A Gaussian was fitted to the experimentalPSFICuL and from this the standard deviation was

calculated to be 0.63 (figure 4.15). A simulation of the predicted noise spectrum was then convolved
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using this Gaussian and compared to the noise spectrum of a whitelight calibration image, as shown

in figure 4.16. A good agreement is observed in the suppression of the high spatial frequency part of

the spectrum between the simulation and experimental data spectra. The difference between these

power spectra may be attributed to the fact that thePSFICuL is not a perfect Gaussian.
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Figure 4.16: Power spectra of measured and simulated noise in the ruby TS system. This graph shows a com-

parison of the simulated power spectrum (black line) and thepower spectrum calculated from a whitelight

calibration data (red line). These spectra show good agreement, particularly in the high spatial frequency

regions.

To determine the correct noise statistics on the TS data the effects of this smoothing must be

further quantified. This is done by calculating a factor that quantifies the effects of smoothing on

the noise, which is then used to rescale the noise to the correct value. To determine this correction

factor, the probability distribution (over pixels (i,j)) for a particular photon tohit the pixel(h, k) is

calculated:

PSFICuL,bin(i− h, j − l) =

∫ ∫

λ,r∈(i,j)
PSFICuL,(h,l)(λ, r)dλdr. (4.14)

As the total of this probability distribution is equal to 1, this gives:
∑

i,j

PSFICuL,bin(i− k, j − l) = 1. (4.15)

The number of counts recorded by the CCD camera (Nc) in pixels (i,j) is given by:

Nc(i, j) =
∑

h,l

GpPSFICuL,bin(i− h, j − l)Np(h, l), (4.16)

whereGp is the photon gain andNp is the number of photons. The variance of the number of

counts (V AR(Nc)) detected by the CCD camera is given by:

V AR(Nc) ≈
∑

h,l

G2
pPSF

2
ICuL,bin(i− h, j − l)Np(h, l). (4.17)
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V AR(Nc) is not equal toNc so this parameter is not Poisson distributed. It is therefore useful to

define the effective number of scattered photons detected,N eff
p , which is a Poisson variable. The

variance ofN eff
p is:

V AR(N eff
p ) =

∑

h,l

α2G2
pPSF

2
ICuL,bin(i− h, j − l)Np(h, l) ≡ N eff

p , (4.18)

whereα is:

α =
1

Gp
∑

h,l PSFICuL,bin(i− h, j − l)
. (4.19)

It is assumed thatPSFICuL is both symmetrical and a Gaussian function in the radial (r) and

λ directions. This is represented by:

PSFICuL(λ, r) =
1√
2πσλ

exp

(
λ2

2σ2λ

)
· 1√

2πσr
exp

(
r2

2σ2r

)
= PSFICuL,λ(λ) · PSFICuL,r(r).

(4.20)

The r andλ directions can now be treated independently and theα parameter can be split into

parameters for each respective direction, as shown by:

α =
1

Gp
·
∑

h,l PSFICuL,bin(i− h, j − l)
∑

h,l PSF
2
ICuL,bin(i−h,j−l)

≡ αr · αλ. (4.21)

A single photon effectively contributes toh pixels in theλ direction andl pixels in ther di-

rection. The Te and ne fitting process is equivalent to first binning the entire spectrum in theλ

direction before fitting it to a given radial spectrum. As this bin is much wider than the width of

thePSLICuL parameter in theλ direction, only its impact in the radial direction (αr) needs to

be considered when determining the effect of the 2DPSLICuL smoothing. Finally, the effective

number of scattered photons in the spectrum (N eff
p,spectrum) is given by the product ofαr andNc:

N eff
p,spectrum(j) =

∑

i

N eff
p (i, j) =

∑
αrNc(i, j). (4.22)

A calibrated white light (tungsten lamp) source was used to determine the noise statistics of the

upgraded ruby TS system using the above formulae (equations 4.14 to 4.22). The light source was

used to illuminate a Lambertian diffuser which was placed in front of the collection lens and the

noise was calculated by determining the variance of the signal over a large number of pixels. This

noise is dominated by the photon statistics of the detected scattered photons.

A good agreement is found between the noise measured (figure 4.17) andthe theoretical per-

formance calculated using the above formulae with the parameters given in tables 4.2 and 4.1. This

confirms that the upgraded system is operating as designed and the numberof detected scattered

photons is similar to initial predictions. The analysis provided here shows howto account for

the effects of the optical smoothing on the noise characteristics, which is important to distinguish

between real structure in the Te and ne profile and and those introduced by this smoothing.



Chapter 4. Design and Implementation of Ruby TS System Upgrade 90

0 2 4 6 8
measurement

20

30

40

50

60

p
h

o
to

e
le

ct
ro

n
s 

p
e

r 
p

ix
e

l

expected noise
noise measured

Figure 4.17: Theoretical and measured number of photons detected by the upgraded ruby TS system. The

number of photons detected (diamond points) was determinedusing the variance of the noise from a white-

light source. This compares well to the noise levels predicted (red line) using the parameters from tables 4.1

and 4.2.

4.6 Initial measurements from the upgraded system

The ruby TS system was upgraded in summer 2009 and the first results were obtained in the Septem-

ber of that year. In this thesis, the majority of experimental results using datafrom this upgraded

system are the NTM investigations in chapter 5. However, initial results havealso been used to test

the double pulse mode (section 4.6.1) and also to study pellet fuelling (section 4.6.2).

4.6.1 Double pulse mode

The new double pulse mode on the ruby TS system provides two measurementsseparated by 230

µs and thus provides more information about the evolution of a Te and ne profile. In the previous

MAST experimental campaign, the system was only operated in this double pulse mode for a small

proportion of the experimental shots performed. However, those shots carried out confirmed that it

operates as planned in this mode. An example double pulse shot is shown in figure 4.18 and shows

a good initial agreement between the two ruby Te and ne profiles generated and an equivalent
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Nd:YAG system profile. This confirms the feasibility of using the ruby system inthe double pulse

mode and it is therefore expected to be used for a greater number of shotsin this mode during the

next MAST experimental campaign.
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Figure 4.18: Te (plot A) and ne (plot B) profiles obtained using the double pulse mode on MAST. Both plots

show good agreement between the Te and ne profiles measured using the ruby TS and Nd:YAG systems.

Pulse 1 (black) on the ruby system was measured at 0.29985 s, pulse 2 (blue) at 0.30015 s, and the Nd:YAG

pulse (red) at 0.30000 s. In this specific example the scattered spectrum between 0.4 and 0.5 m have been

removed. This is because helium had been injected into the plasma to permit the radial electric field to

be determined using the Eceleste diagnostic and unfortunately led to a high intensity Helium impurity line

affecting the background light emitted. The scattered spectrum in this region was therefore unusable in this

case.

4.6.2 Pellet Injection

Particle transport in MAST is studied using pneumatically accelerated pellets (see section 2.1.3 in

chapter 2). Pellets with speeds between 250ms−1 < vpellet> 400ms−1 are injected at the top of

the machine, from the HFS, and are deposited between0.6 ≥ ρpel ≤ 0.9, whereρpel is the pellet

deposition radius in normalised flux. The ruby system can be triggered from the pellet injector and
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the timing of this triggering adjusted to study different stages of the evolution ofpellet ablation.

The initial pellet injection and pellet ablation experimental results from the upgraded ruby system

are presented here.

Experimental data from the previous ruby system [83] were used to investigate two key param-

eters controlling the pellet fuelling efficiency, the pellet deposition radius and the pellet retention

time. Initial results from the upgraded ruby system agree with these findingsand confirm the

suitability of this new system for further pellet injection studies. Results from theupgraded system

show that as an injected pellet evaporates, ne gradually increases (figure 4.19C), whilst Te decreases

simultaneously (figure 4.19B), making the pellet deposition process close to (but not exactly) adia-

batic. The pellet creates a positive density gradient and a region of increased temperature gradient,

and simulations show these regions could increase the penetration of the pellet into the core of the

plasma. The pellet retention time is related to the edge transport barrier and decreases as the pellet

deposition radius moves toward the plasma edge.
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Figure 4.19: The Te and ne profiles before and after pellet injection. The Te and ne are measured twice

before injection of a pellet (green, purple) and then twice afterwards (red, black). The pre-pellet measure-

ments and the first post-pellet measurements are taken from the Nd:YAG system. A. The ne profile before

and after the pellet injection. B. The Te profile before and after the pellet injection. C. The timing of lasers

with respect to the line integrated density measurement from the interferometer.
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Prior to the ruby upgrade, the effect of magnetic field gradient (∇B) drift on pellet fuelling [84]

was studied.∇B causes pellet material deposited in a tokamak plasma to drift towards the low field

side of the torus and plasma fuelling in ITER will rely on the beneficial effectof this drift to increase

the pellet deposition depth and fuelling efficiency. Interpretive analysis of the ruby data shows that

the drift results in a displacement of 0.1, in terms ofψN , between the ablation and the deposition

profile; and this is in agreement with previous predictive modelling based on the MAST injection

geometry. The data from the upgraded ruby system obtained in the last experimental campaign are

currently being analysed and the results are expected to further contribute to our understanding of

pellet fuelling.

4.7 Conclusions

An upgraded TVTS system has been built that can resolve 200 points at high contrast along a 1.4

m chord, which is greater number of points than other TVTS systems. This has been achieved by

optimising the resolution of the individual components in the design of the system.In addition,

the scattered photons detected have been increased by a factor of∼ 3, which has reduced the Te

and ne error compared to the previous system. This means the measurement error for a 7 mm

radial point is now< 4% of Te and< 3% for ne in the range of 40 eV to 2 keV ,for a density

of ne = 2 × 1019 m−3. The main factor which has enabled this improvement in detection, is

the improved EQE of the image intensifer used (GEN 3 GaAsP). The combinationof increased

resolution and decreased noise in the upgraded ruby system producesbetter Te and ne profile data

and this can be exploited to gain a greater understanding of the physical processes which influence

transport and stability on MAST plasmas. The collection lens, fibre bundles and detection elements

of the upgraded system have been designed to be compatable with potential future upgrades to the

spectrometer and the laser, that could further increase optical throughput and temporal resolution.

An additional improvement to the ruby system is the ability to measure two images at asepa-

ration of 230µs, which can be used to measure either two Te and ne profiles (double pulse mode)

or one Te and ne profile and the background light. This was achieved using a fast frame transfer

CCD camera lens coupled to an image intensifier with a fast P46 phosphor anda CPLD unit, pro-

grammed in VHDL, to control the triggering of both devices. Initial results from the new system

indicate that it works well in double pulse mode and that it can be used to investigate the temporal

variation of Te and ne profiles. The additional ability to measure one Te and ne profile with the

background plasma light will also be useful in situations where impurities are present in the MAST

vessel, such as plasma startup studies and impurity injections to study the electricfield.

Measurements from the upgraded ruby TS system have been compared tothose from the

Nd:YAG system and show good agreement in their Te and ne profiles. Comparing these two inde-
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pendent TS systems on MAST is a very useful approach to identify and remove systematic errors in

both systems; and the good agreement seen indicates that both systems are correctly calibrated and

have low systematic errors. The new ruby TS system is currently being used in studies of NTMs,

pellet injections, H-mode pedestals, transport and also plasma start-up experiments. The ability

to trigger the upgraded system on NTMs and pellet injections, using the SMART triggering unit,

means that more information about these events can be gathered compared tothe previous system.

Results using the upgraded system to investigate NTMs on MAST are presented in chapter 5.



Chapter 5

Neoclassical Tearing Modes on MAST

This chapter describes an investigation of the onset thresholds and seedisland physics of 2,1 NTMs

on MAST. Section 5.2 outlines NTM theory and includes a description of the stabilising and desta-

bilising terms of the modified Rutherford equation (MRE), which determines NTMgrowth and

onset. Experimental results are then presented. Each results section focuses on a particular stability

term of the MRE, investigated using MAST data, including magnetic measurementsof the island

width (section 5.3), TS measurements of the finite island width (section 5.4) and predictions of

the ion polarisation current (section 5.5). Finally, a new triggering system on MAST is described

(section 5.7.1).

5.1 Introduction

A neoclassical tearing mode [17] (NTM) is a beta-limiting instability which forms ona rational

surface inside a tokamak plasma (see details in section 5.2). Specifically, it is amagnetic island

which has exceeded a threshold value, as typically occurs when other instabilities (e.g. sawteeth or

ELMs) provide a seed island of a sufficient size. Once it has exceededthis threshold, the magnetic

seed island is driven to be unstable by a perturbed bootstrap current. NTMs are likely to be a

dominant performance-limiting instability on large tokamaks such as ITER, as they result in a large

drop in confinement and can potentially cause a disruption. Although many NTM measurements

have been performed on different machines, there remains a large degree of uncertainty about the

potential NTM thresholds on ITER. A greater understanding of NTM onset and stability is therefore

needed for their effective control and avoidance on this machine.

The thresholds and evolution of NTMs are typically described using the MRE, which contains

both stabilising and destabilising terms (see section 5.2.4). The MRE predicts theevolution of the

island width (w), which indicates the overall stability of an NTM in a given plasma. Typically, this

equation is used to model the contribution of each stability term in different conditions, in order

95
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that the results can be extrapolated to future devices. Magnetic measurements taken at the edge of

the plasma can be used to infer the island width and can be used to measure island width evolution.

This permits a comparison with the NTM evolution predicted by the MRE and thus permits stability

term contributions to be estimated (during beta scans, see below). Section 5.3outlines the magnetic

measurement results for MAST, where TORFLD [85] code has been used to simulate the magnetic

signals on this machine to provide an estimate of the island width. TORFLD calculates the field

due to a number of current filaments at a specific location. In this case, the current filaments are

placed on a rational surface to represent the island.

The principal destabilising term of the MRE results from the bootstrap current drive, which

occurs when the Te profile is flattened within an island. The finite island width (wd) determines

the size of the magnetic island at which this occurs. Te measurements taken over one NTM period

allow the island structure to be fitted to a heat transport model [86] and fromthis, wd can be

determined. Further to the upgrade of the ruby and Nd:YAG TS systems, this measurement ofwd is

now possible using TS data from MAST (see section 5.4). A comparison of the TS measurements

of wd can also be made to the simple approximations typically used to determinewd, in order to

test the validity of these approximations, and this is also described in section 5.4.

The size of the ion polarisation current term in the MRE is also important for determining the

onset threshold of NTMs. A large amount of uncertainty exists in terms of whether this term is

stabilising or destabilising. The magnitude and direction of the island rotation frequency in the

rest frame determines whether the ion polarisation current is stabilising or destabilising and also

indicates the size of its contribution. This rotation frequency can be determined using a combina-

tion of charge exchange measurements (CXRS) of the ion velocity and temperature and magnetic

measurements of the island rotation frequency in the lab frame. In this chapter, the size of the ion

polarisation term on MAST has been estimated using this approach. This has not previously been

carried out and previous magnetic measurements were unable to distinguish the contributions from

the ion polarisation andwd terms.

Assessing the relative contribution of each stability term to the MRE is important tounderstand

the influences on NTM stability and make predictions for NTM thresholds for future devices. Beta

scans, where beta poloidal (βp) is reduced, can be a useful means to estimate these relative contribu-

tions by exploiting the relationship between each stability term andβp. This approach which avoids

the uncertainties in the size of the NTM triggers, has previously been used on a number of tokamaks

to study the evolution of NTMs, including the study of 3,2 NTM evolution on MAST[87]. Beta

scan results for 2,1 NTMs on MAST, using the above stability term and magneticmeasurements,

are discussed in section 5.6.

