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1 Introduction

1.1 The growing demand for energy

The sustainability of the contemporary economy dependsilgnan the availability of
fossil fuels. In2007 [Priddle et al. 2009 about81.4% of the total annual energy con-
sumption, estimated a2 billion tonnes of oil equivalent, was covered by difx),
coal 26.5%) and natural ga20.9%). The present level of consumption leads to the pro-
gressive depletion of these resources.

The rapid growth of the world population (predicted to rea6hbillion people within
2050) and the growth of the economy of developing countries léadm even further
increase in the energy demand. The International Energyn@ggriddle et al. 2009
International Energy Agen¢@009 predicts a growth 057% in world energy consump-
tion, in the period2004 — 2030. The increase will be much greaté5¢0) in the non-
OECD countriesthan in the OECD countrie24%). The total estimated consumption
for 2030 is aboutl8 billion tonnes of oil equivalent, as shown in figute?(b) The envi-
ronmental impact due to the massive consumption of fossisfunamely the production
of greenhouse gases which is directly related with the dlaaaming [Bernstein et aJ.
2007, sets a further constraint.

A solution is expected to come from the development of adtéva, sustainable,
CO,-free energy sources. Several examples of alternativessare available, namely
solar, wind, hydro, bio and nuclear energy. None of theseesgmts yet a ultimate, reli-
able substitute of fossil fuels. Tablel shows that in order to produdeGWyr electric
power, the size of a power plant (or the amount of raw majerégjuired, may differ by
several orders of magnitude depending on the primary ersrgice. Renewable energy
sources, in principle inexhaustible and environmentalgnidly, are available in almost
any place around the world. The energy density produced bly eait, such as solar
panels or wind turbines, is rather modest i.e. large areaseguired. This makes these
sources very suitable for a decentralized distributionedteicity. Nuclear power plants,
presently exploiting the principle of nuclear fission, gd@vhigh concentration of energy
but they suffer of a low social acceptance due to the risk gbnaccidents, to long-lived
nuclear waste and to the proliferation of fissile materialatidition to this, the world
reserves of uranium are not well known and the use of bre¢detsse the fuel cycle, in
alternative to the storage of exhausted fuel as such, lisister development.

The picture drawn so far addresses the necessity of a dieerginergy system, in
which the weight of fossil energy is slowly reduced in favafirmore sustainable so-
lutions from an economical and environmental point of viBwthis mixed energy sce-
nario all possible sources are implemented, so that the @sk negative impacts of all
sources can be limited. The capability of developing a $uside energy infrastructure

1The so called “developing countries”, not belonging to thgadization for Economic Cooperation and
Development (OECD)



1 Introduction

Approximate land use

Fuel needed for a 1000MW

Energy source o for a 1000MW plant Comments
power plant, during one year
(km2)
Biomass 30,000 km2 of woods 30,000
Wind 2700 wind turbines of 1.5MW 490
Solar PV 23 km2 of solar panels 23 placed in & GEuiny;
near the equator
Biogas 60 million pigs 600 fuigs ave Jle oy ee,
energy is extra.
Gas 1.2 km3 1
oil 1,400,000 tons 1 10,000,'000 Q|I barrels
or 100 oil tankers
Coal 2,500,000 tons 14 mines 26,260 train waggon loads
Nuclear fission 35 tons of uranium oxide 1+ mines (i 2.1 D itene
of uranium ore
q 100 kg deuterium and 150 kg q from 2850 m3 of sea water
Fusion P 1+ mines S
tritium and 10 tons of lithium ore

Figure 1.1: Fuel requirements for different energy sources. In theetfidestra et al.

2009, the fuel use is shown for B 000 MW power plant for one year (total
output abou®, 000 million kWh). Clearly, wind, solar and biomass need a
lot of space. Fission and fusion stand out as they requing @1y modest
amounts of fuel.

CombusLilble RS 2030

renewables Other**

|'2|yg£/o & waste X szj,;° 11 .e8r% Cocl/peat
Nucear £ %8 __Qher Nuckor 2 28.8%
5.9% 5.3%

Coal/peat
26.5 %

Gas Gas
20.9% ol 216% o
34.0% 30.1%
(@) ()

Figure 1.2: (a) Fuel shares of total primary energy supply (TPES2067 and (b) in

2030, based on current climate-policy frameworksifidle et al.2009.

will strongly depend on the improvement of existing teclugiaés and on the efficiency
with which the energy is distributed and consumed.

Fusion

power is usually not taken into account in energy ages up t02050, as it is

expected that fusion will not be commercially availabledse2040 - 2050. The enor-

2



1.2 Introduction to nuclear fusion

mous potential of this technology lies in the combinatioraafery high energy density
and higher environmental safety as compared to nucleaoffisdluclear fusion tech-
nology can also be coupled, as neutron source, to the waditnuclear fission reactor
in order to reduce the nuclear waste and avoid the issue®delédth chain reactions
[Bethe 1979 Gerstner2009. This type of sub-critical reactor could overcome some of
the above mentioned criticism concerning the use of nuéigsion.

1.2 Introduction to nuclear fusion

Nuclear fusion, the merging of light atomic nuclei to formaekieer ones, is the process
powering the sun and stars. In the core of the sun, the tetuperé: 1.3 keV) and
the density £ 1.5 x 10° kg m—?) are sufficiently high to allow the positively charged
nuclei to overcome the Coulomb barrier and reach distantésecorder of10~1% m,
where the nuclear attractive force becomes dominant. Aetbemperatures, well above
typical ionization energiesl8.6 eV in the hydrogen case), the fusion reactants exist in
the plasma state and they are confined by the gravitationzg.fo

The most promising fusion reaction for a first generationlearcpower plant is the
fusion of the hydrogen isotopes deuterium (D) and tritium (T

D +T — He(3.5MeV) + n(14.1MeV), (1.1)

producing am particle, a neutron and a total (kinetic) energyl@f6 MeV. Compared
with other possible fusion reactions, such as D-D ofHIe, the D-T reaction shows
the highest reaction ratégv), for energies betweeb0 to 80 keV (see figurel.3(a).
The reaction rate is calculated by averaging the crossoseotier the reactant thermal
distribution. To determine the requirements for a net epengtput, the fusion power
density is calculated/flesson2004 as

11—
PDT = 1n2(0v>kjEDT MWm_g, (12)

wheren = 2np = 2nr7 is the fuel ion density an@pt the total reaction energy. The
bar indicates the average over the plasma volume. Sipfgeof the energy delivered in
the D-T reaction is carried by neutrons, escaping from thsmh, only particles can
be involved in the heating process. In present day tokanteg«s-power is usually small
and in steady state external heatif), . is supplied to balance the rate of energy loss
from the plasma. The break even point is said to be reached Whe = P... The
power density lost from the plasma is defined as the totahpdaenergy density devided
by the energy confinement time,

P,="" MWm 3, (1.3)

where T refers to the plasma temperature. The “ignition” is reacivbén the power
produced bya-particles is sufficient to sustain the plasma, such that> Pr. This

3



1 Introduction

inequality, leads to a figure of merit for ignition requiremt® n 7, depending only on the
temperature. This parameter has a optimunifes 30 keV, as shown in figuré.3(b) As
the energy confinement time scales also with the temperdhgreptimal temperature for
ignition is further reduced tb0—20 keV. In this range the DT reaction rate is proportional
to 72 and the triple product of ion density, temperature and gnesgfinement time is a
constant. The ignition condition, known as “Lawson” criber [Lawson 1957 is,

nTtg > 3 x 102'm™3 s keV . (1.4)

10787

10728
1020

nt (cm™2.s)

[ AE \ 21
10730 = ,l’.,.v' o 10
S X

1031
102

10-32 L !
101 102 103 104 Ll i FE— |

E (keV) KT (keV)

(a) (b)

Figure 1.3:In (a) the cross section for deuterium-tritium, deuterideuterium and
deuteriumiHe reaction is shown. At lower energies the probability that
fusion reactor will take place is much higher for a D-T reawtiln (b) the
ignition and the break-even criteria, for deuterium-tniti and deuterium-
deuterium reactions, are compared.

A different approach to nuclear energy

The most remarkable advantages in the use of nuclear fusiteen the inherent safety
of the reaction, the lack of long-lived radioactive wastd #me fuel availability. In first

place a fusion reactor needs to be continuously fueled, derato be sustained. This
reduces significantly the issues related with power placidaots, namely explosion or
radioactive leakage. An uncontrolled increase in fusicgl fuould lead to the plasma
being extinguished as it cannot be sustained when the pldensity is too high. In sec-
ond place, it is noticed that both the fuel and the producta fafsion reaction are not
radioactive. The nuclear waste produced by a fusion reactosists of the radioactive
tritium and the in-vessel materials activated by high raugnergy. After~ 100 years,

4



1.2 Introduction to nuclear fusion

the level of radioactivity calculated for a decommissioneaktor is estimated to be com-
parable to that of coal ashes. The only radioactive isot@peroing during the reaction
is tritium, with a half-life of aboutl2.3 years. This is produced by a neutron-induced
fission reaction from lithium, exploiting the neutrons eded by the D-T reaction:

Li% +n — T + He* + 4.8MeV. (1.5)

In a 1IGWyr power plant the annual amount of tritium and deuteriequired is very
limited, estimated to be abow$0 kg. Last but not least, nuclear fusion does not produce
greenhouse gases. The third main advantage of nucleanfregiards the abundance of
fuel, deuterium and lithium. Deuterium can be extractediftbe sea water, in principle
without limits. Known land reserves of lithium are suffici¢a satisfy the world energy
consumption for about000 years. These resources are distributed all over the planet,
overcoming in this way the present geopolitical tensionatee to the control over oil

or uranium reserves. A final note concerns the economicaildifity of a reactor taking
into account the costs of design and construction. This ifiaudt estimate, considering
that the technology is still under development. Using neanttechnology, the Power
Plant Conceptual Study (PPC3J4isonnier et al.2009 calculates the cost of a kWh as
5109 eurocents for & GW plant.

Plasma confinement

On earth, the high density and the gravitational confinenoeotrring in the sun are
not achievable. It is possible though, to increase the teatpe. The method gener-
ally exploited in order to keep energy and particles in thespla, and hence to limit
the outward energy and particle fluxes, is the magnetic cemfémt. This is achieved by
generating a high (toroidal) magnetic field so that the abaigns of fusion fuel fol-
low spiral orbits around the field lines. The fuel is thereftnapped along the field lines
and can be heated to the required temperature by externalsmitagnetic confine-
ment has been proposed in a number of different configustibime most successful is
known as TokamaKkWesson2004 (Toroidal’nayakamera smagnitnymi katushkami),
i.e. toroidal chamber with magnetic coils (see figlird).

In a tokamak the main magnetic field is produced in the totaiitaction by a set of
coils surrounding a toroidal vacuum vessel. A current flgMiough the plasma, in the
toroidal direction, provides a further magnetic field in fh@oidal direction and heats
the plasma. This current is driven by the toroidal electiétdfinduced by means of a
transformer. As the current in the primary transformerwirés ramped up, a varying
magnetic flux in the transformer’s core is produced, indgémturn a toroidal electric
field in the secondary transformer circuit, i.e. the plasma.

In the central region, the temperature can rebckeV, aboutl0 times the tempera-
ture in the core of the sun. Further details are given in theviing chapter. The tokamak
has proven to be the most promising machine currently alailéo achieve ignition. The
Joint European Tokamak (JET), currently the world largekamak, obtained a record
peak fusion power in a D-T plasma 6 MW. This corresponded to a measured energy

5



1 Introduction

Magnetic Circuit
(iron transformer core)

Inner Poloidal Field Coils
(primary transformer circuit)

Toroidal
Field
Coils

Quter Poloidal

Field Coils

(for plasma

positioning

and shaping)

Poloidal field

Toroidal field

Plasma with Plasma Current, Ip
(secondary transformer circuit)

Resultant Helical Magnetic Field
(exaggerated)

Figure 1.4: Tokamak concept (property of EFDA-JET)

multiplication factor of approximately0.7. The parametef) = Ppr/Paux IS the ratio
of fusion power to input heating power. These experimenis bbpened the way to future
nuclear fusion experimental reactors such as ITERhada et al.2007, presently be-
ing built in France. ITER, aims to demonstrate the techrf@asibility of nuclear fusion,
is designed to achieve@ of about10.

1.3 Introduction to the topic of the thesis

From an ideal confinement to magnetic islands

The combination of the toroidal and poloidal component efitiagnetic field results in
helical field lines, which form toroidal, magnetic surfacEsr a plasma in equilibrium
(magnetic pressure is balanced by the plasma pressurejessupe gradient along field
lines is allowed, leading to isobaric magnetic surfacesth&sheat transport along the
field lines is very fast, the surfaces are also isothermad. Aumber of toroidal windings
necessary for a field line to complete a poloidal orbit is defiwith the parametey,
also known as safety factor. Whenis an irrational number the field line is ergodic,
i.e. it covers the entire toroidal surface. For rationakresl ofg = m/n the field line
closes upon itself aften toroidal andn poloidal windings, respectively. These surfaces,
in particular at low rationaj, are critical with respect to magnetic field perturbatioks.

6



1.3 Introduction to the topic of the thesis

a consequence, the magnetic configuration, ideally stredtas a set of nested surfaces,
is prone to reconnection phenomena, resulting generalyl@ss of particle and energy
confinement.

(@) (b)

Figure 1.5:In (a) a set of unperturbed nested magnetic surfaces is siwbilain (b) the
effect of the reconnection at the rational surfages 1 andg = 2 results in
a set of magnetic islandg¢ Bock 2007).

This thesis is focused on a particular type of magnetic bikty called “tearing
mode”, responsible for a new, non-symmetric magnetic wgpgl characterized by a
chain of “magnetic islands” (see Chapter 3). In a magnetand a field line is dis-
placed radially by a distance which is comparable with theni$ width (see figurd.5).
The size of an island can reach a considerable fraction gildtsma cross section (up to
50% for a2/1 island). The result is an enhancement of the radial pasicteenergy flux
over the island region and consequently a flattening of tipégature profile which can
strongly limit the performance of a tokamak. When the pedtidn is particularly large,
it may lead to a “disruption” $chuiller 1995, a sudden termination of the plasma as a
whole where the confined energy is transferred to the walltgup 2 MJ/m?, in JET)
with the risk of melting or vaporization of the plasma facc@mponents. The “energy
quench” is followed by a rapid loss of plasma curreati0? up to10° MA/s), referred
also as “current quench”, which induces enormous forcegasel components<( 10°
N, in JET). This can affect the vessel integrity. It is therefimportant to improve the
understanding and the control of tearing modes in order litege the requirements for
performance and safety of a tokamak reactor.

Analogy with Hamiltonian dynamics

The problem underlying magnetic reconnection is very braadl can be referred to as
“break up” of invariant tori in a perturbed Hamiltonian syist. A general review of these
topics can be found inArnold, 1963 Berry, 1979 while in [Rosenbluth et al.1966

Hazeltine and Meissl997] the destruction of magnetic surfaces is specifically #@at
To illustrate the analogy the case of a conservative, iatdgr dynamical system with
N degrees of freedom is presented here, which is defined byatihenecal equations of

7



1 Introduction

motion,
oOH O0H
p aq y 4 ap (p b1, PN 4 q1, an) ( )

with Hamiltonian H (p, q). This is in fact the formalism used to describe the field line
equations in a tokamak, given in equati¢hgj. The state of a system is given by the
canonical coordinatesp, q} in the 2N-dimensional phase space, whejeepresents
the spatial coordinate anglthe related momenta. Being conservative and integratde, th
system hasV independent constants of motidfp, q) such that,

5 oL oI;  9I; dl;
k

dqr Opr  Opr. Oqx 0, i#d, (.7

a property called involution. The Hamiltonidii(p, q) is one of these constants. It can
be shown that, for bound motion in which the region of acddsghase space is finite,
the set of constants of motion describ€sdimensional tori in phase space. These tori
are said invariant because an orbit starting in one torusirsybound to that torus. An
appropriate choice oN irreducible pathsy;, such that they cannot be shrunk to zero,
allows to define a preferred set of constant of motign

Ji:/ p-dq, (1.8)
Yi
called action variables, and their related anglgsA relevant quantity for the following
discussion is the frequency vector of the toxysvhich can be defined as

0¢; OH

wilD) =S¢ = o,

It is found that, for most part of the orbits, the frequencgtee is “incommensurable”,
i.e. no integer vectam exists, such thai -w = 0, with m # 0. The trajectories are then
called conditionally periodic and they cover densely theido This means that a point
moving on the torus never returns to its original position.eWlthe frequency is com-
mensurable, the orbit closes upon itself afi@ewindings on the torus. The exceptional
class of periodic orbits is particularly important for steyp analysis of quasi-integrable
systems, since these orbits are generally broken, whenlbgartarbation is applied. The
work by [Birkhoff, 1927 proved that, instead of a complete circle of fixed points,ibr-
turbed orbits evolve into a finite even number of fixed poihedf of them representing
a stable point (elliptic type) and half of them representingunstable point (hyperbolic
type) as shown in figuré.6. Stable points are surrounded by closed invariant curves
while the unstable points are connected between each ofhmrises called “separatri-
ces”. In a two-dimensional torus the overall configuratian be defined as a “chain of
islands”.

