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Abstract

The tokamak concept for a commercial nuclear fusion reactor is a pronosiag However, a
number of issues must be resolved to reach this goal, including effectivaatiatigof plasma in-
stabilities such as Neoclassical tearing modes (NTMs). Diagnostics systewmidepthe crucial
information required to further understand the physics of such pheroarah a key diagnostic

is Thomson scattering (TS), which determines the electron temperatyrar{d@ density (f) of
plasmas. This thesis describes upgrades to the two TS diagnostic systbynar(duNd:YAG) on
Mega Amp Spherical Tokamak (MAST) , improving their spatial and samplitesrand reducing

T. and n errors, and the use of these upgraded systems to study NTMs in gretittithn was
previously possible on this machine. Specifically, the contributions of therdiit stability terms

of the modified Rutherford equation (MRE) to the evolution of 2,1 NTMs wevestigated using
data from the upgraded TS systems and other diagnostics systems on WAsSipgraded ruby
TS system can now resolve 200 points along a 1.4 m chord, the numbentd peing more than
any other current Television TS (TVTS) systems. The uncertainty. iaril n. has reduced tec

4% and< 3% for a observation volumes with a radial extent of 7mm in the range of 42d¥¢V

and at a density ofi, = 2 x 10 m~3. The sampling rate is also improved and the system can
now measure two images at a separation of 28@nd be operated in either a double pulse mode
(two T, and n, profiles measured) or single pulse mode (op@fd n, profile and one background
light). The upgraded Nd:YAG TS system has a 1 cm spatial resolution add &2 sampling
rate, with lasers now capable of firing in burst mode. Measurements frertwihn upgraded TS
systems were compared and theirahd n profiles agreed well. Following these upgrades, these
two TS systems now permit TS measurements of the finite island width stability ternA&T Nbr

the first time and measurements of this stability parameter were used in invessgatihd NTM
evolution on MAST. The finite island width was determined by fitting a heat t@mspodel to

TS measurements of. from the upgraded ruby and Nd:YAG systems. In addition, other stability
parameters of the MRE were estimated, based on TS, charge exchemgéirgation spectroscopy
and Mirnov coil measurements (and using CHEASE and NCLASS codaws) thie same MAST
shots. The pressure of the MAST plasma was varied using an extemtasdwrce and this en-
abled a comparison between 2,1 NTM evolution determined using the MRE tadhatiagnetic
measurements of island evolution. A good agreement was found. In additese experiments
were used to assess the relative contributions of the different MRE stdeiliyg for 2,1 NTMs on
MAST, using a fitting approach. The results show that the tokamak cuevatability term is the
principal stabilising term and is comparable in magnitude to the principal destadpiteym, the

bootstrap term. In addition, the finite island width is shown to be a crucial terrde@rmining
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the onset threshold of 2,1 NTMs on MAST. In contrast, the ion polarisation i found not to
influence the evolution of these 2,1 NTMs. Finally, to permit a greater nunilfi@ite island width
measurements and more reliable pressure scan experiments, an FPGAngiggstem has been
developed and initial tests indicate it operates as designed. This systertspEs measurements
to be synchronised with the phase of the rotating island and triggers theér®tadifferent points
of the NTM evolution. Furthermore, it can change the Z position of the MAI&$ma in real-time,
which results in a drop in plasma pressure at the location of the island. Trinigtpenore reliable
pressure scan experiments. The NTM stability term results presented ing$isibpresent the first
step in such NTM evolution research on MAST and the combination of the iragro$ capabili-
ties and the new triggering system will permit the further, more accurate aséigmmeasurements
required to achieve a greater understanding of these instabilities andigibtdaad to effective

mitigation techniques.
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Chapter 1

Introduction

This chapter briefly introduces fusion as an energy source, befokintp at magnetic confine-
ment, the tokamak concept and spherical tokamaks. The challengeddaddeve a commercial
fusion powerplant are then discussed, focusing on the effects ofd\ArMd the important role of

diagnostics in investigating these and other instabilities. Finally, an outline of #ssstis given.

1.1 Nuclear fusion

Nuclear fusion is the method by which the stars produce their energy atrdibed fusion on earth
represents an ideal energy source as it is both sustainable and emiviaily friendly, avoiding the
environmental damage and high €@missions associated with fossil fuels. Deuterium and tritium
are used as fuel and these are, respectively, either readily avaitatde e produced during the
reaction. The waste products from fusion have a short half-life amdafe to dispose of within
a short timescale. Controlled fusion is therefore a potential solution to meew#éncreasing
world energy demand, which is expected to increase 36% in the bestesgris by 2035 [1].

During nuclear fusion, two light nuclei are fused to form a new set aheldgs. As the total
mass of the reaction products is less than the total initial mass, this results itethgeref energy
(according to Einstein’s equatio®(= Amc?)). Nuclear reactions are governed by the strong
nuclear force, which has a range efone fermi (0~'5 m). However, for distances larger than
a few fermi, the repulsive Coulomb force between the two nuclei becommindat. For two
nuclei to fuse, they must therefore gain sufficient energy to proddieta probability that they
can ‘tunnel’ through the Coulomb barrier (figure 1.1).

The most promising nuclear fusion reaction is between two different isstufgeydrogen, deu-
terium ¢H, ‘D’) and tritium (*H, ‘T’) because it has higher cross-sections at lower temperatures
(figure 1.2). This D-T reaction produces a 3.5 MeV alpha partitthe] and a 15.1 MeV neutron
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Potential energy
(not to scale)
380 keV
. Tunneling at higher energy
Repulsion by Coulomb force
S
1/r
0 , X
distance between the nuclei, r
rh = afew10”m
-17.6 MeV ——

Figure 1.1: The potential energy of two nuclei as a function of the distabetween themr]. Once the
nuclei gains sufficient energy to permit it to tunnel through Coulomb barrier, as needed for fusion to
occur. Once the nuclei have overcome the Coulomb barrieistiong nuclear force becomes dominant (
is the range of this force). The energies shown are for dieutegind tritium.

(n) and is given by:
2H4+3H — “He(3.5 MeV) + n(15.1 MeV). (1.1)

Deuterium is an abundant fuel and occurs with a weight fractioghk 10~° in water. This
means that there is sufficient deuterium to produce fusion energy fomsilbdyears. Tritium is
more difficult to obtain as it is an unstable radioactive isotope that decaysavdif life of 12.3
years:

SH - 3He+ e+ o (1.2)

However, tritium can be produced as part of a fusion reaction by usengdhtrons produced from

the D-T reaction and reacting these with a lithium blanket, thus overcoming titiéejon:
n+ Li » He+*H+n —25eV (1.3)

In a controlled nuclear fusion reaction deuterium and tritium are therefmd, and these fuel
atoms are in a plasma state (an ionised gas) at the temperatures requirgidiortd occur, and
the resulting neutrons can be used to generate electricity. Fusion reautaherefore potentially
self-sustaining, as the energy from the alpha parti¢lds) produced during the fusion reaction can
sustain the D-T reaction and the neutrons produced can also be usezktbtiitium (as above).
Reaching a self-sustaining state is the aim of controlled fusion and for thisciar the alpha

particle heating must be sufficient to maintain the plasma temperature againsalttesses and
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Figure 1.2: The cross-sectiong{ for fusion reactions using different fuels. These fueks@euterium (D),
tritium (T) and helium 3{He). The D-T reaction shows the highesat lower energies.

the plasma must be kept at a sufficient density by the confinement schemsuficient length of
time. This self-sustaining state is called ignition and the requirements of temgemdémsity and

time to achieve this are defined by Lawson'’s criterion [2] for ignition:
neT.mp > 5 x 102 (m ™3 keV.s) (1.4)

where,n. is the electron number density, the electron temperature ang 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 fnaterial surfaces,
to prevent both thermal losses and to achieve sufficient confinement tordeasity. As plasma is
an ionised gas which can be contained in a magnetic field, due to the Lorenztlrese fields can
be used as a means of confinement. This approach is referred to astimagnénement fusion
(MCF). Most MCF schemes are toroidal, as this shape prevents end lasdethus maximises
confinement time, and a range of these schemes have been developselintiude the stellarator,
the reverse field pinch and the tokamak.

The most successful MCF scheme to date is the tokamak. This is a toroidahméehkigned to

confine a plasma in the shape of a torus (figure 1.3). Toroidal, poloidalenical magnetic fields
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are used to confine the plasma in a stable equilibrium. The toroidal and véigidalare produced
by magnetic field coils, which are generally placed outside of the vesselthangoloidal field
is generated by the plasma current. The plasma current flows toroidallyaane generated by
transformer action (inductive current drive) or by using non-ingectnethods. The combination
of the vertical, poloidal and toroidal fields produces a complex helical fretl achieves a high
level of plasma stability. This stability allows longer confinement times, at highesitles, than

other MCF schemes.

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.3: Currents and magnetic fields in a tokamak. The plasma is siropink and this is surrounded
by the toroidal magnetic field coils (blue). A transformethie centre of the torus (green) is used to generate
the plasma current (direction indicated by horizontal graerow), which in turn generates the poloidal
magnetic field (green arrows). The outer poloidal field c(i®y) are used for shaping and positioning the
plasma. The helical field line (black line), that resultsnfrthe combination of the toroidal and poloidal
fields is on a rational (q=4) surface in this example. Drawyg@$-537-1abtained from JET drawing office.

The combination of toroidal and poloidal fields in the tokamak produces héiidd lines
(figure 1.3) which lie on a set of nested ‘flux’ surfaces. Each field linehigracterised by the
number of times it travels poloidally.j and toroidally {n) around the tokamak. The ratio of to
n is given by the safety factor), which is an important parameter for stability. On flux surfaces

wheregq is a rational number the field line will travel times poloidally andn times toroidally
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before closing on itself, whereas wheiis 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 lidesratherefore,
to a first approximation, confined to the flux surfaces. In practice, Weryvparticle drifts occur and
lead to particles and energy migrating across flux-surfaces and leagiogrtplasma. These drifts
are caused by both the curvature of the field lines and instabilities and thengjeais, therefore, to
reduce these to minimal levels in order to satisfy Lawsons criterion and adgigition. Rational
surfaces are more prone to instabilities, due to the field lines not coverisgshefaces ergodically,

and this is important for stability analysis.

1.3 Confinement in tokamaks

The energy confinement timex) 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 plasmgyettethe rate
of energy loss.7p can be easily determined as the total plasma energy can be calculated using
equilibrium codes (such as EFIT on MAST) and the power entering thenplaan be determined
by the sum of the Ohmic heating from the plasma current and the exterriadd)deom sources
such as neutral beam injection (NBI) and electron cyclotron resortegating (ECRH).

Over the past 50 years, various confinement regimes on tokamaksrhaxgeel. The simplest,
and original, regime is Ohmic confinement, where all of the plasma energy doomeOhmic
heating from the plasma current. This regime has very good confinementr@)]e/\mich is found
to scale with the size of the tokamaki?)[3]:

79 = 0.071.a R?egge.- (1.5)

WhereTg is in secondsy, is the average electron densitylie®® m—3, R is the major radiusy is
the minor radius ang.q,. 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 tokawaalbuilt.
However, as Ohmic heating is the result of plasma resistivity, which reduitled ., it was found
that ignition is not possible without auxiliary heating.

A new confinement regime that includes auxiliary heating was subsequentioped. This is
known as low confinement mode (‘L-mode’). The energy confinement th@)ei(l this regime is

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

IR1'75/<L0'5

L _
T = 0.037 555 g

(1.6)

wherel is the plasma current in MA is the elongation of the plasma aftis the applied heating
in MW.
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An improved confinement regime, known as H-mode or high confinement,maediscov-
ered on the ASDEX tokamak. It was found that when the power injected liséeed above a
threshold value, the plasma undergoes a transition from L-mode to H-mddkeaenergy confine-
ment time is increased by a factor of two [3]. This improvementgmesults from the formation of
a transport barrier at the edge of the plasma, called the H-mode peddssahetiestal is unstable
and periodic relaxations in pressure, which release energy from templare observed. These
relaxations are called edge localised modes (ELMs) and the amount giyghey release into the

vessel wall is a major concern for future next step devices such &.ITE

L-mode

H-mode

advanced
operating modes

core

internal transport
barrier

Plasma pressure

edge
transport
barrier

pedestal

Minor radius (cm)

Figure 1.4: The effect of different confinement modes and instabilitesakamak plasma pressure. This
illustrates the improvement in plasma confinement from Lde¢blue line), to H-mode (red line) and the
advanced operating modes (green line). The effects of stiwtELM and neoclassical tearing mode insta-
bilities on confinement are also shown (black dotted lind$)e height of the edge pedestal is shown as a
grey dotted line. Drawingg05-537-1cobtained from JET drawing office.

More advanced confinement regimes have been developed that hidex fonproved confine-

ment compared to the H-mode regime (figure 1.4). Importantly, these regimefesigned to
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permit tokamaks to operate in a steady state, which is required for fusiosr pdants to be more
efficient. Steady state is currently not possible because using a traesfty induce the plasma
current makes the tokamak a pulsed machine. These regimes focus oa nsmgnductive source
to generate the toroidal current. This source is called the ‘bootstragrduand is self-generated
from gradients in the electron pressure. For these scenarios, an eledgd pedestal and internal
transport barriers (ITBs) are required. ITBs are created by thprsasion of turbulence in the
vicinity of rational ¢ surfaces and are associated with non-montgrpcofiles (where a profile

is peaked in the centre of the tokamak with a negative core magnetic shearn§'dq/dr)).
This type ofq profile can be formed by using early auxilliary plasma heating and once e IT
is formed, the; profile can be sustained by the induced ‘bootstrap’ current. Thesmaes con-
finement regimes can greatly improve confinement, but require veryateawontrol of the plasma

parameters and are not yet routinely produced on any tokamak.

1.4 Betalimit

The confinement efficiency of a tokamak can also be expressed in terfnsvbfch is defined as:

2uop plasma pressure
B = = a.7)

B2 magnetic field pressure’

As generating the toroidal field is the major cost of a potential fusion reattsrdesirable for

the value off3 to be as large as possible. However, the maximum value achievable on takamak
is usually limited by the onset of various types of magnetohydrodynamic (MidDbility which
occur at highers values. The maim-limiting instability is the kink mode [3] and investigations

[4, 5, 6] have shown that the maximusnachievable §,,...) before the plasma becomes unstable
to these modes can be expressed as:

1+ kK2

6 < /Bmaz =0.72 9

€ (1.8)

wheree is the inverse aspect ratio (and= a/R). Bnq. Can therefore be increased by increasing
thee or s of the tokamak. This result led to the development of spherical tokamaRsi{S¥hich
both these quantities are much higher than in conventional tokamaks andghas®,... values

are achieved.

1.5 Spherical tokamaks

The ST concept (figure 1.5) was originally proposed by Peng and &irigq and the first exper-
imental device, the Small Tight Aspect Ratio Tokamak (START), was builteatChiham Labo-

ratory in the early 1990s. This device produced electron temperaturesl 66 eV and records
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values 0f40% [8], substantially higher than the previous recordl®f6% measured on the large
aspect ratio DIII-D machine. As a result, a large humber of STs have lbei& worldwide and
include PEGASUS (USA), GLOBUS-M (Russian Federation), ETE (BrakST-2 (Japan) and
two larger mega-ampere devices, NSTX (USA) and MAST (UK).

There are many advantages of the STs over conventional tokamaky.[9n Jarticular, The
proximity of the plasma to the central solenoid in an ST allows a more effectevefube toroidal
field. Given that generation of this field will be a major expense for futuseoh power plants, STs
therefore represents a more cost-effective solution and the developfi&hpower plants (STPP)
is one goal of current ST research [11, 12]. This research atasé&s on the development of an
component test facility (CTF) [13], which is an intermediate step towardsraeycial STPP and
would permit potential powerplant materials to be tested using high neutrasfli&ecent work

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

spherical tokamak conventional tokamak

Figure 1.5: Aspect ratios of conventional tokamaks and STs, as indidayea number of field line traces
(blue lines). The major radiug?( red arrow) in STs is smaller than in conventional tokamaltggreas the
minor radius ¢, black arrow) is of a comparable value. The resulting snsgdkat ratio of the ST makes its
resemble a cored-out apple in shape, whereas the conveliddamak resembles a doughnut. Grey arrows

indicate the central columns of these tokamaks.

Although the ST concept is less developed than the conventional tokamag&pipa copper
coiled ST would provide a lower cost solution for a CTF or STPP. Many efdhallenges in
developing the ST concept to the commerical powerplant stage are relatezldtmse proximity
of both the central solenoid and toroidal field coils to the burning nucleoriueaction that will
occur in future devices. The limited space on this inboard side reducesnitena of shielding
from high energy neutrons that can be applied and thus the lifetime of tieasgonents. The
limited space also reduces the maximum toroidal field possible. Another chalfeng viable

STPP is to generate a sustained toroidal current from the bootstramtuirhas been shown that
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for a steady state or long pulse STPP or CTF, the majority of the toroidartui®0%) needs to
be provided by the bootstrap current [12], as driving the currethr means would significantly
increase their cost. However, this bootstrap current also provides timednize for neoclassical
tearing modes (see details in section 1.7 and in Chapter 5) and a greatestandiag of these
instabilities is needed. Experiment results from MAST, NSTX and other SITsl@termine the

future and viability of the ST concept. The MAST ST specifically is introducechapter 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 tokamaksé#lg iscussed in section
1.3) and studies indicate that bootstrap fractions greater that 70% aieecefpr an economically
viable fusion reactor [6]. However, current machines typically do eath this value. The ex-
istence of a bootstrap current was first predicted from neoclassa@port theory [15], which

includes the effects of toroidicity on the plasma transport.

currrents due to
neighbouring
bananas largely

cancel
N

banana
trajectory

orbits tighter
where field
stronger

Figure 1.6: Origin of the bootstrap current. The pink surface represéim¢ plasma boundary and the
trajectory of the trapped particles (banana trajectoryghiswn as a dark blue line. The projection of this
trajectory on the poloidal plane has a banana shape (pugplana shape) and is referred to as a banana
orbital. A second banana orbital (green banana shape) wnstwillustrate the interaction between two
adjacent orbitals, where particles move in opposite dacfsee arrows), which produces the bootstrap

current if a density gradient exists. Drawijgf5-537-1obtained from JET drawing office.

The bootstrap current arises due to the interaction between passingapedimparticles in the
plasma. These particles are defined by how they are affected by the ticagireor that forms
in the tokamak as a result of the radial gradient of the toroidal magnetic Aslgarticles follow
the helical magnetic field lines they will encounter an increasing magnetic figltegsapproach

the inner wall side of the torus and those with sufficient parallel kineticggneill overcome the
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magnetic mirror effect and become ‘passing particles’. These passitiglgmare then free to
follow the helical field lines around the torus. In contrast, particles with fitseimt parallel kinetic
energy are reflected back to the low field side of the tokamak and are lsvapped particles’.
The projections of these trapped particle orbits onto the poloidal planeaasnh shaped (figure
1.6) and referred to as ‘banana orbits’.

On the outer side of each banana orbital, particles are moving in the dire¢tiba toroidal
current, whilst on the inner side they are moving against it. At the interseaitmeen two banana
orbits, there are therefore particles moving with and against the toroida&ntu If both orbitals
contain the same number of particles, then there is no net current in thisi.regmwvever, if a
density gradient exists there will be a net banana orbital current dniglehis current is transfered
from the trapped to the passing particles through collisional coupling. Thiert now carried by

the passing particles is the bootstrap current.

1.7 Neoclassical tearing modes

In addition to the kink mode, a majgi-limiting MHD stability is the neoclassical tearing mode
(NTM) [16, 17, 18]. A tearing mode is a resistive instability which forms as gmeéic island on
rational surfaces inside a tokamak plasma (figure 1.7) and can be classieaclassical. Magnetic
islands deform the flux surfaces within the tokamak, whereby the temperanfiles are flattened

across these islands and this reduces the energy confinement.

A B

Figure 1.7: Tokamak cross-sections showing the formation of a tearinderon flux surfaces. A. The flux
surfaces (black circles) before the tearing mode forms.H&. deformation of the flux surfaces as a result of
two tearing modes, each on a different rational surface.t@agng mode observed in the outer part of the
cross section (dark grey shaded region) is a 2,1 and formg;ea asurface. The inside tearing mode (light

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

In some conditions, a flattening of the pressure across a magnetic islamd aod this leads

to a reduction in the bootstrap current at this location, which influencesytimmcs of the island
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[19]. Where this occurs the instability is referred to as an NTM. In thesees)othe missing
bootstrap current at this location acts a driving term, which increaseslémel iwidth until all of
the bootstrap current is removed and the island reaches a saturatedsigiartd,.;). A ‘hole’

in the bootstrap current can be interpreted as a current in the opposiééiahrthat enhances the
size of the magnetic island. Saturated magnetic islands can have a radial svidtheaas 10% of
the minor radius{) and lead to significant reductions in energy confinement time. The effect

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

as given by:
ATE _ 5 Wsat (1.9)
TR a
3
A, =4 (1.10)
a

wherer; is the location of the NTM in terms af. This indicates that NTMs occurring closest to
the edge of the plasma will lead to the greatest reductiafginThe most deleterious NTM is the
2,1 NTM, where 2 refers the the poloidal mode numbeand 1 to the toroidal mode number
This type of mode is located on tlye= 2 rational surface typically at arya of ~ 0.8.

In addition to their influence on energy confinement, NTMs can also resldicked mode
disruptions of the plasma. These typically occur because magnetic islaatkswith the plasma
fluid and induce eddy currents in the tokamak vessel which, in turn, inatieegue which slows
the island rotation, thus destablising it. These locked mode disruptions caysl@asima discharge
to terminate prematurely and release the plasma energy into the surroundsay. vleiTMs are
therefore a major concern for future devices both in terms of confineamehpotential damage to
the vessel. As a result, a major area of fusion research is investigatinbiltysand control of

these instabilities. NTMs are discussed in greater detail in Chapter 5, sB@ion

1.7.1 Controlling NTMs

NTMs are likely to be present on future devices, such as the Internhfibeamonuclear Experi-
mental Reactor (ITER) [21, 22] and will need to be controlled. ITER is aromapt intermediate
step towards a commerical tokamak powerplant. This machine is currently dmisgyucted, with

its first plasma expected in 2019, and is based on the conventional tokasigk dit will poten-
tially produce 500 MW of power and operate@t= 10, where() is defined as the fusion power
divided by the input heat power and will operate on a number of scenavitich are designed to
produce regimes ranging from the conventional H-mode to advancedtioge To achieve these
potential@ values it is important to be able to mitigate NTMs which may cause loss of confitemen
or disruptions.

A number of different methods to control NTMs have already been dpedland are described
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in the ITER physics basis [23] and electron cyclotron current drive@B) is the primary tool
planned for NTM mitigation on ITER. Up to 20 MW of ECCD power will be injectedoirthe
plasma from upper ports and the current induced will both replace the guisswistrap current
and alterA’ favourably, in order to stabilise NTMs. Although a number of differergeziments
on several tokamaks have demonstrated successful NTM stabilisatignthisirmethod, a greater
understanding of the threshold and onset of these instabilities is still rddaidetermine the exact
level of ECCD power needed for effective stabilisation on ITER.

Both the effects of NTMs on th€@ and the efficiency of ECCD power in stabilising these (for
2,1 and 3,2 NTMs) has been investigated for the ITER scenario 2 plashallag was done by
simulating effects of an NTM on the predictétlof this plasma when a range of different ECCD
powers were applied to stabilise it (figure 1.8). To include the uncertaintyeipridicted perfor-
mance of this scenario, these simulations were repeated for differeatdifawhere these factors
representt 25% performance variation. The results predict that NTMs can have a sigmifdfect
on the values of Q obtained in ITER and that the 2,1 mode will have the greffiaston plasma
performance. It also shows that ECCD can stabilise these modes and e@prbmt 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, whachimsportant consid-
eration for ITER due to its potential to cause plasma disruptions. 2,1 NTMa@stlikely to lock
as they are positioned close to the vessel wall and analysis using ITERd&®as in the DIII-D
machine [25] suggests that an island width~ob6 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 thaptédicted
wsqt fOr 2,1 NTMs on ITER (24 cm) and therefore locked modes may be a signiificablem for
ITER operations if 2,1 NTMs are not stabilised before reaching a largawid

As a result of the above findings, investigations of NTMs are being choti¢ on most toka-
maks. In particular, these look to resolve uncertainties about the relatighutions of different
stabilising terms to NTM formation and stability. There is currently no full thecaétiescription
of these contributions and NTM evolution. However, large island evolutionbe described by
resistive MHD theory and small island effects can be modelled using a 2 #sicrigtion or full
kinetic theory. The modified Rutherford equation (MRE) [26, 17] usgs@pmations of the island
evolution from these theoretical models to determine the time evolution of NTMsfuasction of
these stability terms. A full description of this equation is given in chapter 5.o04th the pre-
dicted evolution of NTMs determined by the MRE agrees well with experimentasarements on
a number of machines, the explicit contributions of the individual stability termstdl uncertain.

In recent years, a number of attempts have been made to measure thiite tetahs. The

main focus to date has been on one stability parameter, the finite island widthrtmisgter can be
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Figure 1.8: The effect of 2,1 and 3,2 NTMs on the valuespas a function of applied ECCD power. These
data were obtained from an estimate of an ITER scenario 2[84ptA number of different coloured lines
from blue (H =1.25) to pink (H = 0.75) represent the possildefmement of this scenario. When taking
the example of the H=1 case it is observed that if no ECCD ifieghpQ values of 4.7 and 6.9 are predicted
when 2,1 and 3,2 NTMs are present respectively. In contifasie full 20 MW of ECCD power is applied
then these Q values increase to 7 and 8.5 respectively.dFiglaen from [24]

calculated from the I'profile around an NTM. The size of this parameter gives the island width,
above which thd, profile is flattened,; this flattening results in the bootstrap drive. Experimental
measurements of this parameter have been performed on ASDEX [27]EXTOR [28] using
ECE, but not on MAST or other STs, as ECE systems do not work on thashines. More re-
search is therefore needed, on a wider range of machines, in ordmui@tely determine both this
and other stability terms. These measurements would permit better undergtahittia 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 plasmarpespon tokamaks.
These diagnostics differ in the types of parameter measured, whetheatkaaeasured as absolute

values or as relative dependencies and the scale (global or local)icm thy are measured. Such
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a wide range of measurements are needed to both understand ovenadl pltsaviour and stability
and to examine local properties and phenomena, such as ELMs and MEkitsples of diagnostic
systems used on the majority of tokamaks include interferometry, soft xac@gynetic diagnostics,
motional stark effect (MSE), charge exchange recombination speopp4CXRS) and Thomson
scattering (TS). This thesis focuses on TS diagnostics, which measufe éma n, of a plasma.
The central theme of this thesis is an upgrade of the TS diagnostic systemesMAST machine.
Details of this diagnostic are discussed in detail in chapter 3. One of thegaiimsotivations for
the TS upgrade was to study NTMs requiring high radial resolutiori cm) and low fractional
T, errors € 5%). Even when these parameters are achieved the sampling of TS systems is lo
compared to the evolution of NTMs on MAST, so that only a small number of aneasnts
are possible during a plasma discharge. Two important parameters in Ndlktier, the island
width and the finite threshold width, have been measured for the first time adiSgsystem on a
spherical tokamak and this has been facilitated by the MAST TS upgradalis In addition,
using MAST CXR, MSE and magnetic diagnostics, additional terms critical to ¥dlution have

been estimated.

1.9 Thesis Outline

This thesis focuses on improvements to the TS diagnostic systems on MASTeansktf these
upgraded systems to study NTMs in greater detail than was previously lgossithis machine.
In addition, it considers a triggering system that was developed to enadll¢ime triggering
of TS systems on NTMs. The motivation for this work was to enable more axd; and
n. measurements of a number of plasma phenomona to be made using TS, incliiditsgy td
contribute to tokamak physics. Publications produced based on this woliktad in appendix C.

In this chapter, a brief introduction is given to nuclear fusion, confingéraed tokamaks and
some of the challenges for achieving ignition and steady state operatiotuoa fokamak power-
plants. In particular, it has been outlined how NTMs are a barrier to this adrhaw improved
understanding of the factors contributing to NTM evolution is needed fectfe mitigation tech-
niques to be developed. Chapter 2 builds upon this introduction, by outlinengaitmponents and
capabilities of the MAST tokamak. It then provides details of the operatiamdtal of MAST and
the specific diagnostics and codes that are relevant to the results in thgs tids the exception
of TS (see chapter 3 description). Finally, the programmable hardweaieedaised to develop the
upgraded triggering system are introduced.

Chapters 3 and 4 focus on the upgrades to the TS systems on MAST. CBagescribes
TS theory and the two TS MAST diagnostic systems, the ruby and Nd:YAGragste some

detail. It then presents details of the upgrade to the Nd:YAG system and sutiee@ew system
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capabilities. In addition, other work contributing to TS diagnostic improvememtsoth MAST
and the proposed ITER LIDAR TS system are described. These arthadhrte reduce systematic
errors on the Nd:YAG system, reduction of potential systematic errors in theddsgn of the
LIDAR system and finally, improvements of TS edge pedestal fitting.

Chapter 4 then describes the upgrade to the ruby TS system on MAS™H whia central
part of my PhD. This system was fully upgraded and all components wplacesl in order to
provide a sub-cm resolution and reduced noise and this chapter outlindsdign considerations,
hardware specifications and capabilities of the new system. In additioratalibof 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 isldttd
parameter (as described in section 1.7.1 above) are now possible fostkiet® on MAST. Chapter
5 first introduces the theory of NTMs, including the MRE equation whiclediess NTM stability.

It then presents novel measurements and estimations of MRE stability pargrbatsd on TS and
other diagnostic measurements (and using a number of codes) on MAS elative contributions
of these stability terms to NTM stability in a MAST plasma are then investigated in a murhbe
beta scan experiments. Finally, the initial results using a new NTM triggeristgrsy designed to

synchronise the TS measurements with the rotating island structure, azatpes



Chapter 2

The MAST Machine and Diagnostics

This chapter introduces the Mega Amp Spherical Tokamak (MAST) maclsiee ior all results
presented in the following chapters. Firstly, the components, capabilitiespardtion of MAST
are described, with an example shot illustrated (section 2.1). The primggaiostics systems on
MAST, which are relevant to the study of NTMs, are then discussetigeez. 2). Finally, the codes
used in the analysis of MAST data for the results in this thesis are summarnstidis2.3).

2.1 MAST

MAST is a spherical tokamak (ST) (see section 1.4) at the Culham ScierteeCwhich became
operational in 1999. It has been designed to further investigate ther8€pifollowing the success
of its predecessor, the small tight aspect ratio tokamak (START) [29Dalticular, the MAST
programme aims to establish the physics basis for an ST-based test facili®y [C3] and to
improve understanding of tokamak physics and engineering, in order towefre design of next
stage machines (such as ITER and DEMO) and a potential ST-based fmi@r plant (STPP)
[12].

2.1.1 MAST design and capabilities

MAST is a medium size tokamak (figure 2.1) and comprises a cylindrical shafdless steel
vessel (4 m diametex 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 oper@@msection 1.4).
The shape of STs permits improved access compared to conventional kskantbon 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, locategreal to the
vacuum vessel (figure 2.2A). These coils divide the vessel into li&rseand create a toroidal

field which has a value of 0.55 T at the major radi& &nd varies strongly across the tokamak,

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

diagnostic ports are indicated and the shape of a typicahmas shown in pink.

from 2 T at the inboard to 0.25 T at the outboard. Poloidal field coils aradddaside the vessel
(figure 2.2B) and comprise a central solenoid (P1 coil) and an additiowil pairs (P2-P6 coils).
These coils create the poloidal field and are used to give the plasma its ginapiee plasma
positional control and also counteract the hoop force, which wouldrwibe push the plasma
to a larger radius. Both the poloidal and toroidal coils are water cooled sipdie the Joule
heating that occurs during their operation. There are additional coilsA8Tyincluding toroidal
Alfv én eigenmode coils and ELM coils, which are used for studies oféhlRigenmodes and ELM
mitigation respectively.