Finally, an FPGA-triggering system that has been developed to trigger the MAST TS systems in
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real-time, on different amplitudes and phases of NTMs. This system was built in order to increase

the number ofwd measurements and beta scans possible and is described at the end of this chapter.

5.2 NTM Theory

The basic principles which underlie the formation of magnetic islands and tearing modes are out-

lined in this section, followed by an introduction to classical and neoclassicaltearing modes. The

MRE is then described in detail and its important stability terms are discussed.

5.2.1 Resistive magnetohydrodynamics and magnetic reconnection

A plasma may be modelled as a single, neutral, conducting fluid whose motion is influenced by an

external magnetic field and magnetohydrodynamic (MHD) theory describesthis. The MHD model

consists of Maxwell’s equations of electromagnetism,

∇× ~E = −∂
~B

∂t
, (5.1)

∇× ~B = µ0 ~J, (5.2)

∇ · ~B = 0, (5.3)

(5.4)

the mass equation,

dρ

dt
+ ρ∇ · ~v = 0, (5.5)

the equation of momentum,

ρ
d~v

dt
= ~J × ~B −∇p, (5.6)

Ohm’s law,

~E + ~v × ~B = 0 for ideal MHD, (5.7)

~E + ~v × ~B = η ~J for resistive MHD, (5.8)

and finally, an energy equation,

d

dt

(
p

ρν

)
= 0. (5.9)

Complete derivations and mathematical descriptions of this theory can be found in a large number

of physics textbooks (for example [6]).

The link between the electric field and the other variables in MHD can be examined using the

generalised Ohm’s equation (equation 5.8). In ideal MHD, electrons in the plasma are assumed to
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be so mobile that it can be treated as a perfectly conducting fluid (η = 0). This is a reasonable

assumption for most of applications of MHD on tokamaks, as the resistivity of core tokamak plas-

mas is very low. However, resistivity can become important over small regions and can result in a

number of instabilities, including tearing modes.

Taking the curl of equation 5.8 gives an equation which describes the evolution of the magnetic

field:

∂B

∂t
= ∇× (v ×B)−∇× (η∇×B) (5.10)

The first term on the right hand side of this equation describes the variationof the magnetic field

moving with the plasma, due to its convection. The second term represents the variation of the

magnetic field due to diffusion, as driven by gradients. The size of the diffusion coefficient in

this term is given byηµ0 (in equation 5.11). For a perfectly conducting, ideal plasma (η = 0), the

magnetic flux on any surface moving with the plasma would remain constant. This would mean

that the magnetic flux would effectively be ‘frozen’ into the fluid and move along with it. This

frozen-in condition of ideal MHD theory is the basis of the topology-conserving evolution of the

real system. However, as noted above, resistivity can become important inthe global dynamics and

break the frozen-in condition. In the case of uniform finiteη the evolution of the magnetic field can

be rewritten as:

∂ ~B

∂t
= ∇× (~v × ~B) +

η

µ0
∇2 ~B (5.11)

Equation 5.11 is fundamental for defining the magnetic behaviour in resistiveMHD and it

can be used to determine the magnetic field (B) if the fluid velocity (v) is known. The magnetic

Reynolds number (Rm) is given by the ratio between the first and second terms of the right-hand

side of equation 5.11, specifically:

∇× (v ×B)

η∇2B
≈ Rm =

L0V0
η

(5.12)

whereV0 andL0 are the typical velocity and length scales in a plasma. If the Reynolds number

is much greater than 1, the second term of equation 5.11 becomes negligible. This true in most

regions of hot tokamak plasmas and therefore ideal MHD can be applied to describe the magnetic

field evolution. However, an exception to this rule occurs when the length scale (L0) is very small.

This causes bothRm ≤ 1 and the second term of 5.11 to become important and thus resistive effects

significantly influence magnetic field evolution and topology. Hence, in narrow layers, where the

plasma is subject to particular resonant conditions, the magnetic field evolutionmust be described

by the full induction equation to account for the role of the resistivity, whichbreaks and reconnects

the magnetic field lines.
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Figure 5.1: Magnetic field lines in the vicinity of the rational surface.A. Lines shown in a slab geometry.

The direction of the perturbed field changes with respect to the rational surface in therχ plane. B. Lines

shown in a realistic tokamak case. The magnetic field lines have a different pitch with respect to the rational

q surface (qs).

5.2.2 Tearing modes

The breaking and reconnection of magnetic field lines due to the effects of resistivity leads to the

formation of magnetic islands. This occurs on rational magnetic surfaces where a perturbation is

resonant. It is convenient to describe the magnetic field geometry in terms of 3coordinates [18],

the radial variable (r), the poloidal angle (θ) and the new helical angle (ζ). ζ is directed along a

line perpendicular to that connecting the island x points and can be written in terms of the toroidal

(θ) and poloidal (φ) angles:

ζ = θ − φ
n

m
. (5.13)

wherem is the poloidal mode number andn is the toroidal mode number. The equilibrium field

(B0) (see figure 5.1) and flux (ψ0) close to the resonant magnetic surface can then be written as:

x = r − rs (5.14)

B0 = Bθ(1−
q

qs
) (5.15)

B0 =

(
Bθ
q′

q
x

)
(Taylor expansion of equation 5.15) (5.16)

ψ0 = ψ0(rs) +
1

2
Bθ
q′

q
x2 (5.17)

wherers is the position of the resonant surface (s), q is the safety factor andx denotes the distance

from the surface.

The magnetic island is generated by a perturbed current along the field line,which is taken to

have a sinusoidal form. The perturbations of the tearing mode magnetic field (B̃r) and magnetic
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Figure 5.2: The formation of magnetic islands as a result of magnetic reconnection occurring in the thin layer

centred on the rational surface. A. The equilibrium field before reconnection occurs. B. The equilibrium and

perturbed flux surfaces resulting in a magnetic island.

flux (ψ̃), on the rational surface, are given by:

B̃r = B̃rSin(mζ) (5.18)

ψ̃ = ψ̃1Cos(mζ) (5.19)

The superposition of the equilibrium and the perturbed magnetic field or flux results in a mag-

netic island and this is centred on a given resonant surface (figure 5.2). The direction of the magnetic

field lines on this surface is given by:
1

rs

dx

dζ
=
B̃r
B0

(5.20)

To find the field line traces which describe the magnetic island geometry, equation 5.20 must be

integrated fromχ = 0 tomπ:

d(
1

2
x2) =

rsB̃r
mB0

d(1− cos(mζ)), (5.21)

and the resulting equations are:

x2 =
1

8
w2(1− cos(mζ)) (5.22)

w = 4

√
rqB̃r
mq′Bθ

(5.23)

w = 4

√
qψ̃

q′Bθ
(5.24)

wherew is the width of the magnetic island. The size ofw is dependent on the magnitude of the

local magnetic shear and is also proportional to the square root of the magnetic perturbation.

5.2.3 The Rutherford equation and classical tearing modes

The evolution of a magnetic island is governed by the perturbed helical currents in the rational

surface where it forms. Generally, to describe the dynamics of a tearing mode in the plasma, it is
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sufficient to apply Ohm’s and Ampere’s laws to the perturbed flux function (ψ1) along the magnetic

field lines [18]:

∆
′
ψ̃ = 2µ0

∞∫

−∞

dx

∮
dζJ‖ cos ζ. (5.25)

This island evolution equation tells us how much current is flowing in the island, but does not

directly describe how the island evolves in time. This evolution can only be described if the mech-

anisms responsible for the perturbed parallel current (J‖) are specified.

In the case of classical tearing modes, only the contribution of the Ohmic current determines

the evolution of the island. This meansJ‖ = jOhm and in this case, equation 5.25 reduces to the

classical Rutherford equation for island evolution:

τR
rs

dw

dt
= rs∆

′
(W ) (5.26)

τs =
µ0rs

1.22ηNC ,
(5.27)

whereτR is the resistive time andηNC is the neoclassical resistivity. In equation 5.27, a positive

∆
′

indicates that the island is growing. However,∆
′

is usually considered independent ofw and

this means that the Rutherford equation predicts unstable islands to grow exponentially.

The classical stability of magnetic islands is determined by the equilibrium toroidalcurrent

profile. The value of∆
′
is dependent on the plasma equilibrium and has to be evaluated by matching

the ideal MHD solution forψ1, for the region0 < r < rs +
W
2 , to the solution forrs − W

2 < r <

∞. This evaluation method causes a discontinuity indψ1

dr at the rational surface. In cylindrical

geometry, the perturbed flux (ψ1) is calculated using the tearing mode equation [88]:

d2ψ1

dr2
+

1

r

dψ1

dr
−
(
m2

r2
+

dj/dr

Bθ(r)(1− nq(r)/m

)
ψ1 = 0 (5.28)

This equation can be solved numerically for a given radial profile of current density, safety factor

and poloidal magnetic field as shown in figure 5.3.

5.2.4 Neoclassical tearing modes and the modified Rutherford equation

In addition to the the Ohmic current, there are a number of currents which contribute to the per-

turbed parallel current (J‖) on tokamaks, influencing island stability and growth. These include the

bootstrap current (jbs), the current generated by the tokamak curvature (jps) and the polarization

current (jpol). Tearing modes which are driven by all of these currents are referred to as NTMs.

If the effects of these currents are included in the classical Rutherfordequation, we obtain the

modified Rutherford equation (MRE) which more accurately describes the evolution of an island:

τR
rs

dw

dt
= rs∆

′(w) + rs∆
′
BS + rs∆

′
GGJ + rs∆

′
pol (5.29)
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Figure 5.3: A. The classical tearing stability evaluated in cylindrical geometry. B. The input current density

(J) and poloidal field profiles (Bθ) used to calculated the classical tearing stability in a cylindrical geometry.

Each of the∆′ terms in this equation are used to describe how each additional current affects

the evolution of an island. The origin of each of these current terms and their calculations will

now be discussed in more detail. Although not considered here, additionalcurrents can also be

externally injected by the electron cyclotron current drive (ECCD) to stabilise island growth and

can be included in the MRE.

5.2.4.1 Bootstrap drive

The effects of the bootstrap current were predicted and modelled theoretically in a number of papers

in the early 1970s [15]. This current is proportional to the pressure gradient and when a magnetic

island forms, rapid parallel transport causes pressure flattening across the magnetic island. This

leads to a reduction in the pressure-driven bootstrap current and, in turn, an increase in island size.

An initial modified form of the Rutherford equation was developed to include the effects of both

the bootstrap and Ohmic currents:

τR
r2s

dw

dt
= ∆

′
+ ǫ1/2

Lq
Lp

βp
w

(5.30)

NTMs were first observed experimentally in 1995 on TFTR supershots [89] and were found to

be triggered from seed islands that are generated from other MHD instabilities (e.g. ELMs or

sawteeth). Only seed islands greater than a threshold island width are found to trigger NTMs and

this threshold level can be explained by the degree of flattening of the pressure profiles, which

influence the bootstrap drive, for a given NTM.

Fitzpatrick ([86]) predicted a critical island width below which an island wouldshrink and

disappear. This effect is a result of the large connection length adjacent to a rational surface and the
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stagnation of the magnetic field lines in the vicinity of the island separatrix.Te andne, and hencepe,

can be assumed to be flux functions when the transport from one location toanother is dominated

by parallel transport. However, both the large connection length close to arational surface and the

field line stagnation near the island separatrix mean that the parallel distance connecting a radial

point can become orders of magnitude greater than the perpendicular distance. The parallel and

perpendicular transport channels can compete in these conditions, makinga gradient parallel to the

flux surfaces possible.

The equilibration ofTe along a field line can be understood by solving a heat transport equation

in the vicinity of the rational surface, as described in section 5.4 and Appendix A. In solving this

equation, a critical island width can be found, below which the parallel transport cannot guarantee

thatTe is a flux surface quantity. The result of this heat transport calculation is afinite island width

(wd), which forms part of the bootstrap contribution to the MRE equation.wd limits the bootstrap

contribution to MRE for small island widths and as a result larger triggers (greater than thewd

threshold) are needed for NTMs to occur.

The majority of the bootstrap current (70-90%) results from the electron pressure gradient and

the remainder results from the ion pressure gradient. The ion bootstrap drive is also affected by

particles which drift inside the banana orbits and these increase the bootstrap current inside an

island [90]. This effect is significant when the island width is greater than the banana width,wb,i =√
(ǫ)ρp, whereρp =

(2mikBTi)
1
2

eBp
is the poloidal Larmor radius.

A more accurate calculation of the bootstrap term, than given by equation 5.30, is based on the

Sauter approximation for the bootstrap current [91] and is used for the remainder of this chapter.

This is given by:

∆′
BS = rsβpabs

(
fbsew

w2 + w2
d

+
(1− fbse)w

w2 + w2
d,i

)
, (5.31)

wherefbse is the trapped particle fraction,wd,i =
√
28wb,i and theabs coefficient is given by:

abs = a2(−Lbs)
Lq
−Lp

, (5.32)

whereLq = q/q′ andLp = p/p′ are the pressure and safety factor gradient scale lengths respec-

tively, Lbs is the bootstrap current scale length (defined in detail by Sauter et al. [91]) anda2 is

a coefficient used to scale these quantities in equation 5.32, (a2=3.2; as derived from large aspect

ratio results).

wd is the principal stabilising term in the calculation of the bootstrap contribution to island

stability. In the case of MAST, the ion contribution to the bootstrap current is found to be negligible

because of the high bootstrap fraction (fbse).
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5.2.4.2 Tokamak curvature

A tearing mode island in a toroidal plasma, with finite plasma pressure, bends thefield lines in such

a way as to increase the magnetic energy. The curvature has the effect of increasing the plasma

stability against the tearing mode [92]. This is described by the Glasser Green Johnson curvature

term:

∆′
GGJ = rsβp

aGGJ√
w2 + 0.2w2

d

(5.33)

The stabilising effect of this curvature term is reduced at small island widths, as suggested by

Lutjens et al. [93]. The size of this modification is given in terms of the finite island width. The

aGGJ term is related to the resistive interchange parameter (Dr) and is given by:

aGGJ = 6
DR

βp
≈ 6

ǫ2

s

Lq
−Lp

(
1− 1

q2

)
. (5.34)

The stabilising effect of∆GGJ comes from the negative sign ofDR. DR scales asβ ∼= ǫ1/2βp

and thus introduces anǫ3/2 (ǫ being the inverse aspect ratio) dependence, relative to the bootstrap

drive. The bootstrap drive itself scales asǫ1/2βp and hence, in low aspect ratio plasmas, the∆GGJ

and∆′
BS terms become comparable and in this description make STs less susceptible to NTMs.

5.2.4.3 Polarisation current

A magnetic island inside a tokamak will rotate at a characteristic frequency (ω) in the rest frame of

the plasma flow. Electrons respond to this moving island faster than ions, whichresults in a per-

pendicular current (Jpol). Jpol is not divergence-free and thus a parallel current, the ion polarisation

current (J‖), is induced to conserve∇.J = 0. The ion polarisation current influences the island’s

stability in addition to the bootstrap current and tokamak curvature.