(J), i=1,N. (1.9)

This thesis

Magnetic islands and their evolution have been studiedektely for nearly four decades
[Furth et al, 1963 Rutherford 1973. Despite this long standing effort the complete sup-

8



1.3 Introduction to the topic of the thesis

Figure 1.6: Break-up of invariant, rational torBerry, 1979.

pression of tearing modes (in modern tokamaks) has beeevathonly ten years ago
[Gantenbein et 8l.200Q Isayama et al.200Q La Haye et al. 2003. This outstanding
result was obtained by means of electron cyclotron waveS\(E@hich allow to deposit
highly localized power at the island location. The EC powenegrates a current per-
turbation either inductively, through a temperature piation, or non-inductively by
direct current drive. Qualitatively, this means that thfe&fof the localized EC power on
magnetic islands is twofold: it increases the local stghito make the island formation
more difficult, and it compensates for the effect of the terapee flattening inside the
island region by a local increase of the temperature anddhycing a current across the
island. This thesis addresses in particular the stabgigiifect of these techniques, usu-
ally referred as Electron Cyclotron Resonance Heating (HCa&hd Electron Cyclotron
Current Drive (ECCD). The aim of the study can be summarizsoliéows:

¢ To include new insights in the model for the evolution ofarieg mode by a close
comparison of the stabilizing contributions of the locaktieg and the current
drive;

¢ To extend the above mentioned model to a generalized gepwigihe magnetic
island,;

« To provide accurate predictions on the power requiremftshe stabilization
of the mode. This requires the application of the model tdiséa machine-
dependent scenarios and has a particular relevance for diEEgN.

In order to analyze the problem completely it is necessatgke into account both
the geometry of the tearing instability, which depends anphrturbed magnetic equi-
librium of the plasma and the parameters determining the &@p deposition, which
can be calculated by means of beam-tracing codes. The apptrodhe topic has been
therefore both theoretical and numerical. The theoretigproach relies on the model
developed by Rutherford in973. Assuming a simplified description of both the mag-
netic equilibrium and the magnetic perturbation in thenityi of the mode, the model

9



1 Introduction

leads to the well known equation for the evolution of the negmisland width, called
the “Rutherford” equation. The equation relates the groeftithe island width to the
different helical current perturbations occurring in tskand region. The main merit of
the “Rutherford” model has been the capability to reprocacmurately experimental re-
sults, despite its relative simplicity: effects relatedhwtioroidicity, as well as with the
geometry of the tokamak or any other feature “far” from thsoreant surface are in fact
usually neglected. The EC the power deposition profile isragsl to be Gaussian, char-
acterized by the width of the profile, the position of the péd&ng the radial and angular
directions) and a possible modulation of the power. All ntina evaluations have been
performed with MatLab.

The problem is generally non-trivial because we deal atdhngestime with quantities
which are constant over the magnetic surfaces (they willded flux functions) and
highly localized ones, such as the EC power. In second plecgéometry of a tearing
mode, even in a simplified model, can be deformed by secorat effiects or by relaxing
some of the assumptions underlying the model.

The thesis is structured as follows. Chapténtroduces the background on tokamak
physics, necessary for a general understanding of thesthElse theory of magnetic
islands, their topological properties and the temporaligian are extensively discussed
in chapter3. In chaptert, the focus is drawn on the relative merits of ECRH and ECCD.
This chapter answers to the following questions:

« |s it possible to identify a set of relevant parameters adkpression for the con-
tribution of ECRH and ECCD to the Rutherford equation, inesrtb determine
their relative importance for island suppression?

* Why has ECRH been experimentally observed to be the doméftaut for island
suppression in small size tokamaks such as TEXTOR ah@ Vhile it appears
negligible on middle-large size tokamaks (DIII-D, 60; ASDEX)?

« To what extent can the results of the analysis be applicde@xperimental data?

In chapter5 an extension of the previously discussed model allows #werirent of
asymmetries in the island shape and discuss their effe¢teoprevious predictions. The
interest in this topic has been justified by the experimeet@ence, since asymmet-
ric islands have been found in ASDEX-Upgrade, DIII-D and TR60U. This chapter
addresses the following questions:

* How can the magnetic perturbation due to tearing modesfbemalated consis-
tently, such that second order effects due to shear flow, ¢estyre gradient and
“amplitude deformations” are taken into account?

« How do these perturbations in the island topology affeete¥olution of the mode
and, in particular, the contribution of ECRH and ECCD?

« In the previous literaturelazzaro and Nowak2009 Urso et al, 201 island de-
formations are found to have a sizable effect on the islamdugen. Can these
statements be confirmed or refuted?

10



1.3 Introduction to the topic of the thesis

Chapters addresses the requirements for NTM suppression by an éxaensalysis
of the parametenxTy. This is defined as the ratio between the maximum in the driven
current density, responsible for the stabilization of thedm and the maximum in the
bootstrap current density, the main drive of the mode dé&tation. A particular em-
phasis is given to the optimization of the parameters deténgnNTM stability in ITER
ECRH system. The chapter answers to the following questions

« Why is M found not to be a suitable parameter to investigate the rexapgints
for NTM stabilization?

* What is the criterion for NTM stabilization that merges in@herent theoretical
framework the numerous (and contrasting) experimentakareaents performed
in different tokamaks?

* Which conclusions can be drawn for the ITER ECRH system?

In the last chapter, conclusions and perspectives corsldiethe thesis are summarized.

11
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2 Tokamak physics

The study of the tearing mode instability involves a numifedifferent basic physical

concepts, concerning the magnetic confinement, the trainapd the use of external
heating systems to control and suppress the mode. Thiserhiapineant to introduce
a common theoretical framework, the tokamak physics, irctvieiach of these topics is
addressed separately. This constitutes the necessaiyrbaoki to the theory of magnetic
islands, treated in the following chapters.

2.1 Magnetic confinement

Motion of a single particle in a magnetic field

A charged particle in a constant uniform magnetic field moves freely in the dicec
parallel to the field, while in the perpendicular directidwe tLorentz forcel’ = gv x
B, forces the particle to gyrate around the field line with tharacteristic cyclotron
frequencyw. = ¢,B/m,. HereB is the confining magnetic field, whilg, v andm
are the charge, the velocity, and the mass of the partidperively. The radius of this

B
v

par

Figure 2.1: Cartoon of a charged parti-
v cle gyrating around a magnetic
perp . A
field line.

circular motion (or gyro-radius) is known as the Larmor tedand is given by, =
mpv1 /¢y B, Wherev, is the magnitude of the perpendicular velocity. Fot(akeV
plasma in a magnetic field = 5 T, a typical value of the electron and the ion gyroradius
iSrLe &~ 5x 107° mandry; =~ 2 x 1072 m, respectively. In the direction parallel to the
magnetic field, the particle moves with a velocitywhich is of the order of the thermal
speedyr, = (kpT,/m;)'/?, T being the temperature of the particle distribution &gd
the Boltzmann constant. This implies that, in a fusion plasvith densityn ~ 102° m=3,

the mean free path covered by a particle before experiemoingision,L,, = vy /vy, is
about10 km for electrons and ions;, being the particle collision rate. The comparison
of L, andrr,,, shows how the tokamak enforces a good perpendicular corginiamhile,
along the magnetic field, particles are free to flow for a distamuch larger than any
linear magnetic device. The transport parallel and perigefat to a straight magnetic
field caused by collisions, fast parallel motions and thedirize of the Larmor radii is
denoted as classical transport. To prevent parallel lpsesnagnetic field can be bent,
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2 Tokamak physics

for example by means of a toroidal set of magnetic coils, theotto create a closed
toroidal configuration. Due to the curvature and the gradigrihe toroidal magnetic
field, a vertical drift of the particle orbits arises, whicbtsin opposite direction for
positive and negatively charged particles. The verticatteic field established by this
vertical charge separation, leads to an outward radia @ifx B -drift), the direction
thereof being independent of the charge of the particles #ssult, the plasma would be
expelled from a torus with a purely toroidal field. In ordercmunterbalance the charge
separation, a poloidal magnetic field is introduced. By agdi small poloidal field the
particles still move mainly in the toroidal direction, bbely now cover the entire poloidal
cross section before returning near the initial positimmsl and electrons still have a
vertical drift associated with them but this now cancelshie ipper and lower halves of
the torus with the effect that there is no net drift. The wadtdrift along the flux surfaces
leads in particular to particle orbits on closed drift suegfg, which are slightly shifted
horizontally with respect the flux surfaces.

The curvature of the field lines and the variation in the fi¢tdrggth is also respon-
sible for distinct classes of particles which can be distisiged into trapped and passing
particles, as shown in figura.2 Trapped particles bounce backward and forward be-
tween the two turning pointd§esson2004. The mirror force responsible for the trap-

Figure 2.2: Poloidal projection of typical charged particle orbits itokamak. The par-
ticles experience a vertical drift (strongly exaggerateddurpose of illus-
tration) dependent upon their velocity parallel to the neigpfield [Pinches
1994

ping is a consequence of the parallel gradient of the magfietd V B which acts on
the perpendicular component of particle veloaity as
Lo

i (2.1)

F= —/LVBH , with n=

The magnetic momentis an adiabatic invariant, being almost constant in a sloaty-
ing magnetic field. Recalling that the magnetic field is mialiat the midplane, where the
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2.1 Magnetic confinement

perpendicular velocity is defined ag | , the magnetic momentum conservation yelds,

2 2
v Vo, L
—_ = 2.2
B Bmin , ( )

wherev ;. can be conveniently calculated at the bounce peipt 0) by using the energy
conservation | = vg, | + vy, , to obtain

2
By, v,
= . (2.3)
Buin ,Ug,L

Equation 2.3) determines the trapping condition for a particle. Pagiclvith a suffi-
ciently largevy,/vo, 1, such thatB,, exceeds the maximum magnetic field at a given
magnetic surface, can flow around the torus following théchkpath of the field lines.
The trapped particles have insufficient parallel kinetiergy compared with their per-
pendicular energy to penetrate into the high-field side efttitus and are consequently
located in the outer low-field side of the tokamak. They beubackwards and forwards
between their mirror points experiencing a continual eettirift due to the combined ef-
fects of field curvature and gradient. The projection of ¢hebits on the poloidal plane,
shows a “banana” shape.

Collisional transport in a toroidal geometry, where theugson of the particle orbits
from the flux surfaces, determined by drifts, is much lardpantthe Larmor radius, is
denoted as “neoclassical” transport. In this transportehdbe step size in the diffusion
processes is defined by the banana width.

Magnetic confinement in a tokamak

In the previous chapter, the tokamak plasma was introdused axially symmetric sys-
tem with closed magnetic surfaces, in which the magnetid fiela combination of a
dominant toroidal field produced by external coils and of kidlal field induced by a
current flowing in the plasmafaams and StagtR002 Wesson2004. The toroidal ge-
ometry can be generally described by a set of coordinfatel ¢} wherer, § and¢ are
the radial coordinate, the poloidal and the toroidal anglespectively as illustrated in
figure 2.3(a)for the case of a circular cross section. The combinatiohetaroidal field
By and the poloidal field3y gives rise to magnetic field lines which have a helical trajec
tory around the torus as shown in figl@&&(b) A measure of the pitch of the helical field
lines is the safety factar (introduced in sectio.3). Owing to the axisymmetric prop-
erty, the equilibrium does not depend on the toroidal angl@eaning that the magnetic
field lines lie on nested toroidal magnetic surfaces. Thecklmmdition for plasma equi-
librium requires that the magnetic force balances the fdieeto the plasma pressure,
that isj x B = Vp. This implies that magnetic surfaces coincide with surdaafecon-
stant pressur@ - Vp = 0 and that current lines lie on magnetic surfage¥,p = 0. The
ratio of plasma pressure and magnetic pressure, known gathmete3 = 2u0p/ B2,

is a measure for the quality of plasma confinement.
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2 Tokamak physics

Poloidal Plasma
field electric current

Toroidal
R field

Resultant helical field
(Pitch exaggerated)

@ (b)

Figure 2.3:In figure (a) a set of toroidal coordinates is representedewhi(b) the main
components of the magnetic field and the resulting field laresshown.

Itis customary to label magnetic surfaces by the radialdioater or by introducing
a toroidal flux functiony, which is proportional to the toroidal flux contained withire
surface. A flux representation of the total magnetic field lmaformulated as,

B= % (Vx X VO + Vo x Vi) (2.4)

where R is the major radius of the toru8,the poloidal angle and the poloidal flux
function. The two terms in equatior2.4) correspond to the toroidal and the poloidal
components of the field, respectively. More generathaeltine and Meissl99] any
function f that is constant along fields lines, iB.- Vf = 0 is called a “flux label”.
Reformulating the safety factor in terms of magnetic fluxes dx/di, it is possible to
rewrite equationZ.4),

B = %w x V(g — ¢) = %w x V¢, (2.5)

where a new helical angle= 6 — %qﬁ has been defined. Whervaries along the radial
direction, the field is said to have magnetic shear. On adnafisurface” withy = m/n,
wherem andn are integers, the field lines close upon themselves afti@roidal andn
poloidal revolutions. Using equatio.4) it can easily be shown that the field line orbits
are described by a Hamiltonian systeWitjite, 200]. Magnetic field line equations are
defined asdx/d¢ = (B - Vx)/(B - Ve¢) anddd/d¢ = (B -V0)/(B - Vo) or by
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2.2 From banana orbits to the bootstrap current

substitutingB,
dx  Vx- (V¥ x V)
dp — (VxxVb) Vo
o V- (Vi x Vo)
b~ (VxxV0) Ve 9

Since the gradient of the poloidal flux functi@h) can be written in a general form as
Vi) = 0,V x + 0 VO + 0V ¢ (2.7)

equation 2.6) reduces to
dx 0  do _ 0y

dp 00’ dp  Ox
This is a Hamiltonian representation of the field lines wheétg, 0, ¢) is the Hamilto-
nian,y the actiong the angle and the time coordinate.

(2.8)

2.2 From banana orbits to the bootstrap current

In a high temperature, low collisional plasma, when a trappa&rticle can complete at
least one bounce orbit before suffering a collision, thesipla is said to be in the banana
regime. The width of a banana orhit, ~ ¢'/?r,, is typically of the order of several
centimetres for ions wheke= /R is the local inverse aspect ratio for minor radiyg?

is the major radius and.g, = (2m;kpT;/e?By)'/? is the ion poloidal gyroradius. It can
be shown YWesson2004 that a fractiore'/? of the particles are trapped into such orbits.
In the cylindrical limit, corresponding to a very small imge aspect ratio approximation,
the fraction of trapped particles becomes negligible, aeeted.

The number of trapped particles following a banana orbitdgprtional to the den-
sity. Observing the region between two adjacent field liseg the figur@.4), it is noted
that a particle imbalance between the “inner leg” of gredsit@nd the “outer leg” of
the pink orbit, owing to a finite density gradient, result@inet, toroidal momentum or,

“banana” current,

1/2(61/2vT)wa—n : (2.9)
T

Jbanana = —€¢€
where the terma'/2v; represents the typical parallel velocity of the trappediplas and
n is the plasma density. Both trapped ions and trapped eflectarry such a current.
A momentum source to passing particles results from cofisiwith the trapped parti-
cles carrying this net toroidal momentum. In steady stats¢ghmomentum sources are
balanced by a momentum exchange between the passing iomdemtidbns requiring a
difference in average, toroidal velocities of these specidis represents the bootstrap
current. An heuristic derivation of the bootstrap curresnsity, valid for negligible tem-
perature gradients and small (yet non negligible) invespeet ratio can be argued from
the balance of the momentum exchange (expressed as théoran&the momentum
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2 Tokamak physics
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Figure 2.4: Charged particles travel in tight "gyro-orbits" around metic field lines. In
some cases, due to the gradient of the magnetic field, tlagéctory traces
out banana-shape orbits (property of EFDA-JET).

density in time) between the passing electrons and thengpisis, ve;m. Jgs /e with the
momentum exchange between the passing and trapped ekeetfon. /¢)m. Janana/€-
Herev,, is the collision frequency between passing and trappedretesy,; is the col-
lision frequency between passing ions and passing electndrle e and m,. are the
electron charge and mass, respectively. Under the assampti ~ v;, the previous
argument implies that the bootstrap current differs from“ttanana” current by a factor
1/e. A more elaborate analysis, for smalalues, leads to the following expression for
the bootstrap current,

\f 10n oT. oT;
244(T; +To) = =

Jps ~ (2.10)

whereT; . is the electron and ion temperature. In the limit= 1, when most of the
particles are trapped, the bootstrap current is driven éytbssure gradient,

Jps ~ —— 2P (2.11)

Such a current exists independently of the externally drteeoidal current. At hight it
can become a significant fraction of the total parallel aurcensity.J,.
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2.3 Electron cyclotron waves

2.3 Electron cyclotron waves

The plasma in a tokamak is partly heated by means of ohmiénigedie to the induced
plasma current. This method is generally limited by twodegtthe capability of induc-
ing a current while maintaining the plasma stable and theatiah of the plasma resis-
tivity as the temperature increases. From MHD stabilitydherent limit [Shimada et al.
2007 is taken as equivalent g, 2 2 whereq, ~ 2m(aBy/1ol)(a/R)k is the value of
the safety factor at the plasma edge- «a, k& being the vertical elongation. In the case
of ITER, the current limit is approximatelys5 MA. This limitation of Ohmic heating
motivated the use of auxiliary heating systems in order ttaaene plasma performance
up to the ignition condition.

Among the most successful methods commonly applied, ndagaan injection (NBI)
and radio frequency (or microwave frequency) heating aiefliprdescribed. In the first
method an energetic beam of charged particles is neutiiaizé injected into the plasma
core where the beam is ionized and the energy transferredltigians to the bulk
plasma. In the second method, energy is transferred to #senal by means of electro-
magnetic waves, through resonant interaction with theotyamh motion (or harmonics
of it) of the ions or electrons. Depending on the resonanegquiency we can distin-
guish between lon Cyclotron Resonance Heating (ICRH) aedtéin Cyclotron Res-
onance Heating (ECRH), respectively. The use of Electronldiyon Waves (ECW)
[Bornatici et al, 1983 Prater 2004, has proved to be of particular importance both for
plasma heating and as a means to locally drive non induatkadal current. In the
following EC waves will be presented in more detail.