External plasma heating is mainly provided by two neutral beam injectorssjiNBhich have
a combined heating power of 5 MW (2.5 MW each). These NBIs can alsaliiteomomentum
into the MAST plasma, resulting in a toroidal velocity €f300 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 TSjeRachange spec-
troscopy (CXRS), magnetic coils, soft x-rays (SXR), motional StargatffMSE), interferometer,
beam emission spectroscopy and a large number of fast cameras. Di@gh8stic system is de-

scribed in detail in chapter 3 and the remaining diagnostics systems thatdewveised 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 T (keV) 0.5-1.5
Typical core n (M~3) 1-5x10°
Typical core velocity (km/s) 300
Plasma volume (m?) 10
Vessel volume (m?) 50
Inverse aspect ratie, 0.75
Elongation s 16< k <25
Triangularity,d 6 <05
Maximum 3 15%

Table 2.1:

P1

Table to show key MAST parametersandd are defined in figure 2.3

toroidal
coils

Figure 2.2: The toroidal and poloidal field coils of the MAST vessel. Thedtions of the poloidal coils

P1-P6 are indicated on both the poloidal cross-sectiorraim@nd the 3D illustration; P1 is located in the

centre column, while the P2-P6 rings encircle the plasmasmkected double null equilibrium plasma shape

(see section 2.1.2) is seen in the poloidal cross-sectagrain.
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MAST is capable of producing plasmas with currents up to 1.5 MA, althougteits of~
750 KA are more typical. The maximum beta achieved to date i$% and it can also achieve a
maximum core T of 1.5 keV and a maximum core uf 5 x 10" m3. The shot duration is typically
0.3-0.5 s and the maximum duration possible at present is 0.7 s. This duratiois timéed by
the Joule heating of the coils, but is predicted to increase to 1-2 s followingldimeed MAST

upgrade. A summary of the main engineering capabilities of MAST is given ia fak.

2.1.2 MAST operation and a typical shot

It is possible to generate a range of different scenarios on MASTeipafhy by adjusting the
currents in the poloidal field coils and altering the quantity and onset timegtoth® gas fuelling
and NBI heating. These scenarios can vary in terms of hgtafile, electron and ion temperatures,
as well as plasma current, shape, density and performance; the parsiceerio required will
depend on the plasma physics issue being investigated. In the case of bhénMgstigations
(chapter 5), high performance hybrid scenarios have been mainlywheth are characterised by
early NBI heat, fast current ramps and strong inboard gas fuellingddition, a connected double

null (CDND) plasma shape (figure 2.3) is typically used for NTM studie#,iasound to

CDND DND USND LSND
A 1 1 C T T J D T |
B ihnd
. . ® [
g
i T
] : 7 |

triangularity 8= d/a

elongation « = b/a
Figure 2.3: Four categories of plasma shape on MAST. These categogeA.atonnected double null
(CDND), B. disconnected double null (DND), C. upper singl lUSND) and D. lower single null (LSND).
In CDND discharges, the two x-points are located on the samxesfirface, whilst in DND discharges the
x-points are located on different flux surfaces. The diffieesbetween the minor radii of the upper and lower
x-point locations of a DND plasma is definedds.,. Plasma elongations§ and triangularity §) are two
important parameters which are used describe all plasnpgestzand these are defined in A.

produce higher beta values than other shapes. However, the new Mjfdring system on MAST
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(section 5.7) changes the plasma from this shape to a disconnected dolifl2ND) 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 patteowashin figure 2.4
and is predominantly controlled by the P1 and P3 coil fluxes. 100 ms prior &htitethe P1 coll
is ramped up to its maximum current @0 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 tkach@ kA, deuterium
gas is puffed into the vessel at a number of locations and the P1 curggatiigally decreased; this
downward flux both initiates and sustains the plasma current. At this time, thentim the P3
coils is ramped up to maximum and quickly down again, with the drop starting aathe 8me as

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

s; plasma current is initiated at time 0 s. The top plot shdwesglasma current and shows a typical current
shape and the key stages during a shot. The lower plots stepotbidal coil currents for P2-P5 (second

plot), P6 (third plot) and P1 (bottom plot). These show theefarms of the P1-P6 currents during a shot
and in particular how P1 influences plasma current.

The plasma current increases to 500-900 kA-i0.1 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(feyaete 2.4). This flat
top continues until the shot is terminated, which either occurs when Ple®dsltturrent limit £

- 40 kA) or the plasma disrupts (e.g. a disruption caused by an NTM). Bthnim entire shot, the
P4 and P5 coils are used to control the plasma shape, provide the veelitalfd also counteract
the hoop force. In addition, the P6 coils, which are connected in antissgrieduce a radial
field which is used to control the vertical position of the plasma. ST plasmgsame to vertical
displacement events and real-time control of these, made possible by\fast gupplies in the P6

coils, is needed.

2.1.3 Pelletinjection

In addition to the components described above, MAST also has a pellet mj@etltet injection
was first suggested by Spitzer in 1954 [32] as a means of refuelling mdherclear plasma. It
involves injecting frozen pellets of hydrogen into a plasma and generally alf@eper fuelling
than using gas puffs from the edge of the plasma. Pellet injection can alsedes a diagnostic
technique for perturbative transport studies [33].

MAST has an 8 pellet, gas gun pellet injector. The pellets used are cylihdridecontain~
0.5, 1 and 2x 10%° 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 edthigrally through the
x-point or radially from the low field side (LFS) and the pellet velociky)is typically 300-1200
m/s [34].

The upgraded TS system (described in chapter 4) has been syiselaraiith the pellet injector
to trigger T. and n. measurements during injection. This allows detailed investigation of the pellet
deposition dynamics, which can be extrapolated to injection on future macHihegesults 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 dividedrmaging diagnostics,
magnetic coils, electrical probes, spectroscopy and the diagnostiat trasiee optical effects of
free electrons. The diagnostics principally used for NTM investigatioas &, magnetics, SXR,
CXRS and MSE. These are summarised below, with the exception of TS as tisissed 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 plagneat; stored
plasma energy, loop voltage and plasma position and shape to be determiaédition to other
plasma parameters as discussed by Wootton et al. [35]. Magnetic coil regesis are also the
principal constraint on the EFIT code (see section 2.3.1) used to detatmiptasma equilibrium.
Mirnov-type magnetic coils are predominantly used for measurements of MktRbitities, in-
cluding NTMs. MAST is equipped with a number of these coils at differetigal and toroidal
locations, which measure the vertical component of the magnetic figld (The centre column
toroidal Mirnov array consists of 12 Mirnov coils located at the midplazie 0 m) and spaced
at toroidal anglesq) of 10°, 50°, 70°, 110°, 130°, 170°, 190°, 230°, 250°, 310° and350°. The
outboard Mirnov toroidal array is located at the midplane and spacgadft50°, 270° and330°.
In addition, there also is a centre column and outboard vertical array=a270°. This consists
of 59 coils, 40 of which are located on the inboard side and 19 on the odtls@ie, at vertical
positions between-1.5 m and1.45 m.

Magnetic coils operate on the principle that the flux linking a given magneticanibe deter-
mined from the induced voltage and that the magnetic field normal to this coil earbthdeter-
mined from the flux [36]. The Mirnov signals on MAST, which are small srssction, multiple-
turn coils of wire, detect the time derivative of the magnetic figl) that results from rotating
instabilities. These generally rotate at approximately the same rate as the fagityand can be
detected even when the resulting magnetic perturbations only represenyt smvall proportion (a
factor of 102 to 10~*) of the equilibrium poloidal field.

To determine the amplitude, phase, and both toroidalahd poloidal ) mode numbers,
of MHD instabilities in a MAST shot, a standard approach is to perform aingnfast Fourier
transform (FFT) of the Mirnov signals measured. In this approachatiétirnov data is typically
sampled at> 100 kHz and is divided into segments ©f5-10 ms, depending on the sampling
frequency. An FFT is then performed on the raw data in each segmerthandsulting power
spectra are calculated as functions of frequency. These specitaral#ned into a spectrogram
that shows the power of the Mirnov signal at different frequencigb@shot evolves (figure 2.5).
To then identify the poloidal and toroidal numbers of the instabilities, the pbetseeen 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 magridticTfies angle
provides an important constraint for equilibrium codes that determinemudensity profiles in
the tokamak (such as EFIT). Without this constraint, the effects of themudistribution inside
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Figure 2.5: Time evolution of a MAST shot, showing magnetic spectrogeautt CXRS measurements. Data
taken from shot 24225. The top plot shows the magnetic spgretm, with the n=1 components (red), n=2
components (blue) and n=3 components (green at 37.5kHz.2syl The middle plot shows the waveform
of the NBI heating during the shot (black lines) and the saddil waveforms (red lines); this coil is used
to measure mode locking. The bottom plot shows the plasnrarmuiblack line) and thes amplitudes of the
n=1 component (red line) and n=2 component (blue line). i® 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 frequen 6 kHz) n=1 mode observed on the
spectrogram. The frequency of this mode is well matcheddbdhlculated using CXRS (see section 2.2.3)
for the g=2 surface, which is overplotted on the spectroditdack dots). At 0.29 s the 2,1 mode locks to the
plasma vessel and this results in its frequency droppin@to @t 0.30 s), as seen on both the spectrogram
and the CXRS frequency trace. The saddle coil signal inessiem 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 MA8Takes mea-
surements from one of the NBI neutral beams. MSE relies on the splitting &aimeer line as a
result of the Stark motional electric fiel&(= v x B), which is produced in the rest frame of the
neutral deuterium atoms. The amplitude of the different split componentheate related to the
pitch of the magnetic field. On MAST, the MSE system consists of 35 radialreha (where R =
0.7-1.5 m) and has a spatial resolutionr~oR.5 cm [37]. This system also has a time resolution of

~ 1 ms at angular uncertainty levels©f0.5° [37].
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2.2.3 CXRS

The CXRS diagnostic determines the temperature and velocity of impurity cmm)(c;) using
Doppler spectroscopy [36]. Thesg™ parameters can be assumed to equal those of the deuterium
ions, as the energy transfer between these species occurs on difastecale than the energy
confinement. This diagnostic therefore measures the evolution of the plaswaagity and tem-
perature profiles.

When an NBI beam is switched og};" ions undergo a charge exchange reaction with the
neutral particles of the beam. The Doppler-width of the charge exchgpgetrum emitted is
proportional to theﬁ5+ temperature and the toroidal velocity can be determined using the measured
shift of the centre of this spectrum. The chord of the CXRS spectrometmycollects light from
a small volume at the intersection of the neutral beam path and its line of sightiara result,
CXRS can provide local measurements of temperature and velocity. Thisefid && analysing
fine scale structures associated with MHD instabilities.

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

This system has a high spatial resolution~ofl 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 backgdolight is measured by
the CXRS diagnostic, due to the high neutral density in this vessel, and miesnbged to obtain
the net CXRS signal. This background light can thus complicate the diagaostigsis. However,
in the last campaign, a new set of background chords were installed tareghse 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 de$arnibhapter 5. These
are EFIT, NCLASS and the cubic hermite element axisymmetric static equilibridtdEASE)

code.

23.1 EFIT

EFIT is an equilibrium reconstruction code [39, 40] which solves the ellig@sd-order, non-
linear partial differential Grad-Shafranov equation [3, 6], subjettdondary conditions given by
measurements of magnetic flux)(and Vi taken from magnetic coils at the edge of the plasma.

This equation, which describes the force balance in a tokamak, is given by
A" = —poR%p — [ f (2.1)

. o (18 52
A _RaR<RaR>+622’



Chapter 2. MAST and Diagnostics 25

whereA* is the Grad-Shafranov operator amdnd f are functions describing the plasma pressure
and poloidal current profiles, respectively. To provide a uniquetisoitio equation 2.1, thg'(v)

and ff’ (¢) functions are described by a low order polynomial or spline. The solutiGyoa-
tion 2.1 is further constrained using TS measurements of plasma pressulkéSih pitch angle
measurements.

The calculations of different NTM stability parameters are sensitive to a auwfvariables
determined by the equilibrium reconstruction, in particulargipeofile, and high quality equilibria
are therefore required for NTM analysis. The variables supplied Wy Ef this analysis are the
poloidal flux, the major and minor radii, the magnetic field components ang tirefile. A G
EQDSK file (the contents of which are fully described by Lutjens et al.)[4Hntaining informa-
tion on the plasma equilibrium that was generated from equilibrium data usifig[&H, 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 emmfiartial differential
Grad-Shafranov equation (2.1) [3, 6]. It then uses the solution to lesédca number of stability
parameters, which are used to calculate the bootstrap and curvature wedreme poth terms are
based on the approximations of Sauter et al. [26, 42]) of the modified Rottiequation (MRE).
The MRE is used to study NTM stability and is described fully in sections 5.2.41b&h4.2.

The initial inputs for the CHEASE code include the EQDSK file from EFIT, \ahicovides
information on the experimental equilibrium. The, ., TC; andZ. s profiles are also used as

initial inputs and these data are predominantly used to enable calculation afdtstrbp current.

2.3.3 NCLASS

The NCLASS module [43, 44] provides information about the neoclasti@asport properties
of a plasma and is valid for multispecies plasmas of different aspect ratihsjanalities and
geometries. Important parameters for the study of NTMs have been determsmg this code
(see chapter 5); specifically, these are the bootstrap current, raoalagsistivity and the radial
electric field E,).

The FORCEBAL wrapper [43] is used to call the NCLASS module and inppegmental
data. These NCLASS inputs include thg T, NC;, TC; andVC; profiles and the EQDSK file
from EFIT.
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2.4 Programmable hardware

Two types of programmable hardware have been used during thedleseathis thesis, complex
programmable logic devices (CPLDs) and field programmable gate arrB¢&A$). These have
been used to develop both the ruby TS triggering system (a CPLD deeesestion 4.4.7) and
an NTM triggering unit (an FPGA device, see appendix B). An advarfgsing programmable
hardware is that costs are typically lower compared to equivalent of$tib# solutions. In addi-
tion, these devices allow greater flexibility in both hardware design andgeoafion.

A potential limitation of these programmable devices is that they require the uee tdvel
programming languages and thus code development could be time consuroweyvet, in recent
years a number of software tools have been developed to reduce Fsjfidation development
time. One example is the Xilinx software development kit [45] and this was enmgldyeng the

FPGA NTM triggering system development chapter 5, as described imdjpgi®.



Chapter 3

Thomson Scattering Theory and

Experiment

This chapter introduces the theory of Thomson scattering (TS) (sectiparddzhe practical im-
plementation of using TS as a diagnostic tool on tokamaks (section 3.3). Pphdaragntal section
first outlines the importance of minimising @&nd n errors and then describes the three types of TS
systems relevant to the work in this thesis: the ruby TVTS and Nd:YAG TSregste MAST and
the LIDAR (Light Detection And Ranging) TS system on ITER. Experimergallts to improve
the TS systems on the Nd:YAG and LIDAR systems (sections 3.3.3 and 3.3ettigsfy) are then
presented, followed by a section outlining improvements to edge pedestalnesaats using TS
data (section 3.3.5). Experimental TS results continue in Chapter 4 with thadeptp the ruby
TS system. These results outline my contributions to TS system developmentvdrkibas been

performed in collaboration with Dr. Rory Scannell at the Culham Sciencg&r€e

3.1 Introduction

TS is an important diagnostic tool in plasma physics to measure.taadn profiles. It describes
the elastic scattering of electromagnetic radiation by electrons that occarstimaoscillating field

of the incident plane of an electromagnetic wave causes a free electraeiliate at the wave
frequency. Dipole radiation results from the acceleration of the elecindnttze radiated light
is Doppler-shifted, , by a magnitude proportional to the dot product afrele velocity and the
difference between the input and scattered wave vectors. In TS plaagreodtics, the oscillating
field of the incident plane wave is provided by a high-power laser andi¢goerens in the plasma
within this laser field are accelerated to produce scattered radiation. Théioa is collected

using optics and the scattered spectrum is then split into wavelength chbpaedpectrometer. By

fitting these detected spectra to theoretical spectra, both the electron tempé€Fg and electron

27
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density (n) can be obtained. TS can be coherent and incoherent (see sectidy; B2 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, wHheam at the
Culham Laboratory used it to validate the electron temperature claims of thEokeBnak [46].
These measurements also led to the recognition of the high performanceaofakd and thus
contributed to these machines becoming the leading confinement device®mimrisearch. Since
this time, TS diagnostic capabilities have increased in spatial and temporhiti@soproviding
measurements of the.&nd n profile that have improved our understanding of complex plasma
behaviour, including transport and stability in MCF plasmas. TS is widely osechost MCF
schemes and in other non fusion applications.

The main alternative diagnostic system for determining local measurementsi®electron
cyclotron emission (ECE). However, this diagnostic requires informatioutaihe internal mag-
netic field, whereas TS does not rely on the measurement of this nor otieenad parameters.
In addition, TS can be used on a spherical tokamak, whereas an E@Esyannot, due the low
ratio of magnetic fields to plasma density of these machines. FurthermorenTBwade local
measurements of.nwhich can also be measured using reflectometry. However, the intdipneta
of reflectometry data is often complicated by plasma conditions [36]. TS systentsowever,
require a combination of high-power lasers, large collection optics andsessitive detectors to
achieve low noise measurements. Measurements can therefore be limitedrgyetiton rate of
these lasers and detectors.

The three TS systems considered in this thesis are either on the MAST tokathakpoospec-
tive ITER machine. On MAST, there are two TS systems, one Nd:YAG laasecband one ruby
laser-based, and on ITER there will be a core LIDAR TS laser system.if@portant considera-
tion of the ITER machine is that, once built and running, it will be radioactiveiawill therefore
not be possible change TS system components. These systems vary enkgges, spatial and
temporal resolutions and operational parameters, leading to differéenti@ T. and n. 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 resolutiortei@gswith
greater spatial and temporal resolutions are able to probe the smallershalbsaffect transport
and stability in tokamaks. In particular, NTMs and ELMs represent two optireipal stability
limits in tokamaks and both evolve on very fine spatial scales. They candhetsf better under-
stood with higher resolution TS measurements. Both the ruby and Nd:YAG Si€sg on MAST
have recently been upgraded (section 3.3.3 and Chapter 4 respgctigaiyprove both spatial
and temporal resolution for this purpose. Improvements in resolution wharevaed by completely

redesigning and building both systems. As a result, these upgraded systems of the most
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advanced TS systems worldwide and each has a high resolution overeastatjering plasma
radius.

Another key factor in optimising TS system performance is the amount of ;nloisenoise
is needed to obtain accurate measurements @nd .. The accuracy of these measurements are
determined by the level of systematic and statistical error that arise in thetd.S3ystematic errors
tend to occur due to errors in system calibration, whereas statisticat armrelated to the number
of photons collected and this is determined by the system hardware (s $38.1). Further
to the Nd:YAG upgrade, a procedure to remove the systematic errors frori $hgystem was
developed and this is discussed in section 3.3.3.2. In addition, as prevehtgstematic errors
is an important consideration in the design of the proposed LIDAR systelfiER, since access
to components once operational will be very limited, a modelling approach to mingyssematic
errors of its optical system is presented in section 3.3.4.

Finally, another important influence on Bnd n data is the distortion that occurs in these
profiles if the sharp gradients of the edge pedestal are not accoontédhfapproximation method
to improve interpretation of TS data in the edge pedestal region has beelog) 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@heand building
up to the relativistic TS required to measurgahd np in a tokamak. The relationship between the
T. and n. of the plasma and the TS light can be determined by first considering thereddiggt
from a single electron in the formalism of classical electrodynamics. Th@lBoghift of the scat-
tered radiation that results from the electron motion within this formalism can thgemeralised
to the case of multiple electrons and finally to a thermal distribution of electrong imtloherent
scattering limit. These are each discussed in turn, followed by the analytioxapation used to

experimentally determine.Tand n, from TS.

3.2.1 TS from a single electron

In general, the frequency of input light is much greater than the elect@atmon and the plasma
frequencies 0'? Hz and~ 10'2 Hz respectively) in tokamaks. It can therefore be assumed that
the refractive index of the plasma-s1 at the input light frequency and, as a result, that the effects
of laser beam refraction and absorption are negligible. These efimatsherefore been ignored in
the equations below.

To determine the acceleration of an electron in the electromagnetic field ofratheselectric
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and magnetic fields of a laser are first defined. The resulting force oeld¢botron due to these
fields (the Lorentz force) is then calculated and used to determine the raticeldequation 3.4)
including relativistic terms. Thus, considering a single electron, locatefi(at with a velocity
u(t), and at timet, the electric field of the incident laser beam, as evaluated at the position of the
electron ¢), is:

Ei(t) = By coslk;.rp(t) — wit] , (3.1)
wherek; andw; are the incident wavevector and the incident frequency of the lageeatbeely.

The magnetic field of the input light is then given by:
Bit) = % (ix Ew) . (3.2)
where; is the incident unit vector.
The force experienced by the electron in the electromagnetic field of theemtdaser beam is
given by the Lorentz force:
F = —e(E;+ 7 x By), (3.3)

and the acceleration of the electron due to this force is given by equatifh73.4

Got lh - (35)F+ (FB)i- (59)E). o

mocy

wheref is the relativistic velocity and is used to calculatedhe Lorentz factor. The product of

and the rest massn) is in turn used to calculate the mass of the electraj (

B=- (35)
T = \/11_752 (3.6)
m = mgy . (3.7)

The radiative part of the electromagnetic field is produced by the oscillatéajren. The

scattered electric fieldd,) is therefore given by:

O e 1 . . = >
By (Ft) = 5 [(1 T (s—B) x 5] N (3.8)

wheres is the distance between the electron and the observer (figure 3.3)stite unit vector in

the direction of propagatior$ (= g). The subscripRet indicates that the quantities in brackets are
to be evaluated at a retarded tint®.( This is because the scalar and vector potentials depend on
the charge motion at an earlier timg) than measured), which is determined by subtracting the

time it takes light to travel between the charge and the point of observation:
#=1-2 (3.9)
&

A more detailed description of the radiative part of the electromagnetic fielbisrithed by Feyn-

mann et al. [48].
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Figure 3.1: Schematic diagram of the scattering geometry of a typicasyisdem, considering one electron
only. The incident electric fieldH;) from a laser accelerates an electron at positjp(red), that is moving

at veIocityE (red). The light from the oscillating electron is radiatdtéathe electron travels distancet)
along the directiors and is collected by the collection optics at positiofred). s is approximately equal

to the scattered wavevectég (black), asvt is much less than the distance to the collection optics. The
frequency difference between the input wavevecagr(black), andk, is given by the dot product of the
differential wavevectork (black), times the electron velocity, (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 motithe agfource. Doppler
spectroscopy measures the velocity of an object based on the changdriqinency that it emits.
In the case of TS, the change in the scattering frequency is proportmttad component of the
electron velocity in the direction df (figure 3.1), wheré is the difference between the input and
scattered wavevectors. This Doppler shift results from the combinatitmooéffects. The first is
that the electron ‘sees’ the incident wave at a Doppler-shifted frequasdt is moving relative
to the input wave in the lab frame. The second is that electron has a veloaigyocent in the
direction of the observer.

The phase of the scattered fielfl(¢)) from an oscillating charge is given by the phase of the

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

O(t) = ky.r(t) — wit' . (3.10)
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If the velocity (v) of the electron is constant (figure 3.1), thgiit) ands(t) are:
Tp(t) = rpo + Ut (3.11)
S(t) = sp — vt . (3.12)

The retarded time can then be calculated by substituting equation 3.12 into aedti8tio

=t <|30_3m> : (3.13)

c

As it is assumed that the electron displacemeti) {s very small compared to the distance to

the observer then:
v (t 5oy 3 Tho ””0) (3.14)
(3.15)

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

give the phase of the scattered wave:

- 1—7-43 5, §—
T — P (t oy rpo) (3.16)
The scattered frequencyy) is given by:

1-i-8
s = Wi = 3.17
w w<1—§-ﬁ> ( )

and the phase of the scattered wave can now be redefined as:
D(t) = —k - Tpo — Wt + ks - S0 - (3.18)

The resulting scattered frequency is monochromatic and dependenthefrequency of the
incident laser beam.) and the velocity of the scattering particl@)( Itis assumed that the plasma
has a refractive index of 1, so the input and scattered frequencies are each equal to the otaveve

multiplied by the speed of light:
ws = ksC . (3.20)

Given the relationship between wavevectors and wave frequenciesi@tia@y 3.20, equation

3.16 can be rewritten as:

— — —

i o + Ws 2 = kg + Kuo5y = (i — o) 150 + o - (3.21)
C
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The differential wavevectoE, is the difference between the incident waveveckb) &nd the scat-
tered wavevectori,):
b=k —k,. (3.22)

Using this and equation 3.16, the phase of the scattered wave can novebwrided:
D(t) = k7 — k1 — wit (3.23)

and by also using equation 3.17, an expression can be derived thas ibla frequency difference

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

— k)T

Wg — Wy =

(ki
Aw=Fk.7. (3.24)

Thus, the frequency shift of the scattered light is given by the the amtyat of the differential

wavevector and the electron velocity.

3.2.3 Non-relativistic TS

We first consider scattering from particles with velocities much slower thaespgbed of light. If
equations 3.8 and 3.17 are taken within the limittok < 1, then all 3 terms can be neglected,
except for the expression describing the phase (equation 3.18). Thec#@ise the frequency
difference between the incident and scattered light is of the gid8y eliminating these? terms

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

2

— e R “ — -,
Eq(t) = ms x (8 x Ep) cos(k;.rp(t') — wi(t)) . (3.25)
When determining the scattered power, the phase component can betawgledhis will

average out. The vector triple product in equation 3.25 can therefaedeed to:
Ex(éxé):(ﬁ-é)é—(ﬁ-é)é (3.26)
5 x (s X EO) - (s : EU) § = Eosin(4)3 (3.27)

where ¢ is the angle between the scattering directiéphgnd the input electric fieldHy). An

expression for the scattered electric field, (£)) can then be determined using equation 3.27:

Es(t) = %Eo sin(¢) cos(ky.r — E.r_i, —wjt) , (3.28)

2 . . .
wherero = —%— is the classical electron radius constant.

4megmoc?
The scattered power¥) per unit solid angle) is:
dPp;

_ 2d 3
0 -5 S.§, (3.29)
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where( is the solid angle [49] and is the Poynting vector, which is the change in power per unit

area radiated by an electromagnetic field. The formula for this is:
S = ey®Ey x By , (3.30)

whereB; is the magnetic field of the scattered light. The equation for the scattered proteems
of the electric field is then obtained by substituting equations 3.2, 3.28 and Bo3thjmation 3.29:
dP,
dQ)

= EocEz
= riegesin®(¢) E5 . (3.31)

It is then convenient to define the differential cross-section as the rﬁaﬁa%do the incident
power (I, = eocE?). 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 diyen

do's :
d(;l = r(% sin? ¢ . (3.32)

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

classical electron radius and the square of the sine of the angle betvedgapuhelectric field and

dds

the scattering direction. TS systems are typically designed so i8&0°, making‘z equal tor2.

3.2.4 Relativistic TS

Relativistic effects must be considered in TS when the electrons that skgiitehave thermal
velocities approaching the speed of light, which is frequently the case imitsa A relativistic
TS formalism is therefore needed.
The relativistic scattered electric field is determined using equations 3.3 n8.48,.8, with the
vector triple product from equation 3.26:
¥§ x (§—f) x
By(it) = mq;% (- ﬁs)is . . (3.33)
{Bi— (- E)B+ (B Ei-(F-0)E}

The terms in the cross-products of this equation are further simplified by trerfollowing vector

Ret

identity:
ffx(Ex(é+5))zgx<§xé>+ﬁx(Exﬁ), (3.34)
and after some algebra, the following expression is obtained for the schitiectric field:
- E1Z . -—
— L [—(1 = B)(1 = Bs)é —
T AT R
= 70 . .
Ea(71) = 2| Bo(1— B + {(1 —B)se+ (34— 58)@} - (3.35)
| {a-pse—(1-si)8.}F

- Ret
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whereé is the unit vector in the incident electric field directich+£ gi) 5; is the component of
the electron velocity in the direction of the incident light afidis the component of the electron
velocity in the direction of the scattered light.

The above expression (equation 3.35) can be simplified by considerincaigewhere the
polarisation of the incident electric field is perpendicular to the scattering plarthis situation,
all of the dot-products of the incident electric field unit vector and the soagtenit vector would
be equal to zero:

€.5=0. (3.36)

Equation 3.35 can be further simplified by selecting only the scattered lighistipatrallel toé,
which is achieved by placing a polariser in front of the scattered light. Sedeanly that scattering

light parallel toé is equivalent to obtaining the dot-productéond equation 3.35:

(7 =2 (1_]5/;;)3{(1—5%53—(1—@)(1—53)} . @an
s)°8 Ret

and this equation can be reduced to the classical scattered field equaZ®nbidtaking the clas-
sical limit (8 << 1).
Using equations 3.31 and 3.37, the scattered power per unit solid angle istlcalated as:
P, _ 15 B} ((1 —cos6) 52 — (1) (1 - @))2
72 (1 — Bs)? (1-5s)? .

whered is the scattering angle ards § = §.i. This expression can be further simplified to:

(3.38)

2 2 RV . 2 2
abs _ el Ei 5 (1 5’)2 ( (1—cost)fc 1) : (3.39)
ds2 v (1 _Bs) (1 _65) (1 _Bs)(l _ﬂz)
and, using equation 3.17 for the scattered frequency, even furthelifshfn:
d P 2 E? Wl (1-cosf)p? 2
s _ _To i *s c 1) . 3.40
i =iy (Ao A (340

This gives the energy per unit time time at the position of the observer. Howigvmust be
multiplied by (1 — 53,) 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:
dos 12 1 w? 1 — cos®) B? 2
ZGREE A b <<1( —B,)(1 )—ﬁﬁ» - 1) | 341

This equation is not symmetrical for the positive and negative velocitiesfonakw around the

incident scattering frequency. This causes a greater amount of swat®wards higher frequen-
cies, and hence lower wavelengths, which results from two effectdlyi-agpreferentially greater

scattered power is observed from an electron moving towards the ebsean one moving away.
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When the electron moves towards the obsefawill be positive and therefore thﬁ_lTJ compo-
nent of equation 3.41 will have a greater value. Secondly, whes greater than;, the ratio term

2 i .
% in equation 3.41 causes a greater amount of scattering power.

2
The effect of the(lLe%) 1) term in equation 3.41 is to depolarise the scattered light.
This has a very small influence on the scattered power at a given freguaut a large effect on

the number of scattered photons at high 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 faw We consider TS from
multiple particles. In this section, the differences between incoherent @lettovely scattered
regimes are outlined. In subsequent sections, scattering from a thestndution is considered
for classical and then relativistic thermal velocities. To determine the totdesed electric field

from a number of particles, the sum of the individual scattered electrisfielest be calculated:
— —
E, = Z E; . (3.42)
J

This summation is carried out over all of the electrons in the scattering voluthéharaverage

scattered power is obtained by summation of all of the scattered electric fields:

Z EJ + s EOCZ E]E;: (3.43)

The first term of equation 3.43 is the sum of the power scattered by eadttoeleThe second
term is related to the correlation of electron positions. If the electrons arédted randomly in
space, this correlation term will sum to zero. However, a plasma exhibitctedleffects, which
can lead to correlations between electron positions on different lengdssdehe regimes where
these collective effects play a role in TS scattering can be shown by stibgtitie classically
scattered electric field equation (equation 3.25) into equation 3.43:

N
ZE 0% % (8 x Eg) cos(®(t)). (3.44)

s
Jj=0

The equation for the scattered power is thus:

AP,

dQ)

N
= Negerg sin® g E2 Z cos(P;(t)). (3.45)
J
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To view a random distribution of electrons, the phase compordgntdf the electric field must
N
sum to zero. Thé_ cos(®;(¢)) term, which includes the correlation of electron positions, is then

J
equal to 1 and therefore the collective motion of the electrons does natrinfitthe scattered power

in equation 3.45. Consider the equation for the phase of the scattereitdleldr
O(t) = ko T — Ky — wit. (3.46)

The second term of this equation is the projection of the differential veE)aJr(to the position of
the electronf,,). This term is dependent on the relative electron positions. The sizéhefrefore
influences whether the electrons are considered to be correlatedaralated.
In a plasma, correlated interactions between the electrons occur on sugtleslgreater than
the Debye lengthXp) and below this scale length electrons can be considered to be randomly

distributed. The Debye length is given by:

kTs
Ap = LEe (3.47)
e%n,

The condition which determines whether the scattered light is from a randaribdtion of elec-

trons is therefore:

1
Ap >> o, (3.48)

where the,% term can be viewed as the distance over which the particle motion is samplediorrela
to the Debye length (figure 3.2). If the Debye length is much greater thamrltiog differential
k vector, then phase components are randomly distributed and the colldtists ef the plasma
are not seen. A term can be defineg that shows whether light is incoherently or collectively

scattered from a plasma:
1

= 4
o (3.49)

(07

The magnitude of this term determines which of the plasma parameters the detettered spec-

trum is related to. Ity is much less than 1, the collective scattering effects can be neglected and the
scattered light is incoherently scattered. This is because the scatteotdispeesults from scat-
tering from individual electrons and is therefore determined by the bndethermal distribution.
Whena > 1, the scattering contributions from different electrons, and their sodiog shielding
clouds, add up coherently. Under such conditions, it is possible to déaiacmation about the ion
velocity distribution and experimental methods to exploit this are being expltrguermit study

of fast ion distribution in future fusion devices. Finally, when- 5 — 20 then it is possible to study
density fluctuations in the plasma. In the work presented in this thesis, onlydremt scattering

has been considered.
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Figure 3.2: Incoherent and collective scattering. The relationshigvben the differentiak vector @) and
the Debye length determines whether TS is incoherent cecdle. The latter is represented by a circle
of radius\p. The distance over which electron motion is sampled is glwen. A. The phases of the
electron positions are not correlated and the TS light ishiecently scattered. B. The influence of the ions
on the electrons is now important and hence the electrotiposiare 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 distniblihe scat-
tered spectrum measured by a TS system will therefore be from a langeenwf electrons in this
type of distribution. The Maxwell-Bolzmann velocity distribution, at temperaiures given by

[47]:

3 02

flv) = <%) * exp (_ZLI::JTe ) forv<<e, (3.50)
. e [—2a(1 _ 52)—%} -
f(ﬁ)_Qng@a) (1—62)3 fOTU<C, ( . )

whereK>(2«) 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 thermabdisbin of particles can
now be calculated. This is equal to the volume integral of the product oféb&ren velocity distri-
bution and the scattering cross-section per unit solid angle. Both termgadwated at a particular
scattering frequency and scattering angle. This gives the sum of &kiseg contributions from

all scattering electrons:

‘o o -
disd?z (ws,0) = /// f(B) ;Z—Q (ws,0) d*B (3.52)

This equation can then be used to relate the actual TS spectrum measueaaitdeHying T in the
tokamak. Itis useful to once again consider the classical low electroaigyelionit (v << ¢) before
considering the full relativistic case. To calculate the scattering cragisdor this classical limit,

the scattering angle is taken to % and equations 3.32 and 3.50 are both substituted into equation

3.52:
d?o
dQ) dw

1 2 2
> _ = —(Aw)?(venk)
(5, ws) = o0 N (o2 )12 e e (3.53)

wherewy, is the thermal velocity and is equal 857, /m.; and Aw is given by equation 3.24.