The interaction between a propagating island and the plasma is a highly non-linear process and

particle responses are dependent on the relative sizes ofω and the diamagnetic frequency (ωii). The

ion diamagnetic frequency for a tokamak is given by:

ωii
2π

=
mBφ
2πr

(Ti/Lpi)

B2
− nBθ

2πR

(Ti/Lpi)

B2
(5.35)

The ion polarisation current can be either stabilising or destabilising, depending on the relative

sizes ofω andωii. In the MRE, the contribution of this current to island stability is described by:

∆′
pol = rsβpapol

w

w4 + w4
b,i

(5.36)

∆′
pol is expected to contribute to NTM stability when the island width is of the order of theion

banana width (wb,i) and hence, the additional w
w4+w4

b,i
term has been added to equation 5.36 to
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restrict its influence below the ion banana width. Theapol coefficient is given by:

apol = a3

(
Lq
−Lp

)2

w2
bif(ω)g(ǫ, ν

∗
ii) (5.37)

wherevii = ln∆
12ǫ2

0
π3/2

Z4e4ni

m
1/2
i (kBTi)3/2

is the ion collision frequency andf(ω) describes the dependence

onω, whereω is the island propagation frequency in the frame of the plasma flow. The collisional

dependence (g(ǫ, ν∗ii)) of apol is given by:

g(ǫ, vii) =
{
1.64ǫ1/2 vii/ǫω→0
ǫ−1 vii/ǫω→∞

(5.38)

The collision frequency regime of the plasma is defined by thevii/ǫω term Theg(ǫ, νii) term

has a value of1.64ǫ1/2 in the collisional regime [94] andǫ−1 in the collisionless regime [95].

5.3 Magnetic measurements of NTM widths

Magnetic island evolution is typically described in terms of the radial island width (w) and this can

be calculated from magnetic coil measurements. In this section such calculations are presented,

using magnetic measurements taken on MAST during the last experimental campaign. These esti-

mates ofw have also been used as a comparison to the island evolution predicted by the MRE (as

described in section 5.6). MAST is equipped with a large number of Mirnov coils, which are lo-

Figure 5.4: Comparison of the real (A) and simulated (B)B̃z measurements of the perturbed magnetic field

amplitude on the vertical Mirnov array. Data is from a singleshot on MAST. This shows a good agreement

between the TORFLD simulations and̃Bz measurements.

cated at the inboard and outboard of the vessel and these sensors measure the oscillating perturbed

magnetic field in the vertical plane (̃Bz) that results from a rotating magnetic island. We have seen

(equation 5.24) thatw is related to the perturbed radial magnetic field (B̃r) at the rational surface,
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but this cannot be measured directly. Therefore, in order to calculatew from magnetic measure-

ments, theB̃r at the rational surface must be determined from theB̃z at the edge of the MAST

plasma. The cylindrical approximation is frequently used to calculate the relationship between

these terms and is given by:

B̃r =

(
b

r

)m+1 B̃z
2
, (5.39)

whereb is the distance between the rational surface and the magnetic sensor andm is the poloidal

mode number.
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Figure 5.5: Puncture plots of magnetic island structures resulting from current filament models, determined

using field line tracing. The figure on the right is the poloidal cross-section of the MAST vessel taken at a

toroidal angle ofφ = 90◦. Puncture plots of islands at the outboard (A) and inboard (B) sides of the tokamak

are plotted as a function of the toroidal angle. The size of each islands is determined by the amplitude of the

Mirnov signal at the mid-plane (Z = 0). The island on the outboard side is narrower, as predicted,due to

flux expansion.

TORFLD code was used to determinẽBr at the rational surface from̃Bz on the coils. This was

carried out by first using equilibrium code EFIT [40] to calculate the equilibrium magnetic field
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and using TORFLD to place a sheet current perturbation, which represents the island, on a given

rational surface. This perturbation has a toroidally sinusoidal currentvariation and is represented

by a number of helical current filaments (typically 40) which are distributed evenly around a given

rational surface. The currents in these filaments flow along the magnetic fieldlines and do not

produce any charge accumulation (divergence-free).

In TORFLD, the size of the current perturbation in the filaments was adjustedso that the ampli-

tude of the simulated̃Bz was equal to the measured̃Bz on the centre column Mirnov array (Figure

5.4). Once a good match between these quantities was found, theB̃r at the rational surface could

be measured in TORFLD.

Another approach to determine the size of a given island is to perform field line tracing of the

EFIT equilibrium combined with the sheet current perturbation that represents the island. Both

approaches to determinew were carried out for a number of shots and the field line tracing results

(figure 5.5) were found to agree well with the results determined when usingequation 5.24 where

B̃r had been calculated using TORFLD.
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Figure 5.6: Comparison of the 2,1 island widths determined using TORFLDcode (wmag) and using fits of

the MAST TS data (wTS). Each data point represents one island and both ruby (red) and Nd:YAG (black)

TS data have been used in this comparison.The error bars on the Nd:YAG measurements are smaller than

those of the ruby TS system measurements, as the width can be constrained by 8 measurements when the

Nd:YAG system is operated in burst mode.

Following the upgrades to the TS systems on MAST, a comparison between the magnetic esti-

mates ofw and the width inferred from the TS system is now possible. However, unlikemagnetic
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measurements, TS measurements can only be taken a small number of times duringthe islands evo-

lution. The TS approach uses a model to fit the island width from the Te measurements (this model

is discussed in detail in section 5.4). A good agreement was found betweenthe magnetic island

widths and the TS island widths, within the error bars of the measurements (Figure 5.6). TThese

measurements were taken from similar MAST discharges.

5.4 Heat transport across a magnetic island and estimation of the crit-

ical island width

Here, the finite island width term (wd) of the MRE is determined using MAST TS data. This is done

by fitting the flattening of the Te profile, measured using TS, to a heat transport model developed in

collaboration with University of York [96, 97]. The results are then usedto investigate the influence

of thewd term on NTM thresholds and evolution. In addition, the measuredwd has been compared

to approximations typically used forwd in order to examine their validity using MAST data.

5.4.1 TS measurements ofwd

Heat transport across a magnetic island occurs via a boundary layer centered on the island separa-

trix. In this boundary layer, parallel gradients in Te are possible. The width of the boundary layer

is the largest at the x-point and is approximately equal to the critical island width term (wc). This

term is important for the solution of the heat transport equation and is defined as:

wc =
√
8

(
χ⊥

χ‖

)4√R0rrs
Lsn

(5.40)

whereR0 is the major radius,Ls is the local magnetic shear andrs is the value of the minor radius

coordinate. This parameter is related to thewd parameter, wherewd = 5.1wc [86]. The width of

the boundary layer at the o-point is∼ w2
c/w. The effect of an island greater thanwc is to flatten

the Te profile inside the boundary region. The boundary layer is associated withcurved regions

in the Te profile and these regions are dependent on the size ofwc. The boundary region matches

the flat region inside the island and the gradient Te outside the island. This relationship was first

demonstrated by Fitzpatrick [86] and contributes to the triggering threshold observed in NTMs.

The effect of different values ofwc on the contour of Te is shown in figure 5.8. It can be observed

that as the size ofwc increases, the width of the boundary layer also increases.

Fitzpatrick investigated the temperature profiles around a magnetic island usinga diffusive

model for the heat transport [86]. In the absence of heat sources or sinks, the heat transport that

occurs parallel and perpendicular to the magnetic field lines is given by:

χ‖∇2
‖T + χ⊥∇2

⊥T = 0 (5.41)
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Figure 5.7: The solution for then = 0 − 3 Fourier harmonics as a function of normalised island width

(x/w). Three different values ofwc/w are considered, 0.01 (black lines) 0.25 (red) and 0.5 (blue). The

magnetic island is symmetric around the it’s central radialposition and thex/w scale in this picture goes

from the center to 4 island widths. HereTe (eV) is the NTM contribution to the temperature, relative tothat

at the island centre. The boundary conditions of the model have been carefully determined to ensure that the

electron temperature gradient far from the island can be matched to the real experimental gradient.

whereχ‖ andχ⊥ are thermal diffusivities parallel and perpendicular, respectively, to the field lines.

The perpendicular heat transport across field lines is a result of small scale turbulence. The parallel

heat transport is the product of the electron mean free path and the electron collisionality and is

typically orders of magnitude greater than the perpendicular [98].

We can obtain (see Appendix A) a partial differential equation of Te, which describes the dif-

fusive transport in the heat transport model:

(
X

∂

∂ζ

∣∣∣∣
X

+
1

4
sin ζ

∂

∂X

∣∣∣∣
ζ

)2

T +
w4
c

w4

∂2T

∂X2
= 0 (5.42)

this equation can be reduced to a 1D problem by expressingT as a Fourier series:

T (X, ζ) =

N∑

n=0

Tn(X) cosnζ (5.43)
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and this solution can be substituted into equation 5.42, then multiplied bycoskζ (integerk) and

integrated over12π
∫ π
−π ... dζ to produce an equation of the form:

N∑

n=0

[
AKn

d2Tn
dX2

+Bkn
dTn
dX

+ CknT

]
= 0 (5.44)

Equation 5.44 is anN + 1 coupled differential equation for the different Fourier mode am-

plitudes, whereAkn, Bkn andCkn are matrices which are functions ofk, n, wc andx. A finite

difference scheme is used to determine a numerical solution to this equation anda full derivation

of this scheme is included in Appendix A. The solution of this equation (figure 5.7) is the Fourier

solution to the the heat transport equation (equation 5.41). The full 2D solution can then be recon-

structed from this Fourier series and is shown in figure 5.8.
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Figure 5.8: Boundary layers resulting from the 2D solution of the heat transport equation. The effect of

differentwc/w ratios (0.125, 0.25,0.5) on perturbedTe (Te - Te (island centre)) contours are shown. As the

wc parameter is increased, the boundary layer centred on the island separatrix also increases. The x-points

are located atζ = 0 and 2π and the o-point is located atζ = π.

A solution to the heat transport equation (equation 5.41) can be fitted to the MAST TS data, in

order to determine both the island width (w) and the critical island width (wc). Data has been taken

from the HFS because the flux expansion and geometry of TS systems allowsgreater resolution in

this region than at the LFS. On the outboard side displacements of the rationalsurfaces occuring

during the NTM rotation period complicates the analysis of islands in this region.For the ruby

TS system, the Fitzpatrick model was first convolved with the instrument function representing the

spatial smoothing as described in section 4.4.6, Chapter 4). In contrast to the mtanh pedestal model

discussed in section 3.3.5 the Te and ne gradient in the vicinity of the NTM are relativity small so

the additional effects of spectral smoothing need not have been considered. Examples of such fits to

the HFS TS data from both ruby and Nd:YAG are shown in figure 5.9. A goodagreement is found

between the experimental ruby and Nd:YAG Teprofiles and the heat transport model (figure 5.9).
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However, the error bars resulting from fitting the experimental data are typically large for both the

island width and critical width. In the case of a single ruby TS measurement, theminimum of the

χ2 space can be broad with a number of possible local minima. This can be understood as multiple

solutions of the Fitzpatrick equation that match the experimental data. The increased number of

measurements possible using the Nd:YAG system results in a better definedχ2 minimum in most

cases, although large error bars still occur on the measured parameters. There also exists a large

correlation between the width and the critical width parameters, which can be seen as the contours

figures 5.9C and D. This correlation could be exploited to constrain the critical island width more

accurately using magnetic measurements of the island width.
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Figure 5.9: Example of typical fits of ruby (shot 25326) and Nd:YAG TS (shot 25224) Te data to the heat

transport model, in the presence of a large NTM. A. Ruby TS data (black line) and the heat transport model

fit (red line). Data is taken at the island o-point. B. Nd:YAG data (colors on contour), from 8 lasers operated

in burst mode, fitted to the heat transport model (lines on contour). Island structure measured from x-point

to x-point. C.χ2 contours for the ruby fit, as a function ofw andwc. D.χ2 contours for the Nd:YAG fit, also

as a function ofw andwc. For C and D, values and error bars for bothw andwc are shown as white lines.
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During the last experimental campaign, TS measurements were taken from either the ruby or

Nd:YAG TS systems and the above approach was used to determine 20 measurements of both thew

andwd terms. The results are shown in figure 5.10. The value ofwd is shown to vary significantly

between the individual shots. Each shot in figure 5.10 has similar values for theLs,R0 andrs terms

of equation 5.40 and this indicates that the variations observed forwd are related to(χ⊥/χ‖)
1/4.

The size of this variation is more than the expected typical variation of theχ⊥ parameter alone as

thewc parameter is dependent on quarter power on this parameter requiring large changes inχ⊥ to

explain the observedwc variation.

5.4.2 Comparison ofwd from TS measurements and approximations

In order to compare the value ofwd from TS measurements to thewd approximations typically

employed in NTM studies (where measurements are not possible), a number of different estimates

for bothχ⊥ andχ‖ can be substituted into equation 5.40. This gives an estimate forwd. The first

estimate ofχ⊥ assumes a Gyro-Bohm scaling for the heat transport [95]. When this assumption is

made, thenχ⊥ should scale as:

χ⊥ =
ρ2i vthi
r

, (5.45)

which givesχ⊥ values in the order of 100 m2/s. The second estimate takesχ⊥ values that have

been measured using TRANSP [99] for H-mode plasmas on MAST. These values are in the order

of 10 m2/s, where the electron heat transport can approach neoclassical values (2-4 m2/s). Figure

5.10 shows example values ofwd calculated using these methods to estimateχ⊥.

The Spitzer conductivity [98] is typically used as an estimate ofχ‖, which is thus given by:

χ‖ = vTHλe

= 2.25× 1010

(
T
5/2
keV

n19

)
, (5.46)

wherevTH is the thermal velocity andλe is the electron mean free path (λe = vTH/νe, whereνe

is the electron collisionality). This definition assumes that the measurements are inthe collisional

regime, where the electron mean free path is short compared to the parallel temperature gradient

(L‖). If this is not the case, a conductivity ofχ‖,con has been proposed by Meskat et al. [27], where

a correction is applied to the Spitzer conductivity, as given by:

χ‖,con =
1√

1 + (3.16 λeLc
)2
χ‖ (5.47)

In the above correction, theL‖ is approximated by the field line connection lengthLc which

can be determined from (∼ RoLq

nw ). In the case of the 2,1 modes on MAST anLc of (20-40 m)

is found, with aλe of a similar range. It is therefore important to include this correction when
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Figure 5.10: Ruby and Nd:YAG measurements of thewd parameter. The error bars on the ruby TS mea-

surements are typically greater than the Nd:YAG measurements, as only a single ruby TS measurement is

possible, compared to the eight possible using the Nd:YAG system. The value ofwd is estimated using

Gyro-Bohm scaling and typical TRANSP values for theχ⊥in H-mode MAST plasma. The other parame-

ters in equation 5.40 are calculated using EFIT and are foundnot to vary significantly between shots. The

conditions of the NTM evolution are therefore similar for this subset of MAST discharges.

determiningχ‖ for these modes on MAST. For these modes,χ‖,con is found to be a factor of∼ 3

greater thanχ‖ calculated using equation 5.46. Usingχ‖,con thus increases the size of the estimated

wd by∼ 31/4 ∼ 1.3.

The upgraded TS system has allowed measurements ofwd for the first time on MAST. These

wd measurements are, on average, slightly lower thanwd predicted from TRANSP measurements

χ⊥. A potential cause of this discrepancy is that the heat transport model is limited. If the model

were extended to include a heat source term or to allow for asymmetric islandsin the solutions this

may resolve the discrepancy. However, further measurements are needed to investigate the exact

cause of this discrepancy and the new triggering system described in section 5.7 will facilitate these.

5.5 Island rotation frequency and estimation of the ion polarisation

current

In this section, NTM rotation frequencies are calculated for 2,1 NTMs on MAST for a number of

shots and the size of the ion polarisation contribution to the MRE estimated. As detailed in section

5.2.4.3, the contribution of the ion polarisation current (∆′
pol) to the MRE is dependent on the size
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of the island rotation frequency in the rest frame of a plasma fluid. This frequency term determines

whether theg(ǫ, νii, ω) term in∆′
pol, and thus∆′

pol itself, is stabilising or destabilising in the MRE.