4

Z Rec Figure 2.5: Cartoon showing the ECW in-
jection at the resonance radius
Rgc. In the following chapters
we will refer more often to the
resonance radius as the distance
rs, from the axis with respect to

the poloidal cross section.

The non-relativistic cyclotron frequency for an electromajing around a magnetic
field line is defined asy.. = ;—B, or, numerically, a¥cc = wee/2m ~ 28 - B[T|GHz. In
the range of interest, this impﬁes a frequency of the ordi@n6 GHz and consequently a
wavelength in the millimetre range. Electron cyclotron esare injected from vacuum
and propagate as a narrow, well-defined beam, with high pdesmsity. The absorption
of the EC waves in the plasma is limited around a resonanee i&ljere the cyclotron
frequency or an harmonic thereof, equates the wave fregévesterhof 2008. Ap-
proximating the magnetic field with its (dominant) toroid@mponent, the position of
this layer for then,, harmonic at frequency is Rgc = R(neBs/m.w — 1). The com-
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2 Tokamak physics

bination of a thin resonant layer and a narrow beam definesf glasma volume where
the EC power is deposited. This allows to manipulate lodakypressure and the current
density.

Electron cyclotron waves can drive a non-inductive curf@@CD) in a toroidal
plasma Dhkawa 1976 Fisch and Boozerl98(. For an electron moving in the plasma
the resonance occurs at a Doppler shifted frequeneynwe./v + kv wherey is the
relativistic factor,k andv| are the parallel components of the wave vector and the ve-
locity, respectively. Injecting electron cyclotron waatsa given toroidal angle (oblique
injection) allows to select a population of resonant etawdrwith a certainy|. Electron
cyclotron absorption results in an increase of the perpetali energy of resonant elec-
trons and hence to a lower collisionality (see fig@ré-a). The collision rate decreases
asv—3. This creates an asymmetry in the electron distributiortion, i.e. an excess of
electrons moving in the direction ef;. This corresponds to a net current in the oppo-
site (toroidal) direction, known as the Fish-Boozer curr&hen trapped particles are

(a) Fisch-Boozer (b) Ohkawa
vV vi

v T-P
Boundary

M

0
M Teccp —»

«° Teoep
Figure 2.6: (a) Schematic illustrationHrater 2004 in velocity space of electron cy-
clotron current drive by the Fisch-Boozer process and (b)heyOhkawa

process. The acronym “T-P” stays for Trapped-Passing kemynd

involved, EC-induced velocity excursions might move eleas$ from the passing region
to the trapped region as shown in fig@.&-b. In steady state the flux of electrons, in-out
of the trapped region is balanced, but the detrapping psosesymmetric inv; while
the trapping process is asymmetric for a firkite This generates a net electrical current
flowing in the opposite direction with respect to the FisheBer current which is known
as Ohkawa current.
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3 The theory of magnetic islands

3.1 Introduction

Magneto hydrodynamic (MHD) instabilities are one of the ondjmiting factors to
achieve high confinemenHpzeltine and Meissl1991; Biskamp 1993 Wilson, 2008.
They can be broadly distinguished in terms of the charatietime scale with which
they evolve in the plasma. Here two main categories aredotred, ideal and resistive
instabilities. Ideal instabilities are modes which ocaurd perfectly conducting plasma,
growing on the fast Alfvén time scale, = a/(B/\/1op), Wherea, 1o andp are the
plasma minor radius, the permeability of free space and thgsrdensity, respectively.
In a tokamak these instabilities can lead to a rapid loss oficement, (a so called
plasma disruption) in a few microsecond¥dsson2004. The appearance of ideal in-
stabilities sets therefore a limit in the achievable plagmessure and current, which is
usually referred to as the idegl limit [ Sauter et a).1997. The latter is defined, for
monotonicg profiles and neglecting the effects owing to the wall or othstabilities as
By = B(%)/(I[MA]/a[m]|B[T]) ~ 4l; wherel; is the internal plasma inductance. The
ideal 5 limit has been reached in most of the tokamaks for short diggs, while for
discharges lasting several confinement times,the achievable is limited by the ex-
citation of resistive instabilities. Unlike ideal instéties, these can change the topology
of the magnetic field. Tearing instabilities, in particul@connect magnetic flux-surfaces
to form chains of magnetic islands, allowing field lines tdtdadially, for a distance of
the order of the island width. These modes evolve duringrtiil, linear phase on an
hybrid time scalery « 72/°7/® wherer, = poa? /7 is the resistive time scale, for a
finite resistivityr. In a tokamakrg is of the order oflOms, justifying the term “hybrid”
sincer, < Ty < 7y. In the non-linear phase they evolve on the slow local resisime
scale. More details will be given in the following section.

A magnetic island effectively “short-circuits” magnetigriaces by making a path for
heat and particles to radially transit the island regiorhaiitt crossing the equilibrium
magnetic field. As a consequence of heat and particle tranafmng the field lines,
temperature and pressure inside the island are found tach#yldlattened. This results
in a loss of energy and particle confinement. According tdtledt” model [Sauter et aJ.
1997 the degradation in energy confinement due to this flatteisnmgedicted to range
from a few percent up t60% for a large island (see figu®1). In addition a magnetic
island slows the plasma rotation because of the radial ntiagiedd fluctuation imposed
at the resistive wall. As the island tends to rotate with flasma, it induces eddy currents
on the wall whose magnetic field opposes the island pertorngit high frequencies the
resistive wall behaves like a perfect conductor but as therph rotation is slowed, the
oscillating magnetic field penetrates further into the wiattreasing the drag. This leads
eventually to mode locking and to disruptiohs[Haye 20064.

This chapter provides a theoretical framework for the dpson of tearing mode
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a|bue
[eplojod

Figure 3.1: Flattening of the pressure
and temperature profiles
across the island, along the
radial direction. The degra-
dation in energy confine-
ment due to this flattening
is predicted to range from a
few percent up t60% for a

Pressure flattens across island Iarge island W"SOH, 2008

Pressure

Minor radius

instabilities. We shall begin with a brief introduction diet magnetic reconnection pro-
cess, in order to describe the geometrical properties gbéneirbed magnetic topology
and afterwards, the temporal evolution of the mode. A paldicemphasis is given to the
mechanisms driving the so called neoclassical tearing maggearing at highs, even
when the plasma is linearly stable.

3.2 Resistive MHD and magnetic reconnection

Tearing modes are macroscopic, resistive instabilitiexchvhffect the whole plasma.
It is natural therefore to investigate them using the magmneatrodynamical approxi-
mation, which effectively treats the plasma as a singlafllihe model combines the
Maxwell equations with the equations of fluid dynami@oedbloed and Poedt3004.

As general assumptions, the quasi-neutrality conditioadsiired for the fluid while the
magnetic field must be sufficiently strong to enforce a smathhor radius to the particle
orbits; furthermore viscosity and heat conduction areeetgd. With these premises, the
MHD equations describing a plasma in presence of a finitstieity 1, can be written
as,

L= Vv (Continuity) , (3.1
P (Cg) =JxB-Vp (Momentum), (3.2
dp

== —ApV v (Internal energy) , (3.3
%f =-VxE (Faraday’s law) , (3.4)
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3.2 Resistive MHD and magnetic reconnection

where,
E=-vxB+nJ, (Ohm’s law) , (3.5)
J= VxB (Ampere’s law) , (3.6)
V-B 500 (Absence of magnetic monopole) . 3.7)

In equations3.1), (3.2) and @.3) the definition of convective derivative,

d 0

a = ((()\'t +v- V) s
has been used. The parametedenotes the ratio of specific heats. It is noticed here
that, in equation3.6), the displacement current has been neglected, assunimgoft
plasma phenomena non-relativistic velocities« ¢. Substituting equations3(5) and

(3.6) in equation B8.4) the following expression for the evolution of the magnéigd is

obtained, 5
B " o2

— = B —V°B. .

5 V x (v x )+M0v (3.8)
The first term on the rhs of equatio®.), describes the convection of the magnetic field
by the plasma flow. When the first term is dominant, the magriketicis frozen into
the plasma and the topology of the magnetic field cannot aha@g the other hand,
when the diffusive term is not negligible, the topology oé titnagnetic field is free to
change. The relative magnitude of the two terms on the tiginid side of equatior8(8)
is conventionally measured in terms of the Lundquist number

g = Hoval (3.9)
n
wherew, is the Alfven speed and L the characteristic length-scath®plasma. IS is
much larger than unity then convection dominates, and tizefr flux constraint prevails,
while, in the opposite limit, the diffusion dominates, ahd toupling between the plasma
flow and the magnetic field is weak.

In a tokamak the conditio§ > 1 is typically satisfied. This leads to the conclusion
that in most part of the plasma the resistivity plays no rold the plasma itself can be
treated as a perfectly conducting fluid. In this limit theisége model described above
reduces to the so called ideal MHD. In the “resistive lay@rhere the instability oc-
curs, the effect of the magnetic diffusion is responsibtettie magnetic reconnection of
the field lines, as shown in figu@&2 Here the ideally stable magnetic topology breaks
towards a new equilibrium with a lower magnetic energy.

In order to describe the geometry and, later, the temporalugen of a tearing
mode, a few further simplifications are made, leading to thealed “reduced MHD”
[Biskamp 1993 White, 2007. In first place a large aspect ratio is assumed, such that
e = a/R < 1. This reduces the problem from a three dimensional to a tweedsional
one. Secondly a strongly magnetized plasma in the toroidadtibn is introduced, such
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3 The theory of magnetic islands
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Figure 3.2: Cartoon [Jrsa 2009 describing the reconnection of the field lines in a slab
geometry, around the resonant radius, due to a finite nagjsti

thatB ~ Bje,, where to the lowest ordds, = const. The plasma motion is therefore
highly anisotropic, such that strong local gradients dmnadd only in the poloidal plane.

As a consequence, along the toroidal directign< 1. Introducing the vector potential
A and the scalar potentialin the Faraday’s lawd.4) and substituting the electrical field
from Ohm’s law B.5) the following expression,

aa—?:va—&—nJ—Vgo, (3.10)
is obtained. Consider now the poloidal component of eqond8dL0. It is noted that the
term 9, A, is negligible sinceB, = (V. x A} ) - e, Is approximately constant. The
subscriptl denotes the direction perpendicular to the toroidal figicaddition resistive
instabilities are driven by the parallel curreft~ J,, so that/, can also be negligible.
This leads to an expression for the poloidal velocity,

ey x Vo

5 (3.11)

V) =

Equation 8.11) satisfies the conditioR - v = 0, indicating the incompressibility of the
flow. It is noticed that the incompressibility holds when gegturbed plasma moves with
a speedh <« v, andv < v, wherev; is the sound speed. Recalling the poloidal flux
function+ and using equatior8(1]) it is possible to reformulate the parallel component
of equation 8.10 as,

1oy
where the operatdv |, defined as,
BV
Vi=——, (3.13)
[ B,
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3.3 Topology of the mode

is the gradient along the perturbed magnetic field lines efitand and the current
density.J can be written ag ~ J, = V2 4. Itis remarked that, the relatioh= —RA,
is used in order to substitute the flux functigrto the parallel component of the vector
potentialA.

The equation for the potential is obtained by considering thecomponent of the
curl of the equation of motior(2),

ou

5 = V' VU+B-VJ, (3.14)
wherel = V2 & is the plasma vorticity® = ¢/B, being the stream function. Equa-
tions 3.12 and @.14) for the two scalar quantities and®, along with the definition of
the magnetic field and equatioB.11) are a closed set, known as reduced MHD equa-
tions.

Having described the mathematical framework of the problemwill focus on the
consequences of the mode, namely the creation of a magsktici In the next sec-
tion the geometrical aspects of the problem will be discdisaile in section 3.4 the
temporal evolution of the instability will be treated.

3.3 Topology of the mode

A magnetic island can be seen as a closed helical flux tubeydealiby the separatrix,
with its typical X-point in the poloidal cross section. Theagmetic axis of the island
is represented by a field line which closes upon itself aftetoroidal andn poloidal

windings, respectively. The projection of this field line tive poloidal plane is called
O-point. In order to describe the region in the vicinity of agnetic island chain, it

27R

Figure 3.3: Magnetic surface reconnection forming a magnetic islams$cdbed in a
toroidal geometry (a)de Bock 2007. In slab geometry (b) the annulus of
plasma has been cut along the poloidal and toroidal direetial unfolded
[Wilson, 2009.
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3 The theory of magnetic islands

is customary to introduce the slab approximation. The t&icannulus, adopting a large
aspect ratio approximation, can be “unfolded” along theittal direction into a cylinder,
and then along the poloidal direction as shown in figBu&b) The approximation is
valid in the limit of a small island, the width being neglitgbwith respect to the minor
radiusa. In the model, the coordinate systdm, 6, ¢} will be used as a set of cartesian
coordinatesy = r—rs being the distance from the resonant surfdegand¢ R being the
poloidal and the toroidal direction, respectively. Takingp account the helical character
of the tearing perturbation, it is convenient to recall tledidal angle¢ (introduced in
chapter 2), such that{ = mé — n¢. The unit vectorey is directed perpendicularly
to the green dashed line connecting the O-points, repliegeihie locus of points where
¢ = 0. The large aspect ratio approximation and the definitiog, @llow to write the
following relation,

VE=VO+ V=04 L0 %

m

Ts m R Ts

: (3.15)

leading to the conclusion that tlfedirection of the helical angle can be approximated
with the#-direction. In the following treatment we will make use oéttoordinate system
{z,&, ¢}. Along with this set of toroidal coordinates, it is customao introduce the
equilibrium helical flux function,

%p:¢—£X, (3.16)
m

defining the helical fieldB,, o = %V@z;hp x V& which vanishes at the rational surface,
Vbn,olr, = 0. When the small-amplitude approximation is assumed, eguéi16 can
be approximated near the resonant surface by its lowestfterma Taylor expansion

such that,

N 2% q, o

Yn,0 ~ 2 g Oz, (3.17)
wherev’|,, = RB,|,, andg, denotes the magnetic shear at the rational surface. In the
Taylor approximation, the constant zero order tefp, (rs) has been neglected, since
it does not affect fields lines. The perturbed helical fluxcliion can be written then as
Yn = ¥n o + ¥n,1, Whereyy, | represents the perturbation to the equilibrium helical flux
function. In the following, the subscriptwill be dropped for simplicity. Being a periodic
function inf and¢, the functiony; can be written as a Fourier series,

1= Pmgmpe’ M0 (3.18)

mo,no

where the dominant contribution i, is provided by the resonant harmonic, such that
the approximation to the first leading order is

i J,l(r)e(i(mefn@).

The expression for; can be further simplified by neglecting the radial dependesfc
11, near the rational surface. This last assumption, knowmeasdonstant; approxi-
mation is valid for small islands, whose width is much snratean the tokamak minor
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3.4 Derivation of the Rutherford equation

radius. In order to simplify the notation, in the rest of theaptery, () = ¥ is de-
fined. The equation of the field lines in the vicinity of the matic island can then be

formulated as,
2

x .
0= 8@ + sign (1)) cos(mg) , (3.19)
where the flux labef? = —*~___ was introduced and
sign(vg )
-\ 1/2
(
w=4 , 3.20
(wm) (5:20)

represents the width of the island. It is noted that in a @fickamak equilibrium, with
a monotonically increasing-profile, the shear profile is such th@f is negative. This
property sets the O-point at= 0, £ = 0, leading to€2 = —1 while the X-point falls
atzx = 0, = +m, for Q = 1. Flux labels—1 < Q < 1 refer to the region inside the
island while, the locus of points such tHat= 1 is called separatrix. Externally to the
separatrix2 > 1, the helical flux function is an invariant of the perturbeddignes.
This condition remains valid only when the perturbation hagingle helicity. In case of
multiple helicities ergodic regions or stochasticity cacwar near the separatrix.

Having defined the flux coordinat€s), &, ¢}, it is worth introducing the flux surface
average operatdyf) = {f}/{1}, [Fitzpatrick 1995 Hegna and Calleri997 where the
curly bracket is defined as,

_fd w [0, 8
U.0.8) = § 5 gt 3.21)

for 2 > 1 and,

g w L g —0
oy =m [ L L HWEDI 000

_gﬂélx/i V/Q + cos(m&) '

for Q < 1, with £ = arccos(—£2)/m ando = sign(r —r). An important property, which
will be used in the next section is that the flux surface awemamihilates the operator
V” =BV, ie.