Wheng << cthen(ws —w;) << w; and the magnitude of the differential wavevector is therefore:
.0
k= 2kssm§ . (3.54)

In this equation it is assumed that the input and scattered wavevectofegugablength, as shown

in figure 3.3.

electron

\e

observer

Figure 3.3: Magnitude of the differential k vectok; (black). When the inputk; (red), and scattered,
(blue), wavevectors are assumed to be of equal length, teeadattering geometry can be represented as
shown, wherd is the scattering angle andis the electron velocity. After some simple geometry (dibtte
black lines), the magnitude @fcan be represented As= 2kssmg.

Since spectrometers measure light by wavelength, it is convenient torc@magenciesy)

into wavelengthsX):
dw _ 0\

wj i

(3.55)
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Then, when inserting equations 3.54 and 3.55 into equation 3.53 to give Wedewgth spectrum,

we have:

d*os = c ; 2
5 - —{(AX ¢)/(2uenAisin(6/2)}
d\ dw (B, As) = 00 V2Nisin(0/2) vy, ¢ (3.56)

This equation is a Gaussian distribution which is a function.offhe T. can be calculated from

the standard deviation of this distribution and thdnem its amplitude.

3.2.7 Relativistic TS from thermal electrons

Equation 3.56 is only valid for electron temperatures up to a few 100 eVeaabéhose in tokamaks
are typically in the order of keV. Relativistic effects must therefore besictemed for the TS of
multiple particles in tokamaks. To permit relativistic experimental scattered apeche fitted,
an analytical approximation of equation 3.52 was developed by Seldeb2$.1,However, this
neglected the effects of scattered light depolarisation (discussed atdia section 3.2.4). This
issue was later addressed by Naito et al. [53], by defining the depdiamnises a product of the

Selden spectral functiorb¢ ;) and a polarisation functiorny):
S(E,G,Oé) = Szh(E,H,Q)Q(E,Q, Oé) : (357)

The form of this Selden-Naito equation requires a change of variables:

As
=—-1 3.58
=% (3.58)
1 2
B §mec
a= T, (3.59)
wheree is the normalised wavelength shift ands a function of temperature.
The Selden spectral function component of equation 3.57 is defined as:
_ C(a —2xaxB(¢,0)
Szn(e, 0,a) = Ale. )e
Ae,0) = (14 €)3\/2(1 — cos0)(1 + €) + €2
1+ €2
B(e, 0) = _
(,9) \/2(1 —cosf)(1+e)
« 151 345 1
= _— 1 —_ . <~ a -
Cl) =7 < 6o 512 a2> (3.60)

and the Naito polarisation functiog(e, 6, «), of equation 3.57 is defined in equation 3.61. This
equation only provides a first order approximation of the depolarisatidgrinds been shown to vary

less than 1% from true values at 40 keV, and even less at lower tempsrfidfe Hence, as the
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temperatures on MAST are typically around 1 keV, this is a valid approximatiosgo

2¢ — (2= 3¢*)n
20— (2= 15¢%)n

Q(1,1)(777 0,a) =1—4n(¢

sin 0
YT 1 T cosh
€2
T \/1+2(1—COSQ)(1+6)
- 1
e
n=2
2c
==y (3.61)

The scattering spectra calculated from the Selden-Naito formula (equaiio); 8t increasing
electron temperatures, are shown in figure 3.4A. When the thermal eleetianity is relativistic,
the scattering spectra are shifted to the blue side of the spectrum. At vénfhighe scattered
spectrum is depolarized. The origins of both these effects are as tkpkéned for the single
electron case in section 3.2.4.

It is useful to compare the classical and relativistic analytical forms of Td&etermine over
what T, ranges each approach is valid. An approximation for the width of a cla3scspectrum

(A)Xwiatn) can be determined using equation 3.56 and is given by:

Adpiden  251n(0/2) |2k T

" . e (3.62)
In addition, the blue-shift that occurs due to relativistic effecta.4,..) is described by:
AN ue—shi — .
SObuemshift 2 8210 5T, (eV)sin?(6/2), (3.63)

Ao
where this equation has been taken from calculations by Sheffield et5l. Fgure 3.4B shows
comparisons of the TS spectrum width and the blue-shifted peak with thpeatige low temper-
ature approximations, all as functions af T These simple approximations do not reproduce the
observed shifts and widths determined by the Selden-Naito equation [¥&}Ibw/hereT, > 2
keV.

3.3 Experimental TS

This section considers the practical implementation of TS as a diagnostic systekarnmaks and
ways to improve and optimise accuracy. Firstly, ways to reduce thend n errors in TS data
are considered, this being critical for the accurate measurements of NiEbsssed in chapter 5.
Three common types of TS system for tokamaks are then introduced, th8, NAEYAG 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 Sstden-Naito analytical formula,
where )\ is the laser wavelength. Higher Teads to a broader TS spectrum and a greater blueshift of the
intensity peak. B. Variation of the spectrum width (red,idoand amount of blueshift (blue, solid) with

T. and comparison of these with their low temperature apprations (red, dashed line and blue, dashed
line respectively).

Specific TS experimental results are then presented. Briefly, theseeaertnt upgrade to the
Nd:YAG system, simulations of the proposed design of the LIDAR system tiolfeoptics and
finally, an approximation method to determine theahd n pedestal parameters using TS. My
contribution to each of these is indicated in the relevant sections. TS expésimesults continue
in Chapter 4 with the MAST ruby TVTS system upgrade.

3.3.1 Minimising T, and n, errors

As a result of the low cross-section of TS, only a small number of inputgpisowill be scattered.
Furthermore, only a small number of these will be collected by a TS systemallypionly ~ 1

in every10'? input photons results in a scattered photon being detected. It is theimfooetant

to minimise the statistical and systematic errors of the scattered spectrum ndeagard S sys-

tem to ensure the.Tand n profiles are measured as accurately as possible. Statistical errors are
determined by the design of a given TS system, whereas the systematicresult from errors in
system calibration; both are discussed below. A critical aspect of thgrdasd improvement of

TS systems is therefore identifying the sources gfiid n error and minimising these as far as
possible.
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3.3.1.1 Minimising statistical error

The statistical errords) of TS measurements for different spectral channels, and hence.the T
and n errors, are principally determined by the number of scattered photonst@t®i,.;sson)-
This is in turn determined by both detector efficiency and the number of photulected by the

system optics. However, noise from the background plasma I@%g ) and the amplifier

round
(agmpwier) can also affect the error on the @&nd n measurements. The noise measured using a

TS system can be written as:

2 2 2 2
Os = Opoisson + abackground + Uamplifier (364)
_— 9 .
Theo? ground andaamph fier CONtributions to the overatt; are usually determined by mea-

suring the signal on a given system when the laser is not being fired argismo scattered signal.
This assumes thaty, ;. ... IS Similar in the presence and absence of a scattered signal. It is
desirable to minimise these spurious noise contributions in a given systen‘fa@pﬂwnd can be

effectively reduced with respect to tla§ by measuring a large scattered signal over a short

time window. For this reason, TS lasers are typically high power with pulse svioft10-50 ns
and energies 1-10 J. The effective detector signal is often furthelifeadgefore the addition of
the amplifier noise. However this can limit the available dynamic range of the mesasats. The

Poisson noised(,.;ss0n) IS related to the number of scattered photons collected and is given by:
A0, T,
Ny = Nygsernera AQAL / S(’)\’)d)\, (3.65)
0

whereAL is the scattering length anl() is the solid angle collected. The integral of the Selden-
Naito equation is then normalised to 1:
/ S(A, Te, 0)@ =1. (3.66)
0 Ao
Thus, the number of scattered photons detected can be given by:

)\GT)

N, = nlaserneroAQAL |:NF2:| /¢ ————=d, (367)

NE?
the efficiency of the detector ang()\) is the response function of the different spectral channels.

whereT is the transmission of the TS optias, is the classical electron radluF] represents

QF is the quantum efficiency and represents the number of electrons pabtiua given incident
photon. N F' is the noise factor, which is the ratio of the input and output signal to naiiges rnd
represents additional losses in the detector.

The number of scattered photons detected can be maximised by optimising readh égua-
tion 3.67, via choices in laser energy and wavelength, collection opticsrdasid) detector effi-

ciency. Increasing the laser energy increases the number of inpuatnsh;....-), but it is difficult
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to obtain high frequency, high energy lasers in the wavelength regidimagor detector effi-
ciency. The two most common lasers used in TS systems are the ruby and®lth¥érs; the
former having higher energies and the latter with higher repetition rateggrélger the solid angle
of the collection optics, the more scattered photons collected. This is actigvedreasing the
F/# number of either the collection lens and/or the collection mirror. Howewge le/# number
lenses are difficult to manufacture and require large access ports téhgesgattering volume and
in most tokamaks port access is highly restricted. In addition, increasirgnbent of light col-
lected also increases the background plasma light collected. In contcasgsing the laser energy

only increases the number of scattered photons (o#th&son)-

3.3.1.2 Minimising systematic error

Systematic errors often significantly contribute todnd n, errors and these mainly arise due to
errors in system calibration. To determine theafd n profiles, the scattered signal in each spectral
channel must be known. Calibrations are therefore required to cal¢chtateansmission of a TS
system. This is typically obtained using calibrated light sources and by fillingo#t@mak with
noble gases and measuring the Raman and Rayleigh scattered signalsefsengdkes using the
given TS system. Calibration of TS systems is difficult due to limited access tokamék; and
will be further limited on ITER due to the radioactive environment it will havetdiled modeling

of TS systems can identify sources of calibration error and thus permit miniomsat systematic
errors. This is discussed for the specific cases of the MAST Nd:YA@syand 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, pohator TS and
LIDAR TS systems. These systems vary in terms of their repetition rates,dasggies and spa-
tial resolutions. Each TS system type is broadly introduced later in this seutitmspecific TS
systems described in detail elsewhere.

In Television TS (TVTS) systems [56, 57, 58], a diffraction grating sq@eceter and an in-
tensified CCD camera are used to take a 2-dimensional (2D) image of theetaipectrum as a
function of plasma radius. The advantage of this type of system is thatearargber of spatial
points can be detected using a single spectrometer. Ruby lasers are tyysealy TVTS systems
as they are high energy (10 J) and have a wavelength (693 nm) whidnga® a TS scattered
spectrum that matches the peak wavelength range of the detéxiors900 nm). A disadvantage
of ruby lasers is that they typically have a low repetition rate (1 Hz) and this limitsethetition

rate of the T and n 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 n. (m=3) 1.0 x 10%° 1.0 x 10%° 1.0 x 10%° 1.0 x 10 | 5.0 x 10*°
typical T, (eV) 1000 1000 1000 1.0 x 10° 1.0 x 10°
Scattering angle’| 90 90 150 180 180
Ao (nm) 694 1064 1064 694 1064
a 1.5x107% | 23x 1073 2.3 x 1073 1.5x107* | 51x107*
Solid angle (sr) 349 %1073 | 218 x 1072 | 218 x 1072 | 1.23x 1072 | 3.07 x 1073
No. input photons 3.51 x 102 | 8.60 x 108 | 8.06 x 10'® | 3.51 x 10'® | 2.69 x 10**
Scattering length (m) 0.007 0.01 0.008 0.12 0.067
No. scattered photons 6.1 x 10* 8.9 x 10* 6.7 x 10* 2.5 x 10° 1.3 x 106

Table 3.1: Comparison of parameters for the different TS systems on MAET and ITER. The number
of scattered photons is calculated using the formula (ipbetons)*(typical n )*(solid angle)*(TS cross-
section)*(scattering length)*(fraction of the scattespa:ctrum taken at a typical temperature)

A polychromator system differs from a TVTS system in that it uses a atpaandpass filter-
based spectrometer (a polychromator) for each spatial point. First harmdd:Yag lasers are
typically used in this type of system as the it is not possible to produce a T&/stygtem with high
sensitivity at the Nd:Yag wavelength (1064 nm). This produces the prindigedvantage of poly-
chromator systems, in that a separate polychromator is used per spatin€hahich increases
the cost of the system. In addition, often only one side of the scatterettispeis detected to
reduce the number of spectral channels required. The laser enef@idsYAG lasers (1-5 J) are
typically less than ruby lasers (10-20 J), which increases the relatie@d . errors. However, a
major advantage of Nd:YAG systems is that Nd:YAG lasers have much greptditian rates £
50 Hz) than ruby lasers and thus morgahd n 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 usedJET and
is also planned for ITER. LIDAR systems are characterised b§0&d scattering angle, with the
scattered light backscattering from the input laser pulse, instead 8bthe 150° angles typical
in conventional TS systems, including Nd:YAG and TVTS. In addition, theigaosition of the
scattered spectrum is determined by taking the time of flight of the laser beaoh, Kefjuires 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 fortbetlaser input and
collection of scattered light. This is particularly relevant for future reacitdrose port access will
be restricted, as their surface areas will be required for blanketsdd bre fuel. Another advantage
of this system type is that it only requires a single polychromator to measusedttered spectrum,
thus reducing systematic errors related to multiple polychromators. The mauivaligage of
the LIDAR system is that the minimum possible spatial resolution is typically lessthzrof
conventional TS systems, as this is determined by detector speeds ampulaseduration. Both
Nd:YAG and ruby lasers can be used for the LIDAR TS systems. ThemdET 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 {Eg dys comparing

their major operating parameters. The TS systems on MAST, JET and |'eE®ed as examples.

3.3.3 Improvements to MAST Nd:YAG TS system

The Nd:YAG system on MAST was recently upgraded in order to providednigpatial and tempo-
ral resolution measurements of thednd n profile. This was carried out as part of a wider upgrade
to the core MAST TS system that also included upgrading the ruby TS sydtsuribed in Chap-
ter 4). Figure 3.5 shows the layout of these two upgraded TS systems.oBtithse upgraded
systems were subsequently used to study the heat transport and evofulldiMs and enabled
this to be done in greater detail (see Chapter 5). The motivation for installmg 8wsystem was
to combine the respective advantages of the TVTS system and Nd:YAGhpoigator system.
The TVTS system can achieve high radial resolution whilst the Nd:YAG systn obtain high
temporal sampling. An additional benefit of two independent measuremntesiisikar positions in
the plasma is that systematic error can be more easily identified in either measureme

In addition to upgrading the Nd:YAG hardware, a method was also devetopeinove sys-
tematic error in the this system. This involved identifying and removing systematicsen the
spectral calibration and is described below. This method has also premeimportant for accurate
measurements of NTMs (Chapter 5).

Although | was the principal investigator for the upgrade to ruby systemlylantributed par-
tially to improvements to the Nd:YAG system. However, | was involved in the psottesughout

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 laser) @ath a wave-
length of 1064 nm. The system recordsand n measurements for 130 spatial points, with radial

positions ranging between 0.25-1.5 m [59]. The resulting resolutieriism and the time separa-
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Figure 3.5: Layout of the Nd:YAG and ruby TS systems on MAST. Light frore tdd: YAG lasers travels to
the MAST vessel, guided by a flightline, and transverses ¢#ssel 15 mm above the midplane. In contrast,
for the ruby system, light from a ruby laser transverses t#SW vessel 15 mm below the midplane. Both
systems share the same collection optics, but scattetaddigthe Nd: YAG system is collected and relayed
to polychromators, where the TS signal is digitised, whitsdttered light for the ruby system is relayed to a
grating spectrometer and digitised.

tion between the lasers can be adjusted to suit the experimental scenagiatoeiied. In the case
of heat transport studies for NTMs this separation is typically set20 us, to match one poloidal
rotation of the island.

The Nd:YAG lasers travel along a 30 m beam path to the MAST vessel arfuttira profile
is controlled by two cylindrical lenses. The lasers then follow a path 15 mnica#ly above
the midplane of the MAST vessel and the beams impact upon a stainless steetlbmp. This
consists of narrow blades to ensure that any laser beam reflectioas@rtique angles and thus
do not escape into the MAST vessel. The laser beam path is also fitted wi#shafreduce stray
light.

It is crucial that the Nd:YAG lasers are well aligned to the object plane otdiection lens
and a number of methods are implemented to ensure this. Firstly, HeNe (helamlasers are
aligned to have the same flight path as the Nd:YAG lasers and the HeNe |asgonsoare then
measured on a target by removing the beam dump. In addition, split filwesed to measure the
amount of TS signal in the top and bottom halves of the laser beam at twfikets to determine
the alignment. Finally, a telescopic CCD imaging system measures both beanmdipesition
inside the MAST vessel, utilising the reflected signal from one of the lengesioe beam path.

The TS light is collected by an upgraded F/6 collection lens, which collectstifmes more

light than the pre-upgrade lens. The light is imaged at F/1.75 onto a fibkplaae consisting
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of 132 fibre bundles, which transmit the scattered light across 30 m to digéhpomators. In

each polychromator, bandpass filters are used to split the light into 4 alpeltdnnels below the
Nd:YAG laser wavelength. Avalanche photodiodes are used to meas.gesdtiered signal in each
spectral channel, which is then fitted with a Gaussian profile. This givastilescattering 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 sweaid signals (black) overlaid
with Gaussian fits performed on the embedded computer syslen), for the 4 Nd: YAG spectral channels.
Position and 1-sigma values are related to the Nd:YAG pulsévand avalanche photo diodes and show
good agreement between the channels. The difference in #ignda measurements are a result of the
different responses of the digitisers for each channel. Bt ¢ed line) of the measured Nd:YAG spectrum
(signal integrals from A.) (blue dots) at one spatial poising the Selden-Naito approximation. This gives
the T, and n values at this point.

For every 5 spectrometers there is 1 cPCI computer chassis, containgrg2Ql GSample/s
ADC and 1 single-board computer (SBC). Each cubicle in figure 3.7 canfdimolychromators
and 3 computer chassis in total. The integration of the scattered signatfocleannel is performed
by these computer chassis and the data are sent to the MAST data repbtaterit is fitted to the
theoretical TS spectra (figure 3.6) using Raman [60] and whitelight ctibbrdata. Real-time J
and n, profiles are also calculated using the 26 distributed PC chassis. Thedstemained using
a look-up table, which is tabulated for each spectrometer using its spautrédaaman calibration
[61].
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Figure 3.7: Photograph (left) and flow diagram (right) of assembled gotgmators and the data acquisition
system on the Nd:YAG TS system. The photograph shows thei8lealin the Nd:YAG spectrometer room
and for every 5 polychromators (red box) there is an SBC @edox), and for each cubicle there is a 250
KS/s digitiser (light blue box). The schematic diagram skdww the TS signals in the Nd:YAG system
are processed to produce @nd n, profiles. Once the TS signal is acquired (acquisition systeshown

in blue) it is sent to the PCs (grey) for real-time calculatad the T, and n, 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.Tand n. from a measured scattered sign@l (-, A)), the calibration of
each spectral channel in each polychromator must be obtained. Ertiiesin calibrations result
in systematic errors in JJand n, across the radial profiles and removal of these systematic errors
is therefore necessary for accurate study of magnetic islands andsath#rstructures in Jand
n. profiles. A method was developed to remove these errors from the MASYARATS system
and is described in this section.

The Nd:YAG spectral calibration is obtained by performing an absolutelreaibration (r))
of one channel in each polychromator, using Raman scattering off ofyaittoThe relative cali-
bration ((r, A)) of the three remaining channels to the absolutely calibrated channel isebtain
by illuminating each polychromator with a calibrated whitelight source. The medscattered

signal is given by:

M(r,\) = R(r)I(r,\)Sps(r, \) (3.68)

where Spg is the scattered TS spectrum. We can rewrite the scattered spectra in ternes of th
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measured quantities:
M(r, )

S CT Y

(3.69)

To identify systematic errors, an assumption of the ‘expected’ scatteestkapnust be made.
Areasonable assumption is that, in the absence of transport barriersgticagjands or other MHD
events, the Tand n profiles should be smooth and linear over 3 spatial poit8 cm) (figure
3.8). Using this assumption [62], we can calculate a correction factor tovesthe calibration
error. Thei'” spectral point is taken for a given spectral channel and we assuirthithpoint is
midway between the adjacent points{1, i + 1). The correction factor(,.(r, \)) for thei* point
is equal toj—;. The effect of this assumption is to smooth out the systematic errors in thigasspec
between adjacent points. The means that the systematic deviation betweeinoneigg radial
channels can be calculated using experimental data from a large numireesfand shots. The

spectral calibration is therefore multiplied by.(r, \) to remove the mean systematic deviation.

systematic y!

n OrT error T i +1 =
e e - =y .
P Y f T Wy ® = measured data point
i ’.’_/ ————— -
: 1.: I § I Ay
r =) R M ® = calculated data point
S — !
Ar=1cm Ar=1cm

Figure 3.8: Schematic diagram of the assumption made when removingregsic errors, i.e. a linear
relationship (red, dashed line) between local points. Téwral blue dot represents the signal in the
radial channel for a given spectral channel, whereas trengtet 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 therstitel, and . error
in the profiles on the Nd: YAG system and an example of this for an indivichatlis shown in fig-
ure 3.9. Any reduction in systematic error will also result in a reduction of thealues determined
by fitting the experimental data to the theoretical spectrum, as a better agtdmtveeen the the-
oretical spectra and the experimental data is possible. This is shown ia 8dw0, which displays
the time-averageg” ( (x*(r)),) before and after the correction has been applied. The correlation
of the correction factors over a period of six months was also investigatktha results showed
these factors to remain well-correlated over this time (see figure 3.11).e&5sil 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 T, and n. profiles before and after corrections for systematic enanse applied. Red dots
are at time 0.233 ms and purple dots at time 228 ms. The sityikrthese separate times confirms the
reduction in the systematic error after correction has lagxatied.
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Figure 3.10: <X(r)2>1t at each spatial point which is the time-averagédas a function of radius-j over
the plasma pulse. A. The*(r)), before multiplication of the spectral correction factoBs.Reduction of
the (x*(r)), after multiplication.

3.3.4 Simulations for the ITER LIDAR system

It is critical to ensure that the design of components in the vicinity of the ITE®R® perform to
specification, as the high neutron dose will restrict any access to thes¢TiER begins operations.
This section describes simulations performed on the proposed desigrrofldation optics for the

ITER LIDAR TS system. Precise collection optics design is necessary toeefisand rp errors are
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Figure 3.11: Correlation between 130 different correction factors €bliot) for each spectral channel, de-
termined from two data sets (shots 24065-24069 and sho&7224761) separated by 6 months. The corre-
lation for all channels remains high over this time period

minimised in this system and the particular focus of these simulations was to det¢hmigffects
of the angular distribution of optical rays on the LIDAR optical bandpdtsdi The proposed
collection optics for the ITER system are shown in figure 3.12. Scatteretisigiollected by a
mirror at an equatorial port and is then relayed through a labyrinth towumaevindow at the rear
of the port plug. The scattered light is then transmitted to a polychromator tigabfibres. The
LIDAR collection optics has a large depth of field in the object plane of the ciadie lens. As a
result, the solid angle collected by this optics system will decrease with disdarmss the tokamak.
At the inner wall, therefore, only the minimum light (F/18) will be collected, with thaximum
(F/6) at the outboard of the tokamak. Scattered light from these diffeadi@l positions (and F/#s)
produces different angular distributions at the bandpass filters otllgelpomator system.

If the angle of incidence onto an optical bandpass filter is not normal torfisceuthe effective

wavelength seen by the filter is shifted. This results in a broadened dpestremission, which
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Figure 3.12: A schematic layout of the collection optics planned for thER LIDAR system. The F/# of
light collected by the system is dependent on the radialtiposof the scattering volume, as illustrated by
two cones of light at two different radial positions (coneard B).

causes a reduced sharpness in the filter bandstop. This is importanidpas/a sharp bandstop
is necessary for removal of laser light, measuring low electron temperandesaccurate Raman
calibration. The relationship between the angle of incideigeu(d the wavelength shift on an
optical filter with an effective refractive index af. s, in a surrounding medium of indexy, is

2
P /\\/1 - ( 1o ) sin26. (3.70)
Mef

Simulations were performed which combined equation 3.70 with optical ray gradithe

given by:

LIDAR design, in order to calculate the spectral shifts that result froratigilar distribution on the
bandpass filters. A major consideration in these simulations was the filter diasister angular
distribution of optical rays on the filters reduces with increasing filter diam€tarent limitations

in the construction of these filters prevents diameters greater than 300 mthenedore, this value
was taken as the upper limit to test in the simulations.

These optical simulations were performed to estimate the spectral shiftstieredadata col-
lected from radial positions (r/a) +1, +0.5, 0, -0.5 and -1, on filters ahdiars 170, 215, 260 and
300 mm. The width of the filter bandpass for all combinations of position and tégmweas taken
to be 0.01\y, where)q is the normalised laser wavelength. For each position in the plasma and

for each optical filter, the ray angle distribution was calculated from 1@@t@oTl hese points were
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Figure 3.13: The effect of angular distribution on the spectral transiois of filters. For a given F/# number
(each represented by coloured line), a larger filter diametals to a lower angular distribution (lefthand

column), which leads to a reduction in the blueshift of thefitransfer functions (righthand column).

taken from a random position in the field of the scattering centre and thércagghese travelled
through to random positions in the pupil of the collection optics.

The simulation results show that larger F/#s, collected at radial locationseaiwkbmak in-
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board side, produce greater broadening of the filter bandstops aradgimailar broadening occurs

as bandpass filter diameters are reduced (figure 3.13). To be corfidetite LIDAR system will
work over its full range of F/#s, the minimum bandpass filter diameter reqtoreaptimal stray
laser light removal and a lower measurablerdnge 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 mustthe ofder of
10~° (optical density of 5). The results (figure 3.13) show that at F/18 smaleneter bandpass
filters close to the laser wavelength will not remove stray laser light astefgcas required due
to optical transmission outside the bandstop region. Filter diameters great&t@®anm will be
required to remove stray light sufficiently to prevent interference with &a.dSimilarly, at F/18,
filter diameters greater than 260 mm are required to place the filter bandstmptolthe laser
wavelength, which is required to measure low electron temperatures.

In addition, the variation of the F/# with radius also affects the Raman calibm@tibie system.
Raman scattering from nitrogen gas is typically used to provide an absohséydealibration of
polychromator-based TS systems [60]. An increase in F/#, which bmgate bandstop, leads to a
decrease in the signal due to the Raman scattering as function of the r&aRfTd minimise this
decrease to permit accurate Raman calibration-(8%) a minimum filter diameter of 260 mm is
needed. Systematic variation could be further reduced if another filterligleat to measure the
Stokes lines above the laser wavelength, as the shifts in the spectral trsinasisf 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 trarsnusthe filter used
in the ITER LIDAR system will vary as a function of the minor radius. Suchaten will result in
concurrent increased stray laser light, prevent lower electron tetoperaeasurements and likely
lead to errors in the Raman calibration if not accounted for in the LIDAR sysi&sign. Increasing
the bandpass filter diameters to above 260 mm should produce a sufficleanimndstop (within
a few nanometers of the laser wavelength) to sufficiently minimise these effettfius errors in

T. and n measurements on ITER (figure 3.13).

3.3.5 The effect of the p profile and sampling region on the T, profile

Previous sections have considered approaches for improving meesussof T and rp data. Here,

we look at improving the interpretation of the @nd n data in the edge pedestal. The measurement
and scaling of T and n in this region is one of the most important and well-studied topics in
tokamak physics and is principally measured using TS systems. Typicaltyt@m function [64]

is used to describe the shape of theahd n profiles in the pedestal region (figure 3.14) and it

can be fitted to these profiles to determine important pedestal parametese pgdrameters can
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Figure 3.14: The general form of the edge pedestal. Theafd n. andp. edge pedestal can be described
by a modifiedtanh function (black line), which has 5 free parameters - the ptdevidth, pedestal offset,
pedestal position (black dot), pedestal knee and core slope

then be used in scaling laws for future devices.However, sharp gtadieii, and n profiles in
the edge pedestal are not reproduced accurately by TS systems. Aemafdffects can lead
to a systematic error in the,Tand n profiles. The radial sampling of the TS system may be
small compared to the.rgradient that the system measures. In this case, the averpgefile
measured is weighted towards the high density part of the sampling voluméheFuaore, the
radial resolution of the TS measurement is typical smaller than the samplingesice hight is
redistributed between neighbouring sampling volumes. This will also affeqrddient of the T
and n profiles measured and is represented as a radial instrument funbtioh (

In previous work, the effect of th&(r) was included by first convolving the.|and n. profiles
calculated from the mtanh function bi(r) before fitting this function to the processed TS T
and n. profiles in the pedestal region. This method is referred to as forwamhdelution in the
literature. However, this method does not account for the effects of tigeadient and the fact
that the redistribution of light occurs between TS spectra and not thesalaly and n profile.

A full spectral fitting method was later developed to include these effecistjpatirequires all of

the absolute and spectral calibration information for each spectral ehaineach step of the fitting
process. However, these data are often not available. A new analytithbd to determine the
edge pedestal from TS data has since been developed and is prasemtedrhis new method

is able to fully account for the .ngradient and approximate the spectral smoothing effects, but

removes the need for the calibration information for each spectral chandeequires only the
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processed Jand n data [65].

In TS systems, raw spectral data are detected for a fixed sampling volurad¢ofal spectrum
(Sop) detected is given by the sum of the TS spectra from the electrons withisdhteéring vol-
ume. This can be represented by the convolution of the underlying schsigrealS(\, ) and an
instrument function:

Sop = S\, 1) @ I(r). (3.71)

When fitting a given TS spectra, it is usually assumed that the mean specttaoted will give
the mean estimate for the, &ind n. of that sampling volume and thus the convolution in equation
3.71 can be ignored. The. Bre n resulting from this fit are referred to as the observedTt )
and n (n.,0p) respectively. In the core of the tokamak, the width of a given sampling(aizeis
sufficiently small, compared to the local gradients in themd n profiles, to make this assumption
valid. However, at the edge pedestal, a steep gradient in ttzed n. profiles develops and the
width of this steeply gradated region is often comparabl&tomaking the assumption less valid.
The mtanh function, that describes the shape of theahd n pedestals, contains 5 free pa-
rameters: pedestal height.(,cight,Te height), Width (A, , Ay,), POSItioN (e pos,Te pos), COre slope
(ne,cs.1e,cs) and scrape-off layer (SOL) offsetd sor.Te,sor). When using the forward decon-
volution method, the spectral signal is not convolved with) before fittingS,,, to the Selden-Naito
approximation. The, ,, andn,. ., profiles that result from the fit of,;, are instead fitted to an

mtanh function, which has first been convolved with the):

mtanh (Anea Ne height, e, sols Tle,C'S 5 7/Le,pos) — Ne (T) — N (T) ® I(T) = Te,ob

mtanh (ATe, Ne,heights Te,sola T6,057 Te,pos) — T, (T) — T, (T) & I(T) g Te,ob (372)

The forward deconvolution method can effectively reproduce thenynde n. profile, but not the
underlying T. profile (figure 3.15). This is becausgis not related to the shape of the TS spectrum
and is only influenced by its integral, whereasig directly related to the width of the TS spectrum
and therefore the forward convolution oftanh does not reproduce the underlyifig(r) well.