It also influences the size of the∆′
pol contribution to the island stability.g(ǫ, νii, ω) is a function

of the island rotation frequency, normalised by the ion diamagnetic frequency (ωii) and the ion

collisionality. The island rotation frequency (ω) is given by(fmirnov − fEr=0)/2π, wherefmirnov

is the measured frequency in the lab frame (determined from the Mirnov coils)andfEr=0 is the

frequency of the frame in whichEr = 0. Thus the frequency of the mode isn times the frequency

which would transformEr to zero:

fEr=0 =
nEr

2πRBθ
(5.48)

=
−nvφj
2πR

+
nvθj(Bφ/Bθ)

2πR
+

n∇pj
2πZjnjRBθ

, (5.49)

where the radial electric field (Er) is calculated using theC+
5 species [100]. This is the frequency

of the mode for rigid rotation with the plasma fluid (i.e.ω = 0).

NCLASS code [43] is used to determineEr for shots on MAST. This code is constrained by

measurements of theC+
5 temperature, density and rotation velocity which were determined from

CXRS measurements. It was found that the toroidal rotation (vφj) is the principal contributing term

to theEr on MAST (figure 5.11). In contrast, the poloidal rotation (vθj) is shown to be negligible

on this machine [30] and can thus be neglected. The contribution of the diamagnetic term is also

small in most cases (figure 5.11).Similar results for the contribution of the toroidal,poloidal and

diamagnetic term to theEr has been found on NSTX [101].

When islands are large (w > wd), fmirnov is observed to approachfEr=0 in MAST data (figure

5.12) and this indicates that the ion polarisation term tends towards zero in these conditions. When

the island size is smaller (w ∼≤ wd), for the discharges considered here,it is found to rotate in the

electron diamagnetic direction. Island rotation in this direction is predicted to result in a stabilising

contribution from the ion polarisation term [102]. The rotation direction results for MAST agrees

with those from Asdex [103], Textor[104] and NSTX [101]. However, results from DIII-D [100]

and TCV [105] have shown NTM rotation in the ion diamagnetic direction on these machines.

Having determinedω from the above measurements and having calculatedǫ, the size ofg(ǫ, νii, ω)

was calculated using a drift kinetic model [102] and given byG(νii, ω)whereG(νii, ω) = a3g(ǫ, νii, ω).

NTMs studied on MAST are typically in a collisional regime (log(νii/ω) < −4) and also have a

normalised ion rotation frequency (ω̃), given by a (ωωii
) value between -0.4 and -0.2 when the island

size is in the vicinity of a banana island width. Using these values, the drift kinetic model [102]

estimates the size ofG(νii, ω) to be∼ 0.05-0.1 for 2,1 studies on MAST (figure 5.13). Using the

estimate forG(νii, ω), the size of the∆′
pol parameter was then calculated using equation 5.36. The

contribution of the ion polarisation term to the MRE for 2,1 NTMs on MAST is discussed in section
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Figure 5.12: The evolution of the island rotation frequency at the onset of a 2,1 NTM for shot 25224 on

MAST. The NTM rotates in the electron diamagnetic directionat onset. As the pressure gradient flattens,

Fmirnov (black line) approachesFEr=0 (red line) and the island rotation frequency (ω, blue line) initially
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FEr=0 terms goes to zero is postulated to be the finite island width.
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5.6.

There is still a high level of uncertainty about which physics mechanisms determine the rotation

frequency of MHD instabilities [106]. In the case of 2,1 NTMs on MAST, theevolution of the island

frequency may be dependent on the electron diamagnetic frequency (ωe). At the onset of an NTM

ω typically starts from a frequency in theωe direction, but as the island grows it tends towards zero.

ωe is related to the evolution of the electron pressure gradient, which is described by the Fitzpatrick

transport model (see section 5.4). To investigate this relationship further,the mean flattening of a

normalised pressure gradient was calculated using the Fitzpatrick model. Theresults show that the

pressure gradient tends towards zero aswd is approached (figure 5.14) and this suggests that ifω is

dependent onωe, thenω → 0 whenw → wd.

The time at whichω → 0 has been calculated from CXRS measurements. In addition, the

evolution of the magnetic island width from magnetic measurements was interpolatedat this time,

in order to calculate the width at whichω → 0, which is given bywd,mag. This width was compared

to thewd determined by TS (wd,ts) and, as shown in figure 5.15, a good agreement is found between

wd,mag andwd,ts for a number of shots. This agreement indicates thatω is dependent onωe. If ω is

dependent onωe the size of thewd can influence theω which will in turn effect the size of the ion

polarisation contribution to the island stability, coupling the effect of these stability terms.
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Figure 5.15: Comparison of the width at which the island frequency equalsthe CXRS rotation frequency of

the q=2 surface to thewd measured by TS. If the width that the island rotation frequency equals that of the

wd then the rotation in theωe direction may have resulted from the electron pressure gradient and disappears

when the pressure gradient is flattened atwd.
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5.6 Beta scan experiments to determine the marginal island width

In this section beta scan experiments on MAST, which investigate the MRE and the relative impor-

tance of the different MRE stability terms, are described.

5.6.1 Beta scans

Changing beta poloidal (βp) provides a method of influencing the evolution of an NTM, as the

growth rate (rate of change of the island width) of an island is given by:

dw

dt
=
rs
τR

[
rs∆

′
+ rsβp

(
abs

(
fbscw

w2 + w2
d

+
(1− fbsc)w

w2 + w2
b

)

+
aGGJ√

w2 + 0.2w2
d

+ apol
w

w4 + w4
d,pol




 , (5.50)

where as,discussed previouslyabs is the bootstrap term,aGGJ is the tokamak curvature term,apol

is the ion polarisation term,wd is the finite island width and∆
′

is the classical tearing stability

term. This is an expansion of the MRE given by equation 5.29 in section 5.2.4, where each of these

stability terms have been discussed fully.

In beta scan experiments, the beta poloidal (βp) is reduced after an NTM is triggered and reaches

its saturated island width. Once this occurs, there is a back transition of the plasma to L mode and

the island width (w) immediately decreases until a point of marginal stability is reached, where the

NTM shrinks away rapidly. On MASTβp is dropped by turning off the NBI beams and, as it is not

currently possible to trigger the NBI system on a specific plasma event, this time must be estimated

from previous shots.

βp measurements made during the beta scan are used in conjunction with estimates ofthe

MRE stability terms, in order to reconstruct the evolution of the island width (wMRE). This is

carried out by taking an initial value of the island width from an initial magnetic measurement and

then integrating equation 5.50 over the time of the beta scan. The estimates of theabs, aGGJ and

apol terms used for this reconstruction are taken before the onset of the NTM.abs andaGGJ are

calculated using CHEASE code, which uses an EFIT equilibrium that is constrained with TS and

CXRS measurements (see section 5.2.4), whileapol is calculated using CXRS measurements (see

section 5.5).wd is calculated from TS measurements (see section 5.4) taken at a time close to the

saturated island width (wsat) and finally,∆
′
is estimated from(abs− aGGJ)/wsat. As discussed in

section 5.4 TS measurements at large island widths (∼ wsat) can be used to inferwd.

A comparison ofwMRE to the evolution of the island width measured by magnetics (wmag)

can provide information about both the validity of the stability terms used in the MREand their

influence on island stability. Magnetic measurements ofw are performed continuously during the
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island evolution in order to determinewmag. A least squared fit is performed betweenwmag and

wMRE , allowing the MRE terms to vary as free parameters, with the predicted stability terms taken

as the initial guess. ThewMRE are assumed to remain constant over the island evolution.

Stability 24082 24082 24082 24622 24622 24622

term (predicted) (apol = 0) (predicted) (apol = 0)

abs 4.32 4.70 4.18 4.30 4.27 4.09

aGGJ -3.11 -2.38 -2.00 -2.95 -3.00 -3.00

∆ -3.00 -3.42 -3.00 -3.00 -2.70 -2.45

τR(ms) 340 340 340 340 340 340

wd 1.9 2.5 2.8 4.8 2.6 3.5

(TS fit) (TS fit)

apol -0.0002 -0.0002 0.000 -0.0002 -0.0015 0.000

Table 5.1: Comparison of the predicted and fitted MRE stability terms, with and without theapol term

included, for shots 24082 and 24622. Theabs andaGGJ predicted terms are determined using the CHEASE

code and thewd predicted term is determined by fitting the heat transport model to the Tedata. TheτR(ms),

∆ andapol predicted terms are determined as discussed in section 5.6.It is only possible to calculate the

error in thewd term as the other predicted terms are dependent on the equilibrium parameters for which no

error bars are currently estimated. The number of significant parameters in the fitted terms can be estimated

from the sensitivity of the fitting procedure.

Beta scans were carried out for two MAST shots, shots 24082 and 24622, using this approach

and the results are discussed below. Both shots are of 2,1 NTMs and are hybrid scenarios, both with

a weakly reversedq profile and a centralq > 1. The globalβp at the NTM onset is also quite high

(about 0.7) for each shot. The NBI heating differs between these shots. In both shots the south west

NBI (1 MW) turns on at 70 ms. However, in shot 24082 the south NBI (1.5 MW) switches on at 90

ms, whilst in shot 24622 it turns on at 135 ms. Despite this difference, the Te , ne andTi profiles

between these shots match well until 200 ms, when a steep gradient in the electron temperature

typical of an electron internal transport barrier (ITB) becomes visible onthe Te profiles of shot

24622. This ITB may explain the difference in the initial growth rates of the NTMs in shots 24082

and 24082.

5.6.1.1 Beta scan and MRE fit for shot 24082

In shot 24082, a 2,1 NTM begins to grow at approximately 0.21 seconds and it evolves from a small

island to a saturated island over∼ 20 ms. The TS measurements of thew andwd parameters for

this shot were taken at 255 ms. The NBI beams were switched off at 0.225 s.
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Figure 5.16: A comparison of the predicted and measured evolution of a 2,1NTM in shot 24082. The

wmag determined from the magnetics is shown in black.wMRE with (red), and without (blue), theapol term

included are compared towmag. The TS measurements ofw (wts) are in good agreement withwmag for the

same time point. The prediction of thewd term from TS is placed at 0.28 s, so that it can be compared to the

marginal island width where the NTM begins to decay rapidly.

The measurements and calculations of the different stability terms for this shotwere used to

form the MRE. The island width determined using the MRE (wMRE) was then fitted to the island

width measured using magnetics (wmag), as described in section 5.6, and a good agreement is found

(figure 5.16). In addition, a good agreement is found between the TS measurement of the island

width and thewmag measured at that time, which indicates that the magnetic measurements are

reliable.

The different stability terms for the MRE of this shot are each now considered, both in terms

of their contribution to the stability of this NTM and how well the predicted and fittedterms agree.

Table 5.1 provides a reference of the predicted and fitted values.

The apol term for this shot is not found to influence the NTM stability. When this term is

included in the fitting, the best solution obtained forwMRE shows a greater deviation fromwmag

than if this term is neglected (figure 5.16). Furthermore, the inclusion ofapol in the MRE fit

significantly reduces the agreement between the other stability terms and their predicted values

(table 5.1).
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Figure 5.17: Contribution of the fitted stability terms to the total island growth rate predicted by MRE

(dw/dt) for shot 24082. The growth rates for each fitted stability term, neglecting theapol term, are shown.

The fit of island evolutionwMRE is shown with the y axis forw on the left hand side.

Theabs term is found to be the only destabilising term and its strength is found to be significant

in this shot. The contribution of the fitted∆′
bs to the total growth rate, as a function ofw, is shown

in figure 5.17. A good agreement is found between the predicted (4.32) and fitted (4.18) values of

abs. The size of thewd term determines the size of both the bootstrap and curvature terms at small

island widths. The predicted value (1.9) is found to be less than the fitted value(2.8) ofwd. A

greater value ofwd reduces the size of the bootstrap current and increases the size of the curvature

term at small island size increasing the onset threshold for an NTM.

TheaGGJ term is particularly important for MAST plasmas, as they have a small aspect ratio.

This term is found to be the principle stabilising term at the onset of the NTM (figure 5.17). The

stability of the NTMs is found to be dependent on the delicate balance betweenprincipally the

bootstrap and curvature terms. The fitted value (-2.00) ofaGGJ is found to be significantly less

than the predicted value (-3.11) in this shot. The∆
′
parameter is found to be stabilising and a good

agreement is seen between its predicted and fitted values (table 5.1). After the H-L mode transition,

∆
′
becomes the principal stabilising parameter (figure 5.17).
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Figure 5.18: A comparison of the predicted and measured evolution of a 2,1NTM in shot 24622. The

wmag determined from the magnetics is shown in black.wMRE with (red), and without (blue), theapol term

included are compared towmag. The TS measurements ofw (wts) are in good agreement withwmag for the

same time point. The prediction of thewd term from TS is placed at 0.28 s, so that it can be compared to the

marginal island width where the NTM begins to decay rapidly.

5.6.1.2 Beta scan and MRE fit for shot 24622

For shot 24622, the TS measurement of thewd parameter was taken at 265 ms and the NBI beams

were switched off at 0.27 s. During the onset of this shot, a low frequency mode is observed in

the magnetic spectrogram at 0.21 s and its size and frequency do not increase greatly until 0.23 s,

at which time rapid growth is observed; which is in contrast to the more constant growth rate seen

in shot 24082. The early growth rate of this NTM cannot be reproducedusing the MRE equation

without some further modelling of the∆
′

parameter and, for this reason, the MRE is only fitted

after 0.24 s, where the mode is close to its saturated size and∆′ should return to∼ −2m. There

is again a good agreement betweenwmag andwMRE for this shot. It is not possible to ascertain

whether theapol influences the NTM stability in this shot, as the best solution forwMRE is obtained

whether or not theapol term is included in the fit towmag (figure 5.18). However, the inclusion of

this term reduces the agreement between the predicted and fitted values of the other stability terms

(table 5.1).

As in shot 24082, the strength of the bootstrap term is found to be significant and is again the
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Figure 5.19: Contribution of the fitted stability terms to the total island growth rate predicted by MRE

(dw/dt) for shot 24622. The growth rates for each fitted stability term, neglecting theapol term, are shown.

The fit of island evolutionwMRE is shown with the y axis forw on the left hand side.

principal destabilising term. The size ofabs is also of a similar size to that in the previous shot. The

contribution of the fitted∆′
bs to the total growth rate is shown in figure 5.19. A good agreement is

found between the predicted (4.30) and fitted (4.27)abs terms, which is slightly better than that in

shot 24082 (table 5.1). The predictedwd (4.8) is found to be larger than the fitted term (3.5) in shot

24622, with both values larger than those in shot 24082.

In this shot a much better agreement is found between the predicted (-2.95)and fitted (-3.00)

aGGJ terms than in shot 24082, although the value of the predicted term is similar in this previous

shot. The contribution of the fitted∆′
GGJ to the total growth rate is shown in figure 5.19 and once

again, a delicate balance is seen between the stabilising contribution of∆′
GGJ and the destabilising

contribution of∆′
bs.

5.6.2 Contribution of the MRE terms

In both shots a relatively good agreement is found betweenwMRE andwmag and this indicates that

the terms used in the MRE describe the island stability accurately. These shots also show similar

values for the predictedabs andaGGJ terms and show good agreement between the predicted and

fitted abs terms. Theabs andaGGJ terms are found to dominate during the early island evolution
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(see figures 5.19 and 5.17).