<V||> =0. (3.23)

3.4 Derivation of the Rutherford equation

In order to solve the non-linear stability problem for a meigmisland, the external and
the internal regions, with respect to the island separadnia treated separately. In the
“outer region”, which comprises most of the plasma, noedin non-ideal, and inertial
effects are negligible. Neglecting the inertia teitd/0t = 0 and linearizing the vortic-
ity equation in 8.14), a differential equation fot); (r) [Biskamp 1993 is obtained. In
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3 The theory of magnetic islands

cylindrical geometry this equation can be written as,

10 3w1 m2 3J07H/87’ -
;5T’W — <7‘2 + m 1/)1 - O . (324)

Equation 8.24) shows clearly the resonant nature of the tearing modehitisgasince

Wi

T r
Figure 3.4: Trend of the amplitude of the flux perturbatian,, in cylindrical geometry
[Wilson, 200§.

the third term on the equatioB.@4 diverges ay = m/n, and the important role played
by the equilibrium density gradient at the rational surfdtean be shownBiskamp
1993 that only lowm modes can be unstable. Integrating equat®24 over the ideal-
MHD region until the right-hand boundary,= r and the left-hand boundarny,= r;

11 (r) is found to have a gradient discontinuity across the ratismdace. It is customary
to characterize this jump of the logarithmic derivative/efacross the island with the so
called tearing stability indeRd,. In the limit of a small island, the tearing stability index
is written as

b Vs &) — (s —€)
AO - 151{%1 ¢1(7“s) ,

wherers > ¢ > w. Itis remarked here tha\{, represent the jump in the derivative of the
outer solution. As >> ¢, this is calculated in the limit of — 0. A{ is a global property
of the plasma, depending only on the equilibrium and on thenbary conditions. It
can be interpreted as a measure for the free energy avaitatithe plasma to drive a
tearing mode. According td{egna and CallerL994, the change in magnetic energy in
the presence of an island is given by:

(3.25)

1
oW = _ergz;gAg . (3.26)
In the internal region, non-ideal, non-linear effects, gtasma inertia can all be
important. In order to obtain a smooth solution fof) over the entire range, the inner

solution must be asymptotically matched to the outer smtutialculated above. As>>

32



3.4 Derivation of the Rutherford equation

w, the step in the derivative of thaternal solution can be calculated in the limit of
g — 0Q, , ,
Af = lim i) ~ (=) (3.27)
elToo 1/)1 (’I“S)
The argument, despite the apparent contradiction, hageil@portance in the following
discussion, as shown in equatid&i1). For a finite size island, the matching is calculated
at the separatrix, for = w/2. As a consequence equatidZ7) is modified as follows,

Pi(rs +w/2) — Pi(rs —w/2)
Y1(rs) .

An analytical solution can be derived in the simplified getsnatroduced in the previ-
ous section.

According to the linear tearing mode theory, fyf, > 0 the mode is growing expo-
nentially within the resistive layer of widih with a linear growth rate. These quantities
are approximately dependent on the Lundquist numbey as,5—3/% andé o S—2/5.

In the non-linear regime the growth slows down, eventuading to a saturated state.
When the non-linear effects are reducing the island growtlh before the saturation
level or when the island width becomes larger than the théistige layer, the linear
model is no longer valid and a non-linear approach shouldppdiea. It is also noted
that, due to the narrow width of the resistive layer, onlyribe-linear stage is accessible
to experimental measurements.

When the island exceeds the resistive layer width, the embatomes negligible and
the equation of motion degenerates to the equilibrium égu& - V.J = 0 so that/ is
by definition a flux function:/(¢). From Ampeére’s law, relating the perturbation of the
helical flux to the parallel current density perturbatifn, (v), it follows that,

A'(w) =

(3.28)

SV = o (6) (329

To obtain them-th Fourier harmonic, equatioB.Q9 is multiplied with the phase factor
cos(m&) and integrated ovef. In addition, integrating ovet in the inner region and
using the approximatioR2¢; ~ 9% /0x?, one obtains

oo 2 o
%/_OO dx%df 88;@1 cos(mf) = /_OO dx%df poJ1,) (1) cos(mé). (3.30)

Now the left hand side can be evaluated and matched to ther lexgerior solution with
the result of

7/ fd{—cos (m&) = *Afﬂﬁ- (3:31)

As aresult we arrive at the following basic equation for #ring mode, relatingy to
the total perturbed helical current flowing in the islandioeg

. o0 d
AYRTES Q'UOR/—OO dx]{ %cos(mf)JL” . (3.32)
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3 The theory of magnetic islands

In order to connect the perturbation of the parallel curdantsity.J; | with the time
rate of change of the helical flux perturbatidr, /9t, the flux surface average of equa-
tion (3.12),

<8;z;1> =11 (V) +{V)¢), (3.33)

is used. It is noticed that the term depending on the eldetiogpotential,V |y, van-
ishes. To derive the last statement, it is sufficient to tebal definition of vV given in
equation 8.13 and the surface average property in equat®@3) so that(V o) = 0 is
obtained. The right hand side of equati@&30 can now be rewritten by substitution of
Ji, from equation 8.33. In addition, the previous literature suggests a chang®of-
dinates{¢, z} to {£, 2}, in order to make explicit th@-dependence of the flux surface
average(0vy; /0t). Rearranged in this way, the above mentioned integrati¢8.80) is
performed over the flux labé&l}, from the O-point to infinity,

Ay = QMOR/_OOdQ[ L <a¢1>]fd§ cos(¢) (3.34)

nR \ 0Ot 27 dQ/d€
210 DY " d€ cos(§)

From the definition of the island widtl3(20), it is possible to rearrange the equati8r84)
such that the linear stability indeX;, is related with the resistive time scale= 1072 /7

and the time derivative of the island width. The amplitudehaf perturbation) can be
formulated as

) -
[ W Wl _2dw
v = 16 and dtp  wdt’ (3.35)
resulting in the well known Rutherford equation,
;. Tedw
rsAG =91~ i (3.36)

Both the left and right hand sides are dmensmnlessg@nid a numerical coefficient
related to the island geometry,

d& cos (&)

f/ a0 $ o dQ/‘”) ~0.82 . (3.37)
27r dQ/dw

Despite the appearancg, does not depend ow asd()/dx also scales a$/w. This
equation is equivalent to the one used in Chapter 5 whereattialrcoordinate is nor-
malized. As it was mentioned in the previous section, theatguo 3.36) predicts the
island to grow linearly in time for\{, > 0, as long as; is independent ofv, i.e. for
sufficiently small islands. For finite size islandl, is typically observed to decrease lin-
early withw: A’(w) ~ A, — aw. The island is seen to saturate at a finite size such that
A’(w) = 0 and all available free energy of the originally unstableildoium has been
exhausted.
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3.5 Neoclassical tearing modes

3.5 Neoclassical tearing modes and the modified Ruther-
ford equation

Neoclassical tearing modes (NTMs) are magnetic islandsldéiged by a helically per-
turbed bootstrap current, introduced in chaf®etJnlike the classical tearing modes,
occurring when the plasma current profile is linearly unistaduch that the tearing mode
has a lower magnetic energy than the original plasma, the iTvhigh$ phenomenon,
linearly stable {\, < 0) and non-linearly unstable. The main reason for a pertioiat
the bootstrap current nearby the island, originates fragreffect of the magnetic island
on the local pressure. For conventional profiles of safatjofaand pressure gradient, a
“seed” island can flatten locally the pressure, becauseeafpid parallel transport along
the field lines which makes the pressure approximately a fiaxtfon. As a result the
bootstrap current inside the island is removed while in tiieioregion the pressure gra-
dient is maintained and so is the current. The helical peation of the bootstrap current
reinforces the seed, i.e. it destabilizes the equilibrium.

The inclusion of the helical perturbation of the bootstrapent, along with a number
of other effects (treated separately in the following peapgs), leads to a generalized
formulation of the Rutherford equation (GRE). The modeldsdx on the generalization
of the flux surface averaged Faraday-Ohm'’s 1888, relating the time rate of change
of the helical flux perturbation, i.e. the helical electreldi, to the parallel current density
perturbations with the same helicity,

<881i1 > <J1 1) = Z J1,¢(¢)> +m(¥) <J0 — Z J0_¢> . (3.38)

The helical perturbation of the parallel current density any non-inductive contribution
therein are indicated withl; (¢) and.J; ;(¢), respectively. In equatior8(38), 7:(v)
represents a possible helical perturbation to the reist a consequence of heating
(or cooling) inside the island, whild, and.J, ; represent the total equilibrium current
density and every non-inductive contribution to the lattespectively. A final note con-
cerns the resistivity;, denoted here withy, to be distinguished from its perturbation
M-

In analogy with the procedure used in the previous sectiegémeralized Rutherford
equation appears as,

7 dw

0823, =2 +’sZA i) + 1 (1) (3.39)

where the second term on the right hand side, accounts foeatmms to the classical
tearing mode equation, due to all possible non-inductiveupeations and the final term
due to the inductive helical perturbation of the paralletent density. The general con-
tribution from a non-inductive helical current perturloatican be written as,

16710 Lq
A(Jy,) = — ko / f ey i cos(mé) . (3.40)
B Tw?
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3 The theory of magnetic islands

Here the formula for the island width in equatichZ0 was used in place af while

the second derivative of the equilibrium flux function waglaeed adiy| = RB,/ Ly,

L, = ¢/(0q/0r) being theq scale length. In the following subsections a number of
effects contributing to the generalized Rutherford eaqumatvill be described.

Effect of bootstrap current gap

In the island region, for-1 < Q < 1, the bootstrap current is negligible, such that the
current density perturbatios gs(Q2) = —Jo,s|, . Substituting/; gg in place of.J; ;

in equation 8.40 and integrating within the island separatrix, where theysbation is
localized, the expression

A 16u0L/ ]{ cos(mé)
4Q ¢ dédops e 75" (3.41)

is obtained. Using the approximation fés zs given in equationZ.10),

Lq
glﬁdﬂ rsA/ + 7gﬂp\[cneo ’ (342)
dt L,w
whereL, = —p/(0p/0r) is the pressure scale length while the geometrical coefficie
Cneo 1S €XpPressed as
COS
Cneo = / dQ%dg 89/8 =32/3m . (3.43)

The inclusion of the bootstrap term implies that the widthiaf island reaches a stable
point atw = wg,t, Wheredw/dt = 0, as shown in figur@.5. This relation shows that
the saturated width grows with}, producing consequently a progressive degradation of
the confinement. In particular for lom-modes, the width reaches a size comparable to
the resonant radius. The tearing instability appears thieréo limit severely the achiev-
able performances of a tokamak, eventually terminatingdikeharge in a disruption.
The divergence ofAL¢ o« 1/w indicates that the mode should always be unstable. Ex-
perimentally nonetheless, it is observed that NTMs areafdisted only above a certain
threshold island. This suggests that, in the limit of snsénd size, further mechanisms
should exist accounting for the stability of the mode. Twolsmechanisms are related to
the influence of radial diffusion in competition with pardltransport and to finite orbit
width effects. The flattening of the temperature, density pressure inside the island, is
based on the assumption that the perpendicular trangpdg negligible with respect to
the parallel transpory. When the island reaches a critical valug, the two transport
time scales become comparable and the pressure is notdéidiery longer. As a conse-
guence an island below the critical width cannot drive an NAMorrected formulation

for the bootstrap term is,

2
TsABS - CneOL s ﬁp\[ <w> ’ (344)

2 2
w —|—wX
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3.5 Neoclassical tearing modes

where the critical islanab,, is [Wilson, 2008
/Rqu<xL)1“
Wy =/ —— | — .
m X]|

The second effect, still debated, concerns the polarizatiorent correctionilson et al,
1996 Waelbroeck et aj2001], due to the island rotation. This appears to be dominant in
particular in the limit of small islands. An island propaggat frequency in the frame
of the plasma flow, resulting in a fluctuation of the electreddi Because the electron
banana width is small for electrons, trapped electronsores$io the local electric field.
In contrast, the ion banana orbits are much wider leadingntavarage response to the
fluctuating electric field. The different responses of tegbplectrons and trapped ions re-
sults in the so-called perpendicular ion polarization eatrwhich is not divergence free.
Since the charge neutrality needs to be maintained, the@hscrespond with a parallel
current to make the total current divergence free. Therlatia be either stabilizing or
destabilizing depending on the signwfbut is generally expected to be stabilizing. An
often used approximation for this term M/jlson, 2009,

Effect of polarization

Ly s w?,
relpol = ~Coco 7 mf(wv, (3.45)

where the polarization width ig,,, = (Lq/Ly)"/?wy, wy, being the banana width. The
generalized Rutherford equation now appears as

7 dw Lqrs

’LU2 ’LU201
91 — ., = TbAl Cneo Bp\[ -2 ’ (346)

< dt w? + wi w2

the trend thereof is shown by the blue curve of figBie

Effect of an external perturbation field

In this subsection the effect of an external perturbatiokd fte the NTM evolution is
briefly described. For a detailed theory of perturbatiomEele refer toffitzpatrick et al.
1991, Fitzpatrick 1993 1998 de Bock 2007.

Resonant magnetic perturbation fields, generated outsal@lasma (or the island
region) by external currents, have a remarkable influenceagnetic island stability.
Due to the conservation of the magnetic flux in a conductinigl fla plasma counter-
balances the effect of an external field by inducing shigjdinrrents, in accordance to
Lenz’ law. In analogy with the previous sections, the pdration field is modeled as
a helical flux function expressed by a Fourier series. (then) Fourier component of
this field induces a shielding current with the same heligityich flows parallel to the
magnetic field on thém, n) resonant surface. It follows that the dominant contritngio
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3 The theory of magnetic islands

0.5

dw/dt
o

Figure 3.5: Cartoon illustrating the phase-space diagram of the iskadth, in arbitrary
units. The blue curve represents the evolution of an NTM asriteed by the
rhs of equation3.46). The red solid curve refers to the stabilizing contribu-
tion of the current drive and the local heating. The suppoessf the mode,
by means of current drive and local heating, is illustratgthie green curve.
Sincedw/dt < 0 for every value of the width, the island is said to be fully
suppressed.

of the perturbation field are represented by the resonantdracs, as in equatior3(18).
The shielding currents, in turn, modify the equilibrium la¢ trational surface and induce
a finite electromagnetic torque on the corresponding molde €ffect of this torque is to
reduce the frequency gap between the mode and the perturliigtid. It will be shown
that the effect of the perturbation is maximal when the fexgay gap is zero, i.e. when
the mode is rotating with the same frequency of the pertiobdield.

The (m,n) perturbation can be seen as produced by a helical curreteirdil,
located atr = r., outside the plasma. In the approximation of a single hgland in
absence of plasma, the perturbation can therefore be watie, .. = dvae exp(i(mb +
neg)) with,

Vac(mt) = 1be(t) <TT_ )7” 0<r<r.) (3.47)
Pvac(rit) = e(t) (TT+)_ (rer < 7). (3.48)

The amplitude).(t) is the value of/ac inside the coil and is proportional to the current
applied to the coil. The ideal MHD response of the plasmaéadical current flowing

in the coil is such that the perturbation field is shieldedGox r < r; . Assuming

that the equilibrium plasma current is mainly concentramsitie the rational surface so
that.Jo |, ~ 0 whenr > r . the response of the plasma is approximated as a thin layer
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3.5 Neoclassical tearing modes

around the resonant surface where the shielding curremwval). The amplitude of the
corresponding flux functiog, can be written as,

Ysn(rt) = eno(t) (Tr

s—

)m 0<r<rs) (3.49)

r

Yn(r,t) = wsh,o(t)( ) (rer <1), (3.50)

Ts+
showing a discontinuity at the rational surface,

o+

[rawsh] L —2man. (3.51)
or

Ts

Since in the region < 7, the sum ofi,. and v, must vanish, equating..(r, t)
in equation 8.47) to —dsh(r, t) in equation 8.49 results in an expression falg, o (t)
in terms of4,(t). The amplitude of the total perturbation fiefd,;, results from the
superposition of the vacuum perturbation and the plasnporse to the formet)..; =

'ijac(rv t) + 'l/;sh (T7 t); as
Yeoil (1, 1) = 0 0<r<ret)

~dteat ()" ()] (o <r <)
bt [(22) ()T (5) T e

(3.52)

The flux functiomp,;; = 1[)@11 exp(i(mb + ng — wt)) has in general a time dependent
component of the phase¢, accounting for the phase difference between the periorbat
field rotation and the mode rotation. The “slip” frequencyis assumed to be quasi-
stationary. Having defined properly the perturbed flux fiorgtthe relative contribution
to the modified Rutherford equation can be calculated bypfdilg the same procedure
applied in section 3.4. The matching condition at the resbrarface is now modified
as,

| de faguon ) costme) = % (8 w)i + M), (359)

whereA/_, is defined as,

o — Yyac. (3.54)

" 0 coi "t 2 "
Aéxtwcoﬂ:[ w 1:| = Tm

T_.—
s

Using the Faraday-Ohm'’s law in equatidl2) and rearranging the equation as3139
the following expression is obtained,

rsAL, = 2m (%)2 cos(A(m¢)) . (3.55)
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3 The theory of magnetic islands

The vacuum island widthy,,. o [1/yac(75)|'/? has been introduced along witf(m¢&) =
(m&o,plasma — Mo, vacuum ), the phase difference between the O-point of the plasma and
the vacuum island. As anticipated at the beginning of thisseation,A.,, has a maxi-
mum when the island is locked in phase and rotating at the §@aeency as the pertur-
bation field,A(m¢) = 0.

In section 4.7, the focus will be drawn on the magnetic peetion generated in
the TEXTOR tokamak by the so called “Dynamic Ergodic DivertED) [Finken
1997 Finken et al. 2005. The DED consists of a set df6 coils wound helically at
the high field side of the torus. These coils are aimed to gethe outer flux surfaces
of the plasma in order to divert them to divertor plates, atedge of the plasma. The
main advantages are the distribution of the energy flux fioeplasma over the divertor
(target) plates and the shielding of the plasma from im&itoming from the wall. In
addition the DED is found to remove efficiently helium padgfrom the plasma. The
magnetic field produced by the DED is parallel to the fielddiag; = 3/1 surface, with
alarge2/1 side band which becomes the dominant perturbation inselpldsma. When
the amplitude of the perturbation exceeds a well definecstinld, a2/1 tearing mode is
excited in the plasma. TH'1 mode is more stable and thus more difficult to excite (but
is also seen to be triggered as the DED current is increas#uefuSince the mode is
rotating with the same frequency of the perturbation fidid, magnetic island is said to
be “locked” [Yu and Gilinter2008 to the DED frequency, typically of the order tkHz.
For a static perturbation, the mode can be even locked to wrknstationary position
allowing a favorable setting to study the evolution of thetaility.