In contrast, the full spectral fitting method includes the convolution thatrgeesS,;, (equation
3.71). This convolution is carried out at the spectral level at which itiecin the measurements

and therefore can accurately reproduce the underlyirand n.:
{(Te(r),ne(r)) = S(A,7r) @ I(r) < Sop(A, 1)} — ne(r), Te(r). (3.73)

The full spectral fitting method requires all of the absolute and speciiataton information
for each spectrometer, at each step of the fitting process. A new methodotis not require
these data and can be applied to processednt n. profile has been developed. This method

which improves upon the forward deconvolution method by including thetsftd# n. gradient and
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spectral smoothing on the edge pedestal, is now described. We assureacthdtS spectrum in
the edge pedestal is approximately Gaussian. The addition of Gaussiara@mildr intensities
and widths A\{,A\s) produces a Gaussian which has a widNn\(;) approximately equal to the
mean width of the added Gaussians:

Ady = DAL AN ; A4 (3.74)

The width of the TS spectra scales-asy/T, (see equation 3.62, section 3.2.7). Using equation
3.62,/T, can be substituted for the spectrum widthX) in equation 3.74. This permits tf¥e

in a scattering volume of constant density to be approximated by:

e A\ 2
Te,ob X ( T€71 Z Te’l) (375)

Due to the p variations in a scattering volumé, ., is weighted by the high density region and this

is given by:

)

2
T. e(r)I
R RV AGIAGUGAN (3.76)
[ ne(r)I(r)dr

This equation only applies to an individual scattering volume. Howevernibeageneralized to a

radial profile using the convolution operator:

(( T.(r)ne(r)) ®I<r>>2

Tl = i @ 10)

(3.77)

This new method has been found to give a good estimate of the underlyipigfile in the edge
pedestal (figure 3.15). Comparison of this approach to the full spdittmaty method shows it
reproduces the underlying. oedestal parameters to a similar level of accuracy when the edge
pedestal width is greater than half of the TS sampling sixg).( At lower widths, this method
results in systematically lower estimates fer @0%) than the full spectral model. However, it
will be a valid approach for a large number of TS systems, as their spatiglisg is typically
greater than, or equal to, the pedestal width. In addition, this new analyithod can be applied

to the existing pedestal scaling database, which is currently based omtfedaleconvolution
model. By doing so, more accurate scaling of edge pedestal parametéraife devices can be

determined.

3.4 Conclusions

This chapter has outlined the theory of TS, starting from the case of a silegiton and ending
with expressions used to fit TS spectra in order to determine thend n profiles in tokamaks.
In these discussions, an effort has been made to give the reader a suainiae basics of TS,

including the origins of the relativistic blue-shift and different scatterggjmes.
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Figure 3.15: A comparison of the Tand n pedestal parameters obtained when using different apipesac
to account for I(r). The top plots show ipedestal width, barrier position and height obtained usiry
forward deconvolution method (green dots), the full sditting method (red diamonds) and also when
I(r) is not accounted for at all (purple dots). The bottomtpkhow the T pedestal width, position and height
obtained using the new approximation method (orange dbis¥ull 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 usedfknHwW@&ever,
the main focus of this section was the minimisation gfaid n, errors, this being a major goal of
TS system development as reduction will permit more accurate measurerhstrtsctures in T
and n , such as NTMs, ELMs, ITBs and the edge pedestal. A number of expeahapproaches
to reduce T and n, errors have therefore been carried out and the results of thesénegpts were
presented in this chapter. These have either led to notable reductiopsumd Ty 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 tempagalution mea-
surements of Tand n was carried out. This produced a system with a spatial resolution of 1 cm
across the MAST major radius, requiring the construction of 130 polychtors. The temporal

resolution of the system is 240 Hz, provided by 8 lasers operating at 3Gkeh. Furthermore,
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these lasers can be operated in burst mode and bursted over fast émeaxample, NTMs, saw-
teeth crashes, disruptions and ELMs. The combination of these capabiétiest® potentially
greater understanding of such instabilities. Studies have already beead qaut to investigate
sawteeth crashes [66], disruptions [67] and NTMs (see Chapteirig) tnss upgraded system.

In addition to the hardware upgrade, a method to remove systematic errorhial tH&G sys-
tem was developed. This focused on removing the systematic errors shktfrem errors in the
spectral calibration. The correction factors used in this method led to atiedin they? errors
and were shown to be stable, remaining correlated over a 6 month perimdm&thod improved
the accuracy of the .Tand n measurements on the Nd:YAG system further to the above hard-
ware upgrade and, in particular, enabled greater accuracy of NTMureraents (chapter 5). This
method is currently being extended for a more generalised functional relatpbetween neigh-
boring points using non-parametric regression techniques [68].

Ray tracing simulations of the optical design of the ITER LIDAR TS systemligigted that the
angular distribution on the bandpass filters was a potential sourcearidn error on this future
system. The F/# will vary with minor radius on this system and the simulation reboltges that
a greater F/#, with respect to the filter bandpass diameter, leads to largad T errors. It was
also found that by choosing filter diameters greater than 260 mm in the sysgigmgthese errors
could be minimised to a level which permits accurate Raman calibrations and emasis at
lower T, ranges.

Finally, a method to improve TS measurements in the edge pedestal regionwebspdd, as
the sharp gradients in this region need to be accounted for to preventetisip and n profiles
measurements. However, this has been neglected in most of the curdestgdscaling databases.
The full effect of these sharp gradients can be calculated from #rapftting method [54], but this
requires spectral calibration data which is not often available. The metiesdmted in this chapter
is an approximation that allows the current pedestal scalings to be carnedteut the strict
requirements of spectral fitting. Results using this method have shown it togm®thagreement
with the full spectral fitting method at pedestal widths greater than half thelseygdth, which
is typically the case for TS system. This method has been recently been dppliedestal 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 th€ MBBTS sys-
tem to permit enhanced studies of plasma evolution and transport. Sectiorsédivites a broad
overview of the ruby TS system and its upgrade. This is followed by a skson about what fac-
tors were important to consider in the upgrade, in order to maximise spatéties and reduce
statistical errors (section 4.3). Full details of the upgraded system arethikned (section 4.4),
with the specifications for each component and a discussion of how eatfibates to the overall
system resolution and error levels. The calibration and fitting of the ne@rayare then discussed
(section 4.5) and the results compared to the design parameters. Thediah outlines initial
measurements made using the upgraded ruby TS system (section 4.6)cuarfichn its function
and its potential use for future studies. Examples of the use of data frompipraded system, to

study NTMs, is presented in chapter 5.

4.1 Introduction

One of the challenges of plasma physics diagnostics is to achieve greatial apd temporal res-
olution measurements of the H-mode pedestal, ELMs, magnetic islands, iritansgort barriers
and other phenomena related to plasma evolution and transport. Highetimsmeasurements of
the plasma electron temperature@nd electron density ¢hprofiles can constrain more accurate
models of these phenomena, allowing greater understanding and presdlftipiasma behaviour.
To achieve greater resolution and reduce noise, a major upgrade tobthd Busystem on the

MAST tokamak was therefore carried out and its design and implementati@utireed and dis-

61
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cussed in this chapter. Importantly, this upgrade permits probing of subvadre spatial scales
and although existing systems have been designed to measure sub-cemtwfiatreesolutions,
one of the novelties of this upgraded system is that high radial resolutiorinsaimed over a large
1.4 mlaser chord. In particular, the improved spatial resolution of the pet@rm permits enhanced
study of the width of the H-mode pedestal (which is 1-2 cm on MAST) anddbd sland physics
of NTMs (the flattening of the I 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 337568]. It is one
of two TS systems on MAST, the other being the Nd:YAG laser system (séiers&c3.2). Each
system provides independent measurements of tlaad n, profiles, but shares common collection
optics. Thus, the timing of the ruby system upgrade was set to coincide witipgrade to the
Nd:YAG system [70], to ensure both systems were compatible with a new F/@tatie lens that
was installed.

The schematic layout of the upgraded ruby TS system is shown in figurdrthis system,
light from a Q-switched ruby laser is first injected into the plasma along the raitepf the MAST
tokamak. The scattered light (between scattering angles 83-frdd a 1.4 m laser chord is then
collected by an F/6 collection lens and imaged onto 85 fibre bundles. Eaehbfilbdle is 4.95
mm x 1.82 mm and collects scattered light at F/1.75. The light is transported 1@ng these
fibres to a grating spectrometer, where the bundles are arranged tarid@rd mm x 130 mm input
slit. A coupling lens system within the spectrometer collects F/4 of the F/1.75 ligletdelivered,
dropping the effective F number (F/#) of the collection lens to F/15. Froradhpling lens system,
the light is guided onto two holographic notch filters using a telecentric leisrayst then passes
through a Littrow lens, grating and spherical field mirror onto an F/0.7 imagadiiiter lens. A
GaAsP generation 3 (GENS3) filmless image intensifier is contact-mounted to thisystem and
light from the phosphor of the image intensifier is lens-coupled to a co@stframe-transfer CCD
camera. An new intensified CCD camera design allows the ruby TS systemetoatakmages,
separated by a minimum of 23%. The system is fully automated for each MAST discharge.

The overall layout of the previous ruby system on MAST was the samegstibwn in figure
4.1. However, the majority of individual components have been replacéetinpgrade, in order
to achieve improved spatial resolution and reduced errog @t . measurements. The previous
ruby TS system on MAST [71, 72] was only a single pulse system and Ispat#al resolution
of 300 points, with only 100 points at high optical contrast (which is defaedreater than 50%
modulation transfer function (MTF)). In comparision, the upgraded sylsyem [73] is a 512 point
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Figure 4.1: Layout of the ruby TS system on MAST. The ruby laser genermat¥s ns pulse which passes
through the MAST vessel. Scattered light from this lasembéacollected by the collection lens and im-
aged onto the optical fibres which transmit light to the sqmeoeter. The TS spectrum is measured by an
intensified CCD camera (detector).

dual snapshot TS system, with200 points £ 7 mm) at high optical contrast (see section 4.4.6),
and can be used to either measure twaid n. profiles (double pulse) or one.Bnd . profile

and one measurement of the plasma background light (single pulseg¢tiem<.6.1). This spatial
resolution and the effective number of points the new system can resalvedter than similar
TVTS systems. Finally, the system upgrade has also increased the nuindoattered photons
that can be detected by a factor-of3, compared to the previous system. This was achieved by
replacing the previous GaAs image intensifier with a filmless GaAsP image intetisifiehas a
greater effective quantum efficiency (EQE) (see section 4.4.4.1)e %abin section 4.4.5 gives an

estimated photon budget for the upgraded and previous core TS syStevM#s3.

4.3 Design considerations

The two major design objectives for the ruby system upgrade are to maxiraispdhal resolution
and to minimise the statistical error of measurements (maximising the number ofetattetons
collected), whilst effectively eliminating stray laser and plasma light. The fihgystem can be
broken down into five major components: the ruby laser, the collection lensptloal fibres, the
spectrometer and the detector system. Here, we discuss the factors thdtenmasmsidered for
each of these components to ensure the upgrade design objectivestaamanian the following
discussions, the spatial resolution of each component is representegdint spread function
(PSF). A PSF is the response of an imaging system to a point source bppjgnt. The response

of an individual fibre bundle has also been modeled as a PSF. This psa@idonvenient method
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to characterize their contribution to the system resolution. Figure 4.2 assistsdiscussions by
illustrating how each component contributes towards the resolution and s#testior, and also
the T, range, of the ruby system. The latter is an important consideration beah$systems,
being spectrometers, are designed to function over a particuland thus a particular spectral
range.

Firstly, we consider the ruby laser design. The greater the laser etieegyore scattered pho-
tons there will be and the lower the statistical error of theald n, (see section 3.3.1 in chapter
3). Another factor to consider is the width of the laser beam from whicttesed light is collected.
This is important because the most expensive component of the rubystedrsig its fibre bundle
array and a reduction in the area of scattered light collected from theldaaer would therefore
reduce the overall upgrade cost significantly. However, this apprisawt appropriate, as simula-
tions show that such reductions in area would lead to large inaccuragee) the need for a highly
precise laser alignment that is not currently realistic in a tokamak environffleatiaser path and
the width of the laser beam must also be considered as these influencatibkrspolution. These
are discussed in section 4.4.1.

The next component to consider is the collection lens. The greater thétguzright col-
lected by the lens (determined by the solid andi€)(-1)), the lower the statistical errors in. &nd
n.. However, it is difficult to achieve both a large solid angle and high reseltits Fo1,) si-
multaneously in an optical system. The lens design must therefore be highhjisgul to achieve
both a high etendue and spatial resolution (see section 4.4.2). Furtheduer® its proximity to
the tokamalk, it is necessary to use radiation-hardened glass in the colleglticend this results
in a slightly reduced spectral transmissidiz:f,(A)) in the red part of the spectrum and influences
the T, range of the ruby system. The magnificatidd{;) of the collection lens determines the
area, and the input solid angle, of the optical fibre bundle arfey ) at the backplane of the
collection lens. The limiting factors for the optical resolutidh9F'r ) of these fibres are the fibre
diameter ¢;) and the overlap resulting from fibre packing. At the input end of thes filamdles
(fibre backplane, see figure 4.5) five of the fibres at either end d¢f flaie bundle collect light
from the two neighbouring spatial points. To include this smearing in the lbgpitial resolution
of the system the response of an individual fibre bundle has also bed#iletbas a PSF. This PSF
(PSFrp ) has been modelled as three top hats representing the fibre bundle andntsdgivaour-
ing fibre bundles. The central top hat contains 82% of the signal while meeighbouring top hat
contains 9% of the signal. Using the correct magnification factors, this RSBe&combined with
other PSFs which arise in the system on the final image plane of the CCD cdigera 4.9). Itis
also important to conserve etendue in the design of optical systems andriieest# a system is

limited by the mimimum etendue of each of its components. In this case, the major limitiog fac



Chapter 4. Design and Implementation of Ruby TS System Upgrade 65

statistical
error

spatial
resolution

path of laser beam

Te Range

(o) | (o)

Laser
laser energy

N i

scattering angle
laser width
KS
optical resolution
PSF..

optical resolution
PSFeg

hiL,

area

collection lens etendue
AAAQ

Collection lens

spectral R
transmission
Ta(A)

transmission
TCL

solid angle
AQq

transmission
TFB

solid angle
Spectrometer :
bandwidth stray light removal
AB, >w dA
l dx

AQp =M 8Q¢
spectral resolution

spectrometer etendue
DA,AQ,
TSP
w; dA
dx Input slit area

Fibre bundle fibre entendue

DALA Qg

fibre diameter
Fq

fibre packing

linear dispersion

optical resolution
PSFsp

dA _10°cosB
dx knF -
grating height
n = lines/mm Hg
Detector image intensifier

spectral sensitivity
detector

image intensifier etendue
AHAQ\I

area
Al

)

optical resolution
PSF,,

vigneting
Cuig(rA)

PSFicuL

coupling lens resolution
PSFcuL
pixel/sampling size
PSFp/ PSFg

Figure 4.2: Schematic diagram of the design considerations for the Tidgystem upgrade. The influence
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of each components of the TS system (the laser, collectits) fdore bundles, spectrometer and detector) on
the design objectives of optimised Tange, spatial resolution and statistical error reducti@nshown. The
blue arrows indicate how the different design factors fartheeomponent are interconnected and also how
optimising these for one component influences the desigtheir components and system design overall.
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is the spectrometer, which has an etendue of a factor of four less thanf thatew collection lens.
This is because it is not currently possible to build a GEN3 image intensifier wittnmaeter greater
than 25 mm. However, matching the etendue of the fibre bundles to the collectiondeld permit

a further upgrade to the spectrometer in the future without the need to feihstibres, although
only a quarter of this total etendue would be collected using the currecirspester. The choice
of a fibre solution is also highly constrained by the present availability, tneas$on efficiency and
cost of optical fibres.

Next we consider the spectrometer design. When building a TVTS systeargaef the fibre
backplane must be remapped to the input slit of the spectrometer systememhisping will affect
the spatial resolution and etendue of the spectrometer. A number of rédésd &n the backplane
of the collection lens are typically mapped to one radial point at the input glitréfi4.5 in section
4.4.2). This method of mapping increases the etendue of the spectrometicaedses the radial
resolution of the system. Increasing the width ) of the spectrometer input slit also reduces the
spectral resolution. This in turn affects the size of the bandsidp.} at which the laser and,,
emission line can be removed and thus the statistical error for a giveanfe. The choice of
grating (lines/mm) can also influence thg feinge by altering the linear dispersiofcilgx\—][. Finally,
it is highly important to optimise the optical resolution of the spectrome® Hsp), which is
determined by the convolving the optical resolutions of each of its lenses.

The final component we consider is the detection system, which consistsrmége intensifier
lens coupled to a CCD camera. The statistical error aneiige will predominantly be determined
by the spectral sensitivityHQ E())) of the image intensifier. This is because the gain introduced
into the signal by the image intensifier will virtually negate the effects of thecsditransmission
of the coupling lenses({,;,4(r, A)) and the sensitivity of the CCD camera on the statistical noise.
As noted above, a GEN3 image intensifier with high spectral sensitivity is limited2® @m
diameter and this will ultimately limit the etendue of the spectrometer. The spatidlitieacof
the detection system is determined by a combination of the PSFs of the image ietdRsiff;;),
coupling lensesRSF¢, ) and CCD cameraSFp, PSFs).

4.4 New system hardware

In this section each component in the upgraded ruby TS system is dekaxiltle the specifica-
tions and final design of each component discussed in detail. In additemotitribution 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 rubylli9zllaser. It consists
of an oscillator and three amplifier sections (figure 4.3B). The energyedader beam is 10 J, the
pulse full width half maximum (FWHM) is 15 ns and the full angle beam divecges 0.5 mrad.
It is possible to double pulse this laser to also produce two 5 J pulses teeplaya?230us at 1 Hz.
To produce two laser pulses, the Pockels cell is opened twice during a dlsesgf the flash lamp.
This 230us time separation between the Pockels cell openings is found to give twaxapptely
equal energy pulses.

A flight line guides the laser beam to the plasma and the laser beam is fodubedcantre
of the plasma, passing the centre column at a distanee #mm, and finally terminating on a
graphite beam dump. Throughout this ex vessel flightline, baffles adtagninimise stray light.
In the upgraded system, the chord passes along the midplane (Z = -0.013h@)MAST vessel
and is approximately parallel to the radial direction, except near the MA&&Tre column. In this
region, it passes perpendicular to the radial coordinate to producelagreater radial resolution
on the HFS of the MAST plasma.

The laser must be accurately aligned so that its image can be fully collectee filyrthbundles.
To ensure this, the position of a HeNe alignment laser beam on two spatiatmmaitkeither side
of the MAST vessel is used to monitor the laser alignment daily. The image otithelaser is
coherently mapped to the spectrometer slit and small segments of the fibrslihpamh be masked
to determine the laser alignment during experimental campaigns (figure #8#gver, this does
perturb the intensity of the TS signal detected and thprofile 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 photdreseéhcollected.
The etendue of the collection lens is defined as the product of the solid@frimgkt collected and
the area of object being imaged. The solid angle collected by a lens is ilyyprsportional to its
F/#, which is the ratio of the focal length to the aperture. Therefore, ttseickn object is to the
lens, the greater the solid angle of light that is collected for a given lemtuaelt is desirable to
measure the full Tand n profile across the centre of the MAST vessel and the resultidgnetre
distance between the laser beam and the collection lens requires a latgesgpe 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 rhencdm-
bined weight of the collection cell and its lensesd®0 kg. TS light is collected at F/6 from the

1.4 m Nd:YAG and ruby laser chords. The observation volumes are imaiglecwnagnification



Chapter 4. Design and Implementation of Ruby TS System Upgrade 68

0
L image of 85 ruby fibres .
€ 5 o
£ - !
S 3 masks on input slit i
B B o
8 - L
e -10 ¢ -
© B o
o
5 3 -
5 [ .
> - ruby laser b
20k a1
0.5 1.0 1.5 2.0
radius (m)
45° mirror .
mount q/ ,-h\ ﬂ o
P M | m H £l
v & - t 1l H] U oscillator M I s | trigger
— [
g E § aperture lens 150 mm in - - = |to FFD
D centering mount front mirror  aperture polariser POCCeke| (& image
intensifier)
I
[ NN
amplifier 3/8" amplifier 5/8"
45° mirror Sy
mount €
£3
shutter wE
} —
to flightline s "
& B.E.T. laser energy monitor amplifier 7/8

Figure 4.3: Ruby laser. A. The ruby laser is imaged onto 85 fibre bundlesse fibres are remapped to the
spectrometer slit. At the spectrometer slit, masks (gmegsl) can be placed in front of the fibre bundles to
check the laser alignment. B. The ruby laser system corsfigige oscillator and three amplifier sections.
When the ruby laser is fired a small amount of the signal is télam the oscillator to trigger the CFD and
finally the image intensifier. The laser energy is determimga calibrated avalanche photo diode (APD)
located after the final amplifier stage. A HeNe laser (greghdd 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 syskenother for the ruby
laser TS system). The collection cell has six radiation-tolerant lensesaatithstand the effects
of neutral beam generated neutrons. Four of these lenses are madsilfca 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 rnidnclasrd to the input
slit of the ruby spectrometer (figure 4.5). Each of these fibre bundlésnslbng and contains 243
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Figure 4.4: Components of the combined collection lens and window. t8eaat light collected from the
laser beams passes through six lenses (cyan disks) whigeii@anto two fibre backplanes, one ruby
and one Nd:YAG. A wire grid polariser is used to ensure onby perpendicularly polarised light reaches
the backplanes and is collected by the fibres. A blade shigttesed to protect the window during glow
discharge cleaning between MAST dicharges.

fibres. The inner diameter of each fibre is 22 and the outer diameter, including cladding, is
230 um. The numerical aperture of each fibre is 0.37. These fibres are n@depfastic clad
silica (PCS) and are not radiation resistant. However, calculations basbeé worst-case neutron
damage estimates predict only a 10 to 15% reduction in transmission in the tefithbarspectrum
over the next ten years of MAST operation. These estimates are bagetlshed measurements
[74] of the induced absorption of PCS fibres.

The maximum spatial resolution is determined by mapping the fibre bundles addns2of
the laser chord for this system. The fibres are hexagonally packed totaslenuch scattered light
as possible+{ 50%) from the fibre backplane. However, this close packing results in atribdison
of scattered light into the neighbouring radial channels and at the colldetmsnthere is a 9%
redistribution of light into neighboring channels, with a further 5% at thetspmeter input slit
(figure 4.5).

The fibre bundle array is imaged onto the input slit by means of a relay lestsnsywhich
is based on a Petzval lens configuration (M = 1.5). Scattered light is call&cta the output of
the fibre bundles at F/4 and is telecentrically imaged onto two holographic fibéch. The notch
filters are placed on the outer edges of the spectrometer slit and removsethiéglat at high optical
density (6 OD) around a narrow 10 nm bandstop. The narrow bandtthese filters increases the
detected fraction of the TS spectra in the 10 to 100 eV range by up to 20a6e(figl4) at lower
Te.
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Figure 4.5: Mapping the fibre bundles from the collection lens to the speteter input slit. An area
that is 9 fibres high by 3 fibres wide at the backplane of theectithn lens is mapped to a single row in
the spectrometer input slit, as illustrated by fibres 1-Z4d (filled circles). This area corresponds to 2.4
mm horizontally (green dashed box) along the laser, but dube hexagonal fibre packing fibres overlap
between these 2.4 mm segments which results in rediswibuofilight into the neighboring channels (half
blue circles).

4.4.3 Spectrometer

The spectrometer is a diffraction grating spectrometer set on a Littrow motnetfidires, which
are in the object plane, are imaged onto the CCD camera (in the image pland) irathial and
wavelength space. The spectrometer has two intermediate image planesthenféedd mirror and
one at the image intensifier (figure 4.6). The intermediate image plane forntesl@ncave 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 onteidh fi
mirror. The grating in the ruby spectrometer is blazed at an *1aPgle, where blazing means
tilting the grooves of the grating with respect to the grating surface. This sliioezconcentration
of spectral energy to be focused into a particular diffraction orde}, fibis improving grating
efficiency. A blaze angle of 11.2focuses the spectral energy into the first diffraction order for
input light of 656.3 nm wavelength giving a grating efficiency~o70%. The equation describing

the diffraction from a grating is:

sina + sinf = kn, 4.1)

whereq is the angle of incident light 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 cam@. The layout of the new
spectrometer showing its different subcomponents. Seattéght from the fibre bundles enters the spec-
trometer and the different wavelengths are imaged in theectibn, while the different radial positions are
imaged in the y direction. B. Optical ray tracing showing heavelength and radial points respectively
are imaged by the spectrometer. In the top view, two diffeveavelengths are traced, 550 nm (green) and
694 nm (cyan). In the side view, two different radial posisare traced, corresponding to 0.25 m (red) and
0.75 m (blue). The rays form intermediate image planes angh slit and field mirror before finally being
imaged at the front of the image intensifier. Details of theD@@mera coupling lenses are not shown here as
these are commercial lenses and the lens designs are nabéealhe F/# of each part of the spectrometer

is given.

normal from the grating; is the diffraction ordery is the wavelength and is the number of lines
per unit length.
As the ruby spectrometer is in a Littrow configuration, and the light is thereéflected back

at a similar angle to which it was incident on the gratimg€ (), the diffraction grating equation
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can be simplified to:
2sinf = knA. 4.2)

The angular dispersion of the grating can be determined from the deeiwdtihe grating equation

4.1, holding the incident angle:J constant [49], as given by:

@_ kn
d\  cosB’

(4.3)

The linear dispersion is a measure of the number of nanometers per urtit t#frige spectrum.
This can be determined for the grating from the reciprocal of the praxfube angular dispersion

and the effective focal length{) of the grating, given by:

d\  dX 1

Ao 4.4

dz _dg " F (4.4)
dA 108¢cosf
_— = . 4.
dxnm/mm g (4.5)

The spectral instrument functidif\) is important as it determines the lower feasurable by
the system. This is because the width of a given spectrumas: /T, for 90° scattering. Hence
the system cannot measure belevb0 eV in the regions covered by the field mirror magk)) is
defined as the product of the linear dispersion of the grating and the widhtle input slit of the
spectrometer. The linear dispersion of the ruby spectrometer is 1.6 nm/mm, twailgidth of the
input slit of its spectrometer is 8.5 mm, which givesidn) of ~ 14 nm. Thel (\) calculated from
Rayleigh scattering calibration (discussed in section 4.5.1) is shown in figlite In addition, the
upper T. range of the system is determined by the linear dispersion combined with tieéewgth
sensitivity of the image intensifier. The system design has been optimisededHealowest T
and n, error over the typical Jrange experience on MASH €V to 2 keV). The lowest T that
this system can measure~s50 eV. The T, and n, 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 remdvedigheD,,
emission line (656 nm) and the ruby laser wavelength (693 nm). The widthcbftdack strip is
~ 15 mm, which corresponds to 10 nm in wavelength. The width of the ruby shedbcation of
the notch filters has been reducedt®d 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 usiRfPan
lens. An extremely low F/# is exploited to couple as much light as possible to the intagsifier.
In addition, a cylindrical lens is contact-mounted to the front of the image itfiint® correct for
any optical aberrations across the field. Finally, the light is coupled to tHe €&hera 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 GENS filmless image intensifieolgplied to a
cooled, back-illuminated, fast frame transfer CCD camera. In the follos&ugions the compo-
nents of this detector system are discussed in detail. In addition, the parambteh 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 arourataiste interval.

It consists of a photocathode, a micro channel plate (MCP) and a pbrospieen (figure 4.7).
The photocathode converts incoming photons to photoelectrons and théhdCitensifies them.
Finally, at the far end of the image intensifier, there is a phosphor scraendhverts the photo-
electrons back into photons. This is a P46 phosphor with a decay time ps@Ad permits two

images to be taken in quick succession.

photocathode micro channel plate phosphor

_ e

\

light photoelectrons multiplied light
photoelectrons

AV,—— = AV, AV;

Figure 4.7: Overview of the image intensifier. Incoming photons are eord to photoelectrons at the
photocathode, which are then multiplied by the MCP and tlemverted to light upon hitting the phosphor.
By changing the voltage between the photocathode and the (ACP) from 200 V to -100 V the system is
gated on and off respectively. A second voltagd’) of 500-1000 V is then used to control the photon gain
(G,) and finally, a voltageA V) of 5000 V is used to accelerate the photoelectrons ontotthsghor.

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 itpiaigtum efficiency (QE)
at the relevant wavelengths. The photocathode has a peak QE of 3¥pedk EQEFQFE =
(ﬁ%) is ~ 18% over the spectral range (550-800 nm) of the spectromatgiis the noise factor,

which is the ratio of the input signal to noise ratio (SNR) to output SNR anesepts additional
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noise arising due to the image intensifier.

The photon gain,) of the image intensifier is given by:
G, =QF x G, x F, (4.6)

where G, is the electron gain of the MCP (500-1000) aRd is the conversion factor of input
electrons to photons at the phospherZ1 photons/electrons). The maximum achievable gain is
8000 at the peak MCP voltage.

4442 CCDcamera

The CCD camera is a cooled, ProEM camera from Princeton Instrume6is ([his 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 twareadglifiers. The
first is a slow (100 kHz) low noise amplifier and is this is currently being ugdw second is a
10 MHz electron multiplication amplifier which could be used for potential futugé nepetition
measurements of tHe, andn, profiles.

The CCD chip consists of 16m square pixels in a 512 1040 grid. In the ruby TS system the
camera is used in frame transfer mode, where 5BA2 pixels (8.2 mmx 8.2 mm) are active and
the remaining pixels are used for storage. The read noise at 100 kHzake8tEons ) rms and
the vertical transfer time is 450 ns per row. Thus, the minimum time required teféragn 512x
512 image into the storage region is 238 Two images can therefore be captured at a separation
of 230 us and the second image recorded can either be the plasma backgrourt bgbtcond
shapshot of the Jand n, 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 samplisg Pl
detector PSFRSFp) is determined by the width of the detector, which in this case is one 16
pm pixel. Optical distortion makes it impossible to align a CCD pixel perfectly withrdisc
object points and this leads to a reduction in the final image resolution, whigbresemted by the
sampling PSFRSFs). This is calculated using an approach developed by Park et al [Ti#ew
the sampling PSF is represented by a tophat with a width equal to the cemgatte-spacing in

the pixel array. For the CCD chip in the upgraded system, this width is eqtls etector size.

4.4.4.3 Coupling lenses

CCD cameras can be coupled to image intensifiers using either fibre stubsses.leAlthough
coupling efficiency ) is typically greater for fibre stubs, these provide less flexibility in terms of

magnification {/), CCD camera choice and the area of image intensifier utilised. Lens coupling



Chapter 4. Design and Implementation of Ruby TS System Upgrade 75

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 noised rms) 3.5 4
CCD gain (counts/") 15 0.5
Coupling efficiency of coupling lenses (%) 4 4
Counts/photoelectroh 180 100

Table 4.1: Efficiency of the detector system on the original and upgiladiby TS systems! The number
of counts/photoelectron is given by the product of the imagensifier photon gain(,), the efficiency of

the coupling lenses:) and the CCD camera gain and Q.E.

was therefore chosen for the upgraded ruby system. Here, the apw@liiciency between the
image intensifier and the CCD camera is determined by a transmission coeffidiembptics ()
multiplied by the ratio of the solid angle collected to the solid angle emitted by the pbrosiie

coupling efficiency of a perfect lens, illuminated by a Lambertian sour@k i§ given by:

T

= QLT 47

where F' 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 Cantis08nm F/2.8
zoom lens is coupled to a Canon 50 mm F/1 lens. The first lens acts as a collandtoonverges
the divergent light from the phosphor into a parallel beam. The secorsdfteEuses the light
onto the CCD camera. The magnification for these lenses is adjusted to 0.37 tothetarea
of the CCD chip. The coupling efficiency of this systems1%, which is greater than would be
expected from equation 4.7, because the phosphor screen prodoeeforward directed light than
a Lambertian source. Optical vignetting is the reduction of an image’s brighttdts periphery
compared to its centre. At the edge of the field, optical vignetting reducetiming efficiency
to ~ 1%. This reduction at the field edge is a result of the relative separatieaatf lens stop.
However, the low CCD read noise and the high photon gain of the systainge@n 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 irafid rp as predicted from parameters
in tables 4.1 and 4.2. A. Predicted TS spectra. The numbehatops (scattering signal, black line) is
the number of detected photons evaluated at the image ifiéehotocathode. The noise is dominated by
the Poisson noise of the scattered signal, making the sftddhe brehmsstrahlung (red, dashed line) and
the effective CCD amplitude (blue, dashed line) negligiblée effective CCD amplitude was determined
by dividing the square of the CCD read noise by the produchefiinage intensifier gain, CCD gain and
coupling lens efficiency (see table 4.1). B. The predictetatian of the percentage.T(black line) and

n. errors (red dashed line) as a function qf Trhe photon error (blue dashed) is the Poisson error of the

number of scattered photons detected. This figure showsptiraum T, range for low error measurements.