TheaGGJ term is found to be the principal stabilising term during island onset. Although ishas

a significant effect on the island stability, this is lower that the predicted values. In shot 24082, the

MRE fitting produces anaGGJ term that is40% reduced from its predicted term, in order to allow

the NTM to be destabilised, whereas a better agreement between these terms isseen for shot 24622.

However, this is likely because the early evolution of the NTM is neglected in thislatter shot and

the influence ofaGGJ is typically less during the beta scan phase.aGGJ is found to be comparable

in size toabs, as has been predicted theoretically [87], an increase inaGGJ can be used to stabilise

the bootstrap drive and prevent 2,1 NTMs from occurring. Further scenario development on MAST

could therefore investigate this use ofaGGJ to prevent NTMs in STs.

A relativity good agreement is found between the measured and predicted values of thewd

parameter in each shot. As discussed in section 5.4,wd is dependent upon a number of equilibrium

parameters and the ratio of the perpendicular and parallel thermal diffusivities. Estimates from

EFIT predict a∼ 10% decrease inwd size between NTM onset and stabilisation. The thermal

diffusivities are difficult to measure. However, an estimate of thewd dependence on these terms

has been calculated using equations 5.46 and 5.45 (see section 5.4) with TS measurements from the

island onset and from after the mode has stabilised. This estimate shows an increase of∼ 10% in

wd between these times. It appears that the influence of the equilibrium changeand the diffusivities

onwd may cancel each other out, makingwd stable over the island evolution. This means that it

is valid to compare the TS measurement ofwd to the value predicted by MRE fitting. Finally, the

predicted island widths for estimates ofχ⊥ andχ‖ tend to overestimate both the TS measurements

and the allowable values determined from MRE fitting. A large degree of uncertainity also exists

for these quantities and therefore more measurements and modelling are required to improve the

accuracy ofwd estimates.

The apol term is not found to have a significant effect of the stability of these shots.This is

likely a result of the high collisionality of these shots and because the island frequency (fis) tends

towards 0 whenapol is predicted to be most stabilising. In shot 24082, the inclusion of theapol

term is found to reduce the agreement betweenwmag andwMRE . Although this is not the case in

shot 24622, the inclusion of this term reduces the agreement between the other predicted and fitted

MRE terms for both shots. However, the results indicated that inclusion ofapol at the marginal

island width may permit the fast decay ofw to be better modelled. More information is required on

the island rotation frequency (ω) and banana width (wb) terms ofapol, to test for hysteresis in this

term during beta scan experiments. It would be interesting to determine if any hysteresis occurs

between theapol value at NTM onset and its value during marginal island width, as a number of

beta scan results on other machines suggest that the NTM threshold is a result of the apol term.
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However, no measurements ofω at the marginal island width have been made to confirm that its

effect is similar to that at NTM onset.

The∆′ parameter is taken to be a constant value in these shots. This parameter is very sensitive

to the current density profile and the early onset of both shots is likely to be related to a pole in∆′,

as both shots approach ideal stability.As the plasma approaches the ideal stability limit, the value

of the∆′ parameter increases rapidly to positive values, making classical tearing modes unstable

at the q=2 surface. This pole has been predicted theoretically in these conditions [107] and has

also been modelled numerically in DIII-D shots [108, 109]. However, morework is required to

understand the early influence of∆′ on the onset of NTMs. Preliminary investigations of this onset

mechanism are being carried out using T7 and PEST3 codes [107] to calculate the pole in the∆′

parameter.

Although fitting the MRE equation towmag, provides useful information about the relative in-

fluence of each stability term, this method has a number of limitations which must be considered.

Firstly, the MRE assumes NTM stabilisation conditions are similar to those at NTM onset, which

may not always be the case. Hysteresis may exist between the onset of theNTM and the stabili-

sation that occurs during a beta scan and therefore the inability to obtain all predicted parameters

at both times may lead to errors in the MRE fit. Secondly, the island evolution is a result of the

sum of the different terms in the MRE and therefore a large correlation exists between these terms

and influences how the MRE is fitted towmag. For instance, an increased growth rate of the overall

NTM evolution can be explained by either an increase in a stabilising contribution or a decrease in

a destabilising term. Despite these limitations, fitting the MRE towmag provides one of the most

effective methods to investigate NTM evolution.

The current methodology also has a number of limitations, which can be mitigated.Firstly,

the predicted stability terms each have dependencies on a number of equilibrium parameters and

their gradients, but no error calculations on these parameters are possible using EFIT. As a result,

no error bars can be associated with the predicted quantities. To permit these error calculations, a

Bayesian approach could be employed to include the relative dependencies of these parameters in

the MRE model in a self-consistent way.

Secondly, switching off the NBI beams results in a loss of momentum and thus both the plasma

and NTM rotation slow down. As the NTM slows, it generates an eddy current in the MAST vessel

that causes it to slow down even further and, as the NTM toroidal velocity tends to zero, a locked

mode results. Only two successful beta scans of 2,1 NTMs were performed during the last MAST

campaign as a consequence of these locked modes occurring, despite a large number of beta scan

experiments performed. Switching off both beams also prevents ion velocitiesand temperatures

from the CXRS system, and pitch angle constraints from the MSE system, to be measured during
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a beta scan and this represents a loss of potentially useful data. However, a new NTM triggering

system has been developed which triggers beta scans without switching off the beams. This new

triggering system permits both the TS lasers to be triggered andβp to be dropped on a particular

NTM amplitude (as described in section 5.7). As a result, more reliable beta scan experiments can

be performed and the effect of theapol contribution can be measured. In addition, this triggering

system permits more measurements ofwd to be made over the total NTM evolution.

3,2 and 4,3 NTMs are also observed on MAST. Although these are relativityinfrequent and

have smallerw values compared to 2,1 NTMs, measurements of these modes could provide more

information about thewd andapol terms for NTMs. In general as the lower collisionality of the

plasma at the location of these NTMs is predicted to increase the influence of these terms. Both

carrying out more beta scan experiments on MAST, and extending the typesof NTMs studied, will

therefore further our understanding of the different stability parameters in NTM evolution.

5.7 Triggering of TS lasers on the NTM phase

This section describes an FPGA triggering system [80] that has been developed to permit real-

time triggering of the MAST TS lasers on particular NTM amplitudes and phases.The previous

approach relied upon pre-programmed TS times based on the evolution of NTMs in previous shot

results and this limited the number of successful measurements. As this new system triggers the

TS lasers in real-time, it will permit more measurements ofwd to be made and provide more data

for investigations of heat transport around NTMs. In addition, this system has has recently been

upgraded to trigger shifts in the Z position of the MAST plasma. Z shifts have been found to drop

theβp at theq = 2 surface and can be exploited to improve beta scan experiments on MAST. They

may also allow the triggering system to be used as a means of avoiding locked modes on MAST

plasmas.

5.7.1 Design and testing of new triggering unit on MAST

The helical motion of an NTM around the torus results in an oscillatory magnetic signal which can

be measured by Mirnov coils at the edge of the plasma. The FPGA triggering system in the MAST

area receives signals from these coils, where the raw data is first passed through a bandpass finite

impulse response (FIR) filter. These filters remove frequency componentsbelow 5 kHz and also

above 15 kHz, as the NTM frequency is typically between these two values.The signal from each

coil is multiplied by a complex number (eniθ) that is dependent on the phase (θ) difference between

the Mirnov coils for a given toroidal mode number (n). In the case of ann = 1 NTM, where 4

coils are at toroidal angles of0◦, 90◦, 180◦ and270◦, the multiplication factors (eniθ) are 1, -1, i, -i
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Figure 5.20: Example shot illustrating TS triggering. A. The ne profiles from the different ruby and Nd:YAG

lasers. B. The Te profiles from both TS system lasers. The flattening of these Te profiles at 0.5 and 1.25

metres is a result of a 2,1 NTM. C. Then = 1 signal from the Mirnov coils as a function of time. The ruby

(black dotted line) and Nd:YAG lasers (vertical lines, zoomed-in version given in D.) are fired at∼ 0.31

seconds. A diagnostic trace (light grey line) is output fromthe FPGA triggering unit to indicate when the

system is armed (rising edge) and fired (falling edge). D. Thecolours of the vertical lines represent the times

a which the different lasers are fired in order to obtain the ne and Te profiles in A. and B. respectively.

. A Hilbert FIR filter is used to determine the imaginary component, which is90◦ out of phase with

the filtered data. Multiplication by a complex number is performed in the hardwareby swapping

the real and imaginary components.The real and imaginary components of each coil signal can be

mapped from Cartesian to polar coordinates in order to determine the amplitude and phase of the

oscillating signal. A CORDIC algorithm performs this transform and providesan efficient method
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for calculating the phase and amplitude evolution in real-time.

When the amplitude and phase of an NTM match a user-defined input criteria,the FPGA unit

sends triggering events to a SMART trigger unit, which in turn can trigger the ruby or Nd:YAG TS

lasers, as fully described in Appendix B. Currently this system enables trigger events on the decay

phase of an NTM, so as to catch a magnetic island before it reaches marginal stability. The system

is armed on an upper trigger point and fired when a second, lower, trigger point is reached. To

ensure the Nd:YAG lasers are available to fire when triggers are received from the FPGA triggering

unit, the laser sequence is interrupted at a fixed time in anticipation of an NTM.

There is a delay between changes detected on the Mirnov coils due to an NTMand the firing of

the TS lasers. This is predominantly due to a delay between the SMART triggering unit receiving a

trigger pulse and the TS lasers firing (∼ 300µs). The FIR filters introduce a smaller delay (∼ 90µs),

which changes linearly with the NTM frequency and can be calculated usinga look-up table. This

frequency must be determined to permit the system to extrapolate what the phase of the NTM will

be when the lasers are fired and ensure it matches the user-defined trigger phase.

The firmware necessary for FPGA triggering unit was developed using the Mathworks Simulink

system generator toolbox [110]. The unit was extensively tested with experimental data prior to

being initially commissioned on MAST in the M7 campaign. Example ruby and Nd:YAG triggering

TS data from this campaign is shown in figure 5.20. This shows Te and ne profiles triggered on an

NTM and shows the triggering system can operate as designed. However, the system was found to

suffer from a number of reliability issues and was therefore further developed and tested after the

campaign finished (see Appendix B). No further NTM experiments have performed in the current

MAST campaign, but the tests carried out indicate that the triggering unit performance reliability

has been significantly improved (Appendix B).

5.7.2 Z shifts

As discussed in section 5.6, one of the major challenges for successful beta scans is to reduceβp

whilst avoiding the NTM locking to the vessel wall. The current approach which turns off the

NBI beams in order to dropβp carries a high risk of mode locking. A Z shift method has been

developed and is an attractive way to adjustβp on MAST shots, as it is relatively easy to implement

and, importantly, avoids the mode locking that can occur when NBI beams areswitched off to drop

βp.

The pedestal performance on MAST is related to thedrsep parameter [111], which represents

the degree of separatrix separation.drsep can be altered by making fine adjustments (∼ 1 cm) to

the plasma Z position using the MAST P6 coils. The effect of these small adjustments of vertical

position is to reduce the height of the edge transport barrier, which reduces the localβp for a large
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region inside the pedestal. These shifts have been used as a means of investigating the L-H mode

transition. During a number of shots 2,1 NTMs have been stabilised after a back transition to L

mode caused by a small vertical shift. These results confirm thatβp at the q=2 surface can be

reduced by this method (figure 5.21). Based on this evidence, the FPGA triggering unit (described

in section 5.7.1) was upgraded to trigger Z shifts to occur on specific NTM amplitudes, which will

causeβp to drop once a user-defined island width has been reached.
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Figure 5.21: Stabilisation of a 2,1 NTM after a Z shift is shown. A. magnetic spectrogram with then = 1

signal (red line), frequency whereq = 2 is overplotted (black dots). B. TheDα signal (black) andZ position

of MAST plasma. The first shift of the plasma axis from 5 to 0 cm occurs at 0.245 s and this results in a

transition into H mode, as visible from theDα signal. At 0.28 s, a Z shift from 0 to - 5 cm occurs. This

results in back transition to L mode and a drop in globalβp, causing the 2,1 NTM to disappear (green trace

in C). C. The green signal is the globalβp, the red signal isβn and the blue signal is the internal inductance,

li. D. The amplitude of then = 1 signal (red), which shows the 2,1 NTM disappearing after theZ shift.

Purple vertical line shows the start of the Z shift and the green line the end.

This system has been shown to function, but in the 2011 MAST campaign there have been

no highβp NTM shots, which has precluded further testing. However, a number of beta scan

experiments exploiting this system are planned once highβ operation begins.

An alternative use for the FPGA triggering system is to use Z shifts to avoid locked mode

disruptions by removing NTMs as soon as they appear. This is potentially a useful method, as

it avoids the need for the massive gas injections typically used to mitigate locked mode disrup-



Chapter 5. NTMs on MAST 130

tions by preventing this type of disruption from developing. A series of dedicated experiments are

planned to investigate the use of this approach for disruption prevention onMAST and this may

have implications for future machines.

5.8 Conclusions

In this chapter, we have obtained novel estimates of the principal stability termsof the MRE for

MAST 2,1 NTMs. This data was then used to calculate the MRE and compare it to magnetic mea-

surements of the island evolution (wmag) for two MAST shots during a beta scan. TS measurements

ofw were compared to equivalent magnetic measurements ofw and these were found to agree well.

A number of approaches were used to obtain the stability term predictions from the MAST

data. For theaGGJ andabs terms, CHEASE calculations, based on EFIT equilibrium data, were

used. These data were constrained by the ne, Te andTi profiles, measured using TS and CXRS.

TS Te measurements were used to determine thewd term. This is the first timewd has been

directly measured on MAST and is now possible because the upgraded TS systems on this ma-

chine have improved radial resolution. Specifically,wd was calculated by fitting a heat transport

model to the Te data. This measurement ofwd also provided a benchmark against which to com-

pare predicted values of this term using simple approximations forχ⊥ andχ‖. This comparison

revealed that the measuredwd is slightly lower than the approximated value, which requires further

investigation through morewd measurements.

Theapol term is dependent on the island rotation frequency in the plasma rest frame (ω). ω is

determined using NCLASS and found to rotate in the electron diamagnetic direction whenw ∼<
wd. If w > wd then the island rotation frequency is found to tend to zero, resulting in the ion

polarisation term moving to zero. The ion polarisation term has been calculatedusingω and results

from a gyrokinetic code. The size of this term has been shown to be small in thew ∼< wd limit.

The results from the MRE fit during the beta scan experiments have shownaGGJ to be the

principal stabilising term for the 2,1 NTMs in the shots analysed and the magnitude of this term

was found to be comparable to that of the principal destabilising term (abs). This suggests that the

aGGJ term may have a potential role in stabilising NTMs on STs and therefore further scenario

developments to investigate this are indicated.

The size ofwd term influences both the size ofaGGJ andabs and is found to be the crucial

parameter for the onset threshold of 2,1 NTMs on MAST. The comparison of the measured and

MRE-fit wd terms shows good agreement. Finally, theapol term was found not to have a influence

on the island evolution, in agreement with the predictions above.

To permit further investigation of NTMs on MAST, by permitting a greater number of wd

measurements and more reliable beta scans, a triggering system has been designed and tested. This
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has been fully described in this chapter and Appendix B and the system will be used during future

MAST campaigns.