Effect of electron cyclotron waves

The stabilizing contributions to the GRE owing to ECCD andRECare extensively
treated in chapters, 5 and6. In this subsection a brief qualitative description will be
presented. As described in sect, EC waves allow to deposit highly localized power
inside the mode. The radial power density profile is gengradll approximated with a
normalized Gaussian functiopgc = Piotpow (2) with,

1

I 74(I7mdep)2/w(2‘lep 3.56
275/ 2w gep R ¢ ' ( :

pew ()

whereP,; is the total deposited powen,,, the full e~ ! power density width and ey,

is the deposition location relative to the resonant radiesy 4., — 7s. By means of a
significant heating power deposited at the resonant syrédt@te temperature perturba-
tion 67, is produced at the island O-point, with respect the tempegatt the separatrix,
with a consequent perturbation of the local (neoclassiealjstivity Wesson2004,

Zeﬂ

~ -8
m~28-10 5T§’/2

(1—e)?, (3.57)

where the effective ion chargé.; is assumed to be constant. The Ohm’s law suggests
that such a perturbation induces an inductive current tensi = (11 /10)Jo,| which
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3.5 Neoclassical tearing modes

can be expressed in terms of the temperature perturbation,

0Ty

se ’
P Te,sep

(3.58)

where J,,, refers to the value of the inductive part of the equilibriuorent density
at the island separatrix. By using the current density jpeation ./ associated to the
temperature perturbation, the contribution to the GRE gwinthe local heating can be
expressed as in equatiod.40),

A1) 136/“)52 / dx?{d{Jl 1 cos(mé) . (3.59)
Under appropriate conditions (s2e3) EC waves have been shown to induce also a
non-inductive current, a process referred to as ECCD. Wheenuhrent is mostly driven
within the island region, the main effect is to compensagebibotstrap current gap, which
is acknowledged to be the drive for NTM growth. It is notedtihe not possible to drive
a non-inductive current without also heating the plasmati@ncontrary, it is possible
to isolate the effect of ECRH, by injecting the power perpeuldrly to the magnetic
field. The amplitude and the width of the current density pecdire usually calculated
by means of numerical codes, but in this discussion a Gaupsddile having the same
width of the power deposition profile and an amplityde is assumed. The total driven
current is denotedcp. Following the notation used irSputey 2004 Westerhof et aJ.
2007 and equation3.40), one can write

16 L
A e) = B / da f A€ T, o cos(me) (3.60)

In general the integral is solved numerically, except fordified current density profiles.
More details can be found itHegna and Callerl997 or [Giruzzi et al, 1999.

A second effect of a localized non-inductive current driemeerns the change in
the total equilibrium current density; and consequently in the linear stability index
[Westerhof 1990 Pletzer and Perkind 999. Assuming the induced current to be in the
same direction of the equilibrium current (co-current dyj\this results in a more nega-
tive A/, i.e. the mode is more difficult to destabilize. When the cbadi/cp < I holds,

I, being the total plasma current, the contribution to thesitas stability coefficien\’
can be derived naturally as a generalization of the pertirebenodel treated at the be-
ginning of the chapter. To this purpose, the total equilibricurrent density is defined as
J = Jy,| + Jep and the perturbation of the helical flux functign g, = 11 + d¢ with
01 < 1. The classical stability inde&’ is therefore modified as,

[Wi(rs +e) + ¢ (rs + )] = [Yi(rs —€) — 09/ (rs — €]

A = 1
el0 1 (rs) + 00 (ry)
O (re 4 ) — 89 (rs — )
~ Al +1
0 51{101 ¢1(Ts)
~ AL+ 67, (3.61)
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3 The theory of magnetic islands

where in the rhs of equatioB 1) the denominatot; (rs)+0t(rs) = ¢1(rs). In analogy
with equation 8.24), the radial profile of the perturbed flux functigh 4., (r) in the ideal
outer region, is described as,

10 0@ +0y) <m2 9(Jo, + Jop)/0r

r or or 2 @(17%)

) (Y1 +6¢) =0, (3.62)
Ho

wherez); is the solution for the “unperturbed” differential equaticstandard perturba-
tion theory suggests then that perturbative terms of theesaaer are required to cancel
each other. Neglecting the second order perturbation f@opprtional to(0.Jcp /Or)d

< 1, the equation for the first order perturbation terms appasyrs

19 9@w) _m? 0(Jen)/or
ror  or  r? o+ Bo (1 na)
Mo m
In the limit of a highly localized currentjy/r2 < (6¢)/rs < (64)". For 1), the

constanty approximation; =~ 1|,=.,, is applied. With the substitution ofcp in
equation 8.63 and recalling the identity = » — r, the following expression,

1 =0. (3.63)

2z—zaep) @M)
L 9*(0v())  4Lq po Iep ~waew P Piep (3.64)
Ui(x) 0 wr By, @ ’ '
can be integrated from = —oco to z = —e and fromz = e to x = +o0. It is reminded

that the extension of the integration domain to infinity Iswkd since the current is well
localized. The variation of the classical stability indégy’, following [Westerhof 1990
appears finally as

2(x—Tdep) 4(w7:vdcp)2
4oLy 1 & Waep XD (7 w2 )

rSA = _ HHokq Icp p/ acp ) (3.65)

oo T

2
Bym Wep

wherep indicates the principal value of the integral. The teiX is finally found as,

ALy T 2 2
rdA = —2H0=a ZCD <1+ ZaepR {z( xdep)D, (3.66)
Bpﬂ- wdep wdep wdep

whereR[Z] is the real part of the plasma dispersion function. This hamaimum for
z4ep = 0. For a finite size island, given that only the current induicetthe outer region
can contribute to the stability index, the singularityzat= 0 is solved by splitting the
integral domain in two regions, from = —oco to z = —w/2 and fromz = w/2 to
x = +o00. When the current density profile is centred at the resonafaci( 4, = 0),

the analytical form
rs A = — dHola Top [erfc( w )} (3.67)
By Wiep Wdep

is obtained.
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4 On the Merits of Heating and Cur-
rent Drive for Tearing Mode Stabi-
lization

The work presented in this chapter merges the paper publlish&ucl. Fusion49,
075002 (2009) and the erraturd¢ Lazzari and Westerho201(d. The appendix, con-
cerning the application of the model to experimental datéers to Pe Lazzari et al.
2009 Ayten et al, 2011.

Abstract

Neoclassical tearing modes (NTMs) are magnetohydrodynamoides
that can limit the performance of high discharges in a tokamak, lead-
ing eventually to a plasma disruption. A NTM is sustained g pertur-
bation of the “bootstrap” current, which is a consequencéhefpressure
flattening across a magnetic island. Control and suppresHithis mode
can be achieved by means of electron cyclotron waves (ECWghnddiow
to deposit highly localized power at the island locatione TECW power
replenishes the missing bootstrap current by generatingri@rd pertur-
bation either inductively, through a temperature perttioba(ECRH), or
non-inductively by direct current drive (ECCD). Althouglbth the meth-
ods have been applied successfully to experiments showpngdmminance
of ECRH for medium size limiter tokamaks (TEXTOR, T-10) afldE€CD
for mid-to-large size divertor tokamaks (AUG, DIII-D, JD% conditions
determining their relative importance are still uncleae Address to this
problem with a numerical study focused on the contributiohdeating
and current drive to NTMs temporal evolution as describethieymodified
Rutherford equation. For the effects of both heating as asturrent drive,
simple analytical expressions have been found in terms effamency fore-
factor times a “geometrical” term depending on the poweiodéjon width
Wqep, lOCation and modulation. When the magnetic island wid#quals the
width of the deposition profiley ~ 2wqep,, both geometric terms are prac-
tically identical. Whereas for current drive the geometeiart approaches a
constant for small island widths and is inversely propomico (w/wqep)>
for large island widths, the heating term approaches a aoh&ir large is-
land widths and is proportional tow/wqep) for small island widths. For
medium sized tokamaks (TEXTOR, AUG) the heating and curmeme ef-
ficiencies are of the same order of magnitude, whereas inuaefutarge
reactor like ITER the current drive efficiency is expectetheosignificantly
larger.

45



4 On the Merits of Heating and Current Drive

46



4.1 Introduction

4.1 Introduction

Control and stabilization of neoclassical tearing modesNN) is one of the major re-
quirements in fusion plasma physics in order to optimizéqguarances of a tokamak
discharge. For values gf well below ideal MHD limits Sauter et a).1997 La Haye
20064, these modes have been found to appear near resonantesyidacationay val-
ues, giving rise to magnetic islands. The formation of an NiE&ds to a flattening of
the temperature and pressure profiles inside the islandlattee induces a helical per-
turbation of the bootstrap current which can sustain theeraodi increase its amplitude.
According to the so called “belt modelChang and Callerl99Q Giinter et al. 1999,
the overall confinement is degraded uBi¥% for a3/2 island and up t&0% for a2/1
island, as a consequence of the enhanced radial particlersrdy flux around the is-
land. In case of &/1 island, mode locking eventually can occur; this resultsuirthfer
growth of the mode and leads finally to a plasma disruption.

Theoretical Hegna and Caller1997 La Haye 20064 and experimentalfayama et a).
2000 Gantenbein et gl.200Q Prater 2004 La Haye et al. 20061 publications have
shown the possibility to stabilize these modes, by depugitieat and driving current
through electron cyclotron waves (ECW) near the flux surfaberes the mode is lo-
cated. Electron cyclotron resonance heating (ECRH) aradretecyclotron current drive
(ECCD) affect the current density profile and the equilibritemperature enhancing the
linear and non-linear stability. ECCD inside the island campensate the perturbation
in bootstrap current reducing the size of the mode. Altholigtih methods have been
proven to be successful, a clear understanding of the ¢onslitletermining their rela-
tive importance is still missing. Experiments on magnetiand suppression in medium
size limiter tokamaks like TEXTOR or T-1Kj|slov et al, 1997 Westerhof et a).2007
revealed ECRH to be by far the dominant effect with resped®@cCD. An opposite
result comes from analogous experimental campaigns peefbrin mid-to-large size
divertor tokamaks such as JT-60, DIII-D and ASDEX-Upgrad&G) [Isayama et a.
200Q Gantenbein et 3l200Q La Haye et al.2003. In case of AUG, early theoretical
work predicted ECRH to be more effective than ECCD gnd Gilinter1998. A more
recent theoretical papeY( et al, 2000 showed a dominance of ECCD, in particular to-
wards smaller island sizes, in agreement with the expetsi&antenbein et g12004.
Following the experimental results for these mid-to-lasgee divertor tokamaks, theo-
retical predictions concerning NTM stabilization in ITER dot include currently the
effect of the heating.

The present paper addresses this problem with a systentatig ef ECCD and
ECRH contributions to the modified Rutherford equation (MREutherford 1973,
which describes the non-linear evolution of NTMs. Sectiopr@sents the theoretical
framework of the model. In sections 3 and 4 the efficiency chaaethod is calculated
in the form of a fore-factor times a geometrical function eleging on the properties de-
termining the power deposition profile, namely the profilétiviwe,, the power modu-
lation D and the centre of the deposition profile with respect to teemant radius:gcp,
[La Haye et al.2008. Analytical approximations to the geometrical functidrese been
found, describing the effect of each of these aspects. Tieeféator is proportional to

47



4 On the Merits of Heating and Current Drive

the efficiency by which the injected power generates a cuperturbation either non-
inductively (ECCD) or inductively trough a temperaturetpédoation (ECRH). In section
5 the relative importance of heating and current drive iatee, identifying the merit of
each term in a relevant set of parameters for typical TEXTOQ& AUG (neoclassical)
tearing mode suppression scenarios. Extrapolation to li5ERs0 presented.

4.2 Theoretical Background

A theoretical model for the growth of a tearing mode is predady the modified Ruther-
ford equation (MRE) which describes the temporal evolutibthe full width w of a
magnetic island as a function of different driving and dtaisig mechanismslia Haye
2006a Wilson, 2008, namely,

7 dw .
o.szgg = 1Al (w) — 75 Z A (67;) . (4.1)

With the standard notation,. = w72 /7 is the resistive time scale at the resonant ra-
dius rs of the modey; being the plasma resistivity and, the permeability of the free
space. The classical stability inde, is defined as the logarithmic discontinuity in the
radial derivative of the perturbed magnetic flux functiprcross the island. The model
assumes, for small islandsg,to be constant across the island region. This is known also
as the “constand approximation”. The second term on the right hand side oktiea-

tion (4.1), accounts for corrections to the classical tearing modmagn, due to either
inductive or non-inductive perturbations of the paralletrent density around the reso-
nant surface,

. 16poLgrs [ . .
TSZA/((SJZ-) = Bup(;'u()l?/_oo dx%dé(égm + (5]\\72 +...)cos(mé) . 4.2)

Here the helical phasg¢is defined ag = 6 — n¢/m (whered(¢) andm(n) are the
poloidal (toroidal) angles and the poloidal (toroidal) reogumber, respectively) and

x = r — ry is the displacement from the resonant surface; furthermerenake use of
the magnetic shear lengih, = ¢/(dg/dr), of the poloidal component of the magnetic
field B, and of the safety factay.

Among the contributions t8j), the most relevant for this paper comes from the perturbed
bootstrap current, which results in a driving term in the M&ten, in the notation of
Ref. [La Haye 20063, by

2
Lyrs  w

TSA;?)S = _CBSBp\/g , (43)

s
L, ww? +wj

wherecgg ~ 1 is a constant factoyy,, is the ratio between the plasma pressure and the
poloidal magnetic pressurejs the inverse aspect ratid,, is the pressure scale length
andwy is the critical island width.
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The ECW deposition inside the island can lead to the stalitin of the mode either
directly through a non-inductive currenfArp,, or indirectly, by a perturbation of the
temperature profile resulting in a perturbation of the inideccurrent,rsAf;. Following
the notation used ifdauter 2004 Westerhof et a).2007, one can write

/ 1640 Lqrs /OC % .
= B 3 3 4.4
CcD Byrw? dz ¢ d€ jop cos(mf) , (4.4)
rsAy = 1640 Lq 27’s / dz %dng cos(mg) , (4.5)
Bymw

where, in equation4(5), jcp andjy are the perturbations to the current density as a
consequence of non-inductive current drive and heatisgeaetively. The latter is related

to the temperature perturbatiofl, as jg = 739;’26( ‘5/2) The inductive part of the

current density and the temperature at the island sepasgati denoted witlyse, and
Tsep, respectively.

4.3 Current Drive Contribution to the modified Ruther-
ford equation

The application of EC waves to drive off-axis current paaietd the equilibrium current
is probably one of the most common and successful approachésM stabilization.
In the following discussion a normalized Gaussian distrisuis assumed for the radial
power deposition profileygc = Piotpow () M (E; D, ¢) with

1

Lt AMamaep)?/wl, 4.6
27r5/2wdepRrse ' (4.6)

pow(z) =

wherewq,, is the fulle ! power density width? denotes the tokamak major radius and
Zgep IS the deposition location relative to the resonant radias; qep, — 5. Prot refers to
the total injected power in case of continuous wave (CW) apfibn, to be distinguished
from the time averaged power used in referer@aiter 2004. The functionM accounts
for the effect of power modulation; it is written in terms oHagaviside functiorf/ as

M(&;D, ¢) = H(cos(m& + ¢) — cos(Dr)) . 4.7)

It depends on the helical angfethe power on-time fractio® and the phase mismatch
¢ between the power modulation and the island rotation. Inr¢heainder of the paper
the power modulation will be assumed to be exactly centebedtahe island O-point,
i.e.¢ = 0. To ease the notation, the variallevill be dropped.

Under the assumption of fast transport along the field littess,current density driven
non-inductively by the absorbed EC power is a flux functjens = jop (1) whereas
the power deposition has generally a very localized prdfilerder to relate these two
figures, the power density can be averaged over a flux surfaeedefinition below) so
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that jop = 27 Rnep(prc). The current drive efficiencycp, defined here agcp =
Icp/Piot, differs from a more conventional representati®rdter 2004 by a factor
ne R, with n. being the electron density. The power deposition and diéuerent profile
widths have been assumed to be identicab = wacp, although the latter could be
broader by the effect of the radial diffusion. As a consegeen:p is assumed constant
over the deposition profile.

Here, the flux surface average of a functi®iis indicated agF'). Following the notation
of [Hegna and Callen1997 and [Fitzpatrick 1995, this flux surface average can be
defined agF') = {F'}/{1} with

_ A w  F(0,0,¢)
(Fo0.g)=mf o2 0 208, @8)
for Q2 > 1 and
_ S de w YF(0.9.6) + F(-0,9,)]
{F(O’,Q7§)} = m/—é o 4\/§ Q—I—COS(mg) ’ (49)

for < 1. The island topology is defined here, by the normalized flufase label
Q2 , which in a large aspect ratio approximation is given{by= 8z%/w? — cos(mé)
[Fitzpatrick 1995. We denoter = sgn(z) andé = arccos(—£2)/m. Flux labels—1 <
Q < 1 refer to the region inside the island, with= —1 at the O-point and) = 1 at the

separatrix.
The contribution of the current drive to the MRE can now beten as:
16460 Lqs /°° w cos(mé)
reApp = —— 2% dQ nep27R ¢ d . 4.10
©b Bpyrw?  J_; (Pc ) g4\/5 /= cos(mé) (4.10)

Substituting the modulated power densjpy:c) in 4.10and following the formulation
of [Sauter 2004, the termrsA¢., is given by,

r / — 16,UOLQ UCDPtot
sTCeD B,m wgep

FCD(w*, xdep,D) y (411)

. _wd, J5AQ (Pow M){cos(mg)}
R TN T

wherew™ = w/waqep is the normalized island width. In this way the contributiQi\¢.,
from non-inductive current to the MRE, according4dl], is split into a fore-factor
times a dimensionless effectivity-p depends only on geometrical parameters like the
normalized island width, the displacement of the power dijpm from the resonant
surface and the modulation. The fore-factor is seen to bgoptional to the total injected
power and the current drive efficiengy.p.