4.4.5 System noise performance

Extensive Monte Carlo modelling using repeated random samples wasrpeda@uring the de-
sign of the upgraded system to predict how it would perform in terms @it n, statistical errors.
The fractional errors in both.Tand n as a function of T are shown in figure 4.8, with the mea-
surement error for a 7 mm radial point shown totet % of T, and< 3 % of n. , in the 40
eV to 2 keV range. The fractional error i, in the lower T, range & 40 eV) increases as the

TS spectral width approaches the bandstop of the notch filters. The akofahe D, emission
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line wavelength results in a slight increase in the fractional error.ohTthe 80-200 eV range.
The fractional error in nis determined by the photon statistics of the photons detected. One of
the major factors that determines the statistical error for both then@ n measurements is the
choice of photocathode in the image intensifier. GaAsP photocathodea higreer QE than GaAs
ones, but their sensitivity tends towards zero beyond 800 nm. Howswauations have shown
that for the T range expected on MAST (0 to 5000 eV) the higher quantum efficienGadfsP
photocathodes has a greater influence in reducing statistical error thandir spectral range of

the GaAs photocathodes.

The main contributors to background noise are Bremsstrahlung, line emisslo@CD noise.
The amount of Bremsstrahlung is determined by the gate duration of the imagsifiete(50 ns)
and is therefore very low in the upgraded system. The ratio of Bremsstatduscattered signal
in this system is also very low, due to the high energy of the ruby laser didseg 4.8), making
the contribution of Bremsstrahlung negligible. The level of line emission is mé@ted by plasma
impurity conditions and, typically, no line emission is observed in the ruby T&spdn the case
of plasma start-up and low density measurements, the ruby system carrbedpe measure the
background light 23Q«s 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,onde. If this is
sufficiently high then the effect of the CCD noise is negligible (figure 4.8)addition, the CCD
noise can be further reduced by binning pixels and reducing the nurhbpectral bins.

Table 4.2 shows the photon budget of the upgraded system compared poett@us ruby
and Nd:YAG systems. The upgrade permits higher resolution measurementsovétscattered
photons detected, principally as a result of the higher EQE of the detgstens.

The very low background noise on this system (figure 4.8) means that litecased to measure
the very low electron densities that occur in plasma start-up experiments &TMAe signal can
even be binned to reduce the radial resolution, which increases the nahsbattered photons and

thus reduces the error in"Bnd n..

4.4.6 Improved resolution

The contribution of each component to the spatial resolution of the upfjsadéem has been mod-
elled and the components that limit the resolution are shown to be the fibre sutidiecoupling
lens system and the CCD detector. The performance of the upgradednsggrees well with
predictions from these modelling results.

The spatial resolution achievable with the ruby TS system is determined bgnkielation of
the PSF for each of the system components that the scattered light passghtihe contribution

of the collection optics® S F-1) and spectrometer optic®( Fsp) to the overall PSF can be esti-
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Parameter upgraded ruby | previous ruby | Nd:YAG
Resolution (mm) 7 15 10
Fl# 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
factected (%) 1 90 90 60
p.e. (/cm/16°) 2 3300 1100 2900

Table 4.2: Photon budget for upgraded MAST TS systems and the previtnysTS system! detected frac-
tion of photoelectrons at 1 ke¥.effective number of detected scattered photons per cetéraéscattering
length per 1&° m—3 of plasma density.

mated using optical ray tracing techniques. This was carried out usingtiwaladesign program
Zemax ([79]) and the estimated PSF values are shown in figure 4.9A. P&fs&alues are then
convolved withP S Fr g, which represents the redistribution of light due to the fibre bundle map-
ping. The combined optics PSP 6 Fop), which represents the contributions®f Fy,, PSFEsp

and PSFrp, has been evaluated at different positions in the field of the lens systns arell
represented by a Gaussian with an FWHM of 0.024 mm. Finally, this Gaussianvslged with

the PSFs from the coupling lenseB{F,r), image intensifier PSFrr) and the CCD camera
pixel size (PSFp) and sampling PSFy) 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, follothisgthe
component with the next largest influence on the resolution is the couplisgHahcouples light
from the phosphor of the image intensifier to the CCD chip. In this coupling tessscommercial
camera lenses are combined and each focused at infinity. The first &8nE/8.8 zoom lens, which
is reversed and attached to the front of a second, F/1 lens. The aesellition of these combined
lenses is~ 40 cycles/mm, at 50% contrast. In the future, further improvement could be toade

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 rubyTlaggin the maximum
possible information from a MAST shot a ‘SMART’ real-time triggering unisteeen developed

[80] to trigger the ruby laser on specific plasma events, such as pelldgtam@ad rotating magnetic
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Figure 4.9: Contribution of the different components to the spatiabhetson of the ruby TS system, eval-
uated on the CCD camera. A. Contribution of the componerits fiy the image intensifier. ThBSFep
(blue, dashed line) anBS Fsp (green, dashed) were determined by tracing optical raysggtheach compo-
nent for a radial location of 0.854 mnPSF-, PSFsp and PSFrp (red, dashed) can then be convolved
to estimate their combined effedP§ Fo, black, dashed line), and this is well represented by a Gauss
(PSF,,e, black solid line) with an FWHM of 0.024 m. B. Contribution dfe Gaussian and components
after the image intensifier. The PSF of the entire systenp(pudashed) has a FWHM of 0.035 mm. This
is determined by convolving the Gaussian estimat,,. (black, solid),PSF;; (red, dashed)PS Fo.
(green, dashed}? SFp and PSFs (both as blue, dashed line).

islands (see Chapter 5 and Appendix B for further discussion of th&k& unit triggers both the
ruby laser and a custom designed unit which controls the triggering of thgeim#ensifier and
CCD camera (figure 4.10).

The detector system must be gated around the laser pulse to ensure thastha noise is not
greater than the scattered light signal. This is achieved using the image ietendifich acts as a
fast optical gate and has a gate width of 50 ns. A small fraction of the las#élator beam is used

to trigger a constant fraction discriminator (CFD), which in turn triggersralex programmable
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Figure 4.10: Upgraded ruby TS system triggering. The optical path (neeldj of the scattered light, which
travels through the laser flight line, plasma, collectionslefibres and spectrometer to reach the image
intensifier. The image intensifier triggering is timed to wnesthat the gate is opened when the scattered
light from the optical path arrives at it. An optical signediin the laser oscillator is sent to the CFD, which
starts the electrical path (black arrows), whereby the Qkjgérs the CPLD, the gating unit and, finally, the
image intensifier. The SMART trigger unit sends optical palso both the laser and the CPLD unit; and
this system can operate in either single pulse (mode 0) drldquuise (mode 1) mode. During single pulse
operation, the second image intensifier gate measuresdbmalbackground radiation, whereas for double

pulse operation, the image intensifier opens in synchrbaisavith the ruby laser pulses.

logic device (CPLD) unit, then a gating unit and, finally, the image intensifigur@ 4.10). The
CFD generates an electrical pulse from the optical input signal anddsbhesause its trigger point
is largely independent of the signal amplitude. This eliminates any jitter of the iméyesifier
gate which can arise due to variations in laser energy. The CFD then gigige€CPLD unit, which
has been programmed asynchronously in VHDL hardware descriptigndge ([81]) to generate
the pulses required by the gating unit.

The CPLD can operate in two modes and these are controlled by an optigaltsient by the
SMART triggering unit. In the first mode of operation, the laser is triggerempwith one image
of the TS light and one image of the background light taken. In the seconl@ wiooperation,
the laser is triggered twice and two images of the TS are taken. It is criticalhtha@PLD unit
operates as fast as possible to ensure that the image intensifier gategdpesyinchronised with
the arrival of the scattered light. Because the CPLD is programmed asynelsly, the time delay

between the rising edge input and the output pulses can be reduced $o B¢ aomparison, the
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fastest off-the-shelf pulse generator available at the time of the rulmadegvould have introduced

a time delay of 50-80 ns and increased the hardware costs by a factar of te

4.5 New system calibration and fitting

In this section the calibration of the new system is first discussed (sectial) 45d then the
fitting routines, used to determine the electrorahd n, profiles, are described (section 4.5.2). In
addition, as the PSF of the coupling lenses of the image intensifier in TVT Srsystgppresses
high frequency noise, which can lead to false filamentary structures in.thedn profiles, the
effects of this optical smoothing must be correctly estimated to determine the sahéstar on the
T. and n profiles. This has been carried out for the upgraded ruby TS systénmvashow that the

noise estimates agree well with the design parameters (section 4.5.3).

45.1 Calibration

Routine Rayleigh and white light calibrations are performed once or twiceglarMAST cam-
paign to assess system performance and ensure accurate i profiles are determined. A large
number of the parameters that are used in these calibrations were meatstiredtompletion of
the system upgrade. The Rayleigh calibration is used to determine the reétatigenission of
the ruby system in radial space, while the white light calibration is used tordieteithe relative

transmission in wavelength space.

4.5.1.1 Rayleigh calibration

A Rayleigh calibration is performed by filling the MAST vessel with nitrogéfi ) gas and calcu-
lating the intensity of the Rayleigh scattered light. Rayleigh scattering is the sogtbéradiation

by neutral atoms or molecules, in which there is no change in the photorefregulhe Rayleigh
cross-section is proportional tAé of the input photons. In the case of the ruby laser the scattering
cross section i8.1 x 10~24m =2 [60]. The number of Rayleigh scattered photoiNg] is given by:

QE
NF?

o0

da ] T O/ Q) R(N)dA (4.8)

dQ

| aoar]

NR = NiaserNgas |:
rs

wheren;qq., is the number of incident laser photong, is the density of the nitrogen ga[%]m
is the differential Rayleigh cross section dfids the optical transmission. If it is assumed that the
Rayleigh scattering spectral distributioR((\)) is a delta function, then the integral in equation 4.8

reduces to the spectral response of the wavelength chainéls.():

[e.e]

/ QRN = 2 (\L). 4.9)
0
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The number of scattered photons can be expressed in terms of the lasgy, emd the gas

density in terms of its pressuréy,;) and temperaturel{,,), using the ideal gas law:

P as
Np = Cs(A\p)U(Ap)—2=, (4.10)
kagas
where:
do QFE
Cs(AL) = Nyaser Lm] ~ AQAL [NFQ} T. (4.11)

The linear relationship between the number of scattered photons and #seiggrénside the

vessel is used to determine the Rayleigh coefficiafit3: (

C, = Csu(\r) (4.12)
Ng = CPyas (4.13)

After substituting in the known constants and measured quantitie<intd is then possible to
determine a relative intensity calibration for the ruby system. Figure 4.11Asstite Rayleigh
signal as a function of radius at 150 mbar. Figure 4.11B shows the RaydegfficientsC,. as a
function of radius and these coefficients agree with the relative whitelegtiration and optical
vignetting after the image intensifier. This agreement shows that the lasel ialigieed, since
the drop in transmission is a result of the optical vignetting in the CCD couplirsgternThe stray
light pressure is also shown in figure 4.11B and this parameter, calcutatedtie zero offset of
the Rayleigh calibration linear fit, is indicative of the level of stray light. Strajtligtensity is
greatest near the inboard side of the tokamak, as the laser light is refiéctieel centre column in

this region.
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Figure 4.11: Rayleigh calibration measurements. A. The raw signal detefrom Rayleigh scattering at
150 mbar. Thel()) at each radial point is determined by a cross-section in @eelength direction. B.
The Rayleigh coefficients{.) as a function of radius. The radial calibration (black)esg with the relative
whitelight calibration (red) and the optical vignettingfite (blue) of the coupling lenses.
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4.5.1.2 Whitelight calibration

A whitelight calibration is performed using a broadband spectral sotmoggten lamp) and cal-
culates the spectral transmission of the ruby system. A white piece of pguacé at the focal
length of the collection lens and is illuminated by the tungsten lamp. The light reflefftthis pa-
per provides a useful calibration light source as it has a uniform difteambertian reflection) and
the spectral emission of the tungsten filameé¥g(; ) is known to high accuracy (within 1%). The
spectral transmission(;(\)|) of the system is given by the normalised signal measuréd(..|)

divided by the calibrated spectral transmissidi(; ) of the lamp.
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Figure 4.12: Whitelight calibration. A. The number of CCD counts detecésda function of radius and
wavelength. A reduction in signal intensity is seen betwtencentre of the image and the edges due
to optical vignetting in the CCD coupling lenses. The ragiasitions of the notch filters are indicated
(black arrows) on both figures. Notch filters are placed atdapeand bottom of the spectrometer input slit,
corresponding to the region of lower temperature at the efitfee MAST plasma. B. The transmission of
the notch filters as a function of radius. Where the notch §iltee present (grey arrows) the transmission is
reduced by 20%, with a further 10% reduction occurring afpimgsical edge of the filter plates.

An example of a whitelight image is shown in figure 4.12A. The effect of thiealvignetting
present in the CCD camera coupling lens can be seen as the gradwdiaedd signal intensity
from the centre of the image to the edges. The transmission is also redsieetsailt of the notch
filters, at radial positions between 200-600 cm and 1100-1500 cm. dteé filters are designed
to remove light that is at the laser wavelength. The variation of transmissior nadal direction
therefore cannot be determined from the Rayleigh calibration and musddnstedetermined from
the whitelight calibration. To do this, a series of images are taken both with #éindutthe notch
filters present and this gives their transmission. This radial transmissgurgfid.12B) is then
interpolated at the laser wavelength and multiplied by the Rayleigh calibratiowvedlg radial

transmission of the ruby system with the notch filters installed. Although themeesf the notch
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filters reduces the transmission of the system by 20%, this is is offset byath@anbandpass of
these filters, which increases the number of detected photons at the lgwnaarges typical at the
edge regions. However, a further 10% drop in transmission occurs atitie 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 theahd n points, the position of the scattering volumes
that are imaged by the fibre bundles must be measured. This was doneksyidnainating the
input slit of the spectrometer and measuring the radial position of eachbiilbméle (inside the
MAST vessel) along the HeNe alignment laser beam that is aligned to the sdyybleam.

In addition, the width of the TS spectra is proportiona!sihm(g), wheref represents the scat-
tering angles. The scattering angles must therefore be known to allowagEcneasurements of
T., which is also proportional to the width of the TS spectra. The angles vetegndined using
optical ray tracing in the Zemax model of the collection lens. Optical rays &aah fibre bundle

were traced to the laser chord and the angle between each ray and trehtasenas estimated.

4.5.2 Fitting

T. and n profiles are calculated by fitting a modédi{;) to the TS spectra at each radial point
using a non lineag? fitting routine. Figure 4.13 shows a schematic outline of the parameters used
to calculate the® parameter. The experimental spectfar;) is determined by subtracting the
background CCD image from the scattered image or, if the system is opeiratitogible pulse
mode, an average background image (taken during previous shotbjriscted.

The data points of the model{ ;) are calculated using the Selden-Naito formuaX; 0, 7¢))

(see equation 3.60 in Chapter 3), with an initial estimate ofiid n made. The spectra calculated
using this formula are then convolved with the\) that is determined during the Rayleigh cali-
bration. The effect of the ruby TS system on the transmission and noidelrensbe determined.
This effect is represented by tli¢, parameter, which can be broken down into radial and wave-
length dependent components. The radial transmission at the laser ngalieedetermined by the
Rayleigh calibration, as explained above, while the wavelength depemdartbe transmission is
determined from the whitelight calibration.

Figure 4.14A shows 512 point profiles of &nd n. A fit to the spectra at one radial point
is shown in Figure 4.14B and Figure 4.14C shows the number of scattectonghdetected by
the system, as a function of radius and wavelength. Hereythealues determined from the
experimental data are lower than expected, as the fitting assumes eacbinidtiaipe independent,

which is not the case on the ruby TS system. Instead, a correlation exigtsemeneighbouring



Chapter 4. Design and Implementation of Ruby TS System Upgrade 85

AN 2
XtH = (—“‘—I&D' g;f ) ——> Drg ——> CCDry — CCDBACKGROUND
i=1
Fry
Nery =C ) Greep(\,r) ne 12 [ SMT]'I
\ instrument function from
Rayleigh calibration
C(A) =nraser AL AQ QE(A Groep(A 1) =Gy e Qreep Goop Cu(A 1)
Rayleigh calibration
> Ner = Cs(Ap,7) Groep(AL.7) [%],.
whitelight calibration l

Newr = Greep(A, T)CS(A)NWL(A)‘

spectral output

1Cs(N)| = |'\_;'r\-'c_._W L of a calibrated
Nwi(M) tungsten lamp
Fixed parameters Measured
A =wavelength Neoryp =number of counts, TS
{1 = scattering angle No r = number of counts, Rayleigh
Az, = laser wavelength New . =number of counts, wlitelight calibration
7 =radius I{\) = spectral instrument function
r, = classical electron radius AL = length of scattering volume
Ny . = spectral intensity tungsten lanip AQ = solid angle
f}T‘H .. = Rayleigh seattering cross section QE(A) = quantum efficiency at image intensifier

T'{A\) = transnussion of optical signal |

(', = photon gamn of image intensifier

¢ = coupling efficiency CCD coupling lens
QFEcep =QE CCD camera

U (A r) = optical coupling CCD coupling lens

Figure 4.13: Calculation of the TS spectral modél £y ) using calibration measurements and fixed param-
eters. The dependencies between these measurements anebfgais are shown. The radial dependence
(N¢,r) of the intensity of the spectra is given by the Rayleighhraliion. The spectral transmission mea-
surement C's())) is determined using a calibrated tungsten lamp. This md#ien fitted to the raw

experimental datald ).
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Figure 4.14: Ruby TS T. and n profiles from a typical shot on MAST (shot number 25195). AeTh
complete T and . profiles for this shot, generated by fitting a model for the P8csra to the raw data.
This process is shown for an example radial point (0.71 msta). B. The raw data (black dots) and fitted
TS spectrum (red line) corresponding to radial point 0.71Tla raw data (scattered photons recorded by
the CCD camera) for shot 25195. The white line correspontietoross section of wavelength data at radial
point 0.71 m, which was used to generate the raw data poipleiB. Notch filters at the edge of the image
(yellow arrows) remove less of the scattered signal arobaddser 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 €QBesensor.

4.5.3 Noise smoothing

The optical smoothing that results from the CCD coupling lens suppressdsgh spatial fre-
guency part of the noise spectrum. This can lead to the appearancenafrfikry structures in the
fitted T, and n data. Such structures have been misinterpreted on a TVTS system in tii@2pas
where the fluctuation in data was attributed to filamentation of the plasma. Thessmoothing
is an important consideration in a TVTS system and extra care must be tdiegnimterpreting

fluctuations.
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Figure 4.15: PSF of the image intensifier and coupling len$&SF;c, .. The points (black) show the
measured signal from a single photon incident on the imatgnéifier. These can be represented by a
Gaussian (red) with a standard deviatiet) 6f 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 dete¥tg¢aie determined by two
factors, the number of photon&/{) and the convolution of the PSF image intensifier and coupling
lensesPSFrcur(h, 1), whereh and! refer to the indices on a two dimensional grid. TREFc, 1,
is measured by operating the detection system in photon counting mode angringedse PSF
resulting from a single photon incident on the photo cathode (figure 4.15).

A Gaussian was fitted to the experimentd ;.1 and from this the standard deviation was

calculated to be 0.63 (figure 4.15). A simulation of the predicted noise speatas then convolved
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using this Gaussian and compared to the noise spectrum of a whitelight talibinaage, as shown
in figure 4.16. A good agreement is observed in the suppression of theedgal frequency part of
the spectrum between the simulation and experimental data spectra. Thendédetween these

power spectra may be attributed to the fact that®i$F ¢, 1, is not a perfect Gaussian.
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Figure 4.16: Power spectra of measured and simulated noise in the rubyst&s. This graph shows a com-
parison of the simulated power spectrum (black line) andptheer spectrum calculated from a whitelight
calibration data (red line). These spectra show good agreemarticularly in the high spatial frequency

regions.

To determine the correct noise statistics on the TS data the effects of this amgowtinst be
further quantified. This is done by calculating a factor that quantifies feetefof smoothing on
the noise, which is then used to rescale the noise to the correct valuetefmihe this correction
factor, the probability distribution (over pixels (i,j)) for a particular photomitthe pixel(h, k) is

calculated:
PSFrcurpin(i —h,j —1) = / /A o PSFraur i\ 7)dAdr. (4.14)
,rE(2,7
As the total of this probability distribution is equal té 1, this gives:
> PSFicurpin(i — k. j—1) =1. (4.15)

Y]
The number of counts recorded by the CCD caméig (n pixels (i,j) is given by:
Ne(i,§) = > GpPSFicurpin(i — h,j — )Ny(h, 1), (4.16)
hyl
whereG), is the photon gain andV, is the number of photons. The variance of the number of
counts {/ AR(N.)) detected by the CCD camera is given by:

VAR(N:) = Y GEPSFioy,p, pin(i — by j — )Ny (h, 1). (4.17)
h,l
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VAR(N,) is not equal taV. so this parameter is not Poisson distributed. It is therefore useful to
define the effective number of scattered photons deteﬁféﬁ’f, which is a Poisson variable. The

variance ofN:// is:

VARNGT) =3 " 0®GIPSFipy, g pin(i — b, j — Ny(h, 1) = NiIT, (4.18)
h,l

wherea is:
. 1
Gy > o PSFrour pin(i —h,j — 1)

It is assumed thaP S Fi¢, 1, is both symmetrical and a Gaussian function in the raaijghd

(4.19)

«

A directions. This is represented by:

1 2?2 1 r?
PSFrou(Ar) = —eap [ 2 ) - ——eap [ —— | = PSFrouzA(\) - PSFrcur ().
o) = meon (52) oo (5) = PTiewsA0)- P s
4.20

The r and A directions can now be treated independently anddtlgarameter can be split into

parameters for each respective direction, as shown by:

o\ 1 > ny PSFrcurpin(i — hyj —1)

Gp Zh,l PSF?CuL,bin(i—h,j—l)

=y Q). (4.21)

A single photon effectively contributes topixels in the) direction and pixels in ther di-
rection. The T and n fitting process is equivalent to first binning the entire spectrum in\the
direction before fitting it to a given radial spectrum. As this bin is much widem tha width of
the PSL;c, 1 parameter in the direction, only its impact in the radial direction,() needs to
be considered when determining the effect of the 2BL ¢, smoothing. Finally, the effective

number of scattered photons in the spectrwﬁfgecmm) is given by the product ok, andV,:
Ny cctrum (@) = D NG (6,5) = 3 el )- (4.22)

A calibrated white light (tungsten lamp) source was used to determine the tatisécs of the
upgraded ruby TS system using the above formulae (equations 4.14 jo Bh22ight source was
used to illuminate a Lambertian diffuser which was placed in front of the colledtios and the
noise was calculated by determining the variance of the signal over a langigen 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 4.1W)eatitkoretical per-
formance calculated using the above formulae with the parameters giveteisn 4aband 4.1. This
confirms that the upgraded system is operating as designed and the rafrdeé&zcted scattered
photons is similar to initial predictions. The analysis provided here showstbaecount for
the effects of the optical smoothing on the noise characteristics, which istampdo distinguish

between real structure in the &nd np profile and and those introduced by this smoothing.
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Figure 4.17: Theoretical and measured number of photons detected byptiraded ruby TS system. The
number of photons detected (diamond points) was determisied) the variance of the noise from a white-
light source. This compares well to the noise levels predifted 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 resudtelbtamed in the Septem-
ber of that year. In this thesis, the majority of experimental results usingfideethis upgraded
system are the NTM investigations in chapter 5. However, initial resultsdiagebeen used to test

the double pulse mode (section 4.6.1) and also to study pellet fuelling (sedi@. 4

4.6.1 Double pulse mode

The new double pulse mode on the ruby TS system provides two measurameatated by 230
us and thus provides more information about the evolution of and n. profile. In the previous
MAST experimental campaign, the system was only operated in this doubtemalie for a small
proportion of the experimental shots performed. However, those shwieat out confirmed that it
operates as planned in this mode. An example double pulse shot is showiréfi§i8 and shows

a good initial agreement between the two ruhyand n profiles generated and an equivalent
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Nd:YAG system profile. This confirms the feasibility of using the ruby systethéndouble pulse
mode and it is therefore expected to be used for a greater number ofrskiitsmode during the

next MAST experimental campaign.
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Figure 4.18: T, (plot A) and n. (plot B) profiles obtained using the double pulse mode on MARh plots
show good agreement between theahd n. profiles measured using the ruby TS and Nd:YAG systems.
Pulse 1 (black) on the ruby system was measured at 0.2998%ss, D (blue) at 0.30015 s, and the Nd:YAG
pulse (red) at 0.30000 s. In this specific example the seattsgpectrum between 0.4 and 0.5 m have been
removed. This is because helium had been injected into #aa to permit the radial electric field to
be determined using the Eceleste diagnostic and unfodlyniad to a high intensity Helium impurity line
affecting the background light emitted. The scattered tspecin this region was therefore unusable in this

case.

4.6.2 Pellet Injection

Particle transport in MAST is studied using pneumatically accelerated pekstséstion 2.1.3 in
chapter 2). Pellets with speeds between 260! < vpellet> 400ms~"! are injected at the top of
the machine, from the HFS, and are deposited betweed p,.; < 0.9, wherep,,; is the pellet

deposition radius in normalised flux. The ruby system can be triggereattfre pellet injector and
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the timing of this triggering adjusted to study different stages of the evolutiqreltét ablation.
The initial pellet injection and pellet ablation experimental results from theagagl ruby system
are presented here.

Experimental data from the previous ruby system [83] were used tatigastwo key param-
eters controlling the pellet fuelling efficiency, the pellet deposition radiagsthe pellet retention
time. Initial results from the upgraded ruby system agree with these findindsconfirm the
suitability of this new system for further pellet injection studies. Results fronupigeaded system
show that as an injected pellet evaporategmadually increases (figure 4.19C), whilstdecreases
simultaneously (figure 4.19B), making the pellet deposition process clobattodt exactly) adia-
batic. The pellet creates a positive density gradient and a region oasertdemperature gradient,
and simulations show these regions could increase the penetration of thénpelthe core of the
plasma. The pellet retention time is related to the edge transport barrier enediskes as the pellet

deposition radius moves toward the plasma edge.
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Figure 4.19: The T, and n, profiles before and after pellet injection. The dnd n are measured twice
before injection of a pellet (green, purple) and then twiteravards (red, black). The pre-pellet measure-
ments and the first post-pellet measurements are taken freiNd: YAG system. A. The n profile before
and after the pellet injection. B. The Tprofile before and after the pellet injection. C. The timiridgasers
with respect to the line integrated density measurement fiee interferometer.
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Prior to the ruby upgrade, the effect of magnetic field gradigi)drift on pellet fuelling [84]
was studiedVB causes pellet material deposited in a tokamak plasma to drift towards the lldw fie
side of the torus and plasma fuelling in ITER will rely on the beneficial etéttis drift to increase
the pellet deposition depth and fuelling efficiency. Interpretive analyslseauby data shows that
the drift results in a displacement of 0.1, in terms/gf, between the ablation and the deposition
profile; and this is in agreement with previous predictive modelling basedeoN&ST injection
geometry. The data from the upgraded ruby system obtained in the l&stregptal campaign are
currently being analysed and the results are expected to further caatigbour understanding of

pellet fuelling.

4.7 Conclusions

An upgraded TVTS system has been built that can resolve 200 poinighatdntrast along a 1.4
m chord, which is greater number of points than other TVTS systems. Taisden achieved by
optimising the resolution of the individual components in the design of the sydteiddition,
the scattered photons detected have been increased by a fast@®, afthich has reduced the. T
and n error compared to the previous system. This means the measurementer@or fnm
radial point is now< 4% of T, and < 3% for n. in the range of 40 eV to 2 keV ,for a density
of n, = 2 x 10 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 combirgftiocreased
resolution and decreased noise in the upgraded ruby system prdutegsT, and n, profile data
and this can be exploited to gain a greater understanding of the physicakges which influence
transport and stability on MAST plasmas. The collection lens, fibre bundtkdetection elements
of the upgraded system have been designed to be compatable with potgntialdpgrades to the
spectrometer and the laser, that could further increase optical throughg temporal resolution.
An additional improvement to the ruby system is the ability to measure two imagesepha
ration of 230us, which can be used to measure either twaiid n. profiles (double pulse mode)
or one T. and n profile and the background light. This was achieved using a fast framsféra
CCD camera lens coupled to an image intensifier with a fast P46 phosphar@ROD unit, pro-
grammed in VHDL, to control the triggering of both devices. Initial resultsrfithe new system
indicate that it works well in double pulse mode and that it can be used tdig@testhe temporal
variation of T, and n. profiles. The additional ability to measure ong a&nd n. profile with the
background plasma light will also be useful in situations where impuritiesragept in the MAST
vessel, such as plasma startup studies and impurity injections to study the dielckric
Measurements from the upgraded ruby TS system have been compateasséofrom the

Nd:YAG system and show good agreement in theiamd n, profiles. Comparing these two inde-
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pendent TS systems on MAST is a very useful approach to identify amoMesystematic errors in
both systems; and the good agreement seen indicates that both systearsestéycalibrated and
have low systematic errors. The new ruby TS system is currently beinbimstudies of NTMs,
pellet injections, H-mode pedestals, transport and also plasma start-epnespts. The ability
to trigger the upgraded system on NTMs and pellet injections, using the SMAdRyering unit,
means that more information about these events can be gathered compaeedrivious system.

Results using the upgraded system to investigate NTMs on MAST are pedserchapter 5.



Chapter 5

Neoclassical Tearing Modes on MAST

This chapter describes an investigation of the onset thresholds anglseedohysics of 2,1 NTMs
on MAST. Section 5.2 outlines NTM theory and includes a description of tidistag and desta-
bilising terms of the modified Rutherford equation (MRE), which determines Njftdvth and
onset. Experimental results are then presented. Each results sectisedon a particular stability
term of the MRE, investigated using MAST data, including magnetic measureietis island
width (section 5.3), TS measurements of the finite island width (section 5.4) raditfons of
the ion polarisation current (section 5.5). Finally, a new triggering systeMAST is described
(section 5.7.1).

5.1 Introduction

A neoclassical tearing mode [17] (NTM) is a beta-limiting instability which formsaamtional
surface inside a tokamak plasma (see details in section 5.2). Specifically, ntagmetic island
which has exceeded a threshold value, as typically occurs when ottadiiities (e.g. sawteeth or
ELMs) provide a seed island of a sufficient size. Once it has excdbgethreshold, the magnetic
seed island is driven to be unstable by a perturbed bootstrap currenls ldfe likely to be a
dominant performance-limiting instability on large tokamaks such as ITER, asdhelt in a large
drop in confinement and can potentially cause a disruption. Although maiy i&asurements
have been performed on different machines, there remains a largeedsfguncertainty about the
potential NTM thresholds on ITER. A greater understanding of NTM tause stability is therefore
needed for their effective control and avoidance on this machine.

The thresholds and evolution of NTMs are typically described using the MREEh contains
both stabilising and destabilising terms (see section 5.2.4). The MRE predietgalution of the
island width ¢v), which indicates the overall stability of an NTM in a given plasma. Typicallg, th

equation is used to model the contribution of each stability term in differerditons, in order

95
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that the results can be extrapolated to future devices. Magnetic meastsdakem at the edge of
the plasma can be used to infer the island width and can be used to measur@idthrevolution.
This permits a comparison with the NTM evolution predicted by the MRE and thusifsestability
term contributions to be estimated (during beta scans, see below). Sectamrnllh8s the magnetic
measurement results for MAST, where TORFLD [85] code has beahtas@mulate the magnetic
signals on this machine to provide an estimate of the island width. TORFLD caktiegdield
due to a number of current filaments at a specific location. In this caseutrentfilaments are
placed on a rational surface to represent the island.