Chapter 6

Summary and Conclusions

The TS diagnostic systems on MAST have been upgraded and the new capabilities of these systems

have been exploited to study 2,1 NTMs on MAST plasmas in greater detail than previously possible.

Additional diagnostic measurements and codes have been used in this work and an improved TS

triggering system developed. This is an important area to investigate as instabilities such as NTMs

are one of a number of issues that need to be resolved in the development of commercial fusion

reactors.

6.1 Summary of TS diagnostics improvements

The main types of TS system are TVTS, Nd:YAG TS and LIDAR and these TS systems measure

the Te and ne profiles of a plasma. The main objectives for the ruby and Nd:YAG MAST TS system

upgrades were improved spatial and temporal resolution and reduced Te and ne errors, in order that

more accurate measurements of structures in the Te and ne can be made, including NTMs, ELMs,

ITBs and the edge pedestal.

The upgraded Nd:YAG TS system now has a 1 cm spatial resolution and a 240 Hz temporal res-

olution. This was achieved by increasing the number of lasers to 8 and building 130 polychrometers

to cover the minor radius of the MAST plasma. In addition, the lasers are now capable of firing in

burst mode and this permits bursting over fast events, such as NTMs, to provide more detailed in-

formation about their evolution. Further to this upgrade, work was carriedout to reduce systematic

errors resulting from spectral calibration on the Nd:YAG system. This improved the accuracy of

the Te and ne measurements further to the hardware upgrade improvements, providing a reduction

in systematic errors. This upgraded TS system has been used to investigateNTM evolution, as

described in chapter 5.

Concurrently, an upgrade to the ruby TS system on MAST was carried out and led to improve-

ments in the resolution of Te and ne measurements. As all components of a TS system contribute

132
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cumulatively to the overall resolution, the design of each components was optimised to permit the

maximum resolution possible, within the constraints of available budget and current technological

limitations. In this upgrade, improvements made to the optical design of the spectrometer and the

fibre bundles had the greatest influence on increasing the overall spatial resolution, whereas the

higher EQE of the image intensifier (GEN 3 GaAsP) contributed to the major proportion of the

noise reduction achieved. The upgraded ruby TS system can now therefore resolve 200 points at

high contrast along a 1.4 m chord, which is a greater number of points than any other TVTS system

at present. In addition, the statistical noise has been reduced to< 4% of Te , and< 3% for ne , for a

7 mm radial point in the range of 40 eV - 2 keV and at ane = 2× 1019 m−3 density, by increasing

the scattered photon detection by a factor of∼ 3.

The sampling interval of the upgraded ruby TS detector system has also been improved. It is

now possible to measure two images at a separation of 230µs and this can be used in either double

pulse mode (where two Te and ne profiles are measured) or single pulse mode (where one Te and

ne profile and the background light are measured). Improved capabilities ofthe camera and image

intensifier, in addition to a custom-designed triggering unit, have enabled these improvements in

temporal resolution. The main advantage of this double pulse mode is that high resolution mea-

surements of the Te and ne profiles can be made in quick succession, which is useful for the study

of fast instabilities such as NTMs. An advantage of the single pulse mode is that a large proportion

of spurious background noise can be subtracted from the TS measurements. This background noise

can arise if impurities are present in the MAST vessel, which most frequentlyoccurs during plasma

startup studies and impurity injections to study the electric field.These impurities have emission

lines within the spectral range of the ruby spectrometer and can make the background signal com-

parable to the TS signal. Initial tests of the double pulse mode function show it works as designed

and the single pulse mode was used extensively during the last MAST campaign.

System calibrations, using a number of methods, and initial measurements carried out on the

upgraded ruby TS system both show that the system is operating as designed. In addition, measure-

ments from the upgraded ruby TS system have been compared to those from the Nd:YAG system

and show good agreement in their Te and ne profiles. These results also indicate that both sys-

tems are correctly calibrated and both have low systematic errors. This upgraded ruby system is

therefore now being used for studies of pellet injections, H-mode pedestals, transport and plasma

start-up experiments, in addition to the NTM studies described in chapter 5.

In addition to the MAST TS system upgrades, ray tracing analysis of the optical design of the

ITER LIDAR TS system has been carried out. Light cones of differentangular spreads are incident

on the bandpass filter in this system, depending on the radial location of the TSmeasurement.

It was found that the angular distribution on the bandpass filters is a potential source of Te and
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ne errors on this future system and that, during system design, choosing filter diameters greater

than 260 mm would minimize these errors to an acceptable level. Finally, a method to improve

TS measurements of the edge pedestal region on all TS systems was briefly discussed. The edge

pedestal can be described by a modified hyperbolic tan function, which provides useful parameters

for pedestal scaling. TS measurements are modified by smoothing between spatial channels in this

pedestal region. An approximation is presented which corrects the Te and ne measurements, post-

processing, for the effects of this smoothing. This model agrees well with simulations where the

radial smoothing is included in the TS spectral fitting, when pedestal widths are greater than the TS

sampling size.

6.2 Summary of NTM results

An investigation of the contribution of different MRE stability terms to 2,1 NTMs onMAST plas-

mas was also carried out using data from MAST shots. This was made possible by the improved

resolutions of the upgraded TS systems, which enabled an important stability term (the finite island

width,wd) to be measured for the first time on MAST.

wd was calculated by fitting a heat transport model to the Te data from both upgraded Nd:YAG

and ruby TS system measurements and a derivation of this model has been described in Appendix

A. In addition to measurements of this term, novel estimates of the other principalstability terms of

the MRE for 2,1 NTMs on MAST were made. CXRS was used in conjunction with the NCLASS

code to determine the island rotation frequency in the plasma rest frame and from this a gyrokinetic

code was used to estimate of the ion polarisation (apol) stability term. The curvature (aGGJ ) and

bootstrap (abs) stability terms were calculated by using TS, CXRS and EFIT equilibrium measure-

ments in the CHEASE code. This is the first time all these MRE stability terms have been calculated

using experimental measurements for a particular MAST shot.

As overall NTM stability is dependent on theβp parameter, beta scan experiments can be used

to investigate NTM evolution. Beta scan experiments were carried out for a number of MAST shots,

where the MRE stability terms were measured (as described above) and used to calculate the MRE.

The island evolution described by this calculated MRE was then compared to magnetic measure-

ments of island evolution and a good agreement was found. This indicates that the NTM evolution

is well described by the MRE in the case of these shots. In order to confirmthe accuracy of the

magnetic measurements of island width were accurate, these were compared toTS measurements

of island width and these were found to agree well.

In these beta scan experiments, the relative contributions of the differentstability terms were

investigated, by fitting the MRE-calculated island evolution to the magnetic measurements. From

these results,aGGJ term was found to be the principal stabilising term for the 2,1 NTMs in the
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shots analysed and the magnitude of this term was found to be comparable to that of the principal

destabilising term (abs). The size of fittedwd term agrees well with the TS-measuredwd and is

found to be a crucial parameter for determining the onset threshold of 2,1 NTMs on MAST. Finally,

theapol term was found not to have an influence on the island evolution, which is in agreement with

the predictions that this term is small in thew ∼< wd limit from CXRS measurements. These beta

scan results therefore indicate that theaGGJ term may have a potential role in stabilising NTMs on

STs and therefore further scenario developments to investigate this are needed.

Finally, to permit further investigation of NTMs on MAST, by permitting a greaternumber of

wd measurements and more reliable beta scans, a triggering system has been designed and tested.

This has been fully described in this chapter and Appendix B and the systemwill be used during

future MAST campaigns.

6.3 Future plans

The NTM stability results represent the first step in this research on MAST and further measure-

ments are needed to better understand the stability of 2,1 NTMs on this machine. Therefore, a num-

ber of beta scan experiments on MAST are planned for the current (2011) experimental campaign

to further investigate 2,1 NTMs. In addition, a number of improvements are planned to improve

both the accuracy of the stability parameter measurements and the approach used to perform beta

scans.

To obtain more accurate measurements ofwd, a number of improvements can be made to the

current heat transport model, including the addition of external heat sources and asymmetric island

solutions. These improvements are currently being developed at the University of York. In addition,

a new drift-kinetic model is being developed to describe the density transport around an NTM,

which can be compared to the TS ne measurements and provide more accurate and self-consistent

estimates ofwd, and alsoapol.

One limitation of the beta scan experiments described in this thesis was thatβp could not re-

liably be dropped without resulting in a locked mode. This is due to a loss of momentum when

the NBI beams are turned off to dropβp. A Z-shift method using an FPGA triggering system has

been developed (see chapter 5) and shown to be an effective solution tothis problem. It is therefore

planned to employ this Z-shift method in future MAST beta scan experiments forNTM studies.

An additional use for this Z-shift method is to remove 2,1 NTMs as they appearin order to prevent

locked mode disruptions and this is potentially a very useful method, as it may avoid the need for

the massive gas injections currently used to mitigate locked mode disruptions. A series of dedicated

experiments are planned to test this approach of disruption prevention on MAST and this may have

implications for future machines.
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Finally, in addition to 2,1 NTMs, 3,2 and 4,3 NTMs are also observed on MAST,although less

frequently with smaller island width. Measurements of these modes could potentially provide more

information about thewd andapol MRE terms for NTMs in general as the lower collisionality of

these NTMs is predicted to increase the influence of these stability terms. Both by carrying out

more beta scan experiments on MAST, and extending the types of NTMs studied, we improve our

understanding of how the different stability parameters influence NTM evolution.



Appendix A

NTM Fitzpatrick Derivation

This appendix outlines the solution to the Fitzpatrick heat transport equation [86]. This solution

was fitted TS data to determine the finite island width (wd), as described in section 5.4 in chapter 5.

This derivation is based on both the original derivation by Professor Howard Wilson and on private

communications with Professor Wilson and Jack Snape.

A.1 Fitzpatrick heat transport equation

In the absence of heat sources or sinks, heat transport parallel and perpendicular to the magnetic

field lines is given by:

χ‖∇2
‖T + χ⊥∇2

⊥T = 0, (A.1)

whereχ‖ andχ⊥ are the thermal diffusivities, which are, respectively, parallel and perpendicular

to the field lines. It is convenient to use a coordinate system [86, 18] where x is the radial flux

coordinate (wherex = r − rs), ζ is the helical angle constant along the unperturbed field line and

Ω is the normalised flux coordinate , which is given by:

Ω =
2x2

w2
+ cos ζ (A.2)

The parallel gradient is given by equation A.3 as described by Wilson [18]:

∇‖ =
−Kθx

Ls

∂

∂ζ

∣∣∣∣
Ω

, (A.3)

whereLs is the magnetic shear and:

Kθ =
2π

L
, (A.4)

whereL is the island length.

At the separatrix,Ω = 1 andx can therefore be written as:

2x2

w2
= 1− cos ζ = 2 sin2(

ζ

2
)

x = ±w sin(
ζ

2
). (A.5)
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It is convenient to normalise the radial coordinate to the island width (w), which defines a new

variableX, whereX = x
w . The chain rule can then be used to calculate the derivative ofX:

∂2T

∂x2
=

1

w2

∂2T

∂X2
, (A.6)

x
∂

∂ζ

∣∣∣∣
Ω

= wX
∂

∂ζ

∣∣∣∣
Ω

= wX
∂

∂ζ

∣∣∣∣
X

+ wX
∂X

∂ζ

∣∣∣∣
Ω

∂

∂X

∣∣∣∣
ζ

. (A.7)

TheX ∂X
∂ζ term can simplified by differentiating equation A.2 with respect toζ, keepingΩ constant:

Ω2 =
2x2

w2
+ cos ζ = 2X2 + cos ζ

0 = 4X
∂X

∂ζ

∣∣∣∣
Ω

− sin ζ

X
∂X

∂ζ

∣∣∣∣
Ω

=
1

4
sin ζ. (A.8)

Substituting equation A.8 into equation A.7 and combining the resulting equation with equation

A.6, we can rewrite the equation A.1 as:

χ‖

χ⊥

k2θ
Ls

(
ω X

∂

∂ζ

∣∣∣∣
x

+
w

4
sin ζ

∂

∂X

∣∣∣∣
ζ

)2

T − 1

w2

∂2T

∂X2
= 0, (A.9)

and finally, by introducing the critical island widthwc (wherew4
c = χ⊥L

2
s

χ‖k
2
θ

), we obtain the partial

differential equation originally derived by Fitzpatrick [86]:

(
X

∂

∂ζ

∣∣∣∣
X

+
1

4
sin ζ

∂

∂X

∣∣∣∣
ζ

)2

T +
w4
c

w4

∂2T

∂X2
= 0. (A.10)

A.2 Fourier series solution

The form of equation A.10 can be further simplified by expressing the solution for Tn as a Fourier

series:

T (X, ζ) =
N∑

n=0

Tn(X) cosnζ. (A.11)

The squared terms in equation A.10 can then be expanded out:

X2∂
2T

∂ζ2
+

1

4
X
∂

∂ζ

(
sin ζ

∂T

∂X

)
+

1

4
sin ζ

∂

∂X

(
X
∂T

∂ζ

)
+

1

16
sin2 ζ

∂2T

∂X2
+Wr

∂2T

∂X2
= 0 (A.12)

Equation A.11 can then be substituted into equation A.12 to give:

∑

n

{
−n2X2Tn cosnζ +

X

4
T

′

n

∂

∂ζ
(sin ζ cosnζ)−

n

4
sin ζ sinnζTn −

n

4
XT

′

n sin ζ sinnζ +
T

′′

n

16
sin2 ζ cosnζ +WrT

′′

n cosnζ } = 0 (A.13)
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whereWr = w4
c/w

4). Equation A.13 can then be simplified by substituting in the following

trigonometric identities:

∂

∂ζ
(sin ζ cosnζ) = cos ζ cosnζ − n sin ζ sinnζ

cos(X + Y ) = cosX cosY − sinX sinY

cos(X − Y ) = cosX cosY + sinX sinY, (A.14)

cosX cosY =
1

2
[cos(X + Y ) + cos(X − Y )]

sinX sinY =
1

2
[cos(X − Y )− cos(X + Y )], (A.15)

sin2 ζ cos ζ =
1

2
(1− cos 2ζ) cosnζ

=
1

2
cosnζ −

[
1

2
cos(n+ 2) +

1

2
cos(n− 2)ζ

]
. (A.16)

Substituting the trigonometric identity equations (A.14, A.15 and A.16) into equationA.13

gives:

∑

n

{
−n2X2Tn cosnζ +

X

8
T

′

n [cos(n+ 1)ζ + cos(n− 1)ζ]−

nX

4
T

′

n [cos(n− 1)ζ − cos(n+ 1)ζ]− n

8
Tn [cos(n− 1)ζ − cos(n+ 1)ζ]

+
T

′′

n

32
cosnζ − T

′′

n

64
[cos(n+ 2)ζ + cos(n− 2)ζ] +WrT

′′

n cosnζ

}
= 0 (A.17)

Equation A.17 is then multiplied by an arbitrarycosKζ and integrated overζ:

1

2π

∫ π

−π
...dζ. (A.18)

and the Dirac delta function can now be used to simplify equation A.17:

1

2π

∫ π

−π
cosmθ cosnθ · dθ = δm,n

2
for m, n > 0, (A.19)

1

2π

∫ π

−π
cosmθ cosnθ · dθ = 1 for m = 0, n = 0. (A.20)

Substituting equations A.19 and A.20 into equation A.17 and separating the terms into the order
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of the derivatives gives:

N∑

n=0

{−n2X2

2
Tn(δK,n + δK,−n) +

X

16
T

′

n (δK,n+1 +����δK,−n−1 + δK,n−1 + δK,1−n)