(4.12)
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Figure 4.1: The ECCD geometrical functioAgp (red circles), obtained from a numer-
ical evaluation of equation4(12) in the case of no misalignment and con-
tinuous power deposition, i.étcp = Nc¢p. The green dash-dotted curve
displays the fit taVcp given in equation4.14). The blue dotted curve rep-
resents the fit given irHerkins and Harvey2003 Sautey2004.

Evaluation of the geometrical function, Fip

Equation 4.12), although rather simple, is time consuming to evaluate erigally. In
order to achieve a fast calculation of Rutherford equatimtuiding the effect of current
drive, an analytical approximation féfcp is needed. At first let us suppose the effect of
relative misalignment with respect to the rational surfexxdepend weakly omw*; sec-
ondly the dependence on the on-time fraction, within a gggai@imation & 10%), not

to change for different values af,. Under these assumptions the geometrical function
can be factorized into three figures of merit:

FCD (w*v Znorm D) = NCD (w*)GCD (W*a xnorm)MCD (w*7 D) ’ (413)

where Nep (w*) provides the normalization to the geometrical functionedeting on
the normalized island width7 cp accounts for the misalignment andqp for the mod-
ulation. The parametet,o;m = Zdep/ max(w, wqep) denotes the normalized radial ex-
cursion from the O-point. Note th&tcp (w*, Zporm = 0) = 1, Mep(w*, D =1) = 1.
The simplest case in exam presumes a continuous power tlepasn the island
(D = 1), centered at the O-point{.,,,, = 0), with a constant width. Figur4.1compares
the present calculations fétep (w*, Znorm = 0, D = 1) = Nep(w*) (red circles) with
a previous fit (blue dotted line) proposed iRdrkins and Harvey2003 Sautey 2004
showing a quite good agreement. The discrepancy in the rangev* < 1.5 appears
also in the cited papers. A more precise approximation t@theent numerical calcula-
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tion is proposed here,

0.25 4 0.24w*

= , (4.14)
1+ 0.64w*3 + 0.43w*2 4 1.5w*

NCD (w*)

converging to the previous one far* < 1 and forw™* > 1, but giving a significantly
better fit in the range o < w* < 1.5 as it is shown in figuré.1 (green dash-dotted
curve).

The loss in efficiency due to deposition misalignment isespnted in figurd.2, as
function of the normalized radial excursion from the O-poirhe curve shows a steep
decrease oficp, such that it is reduced by0% for |zporm| &~ 0.3. FOr [zhorm| = 0.5
(deposition around the separatrix) the function assumes eegative values, i.e. cur-
rent drive destabilizes the mode. These results implicatieceng constraint on ECCD
localization accuracy in order to achieve island stablirg as recently reported in
[La Haye et al.200§. Figure 4.3 shows the function/cp accounting for the effect of

15
O w*=0.1
* wr=1
O w*=3.1
1@8 A w*=10
&
Sos nr
G o,
Ao*
0.0 o* -1-2-1:3
u} éééé QQQQ
AD8§6®99§
_0 5 L
0 0.5 1.0 1.5 2.0

X
norm

Figure 4.2: Detrimental effect of deposition misalignment on the CDmalized geo-
metrical functionGcp (w*, Znorm ), Varying the island sizer* = w/waep.
The displacement is normalized &g, = Zdep/ max(w, wgep ). This nor-
malization results in the non-monotonic dependence of thménmam effi-
ciency withw*.

modulation as a function of the on-time fraction assuminggat phasing of the modu-
lation centered around the island O-point, i®e= 0. Also calculations for finite phase
mismatch have been performed. These showed that the a#dioili efficiency drops by
less thanl0% provided the phase mismatch does not exdeee- 20°. For small values

of w* (in ITER w* ~ 0.5 is expected) efficiency is optimized modulating the power
with 50% on-time fraction. For larger islands this estimate riseartmn-time fraction

of 70%. A set of fitting functions has been obtained for both ter@Gisp and M¢p with

a discrepancy< 15% with respect to the numerical evaluation of equatidri). The
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Figure 4.3: Enhancement of the CD normalized geometrical functidap (w*, D),
with on-time fractionD, varying the island sizev* = w/wqe,. Modulat-
ing the power with50% on-time fraction, the efficiency is found to be, for
w* = 0.1, up to 7 times larger (blue circles) than the case of contisuo
wave application.

effect of the misalignment can be fitted reasonably well viith help of the real part of
the plasma dispersion function as,

Tnorm/g(w
Gop (W, o) = 1 — 2720 / " )dte(th(mmm/g(w*)ﬁ , (4.15)
g(w*) Jo

with

o _ 038w 4-0.26w* + 0.5

g(w*) = 1

whereg(w*) accounts for the changing scale of the effect as the isladthvs varied. In

the limit of small islandg = 1/2. The real part of the plasma dispersion function appears

to fit accuratelyGcp for 0.1 < w* < 1. Forw* > 1 the plasma dispersion function

provides a far less accurate fit in particular of the regioitk negative efficiency.
Concerning the modulation, a fit in terms of an algebraic fienchas been found,

which can be written as

Mop(w®, D) = — (ma(D)u? + ma(D)) + my(D) (4.16)
where
m1 (D) = 2.26D* — 3.44D3 — 0.99D? + 2.2D — 0.02,
mo(D) = 1072(0.34D° — 1.02D* + 0.87D% — 0.28D? +0.1D) ,
m3(D) = (1.34D* — 3.54D% + 1.1D? + 2.09D + 0.01) .
The fitis valid in the domaif.1 < w* < 10,0 < Zporm < 2and0.1 <D < 1.
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4.4 Local Heating Contribution to the modified Ruther-
ford equation

The effect of local heating on a neoclassical tearing mode perturbation of the in-
ductive current density inside the magnetic island due tertugoation of the electron
temperaturel.. In order to calculate the latter, we assume that, on the siocades of
interest, T, equilibrates along the perturbed field lines, so that= T.(2). Introducing

the heat flux through the magnetic surface, the heat diffusion equappears as,

§8nekBTe
2 ot

Assuming steady state conditions (for > 74 With 7q;¢ = w?/x 1) and neglecting
the convective contribution to the heat flux one obtains,

00 0 (v, _ oT.\
Voo (m«VQ) )nex ks 8Q> =0, (4.18)

where the gradient is written in terms of the normalized fluface label? andV (Q2)
denotes the total volume enclosed within a given flux surfate perpendicular heat
conductivity y, is assumed to be a constant; is the electron density, ank is the
Boltzmann constant (in units of J/keV). Calculating thewné of the flux shell as
oV /9Q = 872 Rr¢{1}, the previous equation reduces to

(pec) =V -T + (4.17)

(PEC) +

oT,
(prc)OV = =0 (8#2Rrs{|VQ|2}nekaBm) . (4.19)

Integrating twicet.19over(2 and denoting withP(Q2) the total power injected inside the
flux tube between the O-point and the flux surface lab&ledn expression foi, =
Tsep + 07T, is obtained, where

Piorw =

T, = —————— 4T, 4.2
oT 87T2RTSXLTL€]€136 e’ (4.20)
and ) ~
. P 1. . PO
5Tez/ ddV———: P=—=. 4.21
o CIVOET W P (4-21)

The integral fore-factor in equatiod.@0Q) is dimensionally a temperature whibd, is
dimensionless. Let us introduce an approximation for theecu perturbatiornjy o

ST,

3
S(T3?) = (Tuep + 0T)3? = T32 ~ T;e/g5 5T, (4.22)
such thatjy can be approximated as,
- jsep 35
~ 28T, . 4.23
Jum g 50T (4.23)

1Equation ¢.27) differs from equation (21) in the original paper by a facar Rrs.
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Substituting equationst(20 and4.23in equation 4.5 a new expression for, A is
obtained,

e 16110 Lg niProt
2

B ~ F *7 ch 424
H By w3, H(W", Tdep, D) ( )

where
1 1 ~ w cos(mé)
I * aens D) = —— dQsT, ¢ d 4.25
H(W", Zdep, D) 2w | j{ 54\@ Q + cos(mé) (429

The factorny has been defined as the efficiency with which the power is ctetvénto
a perturbative inductive current. It can be showa Baar et a).2009 that
3wflcp

jscp
= <P ) 4.26
87TRTL€XJ_ kB Tsep ( )

H

The expression obtained fgy; is such that it is independent of the island size; it contains
only plasma parameters, the power deposition width and @mage of the anomalous
heat diffusivity inside the island. The reader is remindeat j..,, refers to the inductive
part of the current density at the separatrix only. In cadesreva significant fraction of
the equilibrium current density is non-inductively drivéor example in the presence of
a large bootstrap current fraction, this can result in aiS@gmnt reduction ofyy. All the
geometrical properties describingAj; are enclosed in the dimensionless functian

Evaluation of the geometrical function, Fy

In analogy with the previous section the last dimensioniesgral can be modeled with
an analytical functiorfy,

Fy(w*, Zporm, D) = Ny (w™)Gu(w™, Zporm ) Mu (w*, D) . (4.27)

As in the case of current drive the functiofig; and My are defined a&'y (w*, Tnorm =

0) = 1, My(w*,D = 1) = 1. The normalization functiodVy; is shown in figured.4.

The trend is approximately linear for small valueswof converging to a constant for

w* > 1. Figures4.5 and 4.6 show the dependencies on the radial mismatch and the

power modulation. The trend @fy in figure 4.5 presents a peak at,,.., = 0 which

rapidly decreases to zero for a displacem@bt < ..., < 1. The curve does not

assume negative values around the separatrix region. Irefigé the effect of power

modulation on the normalized geometrical factor appeassremlly independent from

the island width. In contrast with the caseMtp (w*, D), modulation never results in a

improved efficiency. A strongly reduced efficiency is foulod 6n time fractions below

D < 50%. Following the same procedure as shown in paragraph 3.1 af $iting

functions has been obtairfedvith a discrepancy 10% with respect to the numerical

evaluation o#.25

Ner (w*) = 0.077w*? + 0.088w*
w*2 4 0.8w* 4+ 2.17 °

2Equation §.28) differs from equation (28) in the original paper approxieiaby a constant factdr.26.

(4.28)
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Figure 4.4: The ECRH geometrical functiofy; (red circles), obtained from a numerical
evaluation of equatiord(25) in the case of no misalignment and continuous
power deposition, i.eFyy = Ny. The green dash-dotted curve displays the
fit to Ny given in equation4.28). This picture has been corrected according
to [De Lazzari and Westerha2014.
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Figure 4.5: Detrimental effect of deposition misalignment on the hegatiormalized ge-
ometrical functionGy (w*, Tunorm ), Varying the island sizer* = w/wgep.
The displacement is normalized &8, = Tdep/ max(w, wyep). Note that,
differently from figure4.2, the function does not assume negative values
around the separatrix.
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Figure 4.6: Effect of power modulation on the heating normalized geoitedtfunction
My (w*, D) with on-time fractionD. No improvement of the efficiency ap-
pears from the picture. The dependence on the island siZgisrcase is
negligible.

2
GH(w*axnorm) = exp ( (xnorm> ) ’ (429)

g(w*)

with
g(w*) = 0.00035w** — 0.008w** + 0.07w*? + 0.02w* + 0.5 ,

Myu(D) = 1.2D% — 3.5D% + 3.3D — 0.06 . (4.30)

4.5 About the relative merits of Heating and Current
Drive

In the previous sectiong A, andrsAj; have been treated separately in terms of their
geometrical properties. At first glance (figu#2 and4.5) the most striking difference
appears in the misalignment dependence wli&frg is assuming negative values near
the X-point. In this region current drive is destabilizifgetisland, while the heating
contribution is still positive. This affects the requiremt&for power deposition accuracy:
at Tyorm ~ 0.4, Gep decreases b§3%, while Gy is reduced by5%.

To derive the relative impact on the Rutherford equatiom, filil expressions for
TsA’CD,H (i.e. equations4.11) and @.24), respectively) must be compared. It is noted
that the expressions fot A, andr Ay, differ only in the appearance of the current
generation efficiencycp i and the geometrical functioficp w1,

TSA,CD,H X UCD,HFCD,H(U)*a Tnorm D) . (431)
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Values formcp i shown in the tabld.lindicate that the relative merits of heating and
current drive in TEXTOR are directly related to their georivet factors. This suggests a
direct comparison for the case of continuous power depuositt the O-point:y,om = 0
andD = 1, shown in figure4.7. The plot shows the trend éfcp i (marked with green
stars and blue circles, respectively), which are foundke the same value at* = 2. In
the regionw* < 2 current drive appears almost two orders of magnitude méeetefe
than the heating. The efficiency of the former scales as aa@otsvhile for the latter, it
grows linearly.

In the region wherev* > 2 this trend is oppositeNy; approaches a constant and
Ncp is decreasing quadratically dgw*?. Observing the typical range of the island
width, during its evolution, in a particular tokamalk, it isgsible to determine whether
the mode will be affected by either ECCD or ECRH. For a medgire-tokamak like
TEXTOR, experiments on the suppression of resonant magpetturbations (RMP)
induced tearing modes confirmed the island suppressiorgidyhindependent on the
current drive. These measurements are compatible witthémétical predictions (see
red arrows in figurd.?), since the typical 2/1 island detected is larger than tip@sigon
width. In this region the ratidvg /Ncp > 1.

In the ASDEX Upgrade experiments electron cyclotron curiive is predicted
to play a dominant role over most of the relevant parametginre with still a signifi-
cant contribution from heating. This is consistent with &x@eriments and the theoreti-
cal analyses of these experimeiytsgt al, 200Q Gantenbein et gl2000. The previous
picture, together with figuré.3, are helpful also to discuss the merits of the modulation
in the island suppression. The method seems to enhanceathibzstion primarily in
the case of small islands, whereas it appears pointlesiretfion where the heating
contribution is dominant, fow* > 2.

Observing the values ofcp 1 reported in table 1 for a large tokamak such as ITER
“scenario 2", ECCD appears one order of magnitude more effithan ECRH. This is

Table 4.1: Typical values ofgcp u (in units of [kA]/[MW]) estimated for different
tokamaks. These should be considered as a rough estimptimrided the
uncertainty on the perpendicular heat diffusivity . Parameters used to de-
terminencp i refer to datasets reported Westerhof et a).2007 for TEX-
TOR and in [euterer et al.2001; Urso et al, 2009 for AUG. In the case of
ITER, our calculations refer to the so called “scenarioRdter et a].2009.

cp Uiz
TEXTOR 2.5 2.8
AUG 4—-6 5-9
ITER 5.7 0.4
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Figure 4.7: Geometrical efficiency for ECCD and ECRH (green stars and bitcles,
respectively), calculated at,.,,, = 0 with continuous power deposition.
Note that the ratidVy /Ncp (red squares) is ranging frond—* for w* ~ 0.1
to 102 for w* ~ 10. Red arrows refer to the typical range of & island in
AUG and ITER, and of &/1 island in TEXTOR. This picture has been
corrected according tdje Lazzari and Westerha?201(.

in agreement with the results oYy and Giinter199g. The contour plot in figuret.8
represents thivg(nep Fop /muFu) depending on the island width and the power mod-
ulation. Positive values of the logarithmic ratio corresgdo the region where current
drive is predominant. This one is found far* < 8. The figure4.8 permits to draw
some conclusions concerning the possible improvemenedstand stabilization due to
ECRH in ITER. For a saturated 3/2 island with an estimatedtwad 12.5 cm, ECCD
appears about.5 times more efficient than ECRH. This implies that in the ephase

of NTM evolution, ECRH adds & 6 — 7% contribution to the stabilization of the mode.
This contribution rapidly decreases along with the islaminkage.

4.6 Conclusion

The successful application of EC waves to the stabilizatiomagnetic islands has mo-
tivated a further theoretical effort in order to assess Wisienditions are determining the
relative importance of ECCD and ECRH. These conditions mgoitant for a correct
prediction of the power required for mode suppression.

The paper has shown the possibility to compare ECCD and ECRébcribing their
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Figure 4.8: Contour plot oflog(ncp Fep/nmuFu) representing the relative merits of
heating and current drive for ITER scenario 2, with frontesiteg de-
position. Typical parameters aré%.,. = 13.3MW, Icp = 0.076MA,
wdaep = 4.9cm. The curve labeled with represents the locus of points
wherencpFep = nuFu. This picture has been corrected according to
[De Lazzari and Westerha?201d.

contribution to the Rutherford equation with a parallelisture as represented by equa-
tions @.11) and 4.24 respectively. This formulation allows to separate the s
related parameters from the geometrical properties of épesition, namely deposition
width, location and modulation.

For each of these parameters a systematic study has beennpexif delineating two
main regimes. Current drive is shown to be the dominant effecv* < 2, wherew™* is
equal to the full widthw of the island normalized to the full Gaussian widih,,, of the
power deposition profile. In this scenario deposition lmratnd modulation are playing
a crucial role; the former causes a strong reduction of tfieiexficy as it moves away
from the island O-point, the latter avoids power from beimgasited around the sepa-
ratrix (assuming no phase mismatch) with the consequemaliézation of the mode.
In the region wherev* > 2, ECRH becomes the main reason for island stabilization.
In this case a radial misalignment does not cause mode destibn. As the temper-
ature perturbation is a solution of a diffusion equatiorwiit always be peaked at the
island O-point. Accordingly, also power modulation does$ @ohance the geometrical
efficiency.