The principal destabilising term of the MRE results from the bootstrap uchéve, which
occurs when the Tprofile is flattened within an island. The finite island width;§ determines
the size of the magnetic island at which this occursmBeasurements taken over one NTM period
allow the island structure to be fitted to a heat transport model [86] and finGenw, can be
determined. Further to the upgrade of the ruby and Nd:YAG TS systems, thsuneenent ofy, is
now possible using TS data from MAST (see section 5.4). A comparisoredf$hmeasurements
of wg can also be made to the simple approximations typically used to detetgjrie 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 f@riokéning the
onset threshold of NTMs. A large amount of uncertainty exists in terms ethen this term is
stabilising or destabilising. The magnitude and direction of the island rotatigudrey in the
rest frame determines whether the ion polarisation current is stabilisingstatdlésing and also
indicates the size of its contribution. This rotation frequency can be detettragieg a combina-
tion of charge exchange measurements (CXRS) of the ion velocity and t&imgeand magnetic
measurements of the island rotation frequency in the lab frame. In this chitwgteize of the ion
polarisation term on MAST has been estimated using this approach. Thishaeniously been
carried out and previous magnetic measurements were unable to distingucsimttibutions from
the ion polarisation and, terms.

Assessing the relative contribution of each stability term to the MRE is importamiderstand
the influences on NTM stability and make predictions for NTM thresholdsufiuré devices. Beta
scans, where beta poloidai,) is reduced, can be a useful means to estimate these relative contribu-
tions by exploiting the relationship between each stability term@&nd his approach which avoids
the uncertainties in the size of the NTM triggers, has previously been nssedumber of tokamaks
to study the evolution of NTMs, including the study of 3,2 NTM evolution on MABT]. Beta
scan results for 2,1 NTMs on MAST, using the above stability term and magneasurements,
are discussed in section 5.6.

Finally, an FPGA-triggering system that has been developed to triggerA8IM S systems in
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real-time, on different amplitudes and phases of NTMs. This system vilaénborder to increase

the number ofv; measurements and beta scans possible and is described at the end @fitas ch

5.2 NTM Theory

The basic principles which underlie the formation of magnetic islands and geaiodes are out-
lined in this section, followed by an introduction to classical and neocladsiaahg modes. The

MRE is then described in detail and its important stability terms are discussed.

5.2.1 Resistive magnetohydrodynamics and magnetic recoaction

A plasma may be modelled as a single, neutral, conducting fluid whose motion enicéldi by an
external magnetic field and magnetohydrodynamic (MHD) theory desdtiteesThe MHD model

consists of Maxwell's equations of electromagnetism,

. 9B
VXFE=—— 51
V x B = polJ, (5.2)
V-B=0, (5.3)
(5.4)
the mass equation,
dp
palt L= 5.5
the equation of momentum,
dv - =
— = B — 5.6
P =Jx Vp, (5.6)
Ohm’s law,
E+4+UxB=0 forideal MHD, (5.7)
E+ 7 x B =nJ forresistive MHD, (5.8)

and finally, an energy equation,

d (p\ _
1(2) 20 -

Complete derivations and mathematical descriptions of this theory can be ifoariarge number
of physics textbooks (for example [6]).
The link between the electric field and the other variables in MHD can be exdmgieg the

generalised Ohm’s equation (equation 5.8). In ideal MHD, electrons inlféisena are assumed to



Chapter 5. NTMs on MAST 98

be so mobile that it can be treated as a perfectly conducting fluig (). This is a reasonable
assumption for most of applications of MHD on tokamaks, as the resistivitgreftokamak plas-
mas is very low. However, resistivity can become important over small regind can result in a
number of instabilities, including tearing modes.

Taking the curl of equation 5.8 gives an equation which describes ttatiewoof the magnetic
field:

B
%sz(va)—Vx(anB) (5.10)

The first term on the right hand side of this equation describes the varitibie magnetic field
moving with the plasma, due to its convection. The second term representartagon of the
magnetic field due to diffusion, as driven by gradients. The size of thasiifi coefficient in
this term is given byui0 (in equation 5.11). For a perfectly conducting, ideal plasma 0), the
magnetic flux on any surface moving with the plasma would remain constant. Dhisl ymean
that the magnetic flux would effectively be ‘frozen’ into the fluid and movenglwith it. This
frozen-in condition of ideal MHD theory is the basis of the topology-coriag evolution of the
real system. However, as noted above, resistivity can become importastgiobal dynamics and
break the frozen-in condition. In the case of uniform finjténe evolution of the magnetic field can

be rewritten as:

9o _ % B)+ Lv2p
or =V x (Fx B)+ VB (5.11)

Equation 5.11 is fundamental for defining the magnetic behaviour in resigti¥® and it
can be used to determine the magnetic figld if the fluid velocity (v) is known. The magnetic
Reynolds numberR,,,) is given by the ratio between the first and second terms of the right-hand

side of equation 5.11, specifically:

Vx(@xB) . _ Ll

5.12
V2B ” (5.12)

whereVy andLg 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 negliditidetrue in most
regions of hot tokamak plasmas and therefore ideal MHD can be applietstoilde the magnetic
field evolution. However, an exception to this rule occurs when the length §¢) is very small.
This causes botR,,, < 1 and the second term of 5.11 to become important and thus resistive effects
significantly influence magnetic field evolution and topology. Hence, in nelagers, where the
plasma is subject to particular resonant conditions, the magnetic field evattisinbe described
by the full induction equation to account for the role of the resistivity, wiidaks and reconnects

the magnetic field lines.
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Figure 5.1: Magnetic field lines in the vicinity of the rational surfack. Lines shown in a slab geometry.
The direction of the perturbed field changes with respeché¢orational surface in the, plane. B. Lines
shown in a realistic tokamak case. The magnetic field linge balifferent pitch with respect to the rational
q surface §;).

5.2.2 Tearing modes

The breaking and reconnection of magnetic field lines due to the effectsistivity leads to the
formation of magnetic islands. This occurs on rational magnetic surfacesevehperturbation is
resonant. It is convenient to describe the magnetic field geometry in termsaufr8inates [18],
the radial variabler(), the poloidal anglef) and the new helical angl€). ( is directed along a
line perpendicular to that connecting the island x points and can be writtenms tdrthe toroidal

(#) and poloidal ¢) angles:

(=6-9¢—. (5.13)

wherem is the poloidal mode number andis the toroidal mode number. The equilibrium field

(Byp) (see figure 5.1) and flux/) close to the resonant magnetic surface can then be written as:

T=r—r, (5.14)
Bo = By(1 — qi) (5.15)
/
By = (ngx> (Taylor expansion of equation 5.15) (5.16)
q
1.4 ,
Py = w()(?"s) + ingx (5.17)

wherer; is the position of the resonant surfae, ¢ is the safety factor and denotes the distance
from the surface.
The magnetic island is generated by a perturbed current along the fielevhiah is taken to

have a sinusoidal form. The perturbations of the tearing mode magnetic figldad magnetic



Chapter 5. NTMs on MAST 100

A B
x @ /ﬁm
m

Figure 5.2: The formation of magnetic islands as a result of magneti@gmeection occurring in the thin layer

centred on the rational surface. A. The equilibrium fielddpefreconnection occurs. B. The equilibrium and
perturbed flux surfaces resulting in a magnetic island.

flux (1), on the rational surface, are given by:
B, = B,Sin(m() (5.18)
Y = 1 Cos(m() (5.19)

The superposition of the equilibrium and the perturbed magnetic field ordhwdts in a mag-
netic island and this is centred on a given resonant surface (figureh}irection of the magnetic

field lines on this surface is given by: )
ldx B,
T 2
rsd( By (5-20)
To find the field line traces which describe the magnetic island geometry, eq&a®0 must be

integrated fromy = 0 to mm:

1o rsf;’r
d(§x ) = mBe d(1 — cos(m()), (5.21)
and the resulting equations are:
R %wQ(l — cos(m()) (5.22)
| rqB.
w= 1y (5.23)
N
w=14 s (5.24)

wherew is the width of the magnetic island. The sizewfs dependent on the magnitude of the
local magnetic shear and is also proportional to the square root of thestiagarturbation.
5.2.3 The Rutherford equation and classical tearing modes

The evolution of a magnetic island is governed by the perturbed helicardarin the rational

surface where it forms. Generally, to describe the dynamics of a tearidg mdhe plasma, it is
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sufficient to apply Ohm’s and Ampere’s laws to the perturbed flux functigh#long the magnetic
field lines [18]:

A = 2u0 / dxj{dCJ cos C. (5.25)

This island evolution equation tells us how much current is flowing in the islandddes not
directly describe how the island evolves in time. This evolution can only beaidleddf the mech-
anisms responsible for the perturbed parallel currépjtdre specified.

In the case of classical tearing modes, only the contribution of the Ohmiertwtetermines
the evolution of the island. This meads = jon,,» and in this case, equation 5.25 reduces to the

classical Rutherford equation for island evolution:

TR dw /
L AW 5.26
HoT s
= .27
7 T22nc, (5.27)

wherery is the resistive time angly¢ is the neoclassical resistivity. In equation 5.27, a positive
A’ indicates that the island is growing. HoweVaY, is usually considered independentwfand
this means that the Rutherford equation predicts unstable islands to gronesially.

The classical stability of magnetic islands is determined by the equilibrium toroudegnt
profile. The value of\" is dependent on the plasma equilibrium and has to be evaluated by matching
the ideal MHD solution forpy, for the regiord < r < rg + % to the solution for, — % <r<
oo. This evaluation method causes a discontinuity%fh at the rational surface. In cylindrical
geometry, the perturbed flux)() is calculated using the tearing mode equation [88]:

2 1dpy [m? dj /dr B
v (2t e e 1= (528)

This equation can be solved numerically for a given radial profile ofectirdensity, safety factor

and poloidal magnetic field as shown in figure 5.3.

5.2.4 Neoclassical tearing modes and the modified Rutherfdrequation

In addition to the the Ohmic current, there are a number of currents whidhbute to the per-
turbed parallel currentfj) on tokamaks, influencing island stability and growth. These include the
bootstrap currentjf), the current generated by the tokamak curvatyyg) @nd the polarization
current (,,,;). Tearing modes which are driven by all of these currents are egféoras NTMs.

If the effects of these currents are included in the classical Ruthegfpudtion, we obtain the

modified Rutherford equation (MRE) which more accurately describes/thietn of an island:

d
RO _ rsA'(w) + 1sApg + s Ay + 5B (5.29)
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Figure 5.3: A. The classical tearing stability evaluated in cylindfigaometry. B. The input current density
(J) and poloidal field profilesi®,) used to calculated the classical tearing stability in &ndylcal geometry.

Each of theA’ terms in this equation are used to describe how each additional currentsaff
the evolution of an island. The origin of each of these current terms amdctdeulations will
now be discussed in more detail. Although not considered here, additiarraints can also be
externally injected by the electron cyclotron current drive (ECCD) toiliakisland growth and
can be included in the MRE.

5.2.4.1 Bootstrap drive

The effects of the bootstrap current were predicted and modelled tioadlyein a number of papers
in the early 1970s [15]. This current is proportional to the presswadignt and when a magnetic
island forms, rapid parallel transport causes pressure flatteningsattre magnetic island. This
leads to a reduction in the pressure-driven bootstrap current andnpiratuincrease in island size.
An initial modified form of the Rutherford equation was developed to includeeffects of both

the bootstrap and Ohmic currents:

/ L
A _ Ny a2labe (5.30)

E% L, w
NTMs were first observed experimentally in 1995 on TFTR supersh@jsgBd were found to
be triggered from seed islands that are generated from other MHD iiitedalkie.g. ELMs or
sawteeth). Only seed islands greater than a threshold island width aetotigger NTMs and
this threshold level can be explained by the degree of flattening of theyseeprofiles, which
influence the bootstrap drive, for a given NTM.
Fitzpatrick ([86]) predicted a critical island width below which an island waoshdink and

disappear. This effect is a result of the large connection length adjacamational surface and the
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stagnation of the magnetic field lines in the vicinity of the island separaftiandn., and hence,,
can be assumed to be flux functions when the transport from one locatimotioer is dominated
by parallel transport. However, both the large connection length closeatitoaal surface and the
field line stagnation near the island separatrix mean that the parallel distamoecting a radial
point can become orders of magnitude greater than the perpendicularcdistéhe parallel and
perpendicular transport channels can compete in these conditions, naaiiadient parallel to the
flux surfaces possible.

The equilibration ofl, 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 Ajipén In solving this
equation, a critical island width can be found, below which the parallelp@ahsannot guarantee
thatT, is a flux surface quantity. The result of this heat transport calculatiofing@island width
(wq), which forms part of the bootstrap contribution to the MRE equatigplimits the bootstrap
contribution to MRE for small island widths and as a result larger triggesatgr than thev,
threshold) are needed for NTMs to occur.

The majority of the bootstrap current (70-90%) results from the electresspre gradient and
the remainder results from the ion pressure gradient. The ion bootsivapisialso affected by
particles which drift inside the banana orbits and these increase the bhpatsirent inside an
island [90]. This effect is significant when the island width is greater thab#mana widthy;, ; =
V/(€)pp, Wherep,, = % is the poloidal Larmor radius.

A more accurate calculation of the bootstrap term, than given by equation$&&ked on the
Sauter approximation for the bootstrap current [91] and is used forethainder of this chapter.

This is given by:

AIBS — Ts/Bpabs ( fbsew + (1 - fbse)w> ’ (531)

w? + w?l w2 + wii
where f;. is the trapped particle fraction; ; = v/28w;,; and thea;s coefficient is given by:

Ly

—_— 5.32
= (5.32)

aps = a(—Lyps)
whereL, = ¢/¢' andL, = p/p’ are the pressure and safety factor gradient scale lengths respec-
tively, Ly, is the bootstrap current scale length (defined in detail by Sauter et g). d8d.a- is
a coefficient used to scale these quantities in equation ;323 2; as derived from large aspect
ratio results).
wy IS the principal stabilising term in the calculation of the bootstrap contribution tadsla
stability. In the case of MAST, the ion contribution to the bootstrap curreotisd to be negligible

because of the high bootstrap fractigi,().
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5.2.4.2 Tokamak curvature

A tearing mode island in a toroidal plasma, with finite plasma pressure, benfilsithaes in such
a way as to increase the magnetic energy. The curvature has the éfiecteasing the plasma
stability against the tearing mode [92]. This is described by the Glassen Gobason curvature
term:

Ay = roBy——atSl (5.33)

\Jw? + 0.2w?

The stabilising effect of this curvature term is reduced at small island widthsuggested by
Lutjens et al. [93]. The size of this modification is given in terms of the finite éhardth. The
acay term is related to the resistive interchange paraméigy &nd is given by:

Dp e L, < 1>
agay =6—~ ~6——L (1— = |. (5.34)
/Bp S _Lp q2

The stabilising effect oA, comes from the negative sign bfz. D scales ag ~= el/%‘p
and thus introduces asi/2 (¢ being the inverse aspect ratio) dependence, relative to the bootstrap
drive. The bootstrap drive itself scaIeSeé/szﬁp and hence, in low aspect ratio plasmas, e ;

andA’; 4 terms become comparable and in this description make STs less susceptible $0 NTM

5.2.4.3 Polarisation current

A magnetic island inside a tokamak will rotate at a characteristic frequenan (he rest frame of
the plasma flow. Electrons respond to this moving island faster than ions, védsahs in a per-
pendicular currentf,,). Jp is not divergence-free and thus a parallel current, the ion polarisation
current {Jy), is induced to conserv€.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 nandnoeess and
particle responses are dependent on the relative sizeamnd the diamagnetic frequenay;(). The

ion diamagnetic frequency for a tokamak is given by:

Wig _ mB¢ (TZ/LW) . nBy (TZ/Lp%) (5 35)
2r  27mr B2 2rR B2 ’

The ion polarisation current can be either stabilising or destabilising, deean the relative

sizes ofw andw;;. In the MRE, the contribution of this current to island stability is described by:

w

(5.36)

A = 75 Bpapol
pol ppo w4+w§i

A, is expected to contribute to NTM stability when the island width is of the order ofathe

banana width ;) and hence, the additional*-— term has been added to equation 5.36 to
b,i
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restrict its influence below the ion banana width. Thg coefficient is given by:

2
Apol = 03 <_L£ ) wi; f(w)g(e, vh) (5.37)
P

InA Z4etn,
2 p
12e27w3/2 mg/Q(kBTi)‘;/?

onw, wherew is the island propagation frequency in the frame of the plasma flow. The coéisio

wherev;; =

is the ion collision frequency arfdw) describes the dependence

dependencey(e, v/};)) of a, is given by:
g€, vig) = {2;61461/2 U:’/’g/:ij (5.38)

The collision frequency regime of the plasma is defined byuthgw term Theg(e, v4;) term

has a value of .64¢!/2 in the collisional regime [94] and ™! in the collisionless regime [95].

5.3 Magnetic measurements of NTM widths

Magnetic island evolution is typically described in terms of the radial island wid}ad this can
be calculated from magnetic coil measurements. In this section such calcsilat®presented,
using magnetic measurements taken on MAST during the last experimentaligamfizese esti-
mates ofw have also been used as a comparison to the island evolution predicted bREhéals!

described in section 5.6). MAST is equipped with a large number of Mirnds,ashich are lo-
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Figure 5.4: Comparison of the real (A) and simulated (B) measurements of the perturbed magnetic field
amplitude on the vertical Mirnov array. Data is from a singf®t on MAST. This shows a good agreement
between the TORFLD simulations aftf measurements.

cated at the inboard and outboard of the vessel and these sensousarba®scillating perturbed
magnetic field in the vertical plané3() that results from a rotating magnetic island. We have seen

(equation 5.24) thaw is related to the perturbed radial magnetic fieltj Y at the rational surface,
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but this cannot be measured directly. Therefore, in order to calculdtem magnetic measure-
ments, theB, at the rational surface must be determined from Fheat the edge of the MAST

plasma. The cylindrical approximation is frequently used to calculate the redhip between

m+1l 5
B, = b %, (5.39)
r 2

these terms and is given by:

whereb is the distance between the rational surface and the magnetic sensariaige poloidal

mode number.
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Figure 5.5: Puncture plots of magnetic island structures resultinmpfeorrent filament models, determined
using field line tracing. The figure on the right is the poldidass-section of the MAST vessel taken at a
toroidal angle ofp = 90°. Puncture plots of islands at the outboard (A) and inboajdides of the tokamak
are plotted as a function of the toroidal angle. The size oféslands is determined by the amplitude of the
Mirnov signal at the mid-planeq = 0). The island on the outboard side is narrower, as predictee to

flux expansion.

TORFLD code was used to determifie at the rational surface from8, on the coils. This was

carried out by first using equilibrium code EFIT [40] to calculate the equilih magnetic field
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and using TORFLD to place a sheet current perturbation, which repiethe island, on a given
rational surface. This perturbation has a toroidally sinusoidal cuvammtion and is represented
by a number of helical current filaments (typically 40) which are distributesly around a given
rational surface. The currents in these filaments flow along the magnetidifietdand do not
produce any charge accumulation (divergence-free).

In TORFLD, the size of the current perturbation in the filaments was adjastdtht the ampli-
tude of the simulated3. was equal to the measuré} on the centre column Mirnov array (Figure
5.4). Once a good match between these quantities was found, taethe rational surface could
be measured in TORFLD.

Another approach to determine the size of a given island is to perform fieldrbing of the
EFIT equilibrium combined with the sheet current perturbation that repteghe island. Both
approaches to determinewere 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 esjingtion 5.24 where
B, had been calculated using TORFLD.

5

W (€cm)

Nd:Yag ¢ |-
Ruby TS < |-

10 15

w__._(cm)

mag

Figure 5.6: Comparison of the 2,1 island widths determined using TOREbBe (v.,..,) and using fits of
the MAST TS data®rs). Each data point represents one island and both ruby (redNdriYAG (black)

TS data have been used in this comparison.The error barsedddtYAG measurements are smaller than
those of the ruby TS system measurements, as the width caons&ained 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 ginetinasti-

mates ofw and the width inferred from the TS system is now possible. However, umdgnetic
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measurements, TS measurements can only be taken a small number of timeghdustagnds evo-
lution. The TS approach uses a model to fit the island width from thedasurements (this model
is discussed in detail in section 5.4). A good agreement was found bethweenagnetic island
widths and the TS island widths, within the error bars of the measurementsgfdl). TThese

measurements were taken from similar MAST discharges.

5.4 Heattransport across a magnetic island and estimation of the crit-

ical island width

Here, the finite island width termu) of the MRE is determined using MAST TS data. Thisis done
by fitting the flattening of the Iprofile, measured using TS, to a heat transport model developed in
collaboration with University of York [96, 97]. The results are then usddvestigate the influence

of thew, term on NTM thresholds and evolution. In addition, the measurghas been compared

to approximations typically used far; in order to examine their validity using MAST data.

5.4.1 TS measurements afy,;

Heat transport across a magnetic island occurs via a boundary layeres on the island separa-
trix. In this boundary layer, parallel gradients ip are possible. The width of the boundary layer
is the largest at the x-point and is approximately equal to the critical islanith wédm ¢v.). This

term is important for the solution of the heat transport equation and is dedsie

4 TRor
we = \/§<’“> (| s (5.40)
X|| Lgn

whereRj is the major radiusL; is the local magnetic shear anglis the value of the minor radius

coordinate. This parameter is related to theparameter, where; = 5.1w,. [86]. The width of
the boundary layer at the o-pointds w?/w. The effect of an island greater than is to flatten
the T, profile inside the boundary region. The boundary layer is associateccwitied regions
in the T, profile and these regions are dependent on the size.oThe boundary region matches
the flat region inside the island and the gradienotitside the island. This relationship was first
demonstrated by Fitzpatrick [86] and contributes to the triggering threshsdreed in NTMs.
The effect of different values ab. on the contour of Tis shown in figure 5.8. It can be observed
that as the size ab. increases, the width of the boundary layer also increases.

Fitzpatrick investigated the temperature profiles around a magnetic island aisliffysive
model for the heat transport [86]. In the absence of heat sourcasks, the heat transport that

occurs parallel and perpendicular to the magnetic field lines is given by:

X\VIT+x1ViT =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 of)./w are considered, 0.01 (black lines) 0.25 (red) and 0.5 (bld&e
magnetic island is symmetric around the it's central rag@gition and ther/w scale in this picture goes
from the center to 4 island widths. HETg (eV) is the NTM contribution to the temperature, relativehat

at the island centre. The boundary conditions of the modet baen carefully determined to ensure that the
electron temperature gradient far from the island can belmealtto the real experimental gradient.

wherey  andy , are thermal diffusivities parallel and perpendicular, respectivelygdi¢id lines.
The perpendicular heat transport across field lines is a result of stalditsirbulence. The parallel
heat transport is the product of the electron mean free path and theolecttisionality and is
typically orders of magnitude greater than the perpendicular [98].

We can obtain (see Appendix A) a partial differential equation ghithich describes the dif-
fusive transport in the heat transport model:

2
0 1. 0 w? 0°T

this equation can be reduced to a 1D problem by expredsiaga Fourier series:

N
T(X,() =) Tu(X)cosng (5.43)
n=0
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and this solution can be substituted into equation 5.42, then multipliedddy (integerk) and

integrated ove%r J7_ ... d¢ to produce an equation of the form:

N
d*T, aT,

E Agpn——— + Bpp—— T| = 44

I: KndX2 + kndX +Ckn 0 (5 )

n=0
Equation 5.44 is ariV + 1 coupled differential equation for the different Fourier mode am-

plitudes, whereAy,,, By, andCy, are matrices which are functions bf n, w. andz. A finite

difference scheme is used to determine a numerical solution to this equatienfalhderivation

of this scheme is included in Appendix A. The solution of this equation (figufgis the Fourier

solution to the the heat transport equation (equation 5.41). The full 2Bi@okan 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 heahsport equation. The effect of
differentw. /w ratios (0.125, 0.25,0.5) on perturbgd (7. - T, (island centre)) contours are shown. As the
w, parameter is increased, the boundary layer centred onl#raliseparatrix also increases. The x-points
are located af = 0 and Zr and the o-point is located at= .

A solution to the heat transport equation (equation 5.41) can be fitted to tI&IM/& data, in
order to determine both the island width)(and the critical island width{.). Data has been taken
from the HFS because the flux expansion and geometry of TS systems gilestsr resolution in
this region than at the LFS. On the outboard side displacements of the ratiofades occuring
during the NTM rotation period complicates the analysis of islands in this redton.the ruby
TS system, the Fitzpatrick model was first convolved with the instrument funresenting the
spatial smoothing as described in section 4.4.6, Chapter 4). In contrastrtaddhh pedestal model
discussed in section 3.3.5 the dnd n, gradient in the vicinity of the NTM are relativity small so
the additional effects of spectral smoothing need not have been cetsidexamples of such fits to
the HFS TS data from both ruby and Nd:YAG are shown in figure 5.9. A ggodement is found
between the experimental ruby and Nd:YAGprofiles and the heat transport model (figure 5.9).
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However, the error bars resulting from fitting the experimental data areafjjplarge for both the
island width and critical width. In the case of a single ruby TS measurementithmum of the
x? space can be broad with a number of possible local minima. This can bestowtbas multiple
solutions of the Fitzpatrick equation that match the experimental data. Thasecreiumber of
measurements possible using the Nd:YAG system results in a better defimeigimum in most
cases, although large error bars still occur on the measured paranigters also exists a large
correlation between the width and the critical width parameters, which caeemess the contours
figures 5.9C and D. This correlation could be exploited to constrain the tiglaad 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 (s86224) T. data to the heat
transport model, in the presence of a large NTM. A. Ruby T& ¢lalick line) and the heat transport model
fit (red line). Data is taken at the island o-point. B. Nd:YA&al (colors on contour), from 8 lasers operated
in burst mode, fitted to the heat transport model (lines oraroi Island structure measured from x-point
to x-point. C.x? contours for the ruby fit, as a function efandw.. D. x? contours for the Nd:YAG fit, also
as a function ofv andw,.. For C and D, values and error bars for battandw, are shown as white lines.
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During the last experimental campaign, TS measurements were taken framtbéhruby or
Nd:YAG TS systems and the above approach was used to determine 20 emeaisisrof both the
andw, terms. The results are shown in figure 5.10. The value a6 shown to vary significantly
between the individual shots. Each shot in figure 5.10 has similar valudsetb,, Ry andr, terms
of equation 5.40 and this indicates that the variations observed fare related to{XL/X”)l/‘l.
The size of this variation is more than the expected typical variation of thparameter alone as
thew, parameter is dependent on quarter power on this parameter requiriagleamges iry | to

explain the observed, variation.

5.4.2 Comparison ofwy from TS measurements and approximations

In order to compare the value af; from TS measurements to the; approximations typically
employed in NTM studies (where measurements are not possible), a nuhaierent estimates
for both x ;. andy/ can be substituted into equation 5.40. This gives an estimate fof he first

estimate ofy | assumes a Gyro-Bohm scaling for the heat transport [95]. When susmgion is

made, therny, should scale as:

2 .
XL = B (5.45)

r

which givesy , values in the order of 100 #fs. The second estimate takgs values that have
been measured using TRANSP [99] for H-mode plasmas on MAST. Tladgesvare in the order
of 10 /s, where the electron heat transport can approach neoclassiczs yad ni/s). Figure
5.10 shows example values®f; calculated using these methods to estimate

The Spitzer conductivity [98] is typically used as an estimatg efwhich is thus given by:

X|| = UTHAe

5/2
T
:225x1m0<7§;), (5.46)

wherevry is the thermal velocity and. is the electron mean free path.(= vy /ve, Wwherev,

is the electron collisionality). This definition assumes that the measurementstheecollisional
regime, where the electron mean free path is short compared to the parajertgure gradient
(L)) If this is not the case, a conductivity ®f ..,, has been proposed by Meskat et al. [27], where

a correction is applied to the Spitzer conductivity, as given by:

1
X||,con = X X|| (5.47)
1+ (3.167)?

In the above correction, the, is approximated by the field line connection lendthwhich
can be determined fromy( %). In the case of the 2,1 modes on MAST &p of (20-40 m)

is found, with a)\. 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 thg parameter. The error bars on the ruby TS mea-
surements are typically greater than the Nd:YAG measur&snas only a single ruby TS measurement is
possible, compared to the eight possible using the Nd:YASesy. The value ofu, is estimated using
Gyro-Bohm scaling and typical TRANSP values for thein H-mode MAST plasma. The other parame-
ters in equation 5.40 are calculated using EFIT and are fowtdo vary significantly between shots. The
conditions of the NTM evolution are therefore similar foistsubset of MAST discharges.

determiningy for these modes on MAST. For these modes,., is found to be a factor of 3
greater thary calculated using equation 5.46. Usigg.., thus increases the size of the estimated
wq by ~ 3174 ~ 1.3.

The upgraded TS system has allowed measurements @r the first time on MAST. These
wg Measurements are, on average, slightly lower thapredicted from TRANSP measurements
x.1- A potential cause of this discrepancy is that the heat transport model isdinfiitdhe model
were extended to include a heat source term or to allow for asymmetric istatidssolutions this
may resolve the discrepancy. However, further measurements arednigeithivestigate the exact

cause of this discrepancy and the new triggering system describediongg@ 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 orSMAor a number of

shots and the size of the ion polarisation contribution to the MRE estimated. Aedétiesection

5.2.4.3, the contribution of the ion polarisation curreﬁg((l) 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. Thisiéregy term determines
whether they(e, v;;, w) terminA’ ), and thusA] , itself, is stabilising or destabilising in the MRE.
It also influences the size of th) , contribution to the island stabilityy(e, v;;, w) is a function
of the island rotation frequency, normalised by the ion diamagnetic fregueng and the ion
collisionality. The island rotation frequency)is given by( fiirnov — fE,=0)/27, Wheref irnov

is the measured frequency in the lab frame (determined from the Mirnov emitsfr g is the
frequency of the frame in whick, = 0. Thus the frequency of the moderidimes the frequency

which would transforn¥, to zero:

nk,
— 5.48
U 21 RBy (5.48)
*TLUW‘ nvgj(B(b/Bg) ’)”vaj
— 5.49
2R + 2tR + 2rZ;in;RBy’ ( )

where the radial electric fields,) is calculated using th€'s species [100]. This is the frequency
of the mode for rigid rotation with the plasma fluid (ice.= 0).

NCLASS code [43] is used to determidg. for shots on MAST. This code is constrained by
measurements of th€;~ temperature, density and rotation velocity which were determined from
CXRS measurements. It was found that the toroidal rotatigy) (s the principal contributing term
to the £, on MAST (figure 5.11). In contrast, the poloidal rotatiap,) is shown to be negligible
on this machine [30] and can thus be neglected. The contribution of the di@tagerm is also
small in most cases (figure 5.11).Similar results for the contribution of the tdrpaloidal and
diamagnetic term to th&, has been found on NSTX [101].

When islands are larges(> wg), fmirnov 1S Observed to approaghy, —o in MAST data (figure
5.12) and this indicates that the ion polarisation term tends towards zero éncdregitions. When
the island size is smallet( ~< wy), for the discharges considered here,it is found to rotate in the
electron diamagnetic direction. Island rotation in this direction is predicted tit ias stabilising
contribution from the ion polarisation term [102]. The rotation direction lisgar MAST agrees
with those from Asdex [103], Textor[104] and NSTX [101]. Howewvessults from DIII-D [100]
and TCV [105] have shown NTM rotation in the ion diamagnetic direction oretheschines.

Having determined from the above measurements and having calculatbe size ofy (¢, v;;, w)
was calculated using a drift kinetic model [102] and givertliy;;, w) whereG (v, w) = asg(€, vi;, w).
NTMs studied on MAST are typically in a collisional regimed(v;;/w) < —4) and also have a
normalised ion rotation frequency), given by a g) value between -0.4 and -0.2 when the island
size is in the vicinity of a banana island width. Using these values, the drifti&imedel [102]
estimates the size @¥(v;;, w) to be~ 0.05-0.1 for 2,1 studies on MAST (figure 5.13). Using the
estimate folG(v;;, w), the size of theﬁ;ml 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 désed in section
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Figure 5.11: The radial electric fieldf,.) calculated from the CXRS measurements. This shows theicont
bution ofv,; (black),vy; (red) and the diamagnetic term (blue)fp for an example shot on MAST.
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Figure 5.12: The evolution of the island rotation frequency at the onfet 8,1 NTM for shot 25224 on
MAST. The NTM rotates in the electron diamagnetic directaronset. As the pressure gradient flattens,
FLirnov (black line) approachegrs,—q (red line) and the island rotation frequency, plue line) initially
rotates in the negative (electron diamagnetic) directiorn,— O with increasing island size. All frequency
terms shown are normalised by the ion diamagnetic frequéhgy= w;;/27). The width at which the

Fg,.—o terms goes to zero is postulated to be the finite island width.
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Figure 5.13: The size of the7(v;;,w) as a function of ion collisionality.(;),w, at a fixede based on drift
kinetic modelling. For a fixed, g(e, v;;,w) is given byG(v;;, w). The value ofG(v;;,w) is shown to be

lower for smaller values ab and increase withy;; /w.