−nX
8
T

′

n (δK,n−1 + δK,1−n − δK,n+1 −����δK,−n−1)−
n

16
Tn (δK,n−1 + δK,1−n − δK,n+1 −����δK,−n−1)+

T
′′

n

[
1

64
(δK,n + δK,−n)−

1

128
(δK,n+2 +����δK,−n−2 + δK,n−2 + δK,2−n)

+
Wr

2
(δK,n + δK,−n)

]}
= 1, (A.21)

where the terms which have a negativen subscript can be neglected. Matrices can now be con-

structed for the different derivatives ofT :
d2T
dX2 term:

AKn =
1

128
[2(δK,n + δK,−n)− (δK,n+2 + δK,n−2 + δK,2−n) + 64Wr(δK,n + δK,−n)]

AKn =
1

128
[(2 + 64Wr)(δK,n + δK,−n)− δK,n+2 − δK,n−2 − δK,2−n] (A.22)

dT
dX term:

BKn =
X

16
[δK,n+1 + δK,n−1 + δK,1−n − 2n(δK,n−1 + δK,1−n − δK,n+1)]

BKn =
X

16
[(1 + 2n)δK,n+1 + (1− 2n)(δK,n−1 + δK,1−n)] (A.23)

T term:

CKn =
−n2X2

2
(δK,n + δK,−n)−

n

16
(δK,n−1 + δK,1−n − δK,n+1) (A.24)

There areN+1 coupled equations for theN+1 Fourier mode amplitudes. For eachK, (where

0 ≤ K ≤ N ) we have:
N∑

n=0

[
AKn

d2Tn
dX2

+Bkn
dTn
dX

+ CknT

]
= 0 (A.25)

A.3 Finite difference solution

To find a numerical solution to equation A.25 we can use the finite difference method.T is discre-

tised onto a grid inX, with i as the grid point index and∆ as the grid point spacing:

d2Tn
dX2

=
T i+1
n − 2T in + T i−1

n

∆2

dTn
dX

=
T i+1
n − T i−1

n

∆

Tn = T in. (A.26)
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Rewriting equation A.25 as a finite difference then gives:

∑

n

[
AKn

T i+1
n − 2T in + T i−1

n

∆2
+BK−1

T i+1
n − T i−1

n

∆
+ CKnT

i
n

]
= 0

∑

n

[(
AKn
∆2

− BKn
∆

)
T i−1
n +

(−2AKn
∆2

+ CKn

)
T in +

(
AKn
∆2

+
BKn
∆

)
T i+1
n

]
= 0. (A.27)

The new matricesPKn,QKn andSKn can be substituted into the above equation:

PKn =
AKn
∆2

− BKn
∆

,

QKn = CKn −
2AKn
∆2

,

SKn =
AKn
∆2

+
BKn
∆

.

We can now solve the problem, provided we know the boundary conditions at X = 0 and

X = Xmax, whereX = 0 is the centre of the island (and at this pointT = 0). The Fourier

coefficient forT can be written as the sum of a basis set:

T in =
N∑

m=0

amt
i
nm = tinmam. (A.28)

and a boundary condition can then be imposed:

t
′

nm = 0. (A.29)

This boundary condition arises becauseT (x = 0) = 0.

We can settInm (whereXI is the edge of the computational domain) to an arbitrary value, to

be determined later (see equation A.73). To derive this basis set we must choose a reference point

(X = Xo), betweenX = 0 andX = XI :

ForX < Xo we write

tinm = αinjt
i−1
jm + βinm (A.30)

ForX > Xo we write

tinm = αinjt
i+1
jm + βinm (A.31)

ForX = Xo we write

αinj = 0 (A.32)

βinm = δnm (A.33)

For theX < Xo region, we can derive theαinj andβinm terms in equation A.30 by substituting

this equation into equation A.27, giving:

P iKnt
i−1
nm +QiKnt

i
nm + SiKn(α

i+1
nj t

i
jm + βi+1

nm ) = 0. (A.34)
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where the matricesαi andβi
m

can be expressed in terms ofP ,Q andS matrices:

αi = −(Qi + Si · αi+1)−1P i (A.35)

βi
m

= −(Qi + Si · αi+1)−1Si · βi+1
m

(A.36)

For thisX < Xo region, we can therefore derive allαi andβim terms if we start fromαo andβom

(o here meaning the point whereX = Xo). We can then set thetim(x = 0) term to 0 and generate

N + 1 solutions fortim in this region.

For theX > Xo region, we can derive theαinj andβinm terms in equation A.31 by substituting

this equation into equation A.27, giving:

P i · (αi−1 · tim + βi−1
m ) +Qi · tim + Si · ti+1

m = 0 (A.37)

where the matricesαi andβi
m

can be expressed in terms ofP ,Q andS matrices:

αi = −(P i · αi−1 +Qi)−1Si (A.38)

βi
m

= −(P i · αi−1 +Qi)−1P iβi−1
m

X > Xo (A.39)

For thisX > Xo region, we can again derive allαi andβim terms if we start fromαo andβom. We

can then set thetIm atX = Xmax and generateN − 1 solutions fortim in this region.

For theX = Xo region, equation A.27 can be rewritten as:

P oKnt
−1
nmam +QoKnt

o
nmam + SoKnt

1
nmam = 0 (A.40)

This equation can then be written as a eigenvalue equation of the formM · a = 0 and the zero

eigenvalue is found by iterating over the boundary conditionTn(Xmax) = T In .

A.4 Boundary conditions atX = Xmax

We now require the solution of equation A.10 in the limit ofX −→ ∞. First we define a parameter

(ǫ) that compares∂T∂X toX ∂
∂ζ (where ∂T∂X ∼ ǫX ∂T

∂ζ ). This makes equation A.10 become:

(
X
∂

∂ζ
+
ǫ

4
sin ζ

∂

∂X

)2

T + ǫ2Wr
∂2T

∂X2
= 0 (A.41)

X2∂
2T

∂ζ2
+ ǫ

1

4
X
∂

∂ζ

(
sin ζ

∂T

∂X

)
+ ǫ

1

4
sin ζ

∂

∂X

(
X
∂T

∂ζ

)
+ ǫ2

1

16
sin2 ζ

∂2T

∂X2
+ ǫ2Wr

∂2T

∂X2
= 0

(A.42)

Note: ǫ just labels size, we set it back to 1 at the end.
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We can now expandT in ǫ:

T = To + ǫT1 + ǫ2T2 + ... (A.43)

and this equation can next be substituted back into equation A.41, which is thenexpanded in terms

of the different orders ofǫ, these beingǫ0, ǫ1, ǫ2 andǫ3.

A.4.1 O(ǫ0)

X2∂
2To
∂ζ2

= 0 (A.44)

Integrating equation A.44 with respect toζ then gives:

X2∂To
∂ζ

= Co (A.45)

If we define< ... >= 1
2π

∫
...dζ, we observe thatTo is periodic and therefore:

<
∂To
∂ζ

= 0 > (A.46)

andCo = 0, ∂To∂ζ = 0 andTo is a function ofX only (To = T o(X)).

A.4.2 O(ǫ1)

X2∂
2T1
∂ζ2

+
X

4

∂

∂ζ

(
sin ζ

∂To
∂X

)
+

1

4
sin ζ

∂

∂X


X

�
�
��7
0

∂T0
∂ζ


 = 0 (A.47)

Integrating equation A.47 with respect toζ gives:

X2∂T1
∂ζ

= −X
4
sin ζ

∂To
∂X

+��C1 (A.48)

If we define< ... >= 1
2π

∫
...dζ, we observe thatT1 is periodic and thereforeC1 = 0. Inte-

grating with respect toζ again gives:

X2T1 =
X

4
cos ζ

∂To
∂X

+X2T 1(X)

T1 =
1

4X
cos ζ

∂To
∂X

+ T 1(X) (A.49)

A.4.3 O(ǫ2)

X2∂
2T2
∂ζ2

+
X

4

∂

∂ζ

(
sin ζ

∂T1
∂X

)
+

1

4
sin ζ

∂

∂X

(
X
∂T1
∂ζ

)

+
1

16
sin2 ζ

∂2To
∂X2

+Wr
∂2To
∂X2

= 0 (A.50)
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A 〈...〉 operator can be used on this equation and gives:

1

4

∂

∂X

〈
sin ζ

∂T1
∂ζ

〉
+

1

32

∂2To
∂X2

+Wr
∂2To
∂X2

= 0 (A.51)

Equation A.48 can then be substituted into this equation (A.51), giving:

−
����������1

16

∂

∂X

〈
sin2 ζ

∂To
∂X

〉
+
�
�
�
�1

32

∂2To
∂X2

+Wr
∂2To
∂X2

= 0

⇒ ∂2To
∂X2

= 0 providingwc = 0 (A.52)

this results in the boundary condition atTo:

To = AX +B. (A.53)

Substituting equation A.48 into theO(ǫ2) differential equation (A.50) gives an expression that

will be useful for calculatingO(ǫ3) (equation A.55). First equation A.48 is substituted into the

third term of equation A.50:

X2∂
2T2
∂ζ2

+
X

4
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and then equation A.48 is substituted into the 2nd term of this equation (A.54), giving:
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A.4.4 O(ǫ3)
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Performing the< ... > operator, and ignoring theT3 terms as these are small, gives:
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The first term in this equation can then be simplified using integration by parts, togive:
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Equation A.49 is then substituted into the remaining terms:
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By performing a< ... > operation on the equation obtained at the end of theO(ǫ2) section

(equation A.55) we get:
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This equation can then be substituted into equation A.59 to give:
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All of the terms in the above equation cancel, with the exception of the final term,which is:

Wr
∂2T 1

∂X2
= 0 (A.62)

If Wr 6= 0, thenT 1 is linear inX and can be absorbed intoTo. The final boundary conditions can

then be given by:

To = AX +B (A.63)

T1 =
1

4X
cos ζ

∂To
∂X

(A.64)

A.5 Boundary conditions Fourier harmonics

Having determined the boundary conditions (equations A.63 and A.64) for the heat transport equa-

tion, we must now determine the boundary conditions for the numerical solution. At largeX, all

but the first two harmonics oftIm are negligible. The boundary conditions are given by:

t1m(X) =
1

4X

∂t0m
dX
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1

4X
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0m

XI −XI−1
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1

4∆X
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01 tI1m − βI−1

0m ) (A.65)

where∆ = XI −XI−1. The boundary conditions can therefore be written as:

(αI−1
01 + 4∆X)tI1m = (1− αI−1

00 )tI0m − βI−1
0m (A.66)
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(A.67)
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Taking the boundary condition atXI we get:

tIom = t0(for all m) (A.68)
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(4∆X + αI−1
01 )

(A.69)

tIm =




t0

tI1m

0

0

0




(A.70)

The electron temperature can now be reconstructed using these boundaryconditions:

Ti =
∑

m

timam (A.71)

wheretIom is a function of theP ,Q andS matrices and the eigenvalue equation,

M.a = 0, (A.72)

provides theam term. The boundary condition atXI can be varied to get the solution to the

equation A.72, which means T can then be scaled by an arbitrary constant togive:

lim
x→∞

∂To
∂X

= w
∂To
∂X

, (A.73)

where the constant chosen is such that the temperature gradient of the solution matches the equilib-

rium temperature gradient.



Appendix B

The NTM Event Generator

In this appendix the design of the NTM event generator is described. Thisfield programmable

gate array (FPGA) system triggers the TS (ruby and/or Nd:YAG) lasers on a particular amplitude

and phase of an NTM, which enables the Te and ne profiles of NTMs at specified stages to be

measured. In addition, improvements to this FPGA system are described. Thisincludes extending

its function to permit triggering of vertical shifts of the MAST plasma. These shifts induce a drop

in the beta poloidal (βp) and represent a potential alternative to switching off the NBI beams in beta

scan experiments and may also prevent locked modes on MAST.

B.1 NTM event generator design

Figure B.1 shows a photograph of the event generator with its different subcomponents labelled.

This system takes the signals from the magnetic coils and uses them to calculate the amplitude and

phase of a given NTM. When these calculations match the user-defined input criteria, which are sent

from the SMART triggering unit, the event generator provides triggering events back to the SMART

triggering unit which, in turn, triggers the lasers. The FPGA event generator was programmed

using version 12.4 of the Xilinx Software Development Kit [45] and Mathworks Simulink System

Generator Toolbox [110]. A block model of the FPGA code produced using the Simulink toolbox is

given in figure B.2 and shows the major subsystems of the FPGA design. Each of these subsystems

will now be considered in turn.

The first subsystem of the FPGA unit is the analogue to digital converter (ADC) block. This

contains the firmware to convert the analogue magnetic coil signal to a 12 bit, 1MHz signal.

This signal is then sent to the FIR (finite impulse response) block, which performs most of the

processing in the event generator unit. Here, the signals from each ADCchannel are multiplied by

the coefficients of the Hilbert and bandpass FIR filters, which are optimisedfor the frequency range

of a 2,1 NTM. The Hilbert filter gives the imaginary component of an NTM oscillation which is

147
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Figure B.1: The NTM event generator. The input signal from the magnetic coils is digitised by two Digilent

12 bit PmodAD1 boards (ADC boards), which both operate at 1 MHz. This digital signal is then processed

by a Digilent Nexys2 FPGA board, which is built around a Xilinx Spartan-3E FPGA. Operation is controlled

using an embedded picoblaze microprocessor, which communicates with the SMART triggering module

over a pair of fibres that both receive commands (Rx) and transmit triggers (Tx) via universal asynchronous

receiver/transmitter (UART) modules. These modules are implemented in the FPGA at either end.

90◦ out of phase with the bandpass filter signal and the complex select parameter determines how

to add the output of these filters to select a particular toroidal mode number. The amplitude of

the oscillating component of the NTM can then be determined by taking the Cartesian-to-polar

transform of the real and imaginary components from each filter. This transform is performed

using a CORDIC algorithm and returns the amplitude and phase of the NTM. The NTM frequency

is then calculated from the finite difference of the phase and finally, the NTMperiod is determined

using a zero crossing algorithm.

The NTM amplitude and phase are sent from the FIR block to the triggering logic subsystem.

The other inputs for this subsystem are the upper and lower triggering thresholds that are sent from

the user interface. The logic subsystem is currently designed to trigger theTS laser on the falling

edge of an NTM amplitude. Therefore, once the NTM amplitude has fallen below both the upper

and lower thresholds, the enable lamp threshold goes high. When this parameter is high the system

can be triggered when a particular phase matches the phase requested bythe user.
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Figure B.2: The FPGA model, with the subsystem firmware of the NTM event generator shown. The input signal from the magnetic coils enters the ADC block (white

box) and is then sent to the FIR block (cyan box), which calculates the NTM phase and amplitude. This data is then sent to thetriggering logic block (green). The

desired NTM amplitude and phase are set by the user and interpreted by the user interface block (purple box), which then sends this signal to the triggering logic block.

When the NTM phase and amplitude match the user requirements in the triggering logic box, the laser Q-switch and lamp triggers are generated by the Q-switch lamp

box (pink) and these are sent to the SMART triggering unit.
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The next subsystem contains the firmware that provides the triggering events for both the ruby

and Nd:YAG laser lamps and Q-switches, at a given NTM phase (the user-defined trigger phase).