Results of the calculations have been compared to diffezepériments, such as
TEXTOR, AUG and ITER scenario 2. It is worthwhile to mentidrat, for significant
fraction of bootstrap current, the perturbative model usedhe modified Rutherford
equation might not be entirely valid. For TEXTOR theoretipeedictions are in qual-
itative agreement with experiments, showing that heatnthé dominant cause of the
achieved stabilization. In AUG, on the contrary, heatingxpected to play a marginal
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role, in agreement with the experimental results. Extrafpahs to ITER predict a strong
predominance of current drive with respect to ECRH.

4.7 Appendix: Application to TEXTOR experiments

In this appendix the theoretical predictions developedascafe benchmarked with a
number of experiment&esterhof et a).2007 Classen et al2007 addressing the sup-
pression ofn/n = 2/1 tearing mode by ECRH and ECCD. The results presented here
are part of a more extensive analysis, acknowledgedytep et al, 2017, performed

on experimental measurements obtained from a mediumisiiteld tokamak, TEXTOR
[Samm 2009. A brief description of the machine parameters is giverhmtable below.

Table 4.2: TEXTOR machine and plasma parameters

Major radius (?) 1.75m
Plasma radius (a) 0.47m
Plasma volume 7.0m?
Magnetic field B) 1.1-29T
Plasma currentl(,) 200-800 kA
Pulse length <10s
Ohmic power 0.3 — 0.5 MW
Electron temperaturel{) 1 keV

lon temperatureT) 1 keV
Electron densitys) 3x 1019 m=3

In these experiments magnetic islands are driven by therignargodic divertor
(DED), introduced in3.5, located on the high field side of the tokamak and operating
at a frequency of kHz. The resulting tearing mode, the saturated width begmpted
with wpgp, is therefore locked to the rotating perturbation field;sat 0.25 — 0.28 m.
Tearing mode control is achieved by means 80a kW, 140 GHz, long pulse gyrotron
injecting microwave radiation into the plasma. This caubesheating of electrons by
the resonant absorption of the waves at2ff&harmonic of the electron cyclotron reso-
nance (from which the name ECRH). The gyrotron can be opbkither continuously
(CW) or modulated. The radial position of the ECRH deposittotuned by rotating the
front mirror of a steerable launcher. An appropriate choitcine toroidal injection angle
allows to drive non-inductive current, ECCD. The two maiagtostics in use to deter-
mine the size of magnetic islands are the electron cyclamission (ECE) receiver and
the soft x-ray camera (sxr). Both can measure the temperasaillations of the plasma
at the resonant surface, from which the island width can bemated. In particular the
141 GHz ECE channel measures the radiation temperature onghdfikld side coming
from a region several cm inside the q = 2 surface. The measunieof the island width
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has been realized by measuring the amplitude of the temyperascillations, having
the same frequency as the DED. A detailed description oktlrestruments is beyond
the scope of the thesis; further informations concerningTBR diagnostics can be
found in [Donné et al.2005. All the experiments reported in the following discussion
have been set up with a toroidal magnetic figlg = 2.25 T, a toroidal plasma current
I, = 300 kA, and a line averaged density ®f 10'*m~3. The current in the DED coils
was ramped up to reach a value2dfA. It should be noted that in TEXTOR the bootstrap
current is usually negligible and consequently insuffitterdrive an NTM. This implies
that the benchmark addresses only classical tearing métdeshenchmark of the GRE
is performed by comparing the simulated reduction in sédresland width, according
to equation 4.11), for ECRH and ECCD with the experimental data. In order fowca
late the effectivity of the heatingy, the heat conductivity and the plasma parameters as
obtained in Classen et 812007, Westerhof et aJ.2007 are used, while the current drive
efficiencyncp is obtained from beam tracing calculations.

In the first dataset, two radial deposition scang&t kW with wqe, = 1.2cm and
wqep = 4.6 cM respectively, are performed (see figuéed). Each scan shows the trend
of the island width (normalized tepgp) as function of the power deposition location.
In the first case the vertical injection angle has been vdrad 0° to 12°, resulting in a
deposition radius ranging fromy, = 0.23 mt00.31 m. In the second scan, the vertical
injection angle was scanned froif to 13° and accordingly, the deposition radius from
0.21 m to0.34 m. The model, although qualitatively compatible with expemtal data,
results in a symmetric suppression around the resonantsadirz 28 cm which does
not match the asymmetric trend of the data (see black solkgb)i This could be due to
a modification in the magnetic equilibrium in response totbating well outside the
island resulting in a further destabilization faf,, < rs and a further stabilization for
rdep > 7. IN the wide deposition scah9-b a finite local current drive has been induced,
although the effect on the saturated island width appeayitgitde. These observations
are compatible with the theoretical predictions (see reoves in figure4.7), since the
typical2/1 island detected is larger than the deposition width. A sddataset has been
used to benchmark the dependence of the (normalized ) sadusdand width on the
modulation (see equatiod.(L1)) as shown in figure.1Q0 The modulated power varies
betweer70 kW and400 kW, while the duty-cycle has been varied frof to 100%. The
power is deposited in phase with the O-point, at the resormalits. This is assumed to
coincide with the deposition radiug., = 0.262 m. In addition the efficiency d00 kw
CW power is compared with that of the modulated power wilfi, duty-cycle for the
400 kW, which corresponds to the same average power. In the ¢asedulated ECRH
and varying the duty-cycle, a reasonable agreement witlexperimental data appears
when the on-time fraction is larger tha0%. At lower duty-cycle, the discrepancy might
be due to a radial misalignment: in the experiments the powposition was optimized
to coincide withr, for the high power, high duty cycle cases; as a consequersraalf,
global profile changes at lower powers may be slightly shifted for those cases. As
the duty-cycle is increased, the suppression efficiencseases as well but no further
improvement is observed beyond a duty-cycle of alii®gt. Modulated ECRH power
with 40% duty-cycle provides a stronger suppression than CW ECRirbatdme average
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Figure 4.9: Suppression of the 2/1 magnetic island as a function of tb&lraeposi-
tion displacement (normalized to the minor radiuss 47cm) for different
toroidal injection angle® and deposition width at full poweP = 750kW:
(@) ¢ = +0.5° andwgep, = 1.2 cm; (b) ¢ = —16° andwgqep, = 4.6 cm. The
red solid curve in (a) represents the numerical calculatiopure ECRH
stabilization. In (b) green markers refer to experimenthtfs, while the
red solid line refer to the effect of pure ECRH. Note that tbhatdbution
of ECCD (blue dashed line) is clearly negligible. Differeymbols refer to
data taken on different days which may imply slight variatién the position
of theq = 2 surface.
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Figure 4.10: Suppression of a 2/1 mode by modulated ECRH centered arden®-
point as a function of the duty cycle of the ECRH high-poweagd Red
solid lines refer to the numerical simulations while bluerkeas to ex-
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power 0f200 kW.
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5 Therole of asymmetries in the growth
and suppression of neoclassical tear-
Ing modes

The work presented in this chapter has been publish&tbisma. Phys. Control. Fusion
53(2011) 035020

Abstract

The evolution of neoclassical tearing modes (NTMs) is Ugwascribed
by the generalized Rutherford equation (GRE) for a symmetagnetic is-
land. Despite the success of this representation, varigpsrienents have
found the evidence of asymmetries in the island geometryehetpliza-
tion of the model suggests that a number of effects, such amsi-tinear
correction of the constant-approximation, a shear flow or a temperature
gradient across the island, might be responsible for therdeition of the
island geometry. In addition, it is noticed that the symmeétrbroken in the
radial direction also by approximating the equilibriumibal flux function
by a Taylor expansion up to the third order derivative. Thespnt paper
addresses the role of these asymmetries in the growth anmtesgon of
neoclassical tearing modes in a slab geometry, with paatiaitention to
the implications for the local current drive (ECCD) and memat heating
(ECRH) terms. The stabilizing contributions provided bgatfon cyclotron
waves to neoclassical tearing modes are found to be largdifacted by
these perturbations. These results correct and extend gbthe conclu-
sions presented in Lazzaro and Nowak (2009 Plasma PhystaCdfision
51, 035005).
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5.1 Introduction

Neoclassical tearing modes (NTMs) are acknowledged torslgvémit the tokamak
performance well below the idedly limit [Chang et al. 1995, [Sauter et a. 1997,

La Haye et al. 1997 Zohm et al, 1997 Gates et a).1997, [Isayama et a].1999 JET,
1999 and [La Haye 20064. Localized heating and current drive at the location of the
magnetic island created by an NTM have been demonstratédexperimentally and
theoretically to provide efficient suppression of these esoflegna and Callernl997
Gantenbein et gl200Q Isayama et a]200Q La Haye et al.2002 Westerhof et aJ2007
De Lazzari et a].2009. The main mechanism for the suppression is the replaceiment
side the island of the missing bootstrap current (i.e. tasar for the growth of the mode)
with an inductive or non-inductive current perturbatiogspectively. The framework for
the description of the mode growth and suppression is foloyemigeneralization of the
Rutherford equationRutherford 1973 to take into account localized perturbations to
Ohm’s law inside and around the magnetic islaBddter et a).1997 La Haye 20064.

The Rutherford equation and its generalization have begwedkoriginally for sym-
metric islands in the so-called constamtapproximation only. Despite the success of
this representation, various experiments performed in BSpgrade, in DIII-D, in
JT-60 and in TEXTOR have found the evidence of asymmetrandd Meskat et al.
2001 Udintsev et al. 2003 La Haye et al. 2010 Urso et al, 2017. Also from a the-
oretical point of view, several effects have been identifieat introduce asymmetries
in the magnetic islands. For example, an in-out asymmetnybeagenerated both by a
finite third order derivative in the equilibrium helical fléinction as well as by a quasi-
linear correction to the constatitapproximation. Furthermore, a finite flow shear across
the magnetic island can result in a poloidal deformatiorhefisland Ren et al. 1999
Smolyakov et a].2001. A priori, such changes to the geometry of the flux surfa@es c
be expected to affect the two dimensional integrals oveisthad region appearing in the
generalized Rutherford equation. In particular, changese expected to the stabilizing
terms coming from localized heating or localized curremtedas affected, for example,
by electron cyclotron resonance heating (ECRH) or curreme ECCD), as these terms
involve in addition the flux surface average of the EC powegroddion profile which is
highly localized in minor radius as well as in toroidal andgidal angles.

A first study of the effects of these asymmetries on the effigieof localized current
drive for mode stabilization has appeared lirafzaro and Nowak2009. The present
paper extends these results to the case of localized heatidgcorrects the generalized
Rutherford equation as proposed ragzaro and Nowgk009 to take into account the
consequences of the asymmetries in the magnetic island pnoperly. The theoretical
background, both of the origin of the asymmetries and of #®ilting modifications
to the generalized Rutherford equation are presented tioaes.2. In section5.3 the
consequences of the asymmetries for the drive of the NTM byp#rturbation of the
bootstrap current and for the mode suppression by locafizating and current drive are
presented, while in sectidh4 the validity of the model is discussed with respect to the
previous literature. The final section provides a summatp@®inain conclusions of this
work.
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5.2 Asymmetric islands and the generalized Rutherford
equation

Island geometry

Considering a single helicity perturbation, the geomefra onagnetic island is deter-
mined by the surfaces of constant helical fiiix.e.

Y=o + Y, (5.1)

wherey(r) is the axisymmetric equilibrium helical flux, which is defthep to an ar-
bitrary constant, angh, is the perturbation to the helical flux. A Taylor expansiortta
equilibrium flux around the rational surfacg where the first derivative af, vanishes,
reads

Po(r) = %z/}(’)’xz + éwé”xS + O(z*) (5.2)

with x = r — rg and a prime indicating derivation with respecttatr = rs. A quite
general form of the helical flux function perturbation in tlegion of the magnetic is-
land itself can be written asSolyakov et al.2001, van der Plas and de BlanR007,
Lazzaro and Nowak009

1 = P(1+ 5ALz) cos(€ — A — §AT|z]), (5.3)

wherey) = 11(rs) is a constant giving the amplitude of the helical flux peradidn at
the resonant surface agd= m# — n¢ is the helical angle. The third order derivative
of the equilibrium helical flux and the constaf\{, are both seen to break the up-down
symmetry in the radial shape of the island. The constajteind A’. are responsible
for the generation of different types of asymmetries in thage of the magnetic island.
In principle all these symmetry breaking terms should rensanall over the full island
width, w. Possible physical origins for these terms will be discddselow. As a slab
approximation will be used for the region covering both giand and the EC deposition,
bothw andz are required to remain much smaller than the minor radius

Outside the magnetic island the shape of the perturbed fhotifin is determined by
the linearized ideal MHD equations. Matching across a sislaihd in the approximation
of constanty, (z), i.e. Al = 0, results in the well known tearing mode stability parameter
A’ which is defined by the jump of the logarithmic derivative {fire limit of vanishing
island width) of the perturbed helical flux function,

. Pi(rs +€) —i(rs —€)
A =1 )
fllrg Y1 (rs)
For large islands, an instability indeX’(w) can be introduced by substitutirg| 0

with w/2. In addition, the constant («) approximation will be broken due to the non-
zero average gradient in the perturbed flux function actessstand. The latter effect is

(5.4)
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accounted for by a quasi-linear correction introducinggheameterA’, which through
matching to the exterior solution is given by

(s +w/2) + iy (rs —w/2)
¢ wl (Ts)
This paramete\’, is responsible for the breaking of the up-down symmetry efrttag-

netic island (as shown in figuie1(a). To estimate the size of this symmetry breaking
the dimensionless smallness parametisrintroduced as

A

. (5.5)

N i —o(¥
e=SAL with ‘5|_O(a)<<1’ (5.6)

which is seen to be smaller than unity in general. A secondedor breaking of the
up-down symmetry in case of large islands is the third orelentin the equilibrium flux.
To estimate the relative size of this effect, the third oreguilibrium term can be com-
pared with the amplitude of the perturbation. This definesdimensionless smallness
parametery

w? g'Ig] 16 4y
6 ggp 6 U
which is also seen generally to be a small number. For typad@imak conditions both
the third order term in the equilibrium flux and the quasebincorrection ta), (), result

in a larger island width inside, and a smaller width outside. Up-down asymmetries due
to cylindrical and toroidal effects have not been taken gxtoount in this paper. It is
noticed though that these might be described in a slab mattekvsimilar coefficient

as introduced above.

The symmetry of the island can also be broken by a radial dkp®e of the phase.
For example, a sheared flow has been shown to result in a gregfipite sin(¢) con-
tribution to the perturbed flux function, which depends &irlg on x. This can be seen
as a finite phase shifij,A;a:, in equation $.3) [Smolyakov et al.200]] and results in a
shearing of the shape of the island (see figufgb). An expression for the phase shift
can be obtained which, in the notation &molyakov et a].2001], is given by

7 w=0 (%) <1, (5.7)

Vo L2

Al = —64——F—
k:gqupw‘L

S

(5.8)

Here, v is the viscosity,Vj is the local velocity sheatl., = ¢/¢’ the shear length,
ko = m/rs, andva, =/ B2/ uop the poloidal Alfvén velocity. In addition the following

parameters are useglthe safety factor: the poloidal mode number3,, the poloidal
magnetic field ., the permeability of free space apdhe plasma mass density. Note
that this effect is largest for small islands. This suggéiséd the phase shift and the
up-down asymmetry of the island width will not simultanelguse large, and that their
consequences can be studied separately. A dimensionledlsass parameter is again
introduced a$ = Alw/2.
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5 The role of asymmetries in the growth and suppression of BITM

Finally, a phase shift across the island can be generatethwsup-down symmetric
as represented by the term witkl,.. This results in a droplet shaped island (see fig-
ure5.1(b). Such a phase shift is introduced, for example, by the peesef finite tem-
perature gradients across the magnetic island as discimsgeth der Plas and de Blank
2007. In the relevant parameter regime it may be written as

Al = 2cqws afi : (5.9)

wherecy is a constant of order L. = mT./eBrs the electron diamagnetic frequency,
R the major radius and; the electron thermal velocity. In the expressiondor 7, is the
equilibrium temperature gradier the magnetic field anethe elementary charge. Also
for this case a dimensionless parametet A’.w/2 is introduced, which under normal
conditions will be very small, but may become significanthivita transport barrier.

When we normalize the distances from the rational surfacenbyisiand width as
& = x/w and normalize the helical flux function &= 1 /sign(4{/)¢, the normalized
perturbed flux takes the general form

Q = 8z% 4 vz + sign(yf ) (1 + £Z) cos(®(€, T)), (5.10)

where the spatially varying phadgé,z) = £ — §Z — 7|z is introduced. It is noted
again, that in the notation of this paper the parametets 6, andr are dimensionless.
In a comparison withl{azzaro and Nowak009 for, in particular,c andd, these dimen-
sionless parameters need to be divided:bto obtain the corresponding parameters in
the notation of Lazzaro and NowakR009. When the parameters ¢, §, andr responsi-
ble for the different types of asymmetry all are vanishingfyall, the usual equation for
a symmetric island is obtained. Taking into account thateumibrmal shear conditions
in a tokamalky(| is negative, the symmetric case is written

Q = 8z% — cos(§), (5.11)

where the island interior is given byl < Q < +1 with Q = —1 corresponding to the
O-point and? = +1 to the separatrix.

The condition determining the radial position of the O, the phase and the
corresponding value fdR can be formulated as

(B

wherezo_point aNdZx_point iNdicate the radial position of the O-point and of the X-
point, respectively. These two do not coincide as a consexpuef the up-down symmetry
breakingge # 0. The O-point is located at

8l
I
Kl

O—points ‘I)(f,:?ofpoim) = 0) =0 5.12
TX—point s (I)(gvfx—point) = :tﬂ—) =0 ( ' )

81
Il

) 1/2
= 8 8
ZO—point = T3y + <(37) + ;)
) ) (5.13)
gOfpoint = drofpoint + T‘xofpoint|
— 73 72 =
QO*POth =  7YTO—point + 8‘,'COfpoint — EXO—point — L,
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while the X-point is located at

. . 2 1/2
7 . - _ S S _ £
ITX —point - 3y + (SAr) 3y

gX—point = £+ 5i’X—point + T|£’X—point‘
. — 73 72 T .
QX*POIH‘C = YTX_point + 8‘TX—point + ETX—point + L.