5.6.

There is still a high level of uncertainty about which physics mechanismswiethe rotation
frequency of MHD instabilities [106]. In the case of 2,1 NTMs on MAST,ekielution of the island
frequency may be dependent on the electron diamagnetic frequegcy’t the onset of an NTM
w typically starts from a frequency in the direction, but as the island grows it tends towards zero.
w, is related to the evolution of the electron pressure gradient, which is deddnhthe Fitzpatrick
transport model (see section 5.4). To investigate this relationship futtteemean flattening of a
normalised pressure gradient was calculated using the Fitzpatrick modekediits show that the
pressure gradient tends towards zerawass approached (figure 5.14) and this suggests thaisf
dependent o, thenw — 0 whenw — wy.

The time at whichv — 0 has been calculated from CXRS measurements. In addition, the
evolution of the magnetic island width from magnetic measurements was interpatdlesi time,
in order to calculate the width at which— 0, which is given byw, ,,,44. This width was compared
to thew, determined by TS ;) and, as shown in figure 5.15, a good agreement is found between
Wa,mag @Ndwg ¢, for a number of shots. This agreement indicatesthiatdependent ow.. If w is
dependent oo, the size of thav, can influence they which will in turn effect the size of the ion

polarisation contribution to the island stability, coupling the effect of thesdlisgabrms.
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Figure 5.14: The change in the average normalised electron pressureegrédp. /dr), determined using
the Fitzpatrick model for heat transport, as a functiomgiv.. Each curve shows a different value foy,
and the position ofv, is indicated by a vertical black line. For most valueswf dp. /dr tends towards zero

whenw /w, is approximately equal to 5.1 ar = wg, with an exception where.. is very small.
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Figure 5.15: Comparison of the width at which the island frequency eqtred<CXRS rotation frequency of
the g=2 surface to the; measured by TS. If the width that the island rotation fregyesquals that of the
wq then the rotation in the,. direction may have resulted from the electron pressurdegmaednd disappears

when the pressure gradient is flattened at
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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 amdl#tive impor-

tance of the different MRE stability terms, are described.

5.6.1 Betascans

Changing beta poloidal3;) 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:

duw = Is |:7"sAl + Tsﬁp <abs ( fbscw + (1 — fbsc)w)

dt TR w2 +wl w? 4w}
aga.y w
N g2 || (5.50)
A /’u)2 + 02103 w® + wd7pol

where as,discussed previously, is the bootstrap ternuc s is the tokamak curvature terma,,,

is the ion polarisation termyy, 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.Beteveach of these
stability terms have been discussed fully.

In beta scan experiments, the beta poloidg) {s reduced after an NTM is triggered and reaches
its saturated island width. Once this occurs, there is a back transition of gragpta L mode and
the island width {v) immediately decreases until a point of marginal stability is reached, where the
NTM shrinks away rapidly. On MASTB, 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 tistdmastimated
from previous shots.

B, measurements made during the beta scan are used in conjunction with estimies of
MRE stability terms, in order to reconstruct the evolution of the island widtly £z). This is
carried out by taking an initial value of the island width from an initial magneticsueament and
then integrating equation 5.50 over the time of the beta scan. The estimatesugf, thes; and
apo, terms used for this reconstruction are taken before the onset of the dIMndagc; are
calculated using CHEASE code, which uses an EFIT equilibrium that igreamsd with TS and
CXRS measurements (see section 5.2.4), whjlgis calculated using CXRS measurements (see
section 5.5)awy is calculated from TS measurements (see section 5.4) taken at a time close to the
saturated island widthu(,,;) and finally,A" is estimated fromays — aga)/wsae- As discussed in
section 5.4 TS measurements at large island widtha {,;) can be used to infan,.

A comparison ofwrrr to the evolution of the island width measured by magnetigs,()
can provide information about both the validity of the stability terms used in the lsliiREtheir

influence on island stability. Magnetic measurements @ire performed continuously during the
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island evolution in order to determine,,,,. A least squared fit is performed betweep,,, and
wyprE, allowing the MRE terms to vary as free parameters, with the predicted stabifitg taken

as the initial guess. The,;rr are assumed to remain constant over the island evolution.

Stability 24082 24082 24082 24622 24622 24622
term (predicted) (apor = 0) | (predicted) (apor = 0)
Qbs 4.32 4.70 4.18 4.30 4.27 4.09
accy -3.11 -2.38 -2.00 -2.95 -3.00 -3.00
A -3.00 -3.42 -3.00 -3.00 -2.70 -2.45
Tr(MS) 340 340 340 340 340 340
Wy 19 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 term#&hvand without thea,,,; term
included, for shots 24082 and 24622. The andag s predicted terms are determined using the CHEASE
code and thev, predicted term is determined by fitting the heat transpodehto the Tdata. Therg(ms),

A anda,,; predicted terms are determined as discussed in sectiorltGssonly possible to calculate the
error in thewy term as the other predicted terms are dependent on theleauiti parameters for which no
error bars are currently estimated. The number of signifiparameters 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 and24d6ihg this approach
and the results are discussed below. Both shots are of 2,1 NTMs angbaict$tenarios, both with
a weakly reversed profile and a centraj > 1. The globalg, at the NTM onset is also quite high
(about 0.7) for each shot. The NBI heating differs between these. shditsth shots the south west
NBI (1 MW) turns on at 70 ms. However, in shot 24082 the south NBI (1W@)Mwitches on at 90
ms, whilst in shot 24622 it turns on at 135 ms. Despite this difference, thex,TandT; profiles
between these shots match well until 200 ms, when a steep gradient in therekechperature
typical of an electron internal transport barrier (ITB) becomes visiblehenT, profiles of shot
24622. This ITB may explain the difference in the initial growth rates of th&INh 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 secormti$ @volves from a small
island to a saturated island over20 ms. The TS measurements of theandw, 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 &A1 in shot 24082. The
Wmag determined from the magnetics is shown in blaek, z £ with (red), and without (blue), the,,; term
included are compared 10,,,,4,. The TS measurements of(w,) are in good agreement with,,, for the
same time point. The prediction of the, term from TS is placed at 0.28 s, so that it can be comparedkto th
marginal island width where the NTM begins to decay rapidly.

The measurements and calculations of the different stability terms for thissgletused to
form the MRE. The island width determined using the MRE (zz) was then fitted to the island
width measured using magneties (), as described in section 5.6, and a good agreement is found
(figure 5.16). In addition, a good agreement is found between the TSumeasnt of the island
width and thew,,,, 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 corsitjdyoth in terms
of their contribution to the stability of this NTM and how well the predicted and fitéeths agree.
Table 5.1 provides a reference of the predicted and fitted values.

The a,,, term for this shot is not found to influence the NTM stability. When this term is
included in the fitting, the best solution obtained {fof;rz shows a greater deviation from,,,
than if this term is neglected (figure 5.16). Furthermore, the inclusiom,gfin the MRE fit
significantly reduces the agreement between the other stability terms and rédisted values
(table 5.1).



Chapter 5. NTMs on MAST 121

60 T T T T T T T T T T T T T T T O. 1 0
I dw/dt 1
- dw/dtap, — — — — B
| dw/dtagg —-—-—-— |
AW/dt A -
40~ w it —0.08
. 20— —0.06
< L 4
£
k= L 4
2
2 - 4
©
(0] o —0.04
-20 - —0.02
-40 . . . | . . . | . . . | . . . 0.00
0.22 0.24 0.26 0.28 0.30

time(s)

Figure 5.17: Contribution of the fitted stability terms to the total istagrowth rate predicted by MRE
(dw/dt) for shot 24082. The growth rates for each fitted $itglderm, neglecting the,,; term, are shown.
The fit of island evolutionu,, g is shown with the y axis fow on the left hand side.

Thea,s term is found to be the only destabilising term and its strength is found to be santifi
in this shot. The contribution of the fittefl; | to the total growth rate, as a function®f is shown
in figure 5.17. A good agreement is found between the predicted (4.83)ted (4.18) values of
aps. The size of thev,; 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 (@&R)eof wy. A
greater value ofv, reduces the size of the bootstrap current and increases the size ofthtioe
term at small island size increasing the onset threshold for an NTM.

Theaqgy term is particularly important for MAST plasmas, as they have a small asgisat r
This term is found to be the principle stabilising term at the onset of the NTMrfi§.17). The
stability of the NTMs is found to be dependent on the delicate balance betvamipally the
bootstrap and curvature terms. The fitted value (-2.0Q)«@f; is found to be significantly less
than the predicted value (-3.11) in this shot. Theparameter is found to be stabilising and a good
agreement is seen between its predicted and fitted values (table 5.1). Aftéitmode transition,

A" becomes the principal stabilising parameter (figure 5.17).
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Figure 5.18: A comparison of the predicted and measured evolution of &AM in shot 24622. The
Wmag determined from the magnetics is shown in blaek, z £ with (red), and without (blue), the,,; term
included are compared 10,,,,4,. The TS measurements of(w,) are in good agreement with,,, for the
same time point. The prediction of the, term from TS is placed at 0.28 s, so that it can be comparedkto th

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 ofdhygarameter was taken at 265 ms and the NBI beams
were switched off at 0.27 s. During the onset of this shot, a low frequerare is observed in
the magnetic spectrogram at 0.21 s and its size and frequency do netsegesatly until 0.23 s,
at which time rapid growth is observed; which is in contrast to the more cdrgtanth rate seen
in shot 24082. The early growth rate of this NTM cannot be reproduset) the MRE equation
without some further modelling of thA" parameter and, for this reason, the MRE is only fitted
after 0.24 s, where the mode is close to its saturated sizé&\astiould return to~ —2m. There
is again a good agreement between,, andw,grg for this shot. It is not possible to ascertain
whether theu,,; influences the NTM stability in this shot, as the best solutiond{pir - is obtained
whether or not the,,,; term is included in the fit ta,,,, (figure 5.18). However, the inclusion of
this term reduces the agreement between the predicted and fitted valueotifehstability terms
(table 5.1).

As in shot 24082, the strength of the bootstrap term is found to be sigrificans again the
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Figure 5.19: Contribution of the fitted stability terms to the total istagrowth rate predicted by MRE
(dw/dt) for shot 24622. The growth rates for each fitted $itglderm, neglecting the,,; term, are shown.
The fit of island evolutionu,, g is shown with the y axis fow on the left hand side.

principal destabilising term. The size @f; is also of a similar size to that in the previous shot. The
contribution of the fitted\; _ to the total growth rate is shown in figure 5.19. A good agreement is
found between the predicted (4.30) and fitted (4&¢)terms, which is slightly better than that in
shot 24082 (table 5.1). The predicted (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 (e2@%iited (-3.00)
accy terms than in shot 24082, although the value of the predicted term is similar inrévisps
shot. The contribution of the fittedl}. . ; to the total growth rate is shown in figure 5.19 and once
again, a delicate balance is seen between the stabilising contributiin of and the destabilising

contribution ofAj_.

5.6.2 Contribution of the MRE terms

In both shots a relatively good agreement is found betwegn r andw,,,, and this indicates that
the terms used in the MRE describe the island stability accurately. These Ewoshaw similar
values for the predicted,, andacgy terms and show good agreement between the predicted and

fitted ay, terms. Then,, andagay terms are found to dominate during the early island evolution
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(see figures 5.19 and 5.17).

Theagqs termis found to be the principal stabilising term during island onset. Althoulgass
a significant effect on the island stability, this is lower that the predicted salneshot 24082, the
MRE fitting produces angq s term that ist0% reduced from its predicted term, in order to allow
the NTM to be destabilised, whereas a better agreement between these taremsfiar shot 24622.
However, this is likely because the early evolution of the NTM is neglected irdties shot and
the influence otig s is typically less during the beta scan phaggeg s is found to be comparable
in size toays, as has been predicted theoretically [87], an increaag dy can be used to stabilise
the bootstrap drive and prevent 2,1 NTMs from occurring. Furthemado development on MAST
could therefore investigate this useaf; s to prevent NTMs in STs.

A relativity good agreement is found between the measured and predihges\of thew,
parameter in each shot. As discussed in section;ds dependent upon a number of equilibrium
parameters and the ratio of the perpendicular and parallel thermal ditiiesi Estimates from
EFIT predict a~ 10% decrease invy size between NTM onset and stabilisation. The thermal
diffusivities are difficult to measure. However, an estimate ofihedependence on these terms
has been calculated using equations 5.46 and 5.45 (see section 5.4) witla3igeneents from the
island onset and from after the mode has stabilised. This estimate showseas&of~ 10% in
wq between these times. It appears that the influence of the equilibrium chaddglee diffusivities
onwy may cancel each other out, making stable over the island evolution. This means that it
is valid to compare the TS measuremenuqfto the value predicted by MRE fitting. Finally, the
predicted island widths for estimatesyof andy tend to overestimate both the TS measurements
and the allowable values determined from MRE fitting. A large degree ofrtaiity also exists
for these quantities and therefore more measurements and modelling aredequmprove the
accuracy ofw, estimates.

The a,, term is not found to have a significant effect of the stability of these shidiss is
likely a result of the high collisionality of these shots and because the islaqddncy ;) tends
towards 0 wheny,,,; is predicted to be most stabilising. In shot 24082, the inclusion ofifhe
term is found to reduce the agreement betwegf, andwyrr. Although this is not the case in
shot 24622, the inclusion of this term reduces the agreement betweethéngedicted and fitted
MRE terms for both shots. However, the results indicated that inclusienpfat the marginal
island width may permit the fast decaywfto be better modelled. More information is required on
the island rotation frequencyj and banana widthu,) terms ofa,,,, to test for hysteresis in this
term during beta scan experiments. It would be interesting to determine ifyetgrasis occurs
between theu,, 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 idtaofdake a,,,; term.
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However, no measurements ©fat the marginal island width have been made to confirm that its
effect is similar to that at NTM onset.

The A’ parameter is taken to be a constant value in these shots. This parametgisisngitive
to the current density profile and the early onset of both shots is likely telated to a pole id\’,
as both shots approach ideal stability.As the plasma approaches the idday ditait, the value
of the A’ parameter increases rapidly to positive values, making classical tearingsraadtable
at the q=2 surface. This pole has been predicted theoretically in thedéicos [107] and has
also been modelled numerically in DIII-D shots [108, 109]. However, mavek is required to
understand the early influence &f on the onset of NTMs. Preliminary investigations of this onset
mechanism are being carried out using T7 and PEST3 codes [107] tdatalthe pole in thé\’
parameter.

Although fitting the MRE equation ta,,,.4, provides useful information about the relative in-
fluence of each stability term, this method has a number of limitations which mushb&leped.
Firstly, the MRE assumes NTM stabilisation conditions are similar to those at NHétowhich
may not always be the case. Hysteresis may exist between the onsetNdfithand the stabili-
sation that occurs during a beta scan and therefore the inability to obtairedited parameters
at both times may lead to errors in the MRE fit. Secondly, the island evolution suét of the
sum of the different terms in the MRE and therefore a large correlatiotsébé$ween these terms
and influences how the MRE is fitted 4g,,,,. For instance, an increased growth rate of the overall
NTM evolution can be explained by either an increase in a stabilising contnibotia decrease in
a destabilising term. Despite these limitations, fitting the MREv1g,, provides one of the most
effective methods to investigate NTM evolution.

The current methodology also has a number of limitations, which can be mitigktesily,
the predicted stability terms each have dependencies on a number of equiljaameters and
their gradients, but no error calculations on these parameters arelpassiig EFIT. As a result,
no error bars can be associated with the predicted quantities. To pernaitethies calculations, a
Bayesian approach could be employed to include the relative depenslehtiese parameters in
the MRE model in a self-consistent way.

Secondly, switching off the NBI beams results in a loss of momentum and thlugheoplasma
and NTM rotation slow down. As the NTM slows, it generates an eddy otimehe MAST vessel
that causes it to slow down even further and, as the NTM toroidal velocitsteo zero, a locked
mode results. Only two successful beta scans of 2,1 NTMs were pedataring the last MAST
campaign as a consequence of these locked modes occurring, despiie rulaber of beta scan
experiments performed. Switching off both beams also prevents ion veloaitgesemperatures

from the CXRS system, and pitch angle constraints from the MSE system, todseirad during
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a beta scan and this represents a loss of potentially useful data. Hpaewew NTM triggering
system has been developed which triggers beta scans without switchihg tleams. This new
triggering system permits both the TS lasers to be triggeredsand be dropped on a particular
NTM amplitude (as described in section 5.7). As a result, more reliable bata@gpariments can
be performed and the effect of thg, contribution can be measured. In addition, this triggering
system permits more measurementsgfto be made over the total NTM evolution.

3,2 and 4,3 NTMs are also observed on MAST. Although these are relatiigguent and
have smallew values compared to 2,1 NTMs, measurements of these modes could proviele mor
information about thev; anda,,,; terms for NTMs. In general as the lower collisionality of the
plasma at the location of these NTMs is predicted to increase the influencesef tikrms. Both
carrying out more beta scan experiments on MAST, and extending thedf/pdsvis studied, will

therefore further our understanding of the different stability paramétedTM evolution.

5.7 Triggering of TS lasers on the NTM phase

This section describes an FPGA triggering system [80] that has beetoded to permit real-
time triggering of the MAST TS lasers on particular NTM amplitudes and phaBas.previous
approach relied upon pre-programmed TS times based on the evolutionMs Mprevious shot
results and this limited the number of successful measurements. As this nemdgiggers the
TS lasers in real-time, it will permit more measurementsgto be made and provide more data
for investigations of heat transport around NTMs. In addition, this sysias has recently been
upgraded to trigger shifts in the Z position of the MAST plasma. Z shifts hage fmund to drop
the 3, at theq = 2 surface and can be exploited to improve beta scan experiments on MAS{. Th
may also allow the triggering system to be used as a means of avoiding locked mMAST

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 magnetialsighich can
be measured by Mirnov coils at the edge of the plasma. The FPGA trigggstensin the MAST
area receives signals from these coils, where the raw data is firgidpssugh a bandpass finite
impulse response (FIR) filter. These filters remove frequency compobeluts 5 kHz and also
above 15 kHz, as the NTM frequency is typically between these two vallessignal from each
coil is multiplied by a complex numbee’(’) that is dependent on the phasg difference between
the Mirnov coils for a given toroidal mode number)( In the case of am = 1 NTM, where 4

coils are at toroidal angles 6f, 90°, 180° and270°, the multiplication factorsd”e) arel, -1, i, -i
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Figure 5.20: Example shot illustrating TS triggering. A. The profiles from the different ruby and Nd: YAG
lasers. B. The T profiles from both TS system lasers. The flattening of thespr@files at 0.5 and 1.25
metres is a result of a 2,1 NTM. C. The= 1 signal from the Mirnov coils as a function of time. The ruby
(black dotted line) and Nd:YAG lasers (vertical lines, zaahin version given in D.) are fired at 0.31
seconds. A diagnostic trace (light grey line) is output fritve FPGA triggering unit to indicate when the
system is armed (rising edge) and fired (falling edge). D.ddieurs of the vertical lines represent the times
a which the different lasers are fired in order to obtain thamd T, profiles in A. and B. respectively.

. A Hilbert FIR filter is used to determine the imaginary component, whi®iut of phase with
the filtered data. Multiplication by a complex nhumber is performed in the hardiyassvapping
the real and imaginary components.The real and imaginary componenishod@hsignal can be
mapped from Cartesian to polar coordinates in order to determine the amplitdgehase of the

oscillating signal. A CORDIC algorithm performs this transform and provatesfficient 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 criteriePGA unit
sends triggering events to a SMART trigger unit, which in turn can triggentbg or Nd:YAG TS
lasers, as fully described in Appendix B. Currently this system enablegtrayents on the decay
phase of an NTM, so as to catch a magnetic island before it reaches nhatgimbty. The system
is armed on an upper trigger point and fired when a second, lower, et is reached. To
ensure the Nd:YAG lasers are available to fire when triggers are reldedra 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 amhd e firing of
the TS lasers. This is predominantly due to a delay between the SMART triggenitreceiving a
trigger pulse and the TS lasers firing 8001:s). The FIR filters introduce a smaller delay 90u:s),
which changes linearly with the NTM frequency and can be calculated adimgk-up table. This
frequency must be determined to permit the system to extrapolate what the gftthe NTM will
be when the lasers are fired and ensure it matches the user-defined phigge.

The firmware necessary for FPGA triggering unit was developed usilgdthworks Simulink
system generator toolbox [110]. The unit was extensively tested witbriempntal data prior to
being initially commissioned on MAST in the M7 campaign. Example ruby and Nd: YAf@ering
TS data from this campaign is shown in figure 5.20. This showand n, profiles triggered on an
NTM and shows the triggering system can operate as designed. Howe/eystem was found to
suffer from a number of reliability issues and was therefore furtheeldped and tested after the
campaign finished (see Appendix B). No further NTM experiments hasferpeed in the current
MAST campaign, but the tests carried out indicate that the triggering uridrpeance reliability
has been significantly improved (Appendix B).

5.7.2 Z shifts

As discussed in section 5.6, one of the major challenges for succes$iutdans is to redugg,
whilst avoiding the NTM locking to the vessel wall. The current approabiciwvturns off the
NBI beams in order to drop, carries a high risk of mode locking. A Z shift method has been
developed and is an attractive way to adjgison MAST shots, as itis relatively easy to implement
and, importantly, avoids the mode locking that can occur when NBI beanssvitdhed off to drop
Bp-

The pedestal performance on MAST is related todhg, parameter [111], which represents
the degree of separatrix separatiafr,., can be altered by making fine adjustments cm) to
the plasma Z position using the MAST P6 coils. The effect of these small adjotstrokvertical

position is to reduce the height of the edge transport barrier, whicltesdbe locapB, for a large
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region inside the pedestal. These shifts have been used as a meanstijativg the L-H mode
transition. During a number of shots 2,1 NTMs have been stabilised afterkatfzasition to L
mode caused by a small vertical shift. These results confirmihait the g=2 surface can be
reduced by this method (figure 5.21). Based on this evidence, the FP@Aririg unit (described
in section 5.7.1) was upgraded to trigger Z shifts to occur on specific NTMitarags, which will

causes), 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. magnedpectrogram with the = 1
signal (red line), frequency whege= 2 is overplotted (black dots). B. Thg,, signal (black) and position

of MAST plasma. The first shift of the plasma axis from 5 to 0 coawss at 0.245 s and this results in a
transition into H mode, as visible from the, 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 globglcausing the 2,1 NTM to disappear (green trace
in C). C. The green signal is the glok@), the red signal ig,, and the blue signal is the internal inductance,
li. D. The amplitude of thee = 1 signal (red), which shows the 2,1 NTM disappearing afterztshift.
Purple vertical line shows the start of the Z shift and thesgréne the end.

This system has been shown to function, but in the 2011 MAST campaiga liaee been
no high 3, NTM shots, which has precluded further testing. However, a numbeetaf $can
experiments exploiting this system are planned once higperation begins.

An alternative use for the FPGA triggering system is to use Z shifts to avole&dtbmode
disruptions by removing NTMs as soon as they appear. This is potentiallgfal usethod, as

it avoids the need for the massive gas injections typically used to mitigate lockdd disrup-
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tions by preventing this type of disruption from developing. A series ofadteld experiments are
planned to investigate the use of this approach for disruption preventidfAST and this may

have implications for future machines.

5.8 Conclusions

In this chapter, we have obtained novel estimates of the principal stability t#rthe MRE for
MAST 2,1 NTMs. This data was then used to calculate the MRE and compare igioetiamea-
surements of the island evolutiom,,,,) for two MAST shots during a beta scan. TS measurements
of w were compared to equivalent magnetic measurementsaofl these were found to agree well.

A number of approaches were used to obtain the stability term predictiomstfre MAST
data. For theiacy andays terms, CHEASE calculations, based on EFIT equilibrium data, were
used. These data were constrained by th&nandT; profiles, measured using TS and CXRS.

TS T. measurements were used to determinewthderm. This is the first timev; has been
directly measured on MAST and is now possible because the upgradegsiEsns on this ma-
chine have improved radial resolution. Specifically, was calculated by fitting a heat transport
model to the T data. This measurement of; also provided a benchmark against which to com-
pare predicted values of this term using simple approximationg foand . This comparison
revealed that the measuregd is slightly lower than the approximated value, which requires further
investigation through more; measurements.

Thea,,, term is dependent on the island rotation frequency in the plasma rest ftgme is
determined using NCLASS and found to rotate in the electron diamagnetic dirediienw ~<
wq. If w > wy 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 calcukitegly and results
from a gyrokinetic code. The size of this term has been shown to be smadlin th< w, limit.

The results from the MRE fit during the beta scan experiments have shgwn to be the
principal stabilising term for the 2,1 NTMs in the shots analysed and the magrifutthis term
was found to be comparable to that of the principal destabilising tegm (This suggests that the
acay term may have a potential role in stabilising NTMs on STs and therefore fustiemario
developments to investigate this are indicated.

The size ofw, term influences both the size of;;; anda,, and is found to be the crucial
parameter for the onset threshold of 2,1 NTMs on MAST. The comparistimeeameasured and
MRE-fit wy terms shows good agreement. Finally, thg 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 nundfew

measurements and more reliable beta scans, a triggering system hasdigeediand tested. This
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has been fully described in this chapter and Appendix B and the systemewilidd during future

MAST campaigns.



Chapter 6

Summary and Conclusions

The TS diagnostic systems on MAST have been upgraded and the ndvilit@gaf these systems
have been exploited to study 2,1 NTMs on MAST plasmas in greater detail texanysly possible.
Additional diagnostic measurements and codes have been used in thisrwoak anmproved TS
triggering system developed. This is an important area to investigate adlitiskauch as NTMs
are one of a number of issues that need to be resolved in the develophtemimercial fusion

reactors.

6.1 Summary of TS diagnostics improvements

The main types of TS system are TVTS, Nd:YAG TS and LIDAR and thesey$&isis measure
the T, and n, profiles of a plasma. The main objectives for the ruby and Nd:YAG MASTyEEesn
upgrades were improved spatial and temporal resolution and redyeadi Ty, errors, in order that
more accurate measurements of structures in then@ n. can be made, including NTMs, ELMs,
ITBs and the edge pedestal.

The upgraded Nd:YAG TS system now has a 1 cm spatial resolution ar@d24mporal res-
olution. This was achieved by increasing the number of lasers to 8 and lgudl@8ihpolychrometers
to cover the minor radius of the MAST plasma. In addition, the lasers are apabte of firing in
burst mode and this permits bursting over fast events, such as NTMauiol@more detailed in-
formation about their evolution. Further to this upgrade, work was caotig¢tb reduce systematic
errors resulting from spectral calibration on the Nd:YAG system. This ingafdlkie accuracy of
the T. and n. measurements further to the hardware upgrade improvements, providgidgction
in systematic errors. This upgraded TS system has been used to invehifigdtevolution, as
described in chapter 5.

Concurrently, an upgrade to the ruby TS system on MAST was carriegholled to improve-

ments in the resolution of.Tand n measurements. As all components of a TS system contribute
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cumulatively to the overall resolution, the design of each components viasisgd to permit the
maximum resolution possible, within the constraints of available budget anehtiwechnological
limitations. In this upgrade, improvements made to the optical design of the spetémand the
fibre bundles had the greatest influence on increasing the overalllgpatéution, whereas the
higher EQE of the image intensifier (GEN 3 GaAsP) contributed to the majoogrop of the
noise reduction achieved. The upgraded ruby TS system can noviotteeresolve 200 points at
high contrast along a 1.4 m chord, which is a greater number of points tiyaottzer TVTS system
at present. In addition, the statistical noise has been reduced¥ of T, , and< 3% forn. , for a
7 mm radial point in the range of 40 eV - 2 keV and at.a= 2 x 10 m~2 density, by increasing
the scattered photon detection by a factora3.

The sampling interval of the upgraded ruby TS detector system has aadrbproved. It is
now possible to measure two images at a separation ofi:23Md this can be used in either double
pulse mode (where two.Tand n, profiles are measured) or single pulse mode (where qrand
n. profile and the background light are measured). Improved capabilitibe @amera and image
intensifier, in addition to a custom-designed triggering unit, have enabled ifmgsovements in
temporal resolution. The main advantage of this double pulse mode is thatdsiglution mea-
surements of the ;JTand n. 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 modd & fdrge proportion
of spurious background noise can be subtracted from the TS measusefieis background noise
can arise if impurities are present in the MAST vessel, which most frequeetlyrs during plasma
startup studies and impurity injections to study the electric field.These impuritiesemaigsion
lines within the spectral range of the ruby spectrometer and can make tkgrdaicd signal com-
parable to the TS signal. Initial tests of the double pulse mode function shawksvas designed
and the single pulse mode was used extensively during the last MAST campaig

System calibrations, using a number of methods, and initial measuremerigs @arr on the
upgraded ruby TS system both show that the system is operating asetkdigaddition, measure-
ments from the upgraded ruby TS system have been compared to thosthé&dd: YAG system
and show good agreement in theiy @nd n profiles. These results also indicate that both sys-
tems are correctly calibrated and both have low systematic errors. Thiadgagruby system is
therefore now being used for studies of pellet injections, H-mode pdslestansport 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 theabptsign of the
ITER LIDAR TS system has been carried out. Light cones of diffeamgfular spreads are incident
on the bandpass filter in this system, depending on the radial location of tmee&Surement.

It was found that the angular distribution on the bandpass filters is a pdteotiece of T and
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n. errors on this future system and that, during system design, choosimglfdteeters greater
than 260 mm would minimize these errors to an acceptable level. Finally, a methodrvenp
TS measurements of the edge pedestal region on all TS systems was hs@iflysdd. The edge
pedestal can be described by a modified hyperbolic tan function, whistidess useful parameters
for pedestal scaling. TS measurements are modified by smoothing betvediah dpannels in this

pedestal region. An approximation is presented which correctstlamd n measurements, post-
processing, for the effects of this smoothing. This model agrees well withiations where the

radial smoothing is included in the TS spectral fitting, when pedestal widthgraater than the TS

sampling size.

6.2 Summary of NTM results

An investigation of the contribution of different MRE stability terms to 2,1 NTMIAST plas-
mas was also carried out using data from MAST shots. This was made lpdsgithe improved
resolutions of the upgraded TS systems, which enabled an important stahitititie finite island
width, wy) to be measured for the first time on MAST.

wg Was calculated by fitting a heat transport model to thedta from both upgraded Nd:YAG
and ruby TS system measurements and a derivation of this model hasdseeived in Appendix
A. In addition to measurements of this term, novel estimates of the other pristihélity terms of
the MRE for 2,1 NTMs on MAST were made. CXRS was used in conjunction waiNBLASS
code to determine the island rotation frequency in the plasma rest frameoamthis a gyrokinetic
code was used to estimate of the ion polarisatigp;) stability term. The curvatureuf;¢s) and
bootstrap ¢;s) stability terms were calculated by using TS, CXRS and EFIT equilibrium measur
ments in the CHEASE code. This s the first time all these MRE stability terms hanehieilated
using experimental measurements for a particular MAST shot.

As overall NTM stability is dependent on titg parameter, beta scan experiments can be used
to investigate NTM evolution. Beta scan experiments were carried out ioméer of MAST shots,
where the MRE stability terms were measured (as described above) ahit eséculate the MRE.
The island evolution described by this calculated MRE was then compared ttetitageasure-
ments of island evolution and a good agreement was found. This indicatélseidilM evolution
is well described by the MRE in the case of these shots. In order to cotiferaccuracy of the
magnetic measurements of island width were accurate, these were compaftheasurements
of island width and these were found to agree well.

In these beta scan experiments, the relative contributions of the diffstiaditity terms were
investigated, by fitting the MRE-calculated island evolution to the magnetic measote. From

these resultsggs 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 comparabledbttteprincipal
destabilising termdj,). The size of fittedw, term agrees well with the TS-measured and is
found to be a crucial parameter for determining the onset threshold oflVisidn MAST. Finally,
thea,,; term was found not to have an influence on the island evolution, which isé&eagent with
the predictions that this term is small in the~< wy limit from CXRS measurements. These beta
scan results therefore indicate that the;; term may have a potential role in stabilising NTMs on
STs and therefore further scenario developments to investigate thiseatedhe

Finally, to permit further investigation of NTMs on MAST, by permitting a greatember of
wg Measurements and more reliable beta scans, a triggering system hasdigeadiand tested.
This has been fully described in this chapter and Appendix B and the sygtebe used during
future MAST campaigns.