The phase at which the lasers are actually triggered is adjusted, in order tocompensate for the

delays incurred by both event generator processing and laser lamp triggering. The delays in the

event generator consist of the group delay of the pre-amp (11.6µs), the group delay of the FIR filter

(64µs), the 12 FPGA clock cycles (0.25µs) and also the transit time delays in both the fibres and

the laser flight line (∼ 0.2µs). The laser lamp triggering delay for the Nd:YAG lasers is∼ 300µs

and is1250µs for the ruby laser. The range of the phase is scaled from -128 to 128 units in the

FPGA unit. Thus, if an NTM period isk µs and a trigger at phasep is required, then the lamp

triggers must be sent atk − (300 + 76)× 256
p µs (Nd:YAG lasers) andk − (1250 + 76)× 256

p µs

(ruby laser). The Q-switch triggers are issued atk − 76× 256
p µs for both systems.

The Event 1 (Nd:YAG) and Event 2 (ruby) outputs are sent to the SMARTtrigger unit (see

figure B.2). The rising and falling edges of an Event output provide the triggers for the laser

lamp(s) and the Q-switch respectively. The lasers are only triggered on these outputs if they are

available to be triggered. In dedicated NTM experiments, a hold-off periodis therefore introduced

at a fixed time to ensure all lasers are available for triggering when NTM events occur.

Two further subsystems are used to debug the operation of the event generator unit. Either the

NTM signal or the NTM amplitude can be sampled at 6 kHz and stored to the blockRAM on the

FPGA board. Alternatively, it can be output over a serial interface to a PC. The serial commands to

control this unit are shown in table B.1.

B.2 Improvements in the design of the NTM event generator

The previous NTM event generator was used on a number of shots during the last experimental

campaign on MAST (M7), but did not trigger reliably for the majority of NTM events. Tests were

therefore carried out to determine the system faults and based on the results found, improvements

were made to improve its reliability to trigger on specific NTM events. The system was also fur-

ther improved to permit triggering of vertical shifts (section B.2.4). During improvements, the

overall design of this event generator was not altered from the above description (section B.1), but

modifications were made to specific subsystems as described in the relevant sections.

B.2.1 System testing

The frequency range at which NTMs occur is within the audio range and accessible from PC sound

cards. In addition, the magnetic signals used to trigger the NTM event generator are recorded for

each MAST shot. These previous shots can be replayed to the NTM unit using a PC sound card,
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thus providing a simple means of generating an input magnetic signal for testingthe event generator

unit (figure B.3).

After the magnetic signal of an NTM from a previous MAST shot is loaded from the MAST

database and played on the PC soundcard, the signal is sent through anamplifier and then to an

oscilloscope. The oscilloscope has an impedance of 20 kOhms, which is chosen to match the

impedance of the ADC which measures the magnetic signal. This ensures that the amplitude of the

signal sent from the signal generator is the same as that in the MAST shot. This signal then be used

to test the NTM event generator.

PC

ADC

FPGA

NTM event 

generator

OPT

O1

OPT

O2

FPGA
smart triggerOPT

O1

OPT

O2

serial

serial

NTM signal 

using Matlab 

sound card

amplifier

JTAG

to ver"cal control system

      oscilloscope
  impedence matched to 

magne"c ADCs (20 kOhm)

Figure B.3: A schematic diagram showing the hardware used to test and develop the FPGA triggering

system.

Two principal methods were used to test the NTM event generator. The first method used

Chipscope Pro software [45]. This software allows a logical analyser tobe inserted into an FPGA

design and an internal FPGA signal to then be monitored and recorded at the speed of its FPGA

operation. Although a limit of this approach is the small number of samples that can be recorded, it

can still be used to effectively test the system if measurements are triggeredto occur at key points
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(as set in the internal triggering conditions). Figure B.6 shows an example of the NTM amplitude

taken from the FPGA signal during testing using this method.

The second approach to test the event generator involved simulating the FPGA design in Simulink

using the System Generator Toolbox from Xilinix, to assess individual design elements. Only the

FPGA design, and not the hardware, was tested using this approach. The principal disadvantages

of this approach is that it can take several hours to simulate a single MAST shot (each lasts 0.5 s).

However, this time can be reduced by a factor of 10 by using hardware co-simulation, where the

calculations are performed on the FPGA board instead of on the PC.

A number of small issues were identified and resolved using a combination of these two ap-

proaches. In addition, larger modifications were made to the FIR filters (section B.2.2) and the

triggering logic (section B.2.3) to enable large improvements in NTM triggering reliability.

B.2.2 Design of the FIR filters

FIR filters are used to determine the amplitude and phase of the NTM magnetic signal in the NTM

event generator (see details in section 5.7.1). A bandpass FIR filter determines the real component

(Q) of an NTM signal and a Hilbert FIR filter determines the imaginary component (I), which is

90◦ out of phase with Q. A CORDIC algorithm is then used to calculate the polar transform of Q

and I, to give the amplitude and phase of the magnetic signal.

Ideally, both FIR filters would produce an identical frequency response over the frequency range

of an NTM (2-10 kHz) and this would ensure NTM amplitude and phase calculations were accu-

rate. In the original event generator design, a slight difference in response was found in the lower

frequency range (∼ 2−7 kHz). Additionally, in this original design, 128 FIR filter coefficients were

used to represent the I and Q filters and it was not possible to obtain a goodresponse (figure B.4) at

frequencies lower than 4 kHz with this number of filters. This is a particular problem for beta scan

experiments on MAST, as the marginal island width rotates at or below this frequency range. The

number of FIR coefficients and the design of both FIR filters were re-optimised to address both of

these issues.

Two FIR filter optimisation algorithms were used, the Parks-McClellan algorithm [112] and the

least squared method [113]; these algorithms attempt to match a FIR frequency response to a de-

sired response input. The results from these algorithms were compared to the original filter designs

coefficients (figure B.4). During these tests it was found that the minimum number of coefficients

needed to produce good low frequency response was 180. This doesresult in an increased delay

due to the greater number of coefficients compared to the previous system, but this is still well

within an acceptable range.

Differences in the frequency responses between the two FIR filters results in non-linear vari-
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Figure B.4: The ideal frequency response of the bandpass and Hilbert filters are shown in blue. FIR filters

results from Parks-McClellan and least squared with 180 coefficients are compared with the original FIR

design.

ation in the phase, which can lead to incorrect phase triggering. The leastsquared optimisation

algorithm results show less difference between the I and Q filter responses compared to the Parks-

McClellan results (figure B.5). As a result, the least squared algorithm coefficients were used to

improve the FIR filters. Figure B.7 shows the level of phase error reduction in the improved NTM

event generator, which results from these changes.

B.2.3 False triggering resulting from edge localised modes

The system tests in section B.2.1 revealed that the high beta shots on which NTMs occur are fre-

quently interrupted by ELMs. These ELMs have the effect of dropping the toroidal velocity of the

MAST plasma and reducing the beta poloidal. This causes the magnetic signal (used to trigger the

NTM event generator) to rapidly drop in both amplitude and frequency andtypically lasts for∼
1 ms (for type 1 ELMs). In beta scan experiments, false triggers can therefore occur due to these

ELM-induced amplitude drops.

Having identified these false triggers, it was found that they could be prevented using a con-

trol parameter to limit the allowable rate of change of the mode amplitude and frequency. Once a

derivative of the NTM amplitude and frequency is greater than the controlparameter, the triggering
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Figure B.5: The difference between the I and Q filters when different filter optimisation methods are used.

The least squared method (red line) is found to give the lowest difference between the result I and Q filters.

of the NTM event generator is prevented. The size of the control parameter is determined from pre-

vious MAST data. Figure B.6 shows measurements of the calculated derivatives (using Chipscope

Pro) carried out during an ELM event on MAST during tests of the NTM event generator.

B.2.4 Triggering of vertical shifts

During beta scan experiments in the last MAST experimental campaign, the NBIbeams were

switched off to reduce beta poloidal. The main aim of beta scan experiments is toreduce beta

poloidal enough for an NTM to stabilise. However, when the NBI beams areswitched off, the input

momentum of the plasma is eliminated and this increases the probability that an NTM willlock to

the wall.

The height of the density pedestal obtained on MAST is dependent on thedrsep parameter

[111]. This parameter represents the degree of seperatrix separation. This parameter can be varied

by fine (¡ 1 cm) adjustments of theZ position of the MAST plasma using the P6 coils. The beta

poloidal at theq = 2 surface is dependent on the height of the density pedestal achieved and thus

changing theZ position provides a potential method to control beta poloidal without having to

turn off the NBI beams. Furthermore, the adjustment of theZ position can be triggered on the

NTM amplitude by coupling the NTM event generator to the MAST plasma controlsystem (PCS),
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in real-time for shot 24622 on MAST. The sizes of these different quantities have been measured using

Chipscope Pro software. The amplitude of the NTM is overplotted in blue for reference.

allowing real-time control ofβp

The MAST PCS system controls the position and shape of the MAST plasma using real-time

feedback from both currents in the P1-P6 coils and measurements from additional coils located

around the vessel. Before a shot is performed, the reference waveforms of all plasma parameters

are sent to the PCS. This includes theZref parameter, which controls the reference for theZ

position of the geometric axis and thus determines the level by whichβp is dropped.

The MAST PCS system was therefore modified to permit the state of theZref parameter to

be controlled using an optical fibre in real-time. The NTM event generator was also modified to

generate this optical signal, which would trigger the PCS on a given mode amplitude. When the

optical fibre is on,Zref is shifted by a fixed amount and this is determined by another parameter,

Zoffset, which can be set to a specific value before the shot begins.

The duration of a vertical shift is controlled by the NTM event generator.Vertical shifts can

be triggered on the rising or falling edges of the amplitude of an NTM. If this amplitude is greater

than an upper threshold, the vertical shift is triggered and remains on untilthe amplitude reaches
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Figure B.7: Error in the phase calculations, resulting from differences in the I and Q filters, as calculated

for shot 24503. The new FIR filter design (blue line) reduces the errors in these calculation by an order of 2

compared to the old FIR filter design (green line).

a lower threshold. These thresholds can be set on a shot-by-shot basis. In beta scan experiments

vertical shifts will typically be triggered on the falling edge of the NTM amplitude.

Vertical shifts also have the potential to eliminate disruptions that frequently result from 2,1

NTMs. By detecting the growth of an NTM and triggering a vertical shift, this can remove the

driving beta poloidal before the mode leads to a disruption. A number of shots are planned for the

next experimental campaign to test the effectiveness of this approach to disruption mitigation.
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Command Description

ASY P 〈xx〉 Set phase of NTM to trigger YAGS. Xx in range 01 to FF (input in Hex)

ASAS 〈x〉 Select source for archiving, x=0 for raw ADC data, or else NTM amplitude.

ASNTM 〈xx〉 Select NTM mode number. The number indicates the complex value each

coil must be multiplied by to describe the mode as 4 sets of binary pairs:

00 equals i

01 equals 1

10 equals -i

11 equals -1

Hence for mode 2 we need 1,i,-1,-i equals 01001110 or 4E in hex - so

command is ASNTM4E

ASNTT 〈xx〉 select NTM threshold to arm triggering.

ASNTF 〈xx〉 select NTM threshold for triggering on falling edge (generally

less than the value set by ASNTT).

AGS Get data archived internal to FPGA

SNDT threshold fordamp/dt

SNDF threshold fordf/dt

SVTT threshold for start of vertical kick

SVTF threshold for end of vertical kick

SVTM enable vertical kicks

Table B.1: Input serial commands used to control the NTM event generator unit.
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Publications

The publications in which the author has had an important contribution during this thesis may be

divided between diagnostic related work on the TS systems and physics work contributing to trans-

port and stability investigations, principally on NTMs.

Diagnostic related publications

• T. O Gorman, P. J. Mc Carthy, S. Prunty, M. J. Walsh, M. R. Dunstan, R.B. Huxford, G.

Naylor, Emmanuel Maguet, R. Scannell, and S. Shibaev. Design and implementation of a full

profile sub-cm ruby laser based Thomson scattering system for MAST.Review of Scientific

Instruments, 81(12):123508, 2010.

• R. Scannell, M. J.Walsh, M. R. Dunstan, J. Figueiredo, G. Naylor, T. O Gorman, S. Shibaev,

K. J. Gibson, and H.Wilson. A 130 point Nd:YAG Thomson scattering diagnostic on MAST.

Review of Scientific Instruments, 81(10):10D520, 2010.

• R. Scannell, M. Beurskens, P. G. Carolan, A. Kirk, M. Walsh, T. O Gorman, and T. H.

Osborne. Deconvolution of Thomson scattering temperature profiles.Review of Scientific

Instruments, 82(5):053501, 2011.

• R. Scannell, M. Beurskens, M. Kempenaars, G. Naylor, M. Walsh, T. OGorman, and R.

Pasqualotto. Absolute calibration of LIDAR Thomson scattering systems by rotational Ra-

man scattering.Review of Scientific Instruments, 81(4):045107, 2010.

• S. Shibaev, G. Naylor, R. Scannell, G. McArdle, T. O Gorman, and M.J.Walsh. Control

and acquisition for MAST Thomson scattering diagnostics.Fusion Engineering and Design,

85(5):683 686, 2010.

• R. Scannell, M. J. Walsh, P. G. Carolan, A. C. Darke, M. R. Dunstan, R. B. Huxford, G.

McArdle, D. Morgan, G. Naylor, T. O Gorman, S. Shibaev, N. Barratt, K. J. Gibson, G. J.
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Tallents, and H. R. Wilson. Design of a new Nd:YAG Thomson scattering system for MAST.

Review of Scientific Instruments, 79(10):10E730, 2008.

Physics related publications

• T. O Gorman, P. J. Mc Carthy, D. Howell, K. Gibson, G. Naylor, R. Scannell, J. Snape and

H. Wilson. Temperature and density profile measurements of neoclassical tearing modes on

MAST. 37th Proceedings of the European Physical Society Conference on Plasma Physics,

2010, Dublin, Ireland.

• K J Gibson, N Barratt, I Chapman, N Conway, M R Dunstan, A R Field, L Garzotti, A Kirk,

B Lloyd, H Meyer, G Naylor, T O Gorman, R Scannell, S Shibaev, J Snape, GJ Tallents,

D Temple, A Thornton, S Pinches, M Valovic, M J Walsh, H R Wilson, and the MAST

team. New physics capabilities from the upgraded Thomson scattering diagnostic on MAST.

Plasma Physics and Controlled Fusion, 52(12):124041, 2010.

• I.T. Chapman, R.J. Akers, N.C. Barratt, A.R. Field, K.J. Gibson, M.P. Gryaznevich , R.J.

Hastie, T.C. Hender, D.F. Howell, M-D. Hua, G. Huysmans, Y.Q. Liu, M. Maraschek, C.

Michael, G. Naylor, T. O Gorman, S.D. Pinches, R. Scannell, S.A. Sabbagh, H.R. Wilson

and the MAST Team. Macroscopic Stability of Highβ MAST Plasmas.ITPA Conference

Proceedings, EXS/P5-04, 2010.

• A Kirk, T O Gorman, S Saarelma, R Scannell, H R Wilson. A comparison of H-mode

pedestal characteristics in MAST as a function of magnetic configuration and ELM type.

Plasma Physics and Controlled Fusion, Volume 51, No 6, 2009.

• L. Garzotti, L. Baylor, F. Kochl, B. Pegourie, M. Valovic, K.B. Axon, J.Dowling, C. Gurl,

G.P. Maddison, H. Nehme, T. O Gorman, A. Patel, M. Price, R. Scannell, and M.Walsh. Ob-

servation and analysis of pellet material∇ drift on MAST. Nuclear Fusion, 50(10):105002,

October 2010.
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