6.3 Future plans

The NTM stability results represent the first step in this research on MASTw@ather measure-
ments are needed to better understand the stability of 2,1 NTMs on this macharefdre, a num-
ber of beta scan experiments on MAST are planned for the current)28perimental campaign
to further investigate 2,1 NTMs. In addition, a number of improvements aren@thto improve
both the accuracy of the stability parameter measurements and the appseddo perform beta
scans.

To obtain more accurate measurementagfa number of improvements can be made to the
current heat transport model, including the addition of external heates and asymmetric island
solutions. These improvements are currently being developed at thergityiva# York. In addition,

a new drift-kinetic model is being developed to describe the density trangpmrnd an NTM,
which can be compared to the TSmeasurements and provide more accurate and self-consistent
estimates ofv,, and alsay,,;.

One limitation of the beta scan experiments described in this thesis was,thatld not re-
liably be dropped without resulting in a locked mode. This is due to a loss of ntamenhen
the NBI beams are turned off to drgp. A Z-shift method using an FPGA triggering system has
been developed (see chapter 5) and shown to be an effective solutiis pooblem. It is therefore
planned to employ this Z-shift method in future MAST beta scan experimentd Tt studies.
An additional use for this Z-shift method is to remove 2,1 NTMs as they appeader to prevent
locked mode disruptions and this is potentially a very useful method, as it naéy e need for
the massive gas injections currently used to mitigate locked mode disruptiorseé sf dedicated
experiments are planned to test this approach of disruption preventio®&T Mnd 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 MABiough less
frequently with smaller island width. Measurements of these modes could pbygntivide more
information about thev; anda,,; MRE terms for NTMs in general as the lower collisionality of
these NTMs is predicted to increase the influence of these stability terms. RBaidrilying out
more beta scan experiments on MAST, and extending the types of NTMsdstwaiemprove our

understanding of how the different stability parameters influence NTNuggQ.



Appendix A

NTM Fitzpatrick Derivation

This appendix outlines the solution to the Fitzpatrick heat transport equ&dn This solution
was fitted TS data to determine the finite island width)( as described in section 5.4 in chapter 5.
This derivation is based on both the original derivation by ProfessamattbWilson 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 parall@leependicular to the magnetic
field lines is given by:

X|ViT +x.ViT =0, (A.1)
wherey andy , are the thermal diffusivities, which are, respectively, parallel andegreticular
to the field lines. It is convenient to use a coordinate system [86, 18]enhés the radial flux
coordinate (where = r — r;), € is the helical angle constant along the unperturbed field line and

Q2 is the normalised flux coordinate , which is given by:
2

Q= 2% +cos¢ (A.2)
w
The parallel gradient is given by equation A.3 as described by Wilsdgn [18
—Kpx 0O
= — A3
VIS Lo, (A-3)
whereL; is the magnetic shear and:
2
Ky= " A4
0 L’ ( )
whereL is the island length.
At the separatrix{2 = 1 andx can therefore be written as:
212 . 2,C
i 1 —cos( = 2sin (5)
xr=tw sin(%). (A.5)
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It is convenient to normalise the radial coordinate to the island widjhwhich defines a new

variableX, whereX = %. The chain rule can then be used to calculate the derivative of

9T 1 92T
922 " w2 ox? (A.6)
d d

TheXaX term can simplified by differentiating equation A.2 with respea;t tkheeping() constant:

o 227 2
Q :F—FCOSCZQX + cos

0—4X8—X —sin(
1.
aic o = Zbln(. (A8)

Substituting equation A.8 into equation A.7 and combining the resulting equationquidttien

A.6, we can rewrite the equation A.1 as:
LA o1\ .. 10T
Sl A —smg— T———==0 (A.9)
XL Ls

w2 0X2 ’
and finally, by introducing the critical island width. (wherew? = Xﬁg ), we obtain the partial

differential equation originally derived by Fitzpatrick [86]:

2
0 wk O*°T
A.2 Fourier series solution

The form of equation A.10 can be further simplified by expressing the saoltdidl;, as a Fourier

series: N
X,¢) = Tn(X)cosnc. (A.11)
n=0

The squared terms in equation A.10 can then be expanded out:

9T 0 oT 1 ) oT 1 o°T 82
2 p—
X 8C2+4X8C <s1nCaX>+ 5% <Xac> Cax? roxE =0 (A.12)

Equation A.11 can then be substituted into equation A.12 to give:

a2X? X 9 s _
Z{ n“X<T, cosn + 4Tnag(s1ngcosn§“)

n
/7

/ T 11
% sin ¢ sin n¢T), — %XTH sin ( sinn¢ + % sin? ¢ cosn¢ + W, T, cosn¢ } =0 (A.13)
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where W, = w/w*). Equation A.13 can then be simplified by substituting in the following

trigonometric identities:

2(sin(cos n¢) = cos( cosn¢ — nsin ( sinng

a¢
cos(X +Y)=cosXcosY —sin XsinY
cos(X —Y)=cosXcosY +sin XsinY, (A.14)

1
cos X cosY = §[cos(X +Y) + cos(X —Y)]

1
sin XsinY = i[cos(X —Y) —cos(X +Y), (A.15)

1
sin’ ¢ cos ¢ = 5(1 — cos 2¢) cosn(

1 1 1
= 5 cos n¢ — 3 cos(n + 2) + 5 cos(n —2)C| . (A.16)

Substituting the trigonometric identity equations (A.14, A.15 and A.16) into equétib8

gives:

Z {—n2X2Tn cosn( + %T,; [cos(n + 1) + cos(n — 1)(] —

n

%T;L [cos(n — 1)¢ — cos(n + 1)(] — ng [cos(n — 1)¢ — cos(n + 1)(]
—I—% cosnC — % [cos(n + 2)¢ + cos(n — 2)¢] + W,.T, cos n(} =0 (A.17)

Equation A.17 is then multiplied by an arbitratys K¢ and integrated ovef:

1 ™

% 771-..

e (A.18)

and the Dirac delta function can now be used to simplify equation A.17:

1 [™ Om.n
— cosmbcosnb - dff = —
2T 2

form,n > 0, (A.19)

—T

™

cosmfcosnf-dd =1 form=0,n=0. (A.20)

21 )y

Substituting equations A.19 and A.20 into equation A.17 and separating the téorttssimrder
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of the derivatives gives:

N 2 v2
—nX X
Z { 9 Tn(éK,n + 6[(’,”) + ETn (6K,n+1 +M+ 6K,n71 + 5K,17n)

n=0
nX
—?Tn (OKm—1+0K1-n — OKnt1 — Orc=n—1) —

n
ETn (Okn-1+0K1-n —OKmn+1 — d=n"1)+

1
1728(61(,71—&-2 +0k=n"2 + 0K n-2+0K2-n)

1

1
Tn |:64(5K,n + 5K,—n) -

W,
+ 7(5}(7” =+ 5K,—n):| } = 1, (A.Zl)

where the terms which have a negativesubscript can be neglected. Matrices can now be con-

structed for the different derivatives @f

d?T .
Ix? term:

1
AKTL — 58 {2(6K,n + 5K,—n) - (6K,n+2 + 5K,n—2 + 5K,2—n) + 64Wr(5K,n + 5K,—n)]

1

Akn = 153 (24 64W,) (0. + 0K, —n) — Ok nt2 — Ok m—2 — OK.2-n] (A.22)
d .

9T term:

X
Bgp = T Okmn+1+0kn—1+0k1-n—2n(0Kn—1+ 0K 1-n — K nt1)]

X
Bicn = 16101+ 2m)Bicnsn + (1= 20) (P + Grcan)] (A.23)
T term:
—n2X? n
Crn = —5Okn +0K,-n) = 1Ok n-1 + 010 = OKni1) (A.24)

There areV + 1 coupled equations for th&¥ -+ 1 Fourier mode amplitudes. For eakh (where

0 < K < N) we have:
N

d*T, ar,
Z {AKndXQ + Brn 57 + CenT| =0 (A.25)

n=0
A.3 Finite difference solution

To find a numerical solution to equation A.25 we can use the finite differentsoche” is discre-

tised onto a grid inX, with 7 as the grid point index and as the grid point spacing:

d*T, Tt -7+ 1t

ax2z A?
dﬂ _ T£+1 _ Tﬁ'fl
ax A

T, =T (A.26)
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Rewriting equation A.25 as a finite difference then gives:

Ti+1 _ 2TZ + Ti—l Ti+1 _ Ti—l )
Z |:AKn n A; n + BK—l% + CKnTrlL:| =0

n

AKn BKn i—1 _QAKn i AKn BKn i+1
Z[(A?_ A >Tn +< ~ +CKn>Tn+<A2 +— >Tn =0. (A.27)

n

The new matrice®x,, Qi andSk, can be substituted into the above equation:

AKn BKn
P n = - )
K= A2 T A
2AKTL
QKn = CKn - ?7
o Agn B,

We can now solve the problem, provided we know the boundary conditiods & 0 and
X = X WhereX = 0 is the centre of the island (and at this poifit= 0). The Fourier

coefficient forT can be written as the sum of a basis set:
Tp = ambyy, = thyam. (A.28)
m=0
and a boundary condition can then be imposed:

£ =0 (A.29)

This boundary condition arises becad3e: = 0) = 0.

We can set! = (whereX| 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 noastech reference point
(X = X,), betweenX = 0andX = X;:

For X < X, we write

thm = Qi + Bhm (A.30)

For X > X, we write
b = gt + Bl (A.31)

For X = X, we write
ah; =0 (A.32)
= Onm (A.33)

For theX < X, region, we can derive theﬁlj andg:,, terms in equation A.30 by substituting

this equation into equation A.27, giving:

Pientm + Qkntym + Sicn (@ tin + Bt ) = 0. (A.34)

nj
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where the matricegi and @fn can be expressed in terms@@ andé matrices:

o' = —(Q + 5 - ath)TE (A.35)

B, =—(Q +8 a8 gt (A.36)

For thisX < X, region, we can therefore derive all and 3! terms if we start fromn® and 39,
(o here meaning the point whefé = X,). We can then set thé, (x = 0) term to 0 and generate
N + 1 solutions fort?, in this region.

For theX > X, region, we can derive theZ andj! = terms in equation A.31 by substituting

this equation into equation A.27, giving:
Pr@ ™t + B+ Q th, + St =0 (A.37)
where the matrices’ and/3’ can be expressed in terms BfQ and,S matrices:

%i _ _(Ez _gifl + Qi)flﬁi (A.38)

Bl = (P ot +Qi)*1£i§:;1 X > X, (A.39)

“m S—

For thisX > X, region, we can again derive alf and 3¢, terms if we start from° and32,. We
can then set thil atX = X,,., and generaté&/ — 1 solutions fort! in this region.

For theX = X, region, equation A.27 can be rewritten as:
PKntnma’m + Q%nt%mam + S?(nt}lma’m =0 (A4O)

This equation can then be written as a eigenvalue equation of therm = 0 and the zero

eigenvalue is found by iterating over the boundary condifipiX,,q.) = T..

A.4 Boundary conditions atX = X,

We now require the solution of equation A.10 in the limitf— oo. First we define a parameter
(¢) that compareg% to Xd( (wheredZ ~ X ‘9T) This makes equation A.10 become:

o B o, PT
(Xa§+ smgaX) T+ W, ooy =0 (A.41)

2
X 87T+ 1Xa (smCaT

1 or 21 5, 0T 62T
e 19 >+e bln( <X )—Fesm (o + W2 =0

¢ X2 X
(A.42)

Note: € just labels size, we set it back to 1 at the end.
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We can now expand' in e:
T="T,+ €l + Ty + ... (A.43)

and this equation can next be substituted back into equation A.41, which isxxpanded in terms

of the different orders of, these being’, €', €2 ande>.

A4l O()
0°T,
X? 2 = A.44
Integrating equation A.44 with respectddhen gives:
oT,
xX*>-2=c, A.45
5 = C (A.45)
If we define< ... >= % | ...d¢, we observe thdf;, is periodic and therefore:
oT,
= A4
< ac 0> (A.46)
andC, = 0, §l» = 0 andT, is a function ofX only (T, = T,(X)).
A42 O(e)

o’ X 0 oT, 1 0 Ty

2 . o Lo _

X e + Tac (smca > + 4sm(— X 0 (A.47)
Integrating equation A.47 with respectdaives:

0T,
o¢

If we define< ... >= % [ ...d¢, we observe thal is periodic and thereforé; = 0. Inte-

X . 0T,
== 51nC67 + 07 (A.48)

grating with respect tqg again gives:

X o7, —
X2T122COS aiX—I—XQTl(X)
1 T, =
T =— Ti(X A.4
1 4XCOSC8X—|— 1(X) (A.49)

A43 O(e)

1 ., 0T, 0°T,
et Coxe T Wrgxe T

T, X0 (. 0h 1. .0 o1y

2 -~ v o1 - Y Y41

X% T 1 ac (Sm ax) TIeox (X a<>
0

(A.50)
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A (...) operator can be used on this equation and gives:

10 oy 1 92T, T,

Equation A.48 can then be substituted into this equation (A.51), giving:

19 19247, 62T 0
aX2 Wraxz =

= 8X2 =0 providingw, =0 (A.52)

this results in the boundary conditionBt:
T,=AX + B. (A.53)

Substituting equation A.48 into th@(e?) differential equation (A.50) gives an expression that
will be useful for calculating)(e®) (equation A.55). First equation A.48 is substituted into the

third term of equation A.50:

0’Ty X 0 oT 1 5, 1
2 2 o vli1 Lo v L~ Jio
e o (<) M
0°T, 0°T,
a2 o Y Lo _
+16 Sin” ¢ 55 + W, X2 0 (A.54)
and then equation A.48 is substituted into the 2nd term of this equation (A.5#gyi
*Ty X 0 o (10T, X oT 0°T,
28 72 A Y il g1 Y7o _
a2 + 1 8C(sm(cos() (X 6X> cosCaX WT@XQ 0 (A.55)
Ad4 O
o*rs 10 o\ 1 0 Ty 1 0’1 82T1
) G ‘e = X =0 (A.56
oz 1 8<< ax)+ ax( ag) n* (ot Wr gxz = 0 (AS0)
Performing the< ... > operator, and ignoring tHg; terms as these are small, gives:
10 0Ty 1 0*Ty 0*T
T X — , = A.57
4aX< ne g>+ nc>ax2+<wax2> 0 (A57)
The first term in this equation can then be simplified using integration by pagadn
0
Ty [P 0Ty
— — ). A.
<Sm<5C> sin 2 |, +<cos§6€2> (A.58)
Equation A.49 is then substituted into the remaining terms:
10 P\l 1 9% |1 N 05T,
X < — | = {4
19X [ <COSC a2 > T lgax2 [4X <S1 OS¢ ) X
1, o\ 0T Ty _
—1—1—6 <s1n C> X2 + W, Xz = 0. (A.59)
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By performing a< ... > operation on the equation obtained at the end of(¥€?) section

(equation A.55) we get:
o0*T %) o (107, X oT
2072 7N [ Zg I o)y v41
X <3C2> <8C(SIHCCOSC)> e <X8X> 1 (cos () X (A.60)
This equation can then be substituted into equation A.59 to give:
0
_}i i CQ : C) i iaTO -
10x |x \ 2 %) ) ax \X ox 1 0X
1, . 2P 0*T
b o e w O =0 (asY)

All of the terms in the above equation cancel, with the exception of the final tehnich is:

1 0 1

0°T

Wr 0X?2

=0 (A.62)

If W, # 0, thenT is linear inX and can be absorbed inf¢. The final boundary conditions can

then be given by:

T,=AX + B (A.63)
1 oT,
T = 1x 08 ¢ X (A.64)

A.5 Boundary conditions Fourier harmonics

Having determined the boundary conditions (equations A.63 and A.64)ddreht transport equa-
tion, we must now determine the boundary conditions for the numerical saluiblarge X, all

but the first two harmonics af,, are negligible. The boundary conditions are given by:

1 0Oty
hn(X) = % ax
I 1 t&n__%;f
bm = X X1 —x1-1
1
I I I—1,1 I—1,1 -
Uim = m(%m — g tom — 01 i — Bom') (A.65)

whereA = X! — X7=1, The boundary conditions can therefore be written as:

(it +4AX)H,, = (1 — adg )th, — B! (A.66)
-1 -1
i = (1= gy Dty — B, (A.67)

(af! +4AX)
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Taking the boundary condition &’ we get:

t! = to(for all m) (A.68)
I _ (1 — O‘éal)to — én_zl (A69)
tm (4AX +alh)

to
tm
th = 0 (A.70)
0
0

The electron temperature can now be reconstructed using these booodditjons:
T, =) tham (A.71)
m

wheret! is a function of theP, @ andS matrices and the eigenvalue equation,

I=

.a=0, (A.72)

provides theu,, term. The boundary condition &/ can be varied to get the solution to the

equation A.72, which means T can then be scaled by an arbitrary constavne 1o

lim 0T, = %
200 OX waX7

(A.73)

where the constant chosen is such that the temperature gradient ofuthensmatches the equilib-

rium temperature gradient.



Appendix B

The NTM Event Generator

In this appendix the design of the NTM event generator is described. fiekdsprogrammable
gate array (FPGA) system triggers the TS (ruby and/or Nd:YAG) lasees marticular amplitude
and phase of an NTM, which enables the dnd n profiles of NTMs at specified stages to be
measured. In addition, improvements to this FPGA system are describedndlbides extending

its function to permit triggering of vertical shifts of the MAST plasma. Thestssimduce a drop

in the beta poloidal{,) 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 diffetdrttosnponents labelled.
This system takes the signals from the magnetic coils and uses them to caloeatepiitude and
phase of a given NTM. When these calculations match the user-defindgditpria, which are sent
from the SMART triggering unit, the event generator provides triggeneges back to the SMART
triggering unit which, in turn, triggers the lasers. The FPGA event géoewas programmed
using version 12.4 of the Xilinx Software Development Kit [45] and Mathgd8imulink System
Generator Toolbox [110]. A block model of the FPGA code producatgube Simulink toolbox is
given in figure B.2 and shows the major subsystems of the FPGA desigh oEtese subsystems
will now be considered in turn.

The first subsystem of the FPGA unit is the analogue to digital converteCjfblock. This
contains the firmware to convert the analogue magnetic coil signal to a 12 bitiZ signal.
This signal is then sent to the FIR (finite impulse response) block, whidierpgs most of the
processing in the event generator unit. Here, the signals from eachcABx@hel are multiplied by
the coefficients of the Hilbert and bandpass FIR filters, which are optinfisdke frequency range
of a 2,1 NTM. The Hilbert filter gives the imaginary component of an NTMili@n which is

147
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Figure B.1: The NTM event generator. The input signal from the magnetils ¢s digitised by two Digilent
12 bit PmodAD1 boards (ADC boards), which both operate at 1zMFhis digital signal is then processed
by a Digilent Nexys2 FPGA board, which is built around a XiliBpartan-3E FPGA. Operation is controlled
using an embedded picoblaze microprocessor, which conuaies with the SMART triggering module
over a pair of fibres that both receive commands (Rx) anditnarisggers (Tx) via universal asynchronous
receiver/transmitter (UART) modules. These modules admented in the FPGA at either end.

90° out of phase with the bandpass filter signal and the complex select paratetamines how
to add the output of these filters to select a particular toroidal mode numberarmplitude of

the oscillating component of the NTM can then be determined by taking the @artespolar

transform of the real and imaginary components from each filter. Thisfoan is performed
using a CORDIC algorithm and returns the amplitude and phase of the NT&/NTM frequency

is then calculated from the finite difference of the phase and finally, the N@ifibd is determined
using a zero crossing algorithm.

The NTM amplitude and phase are sent from the FIR block to the triggering $otpsystem.
The other inputs for this subsystem are the upper and lower triggerirghtiids that are sent from
the user interface. The logic subsystem is currently designed to triggéStiheeser on the falling
edge of an NTM amplitude. Therefore, once the NTM amplitude has fallenmtsidth the upper
and lower thresholds, the enable lamp threshold goes high. When this par@ésegh the system

can be triggered when a particular phase matches the phase requetttedibgr.
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Figure B.2: The FPGA model, with the subsystem firmware of the NTM evenegator shown. The input signal from the magnetic coilsrsrtee ADC block (white
box) and is then sent to the FIR block (cyan box), which calimd the NTM phase and amplitude. This data is then sent toigigeering logic block (green). The
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When the NTM phase and amplitude match the user requirenrettts triggering logic box, the laser Q-switch and lamp teiggare 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 triggeringsefee both the ruby
and Nd:YAG laser lamps and Q-switches, at a given NTM phase (thede$@eed trigger phase).
The phase at which the lasers are actually triggered is adjusted, in ordemjpensate for the
delays incurred by both event generator processing and laser lameriniggg The delays in the
event generator consist of the group delay of the pre-dmpgs), the group delay of the FIR filter
(6415), the 12 FPGA clock cycle®)(25u:.s) and also the transit time delays in both the fibres and
the laser flight line £ 0.2us). The laser lamp triggering delay for the Nd:YAG lasers-i800us
and is1250us for the ruby laser. The range of the phase is scaled from -128 torli&8im the
FPGA unit. Thus, if an NTM period i& s and a trigger at phageis required, then the lamp
triggers must be sent &t— (300 + 76) x % 1S (Nd:YAG lasers) and — (1250 + 76) x % us
(ruby laser). The Q-switch triggers are issued at 76 x 2% us for both systems.

The Event 1 (Nd:YAG) and Event 2 (ruby) outputs are sent to the SM&RjGer unit (see
figure B.2). The rising and falling edges of an Event output provide tiggdrs for the laser
lamp(s) and the Q-switch respectively. The lasers are only triggeredese thutputs if they are
available to be triggered. In dedicated NTM experiments, a hold-off péituerefore introduced
at a fixed time to ensure all lasers are available for triggering when NThtewecur.

Two further subsystems are used to debug the operation of the evenagerunit. Either the
NTM signal or the NTM amplitude can be sampled at 6 kHz and stored to the RAbk on the
FPGA board. Alternatively, it can be output over a serial interface tG.alfe 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 shotggdhigrast experimental
campaign on MAST (M7), but did not trigger reliably for the majority of NTMeets. Tests were
therefore carried out to determine the system faults and based on the fesnod, improvements
were made to improve its reliability to trigger on specific NTM events. The systamalso fur-

ther improved to permit triggering of vertical shifts (section B.2.4). During mmpments, the
overall design of this event generator was not altered from the almsaridtion (section B.1), but

modifications were made to specific subsystems as described in the relstEms

B.2.1 System testing

The frequency range at which NTMs occur is within the audio range aerekaible from PC sound
cards. In addition, the magnetic signals used to trigger the NTM eventagenare recorded for

each MAST shot. These previous shots can be replayed to the NTM umjt a$C sound card,
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thus providing a simple means of generating an input magnetic signal for tdstiegent generator
unit (figure B.3).

After the magnetic signal of an NTM from a previous MAST shot is loadedhfthe MAST
database and played on the PC soundcard, the signal is sent throagtphiner and then to an
oscilloscope. The oscilloscope has an impedance of 20 kOhms, which ssrcho match the
impedance of the ADC which measures the magnetic signal. This ensuresthatplitude of the
signal sent from the signal generator is the same as that in the MAST shesidgnal then be used

to test the NTM event generator.

serial

FPGA
o Oo"lT smart trigger
oPT
JTAG o
oPT oPT
01 02
FPGA
ADC NTM event
generator
NTM signal =
using Matlab
sound card
amplifier oscilloscope

impedence matched to
magnetic ADCs (20 kOhm)

Figure B.3: A schematic diagram showing the hardware used to test anelagethe FPGA triggering

system.

Two principal methods were used to test the NTM event generator. Tterfegthod used

Chipscope Pro software [45]. This software allows a logical analysee iaserted into an FPGA
design and an internal FPGA signal to then be monitored and recordeel sgppeled of its FPGA
operation. Although a limit of this approach is the small number of samples théteceecorded, it

can still be used to effectively test the system if measurements are triggevedur at key points
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(as set in the internal triggering conditions). Figure B.6 shows an exarfiite 5i'TM amplitude
taken from the FPGA signal during testing using this method.

The second approach to test the event generator involved simulating@fedd3ign in Simulink
using the System Generator Toolbox from Xilinix, to assess individual dedgments. Only the
FPGA design, and not the hardware, was tested using this approaetprifhipal disadvantages
of this approach is that it can take several hours to simulate a single MA&Tesdch lasts 0.5 s).
However, this time can be reduced by a factor of 10 by using hardwasamadation, 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 combinatiors# ttvo ap-
proaches. In addition, larger modifications were made to the FIR filteridee8.2.2) and the

triggering logic (section B.2.3) to enable large improvements in NTM triggeriliaitty.

B.2.2 Design of the FIR filters

FIR filters are used to determine the amplitude and phase of the NTM magnettigitite NTM
event generator (see details in section 5.7.1). A bandpass FIR filtemile¢srthe real component
(Q) of an NTM signal and a Hilbert FIR filter determines the imaginary compbo(ig which is
90° out of phase with Q. A CORDIC algorithm is then used to calculate the polasftnan of Q
and |, to give the amplitude and phase of the magnetic signal.

Ideally, both FIR filters would produce an identical frequency resporsr the frequency range
of an NTM (2-10 kHz) and this would ensure NTM amplitude and phase lzdions were accu-
rate. In the original event generator design, a slight difference pores was found in the lower
frequency range~ 2—7 kHz). Additionally, in this original design, 128 FIR filter coefficients were
used to represent the | and Q filters and it was not possible to obtain aggmuhse (figure B.4) at
frequencies lower than 4 kHz with this number of filters. This is a particulaslpm for beta scan
experiments on MAST, as the marginal island width rotates at or below thiseéney range. The
number of FIR coefficients and the design of both FIR filters were re-omohts address both of
these issues.

Two FIR filter optimisation algorithms were used, the Parks-McClellan algoriftir@i][and the
least squared method [113]; these algorithms attempt to match a FIR frgqesponse to a de-
sired response input. The results from these algorithms were compareddiogimal filter designs
coefficients (figure B.4). During these tests it was found that the minimum eauoilroefficients
needed to produce good low frequency response was 180. Thigakésin an increased delay
due to the greater number of coefficients compared to the previous sysiethjsbis still well
within an acceptable range.

Differences in the frequency responses between the two FIR filtartgés non-linear vari-
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Figure B.4: The ideal frequency response of the bandpass and Hilbersfdtre shown in blue. FIR filters
results from Parks-McClellan and least squared with 180ficents are compared with the original FIR
design.

ation in the phase, which can lead to incorrect phase triggering. Theslgaated optimisation
algorithm results show less difference between the | and Q filter respopsgpared to the Parks-
McClellan results (figure B.5). As a result, the least squared algorithifficients were used to
improve the FIR filters. Figure B.7 shows the level of phase error reductithe 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 whick OETMr are fre-
quently interrupted by ELMs. These ELMs have the effect of droppiegdioidal velocity of the
MAST plasma and reducing the beta poloidal. This causes the magnetic sigedlt trigger the
NTM event generator) to rapidly drop in both amplitude and frequencytypidally lasts for~
1 ms (for type 1 ELMSs). In beta scan experiments, false triggers carféher@ccur due to these
ELM-induced amplitude drops.

Having identified these false triggers, it was found that they could besptegt using a con-
trol parameter to limit the allowable rate of change of the mode amplitude andefreguOnce a

derivative of the NTM amplitude and frequency is greater than the cqraraimeter, the triggering
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Figure B.5: The difference between the | and Q filters when differentrfitigtimisation methods are used.

The least squared method (red line) is found to give the lodiference between the result | and Q filters.

of the NTM event generator is prevented. The size of the control paeaiseletermined from pre-
vious MAST data. Figure B.6 shows measurements of the calculated degs/@tising Chipscope

Pro) carried out during an ELM event on MAST during tests of the NTin¢generator.

B.2.4 Triggering of vertical shifts

During beta scan experiments in the last MAST experimental campaign, theb&Hhs were
switched off to reduce beta poloidal. The main aim of beta scan experimentsaduoce beta
poloidal enough for an NTM to stabilise. However, when the NBI beamswaitehed off, the input
momentum of the plasma is eliminated and this increases the probability that an NThdokitb
the wall.

The height of the density pedestal obtained on MAST is dependent odlriheparameter
[111]. This parameter represents the degree of seperatrix separgtisrparameter can be varied
by fine (j 1 cm) adjustments of thg position of the MAST plasma using the P6 coils. The beta
poloidal at theg = 2 surface is dependent on the height of the density pedestal achiededusn
changing theZ position provides a potential method to control beta poloidal without having to
turn off the NBI beams. Furthermore, the adjustment of Zhposition can be triggered on the
NTM amplitude by coupling the NTM event generator to the MAST plasma cosysiem (PCS),
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Figure B.6: The frequency (dfreg/dt, green line) and amplitude (dampéd line) derivatives calculated
in real-time for shot 24622 on MAST. The sizes of these d#feérquantities have been measured using
Chipscope Pro software. The amplitude of the NTM is ovetptbin blue for reference.

allowing real-time control of3,,

The MAST PCS system controls the position and shape of the MAST plasnmnesiktime
feedback from both currents in the P1-P6 coils and measurements frditroadl coils located
around the vessel. Before a shot is performed, the reference ovengedf all plasma parameters
are sent to the PCS. This includes thg.; parameter, which controls the reference for the
position of the geometric axis and thus determines the level by whighdropped.

The MAST PCS system was therefore modified to permit the state af theparameter to
be controlled using an optical fibre in real-time. The NTM event generadsralso modified to
generate this optical signal, which would trigger the PCS on a given mode adeplithen the
optical fibre is onZ,. is shifted by a fixed amount and this is determined by another parameter,
Zo 1 set» Which can be set to a specific value before the shot begins.

The duration of a vertical shift is controlled by the NTM event genera¥ertical shifts can
be triggered on the rising or falling edges of the amplitude of an NTM. If thisliamle is greater

than an upper threshold, the vertical shift is triggered and remains onthmtiimplitude reaches
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Figure B.7: Error in the phase calculations, resulting from differentcethe | and Q filters, as calculated
for shot 24503. The new FIR filter design (blue line) redubesdrrors 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-slmt lmabeta 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 frequersyjtrigEom 2,1
NTMs. By detecting the growth of an NTM and triggering a vertical shift, tldis cemove the
driving beta poloidal before the mode leads to a disruption. A number ¢ sine planned for the

next experimental campaign to test the effectiveness of this approa@ruptibn mitigation.
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ach

192}

Command Description
ASY P (zzx) 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 ampdtu
ASNTM (zx) | Select NTM mode number. The number indicates the complex value e
coil must be multiplied by to describe the mode as 4 sets of binary pair
00 equalsii
0l 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 (zz) | 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 ford .,/ 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 geneatit.
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Publications

The publications in which the author has had an important contribution durisighisis may be
divided between diagnostic related work on the TS systems and physiks@ardributing to trans-

port and stability investigations, principally on NTMs.

Diagnostic related publications

e T. O Gorman, P. J. Mc Carthy, S. Prunty, M. J. Walsh, M. R. DunstarB.Rduxford, G.
Naylor, Emmanuel Maguet, R. Scannell, and S. Shibaev. Design and impkioamf a full
profile sub-cm ruby laser based Thomson scattering system for MR&7%iew of Scientific
Instruments81(12):123508, 2010.

e R. Scannell, M. J.Walsh, M. R. Dunstan, J. Figueiredo, G. Naylor, To@r@n, S. Shibaev,
K. J. Gibson, and H.Wilson. A 130 point Nd:YAG Thomson scattering diatimos MAST.
Review of Scientific Instrumen&l(10):10D520, 2010.

e R. Scannell, M. Beurskens, P. G. Carolan, A. Kirk, M. Walsh, T. Or@or, and T. H.
Osborne. Deconvolution of Thomson scattering temperature proftesiew of Scientific
Instruments82(5):053501, 2011.

e R. Scannell, M. Beurskens, M. Kempenaars, G. Naylor, M. Walsh, Gd@man, and R.
Pasqualotto. Absolute calibration of LIDAR Thomson scattering systemsthticoal Ra-

man scatteringReview of Scientific Instrumentl(4):045107, 2010.

e S. Shibaev, G. Naylor, R. Scannell, G. McArdle, T. O Gorman, and MI3WaControl
and acquisition for MAST Thomson scattering diagnostiassion Engineering and Design
85(5):683 686, 2010.

e R. Scannell, M. J. Walsh, P. G. Carolan, A. C. Darke, M. R. DunstarB.Rduxford, G.
McArdle, D. Morgan, G. Naylor, T. O Gorman, S. Shibaev, N. BarrattJKGibson, G. J.
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