(5.14)

Itis noticed here that foy # 0 each equation iB.12has two solutions. In the following
discussion we will consider only the solution, consisteithwhe conditionzo —point =
Tx—point = 0 for e = 0. A finite v introduces a second solution which represents a non-

2
physical island chain, the O-point and the X-point beingted at—% —4/ (%) + ﬁ
far from the original resonant surface. This reflects theakdewn of the Taylor expan-
sion of the equilibrium flux function far from the resonantdlsurface. This could be
resolved using the exaet, instead of its Taylor expansion. For a general case with
a monotonicg-profile, then only the first solution is found. The “extralaisd chain
limits the validity of the approach to the region of parametehere it does not af-
fect the field lines. Fory = 0, equation5.10reduces to a second order equation and
consequentlyeo_point = €/16, Tx_point = —¢e/16. Further details can be found in
[Lazzaro and Nowak009.

In the remainder of the paper the dimensionless parametets) andr will all be
treated as arbitrary numbers which will mostly be held fixedbath the island width
and the width of the EC deposition profile are varied. Thisaat fcorresponds to the
presentation of the results ihdzzaro and Nowgk2009, where generallywA,, and
wA are held constant. Both amount to keeping the shape of taedisionstant as its
size is varied.

Generalized Rutherford equation

Here, we analyze the consequences of the island asymnfetrtbe generalized Ruther-
ford equation Rutherford 1973 Sauter et a.1997 La Haye 20064. In our analysis
we closely follow the derivation of the Rutherford equatas presented, for example,
in [Biskamp 1993 with appropriate generalizations for the case of asymiméttands
and in the presence of both inductive and non-inductivellyedrcurrent density pertur-
bations. Starting points are Ampere’s law relating theyestion of the helical flux to
the parallel current density perturbatidp (v),

=V = o (0), (5.15)

and the flux surface averaged Ohm'’s law relating the timeahtdhange of the helical

flux perturbation, i.e. the helical electric field, to the gdgl current density perturbation

with the same helicity,

1 /oYy

2\ /)= m (¥)(Jo — Jo,ss — Jo,.cp) + mo (J1, () — J1,ss(¥) — Ji,cp(¥)) -
(5.16)
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(@ (b)

Figure 5.1: Geometry of an asymmetric island with = 1. Figure (a) shows the de-
formation in amplitude due to the effect of either the quesgar correction
to the constantt, () approximationg = 1, or the third order term in the
equilibrium flux,y = 1. The circle and the x markers represent the radial
position of the O-point and of the X-point, respectivelyesk are not coin-
cident owing to the-asymmetry. In the plot the perturbations are shown to
deform the island in the opposite directions; it is noticedttin a tokamak
both are directed towards the magnetic axis. Figure (b) stibesdeforma-
tion in phase due to the shear flawe= 1, or to a finite temperature gradient
across the magnetic island,= 1. The dashed lines represent the locus of
the inversion points for thes*asymmetry” (a) and for thej“asymmetry”

(b).

In equation5.16 7, (v) represents a possible helical perturbation to the reijsts
a consequence of heating (or cooling) inside the islakd,./y s and Jy cp are the
total equilibrium current density, the non-inductive admition to the latter of the boot-
strap current and the non-inductive contribution of a gaesturrent drive, respectively.
The helical perturbations of the non-inductive bootstrapent density and of the non-
inductively driven current density are indicated withgs and.J; cp, respectively. Note
that in the island region, for1 < Q < 1, the relation/; gs(2) = _J07BS|TS is valid. It
is also remarked that the helical current density pertizhas a flux function since the
tearing mode evolves on a slow time scale such that the equatimotion is degener-
ated to the equilibrium conditioB - VJ = 0 [Biskamp 1993. The operation of flux
surface averaging, as indicated by the brackets, is defmed a

_ § AV
W= s

where the integral is along the closed line segment withtemi$ielical fluxy.
In the next step, Ampeére’s lavb (15 is multiplied by the phase facteos(® (¢, z)),
with the spatially varying phas@(¢, z) and integrated over the interior region. At the
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same time using the approximati®&ft+; ~ 9%y, /022, one obtains

[ s on(0(c 2) = [ ar fagpon ) costatc. ),

Now the left hand side can be integrated and matched to tearliexterior solution with
the usual result of

/ dxﬂgdf Cilltha o TVRL 380 ox2(@(,2) = A ()

R82 R

The right hand side of equatioB.(L7) is rewritten by substitution from Ohm’s lavg (L6
as (see also sectidnd):

/- " ar f el () cos(v(e.7) =
/ dm?{dguo [ ! <81/}1> m) (Jo — Jo,Bs — Jo,cp)

o2 Mo

+ Jips(v)+ JLCD(w)} cos(P(&, 7)) = (5.17)
/_O:O da’:j{df 140 nolRa@qf <(1 + %A z) cos(P(&, ))>

771(77/1)

” —(Jo — Jo,cp) + J1,Bs(¥) + J1,cp () | cos(®(€, 7)).
It is stressed here, that the multiplication with the fuase dependent phase factor is
essential. Multiplication instead wittps(¢) as is done inllazzaro and Nowak2009
adds additional terms both on the left (neglectedliazizaro and Nowgk2009) and
right hand sides of equatio®.L7). Such terms will be important, in particular, for the
stabilizing contribution of non-inductive current drive the case of a power deposition
or driven current density profile much broader than the @slenidth. The integration
domain then covers the full width of this deposition profitelaconsequently, extends
well beyond the island width into regions where the phasiishi (£, =) becomes large.
The combination of these equations results in an equatioth@®evolution of the
amplitudes of the perturbed flux function which can be transformed imceguation

for the evolution of the “full island width’v by means of the relation = 41 /zﬁ/w{)’. It
must be noted that, in the presence of finiter v asymmetries, the value aof defined
here is not identical to but a good approximation of the fslthind width as defined by
the radial distance between the maximal radial excursigcheteparatrix. The result is
known as the generalized Rutherford equation, which weeverst

7, dw

g1(7, €, 9, 7) w0 = 1A (w) + rsARg + 1Ay + 7sAGp (5.18)
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whereg, (v, €, d, 7) is a quantity of order unity defined by

(14-ez) cos(P(&,T) fdf cos(P(&,z)

2 [ d¢ : 7
g1(7.6,6.7) = ~ / aat e —
T JQ0—point $dg 69/8i

(5.19)

with  given by equation§.10). The parameter,. = por2/n is the local resistive time
scale for the resistivity) at the rational surface, of the mode [ is the permeability of
the free space). A transition from a representatiofizin } coordinates to one in flux
coordinateg 2, ¢} has been made here for consistency of notation with mostrexis-
erature. In this notation, the effect of the asymmetric deftions of the island appears,
apart from the flux surface averages, also in the JacaBfgfdz. Outside the island,
i.e. for Q > Qx_,oine, the ) integral implicitly contains a sum over the contributions
at the two surfaces at positive and negativevhich in the case of asymmetric islands
will generally not be identical. Note, that is no longer a simple constant but depends
implicitly on w through its dependence on the normalized asymmetry pagasnetz,
0, andr. In case of symmetric islandg; becomes a constant which can be evaluated
analytically resulting in the well known value 61382 [Biskamp 1993.

The contribution to the Rutherford equation owing to thessimg” bootstrap current
[Hegna and Callgr1997 within the island separatrix, can be written as,

. 16RTS[L0 /QXpoint
<

cos(®(&, 7))
BS = orw BS dﬂ%dg 8(2/8’ . (5.20)

l()—point
The shear factor is written here [ag/| = RB,,/L,. Reminding that, in the limit of small
inverse aspect ratie and negligible temperature gradient, the bootstrap cticam be

approximatedlla Haye 20064 as Jpg ~ ,L@ , equatiorb.20can be rearranged as

L T
%S - T sﬁp\[cneo ’ (521)
whereL, = —p/p’ is the pressure scale length afig = 2’“’” is the ratio between

the plasma pressure and the poloidal magnetic pressurdaﬁw’erm accounts for the
perturbations of the island geometry,

8 [Ix—point cos( z))
Cneo (Y, 8,0, 7) = - /Qopom dQ?{dﬁ 89/3_ . (5.22)
For the symmetric case, this integral is evaluated analjyi¢o yield 32/37 ~ 3.4.
Effects due to a finite perpendicular transport limiting bo®tstrap current perturbation
for small islands, are neglected.

The contributions from either a perturbation to the indeetcurrent or the non-
inductively driven current density are representediy, and Aj;, respectively. An
explicit equation for the term coming from a non-inductjvdtiven current is

, _ 16Rrspo o cos(®(&, 7))
ST R CTES E g M
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which can be brought into a form similar to the expressiortsiobd in Sautey 2004
De Lazzari et a.2009. The power deposition, as for example in the case of ECRH and
ECCD, is assumed to be highly localized in radius as well g®loidal and toroidal an-
gle with a possible periodic on-off modulation in time syrafous to the island rotation.
As is commonly done, a fast rotating island is assumed angdiver deposition is aver-
aged over a single rotation period. The resulting poweraoisrsymbolically written as
pcw M. Here, the CW radial power deposition profile is a functiomaafius only, which
is taken to be a GaussiaBw o< exp(—4(z—dep)?/w,,) localized atrgep = Tdep — 7
and with full Gaussian widthw,.,, and the modulatiooM becomes a function only of
&, approximated ag1(&; D, ¢) = H(cos(€ + ¢) — cos(Dmr)). In this formulation theM
depends on the power on-time fractibhand the phase mismatehbetween the power
modulation and the island rotation. The symHBotlenotes the Heaviside function.

A current drive efficiencypep = Iep/Piot, is introduced as the ratio of the total
driven current/cp and the total unmodulated powet,;, which is assumed to be a
simple constant. The current density driven non-indubttiby the absorbed EC power
is a flux functionJ; cp = Ji cp(v) whereas the power deposition now is a localized
function in radius and. In order to relate these two, the power density is averaged o
a flux surface so thaf; cp(v) = 27 Rnep (pew M) . A deformation of the flux surfaces
will change the flux surface average of the deposited powegramsequently, the driven
current density/; cp. Finally, noting that the total unmodulated power is

Piot = 27 Rrow / an f{ e g;zc/vg;,

QO —point
one obtainsDe Lazzari et al.2009

/ 160 Lq 1cp Prot

rsAbp = Bor wiep Fep (w/Wdep, Tdep, M; v, €,0,T). (5.24)

Fep is a dimensionless function which depends on the geomkpioperties of the
power deposition profile (its width in relation to the islanddth, its radial location,
and its modulation) and now also on the parameters definm@adinticular shape of the
magnetic island:

00 cos(P(&,x
g 09 ow M) § A
- w? ‘f;;j)—point dQ <pCW> §d§ aQ}ag—c

It is assumed that the dependencies on deposition widthtitwcand modulation are
such thatF-p can be factorized as

(5.25)

FCD(w*vxdeva; 776757 T) = NCD(w*)GCD(w*axdep)MCD(W*vM)v (526)

wherew* = w/wqep. The functionNep (w*) represents the geometrical function in
case of a power source which is exactly positionedgaf = rs, and unmodulated.
This means that functionScp (w*, z4ep) and Mcp (w*, M) are normalized such that,
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for rgep = 75, Gop(w*, z4ep = 0) = 1, and that for the unmodulated power case,
Mecp(w*,CW) = 1. Gep(w*, zqep) describes the effect of misalignment of the power,
andMcp (w*, M) accounts for the effect of power modulation.

For the effect of heating inside the magnetic island oneiobthe expression

,  16Rrepe [ m), . cos(®(¢, 7))
rsAp = TF%'W./ d2 (UO(JO J0=CD)fd5739/33—3 > . (5.27)

QOfpoiut

The helical perturbation to the resistivity is now assagatvith the perturbation of the
electron temperature due to net power deposition insidentignetic island,

30T ()
- 2Tsep

my) ~ 1o (5.28)

wheren, and7y., are the resistivity and electron temperature at the separéhe elec-
tron temperature perturbation inside the islafi{+) is obtained from the solution of the
power balance equation inside the island. Following theudision in Pe Lazzari et al.
2009, it is assumed that the power balance is given by the loedlglectron heating
represented by the power sounggw M as above, balanced by cross field anomalous
transport characterized by a heat diffusivity which is assumed to be constant over the
entire magnetic island. Thus, the electron temperatureifition is obtained through
solution of [De Lazzari et al.2009,

QX _point P(Q)
T(Q) = Q 2
oT(S) /Q O kpanRir, § AE[VOR) (90)07) (5.29)

whereP(Q2) represents the total power absorbed inside the volume ssttloy the flux
surface labeled?, n. the electron density anklz is the Boltzmann constant. As in the
case of non-inductive current drive, the temperature peation is affected by the island
asymmetries trough both the flux surface averaged powersttapoprofile and the term
|VQ|?2/(092)0%).

Next, the normalized, dimensionless temperature pertiorba is introduced as

5T 8W2Rrsnex¢k3

oT 5.30
Piotw ( )

and an “efficiency of current generation” through heating fplasma slab of widthgep,
is defined as

2
3Wiep, Jo — Jo,Bs — Jo,cD

H (5.31)

= 872Rronox 1 ks Toer
With these definitions, the heating term can now also be awrits accordance with
[De Lazzari et a].2009 as

r AL — 160 Lg N1 Prot
sTH Bym wﬁcp

FH(w*7xdepaM;77€767 T)a (532)
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whereFy; is again a geometrical function which is given by

1 QX*[)oint . COS(¢(£7 j))
Fp=— dQoT () ¢ dE—F—2—=. 5.33
1 2w Qo point (@) 7{ ¢ 00 /0x (5-33)
Analogous toF¢p, also the geometrical functiafy is factorially written as
FH(U)*, Ldeps M; Y5 €, 67 T) = Ny (w*)GH(w*7 xdep)MH(w*’ M)a (534)

where Ny (w*) represents the geometrical function in case of a power souhich is
exactly positioned atqe, = 75 and unmodulatedy (w*, z4ep) describes the effect
of misalignment of the power antl/y (w*, M) again accounts for the effect of power
modulation.

5.3 Consequences for NTM growth

In this section the effects of the symmetry breaking areudised for each term appearing
in the Rutherford equation. The results presented arer@itahough numerical evalu-
ation of the integrals given above, mostly but not exclugiusing their representation
in {z, ¢} coordinates. The calculations have been checked extén&iveaccuracy and
convergence. In a number of cases the evaluations have leefnmped both in{z, £}
coordinates as well as in flux coordinafés, ¢ }, with identical results given the achieved
accuracy. However, due to the divergence of terms in the thaxdinate representation,
accurate and converged results are more difficult to obitethdt case.

The factors g; and ¢y,

The extension of the Rutherford equation, to the case of amtnit islands, in equation
5.18 introduced two coefficientg;; andc,.,, depending on the parameters of the per-
turbation,~, ¢, 6 andr. Here the trend of these coefficients in the parameter space i
discussed. Figurg.2(a)and5.2(b)show for both the coefficients a slight increase when
a deformation in amplitude is taken into account; this igespnted by blue circles for
the quasi-linear correction to the constangpproximation ) and by red squares for the
finite third order term in the equilibrium fluxyj. The discrepancy with the symmetric
case is at most of the order ©¥. Phase deformations appear to be negligible. These
results appear in accordance with the conclusiontazfaro and Nowak2009. Note

that the last two points foy # 0 have been calculated reducing the integration range, in
order to avoid the perturbation due to the “second islandn&h@his might reduce the
accuracy of these results without affecting the validitytaf conclusions.

Efficiencies for NTM suppression by heating and current drive

The capability of the current drive and local heating to sepp NTMs is affected by
perturbations of the island geometry trough the geomeeitiaiency Fop 5.25and Fy
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Figure 5.2: Consequences of asymmetries on the generalized Rutherdfpmtion: (a)
the behavior of the coefficient; (v, ¢, d, 7) in equation .18 and (b) the
behavior of the coefficient,..(7, ¢, d, 7) in equation $.22 are presented.
Every dependency is considered separately. The valyeat =6 =7 =0
corresponds to the symmetric island case.

5.33 respectively. First the case of continuous EC power déiposat the exact mode
resonant surface, is considered, in which case the functiafisp i reduce toNcp .
Every perturbation of the symmetric case is implementedrsgply and kept constant,
i.e. the normalized shape of the island is kept constanteuiie normalized island width,
w*, varies over the displayed range. As shown in fighi@a)and5.3(b) all the effects
appear to be negligible. Despite the marginal effect oleskr is interesting to observe
how the up-down asymmetry modifies the normalized geonafieictionGcp i when

a misalignment with respect to the resonant radius is takEndccount. In figur&.4
and5.5, the shape of the functio&'cp i clearly reflects the up-down asymmetry of
the island with the function being broader on the side whieegtland is wider. This is
particularly evident when the power is deposited mainlydethe magnetic island, i.e.
when the island is considerably larger than the power déposiidth. The asymmetry
is larger for the current drive than for the heating. It isiced that a simple phase shift
cannot affect this function, since it is obtained integratover the full angular domain.
The last statement is not valid when the modulation of the B@ep (with a phase
mismatch) is introduced or when the combination of two or enefifects is taken into
account, i.e. when deformations both in amplitude and irsplae occurring. Here, a
relevant example for the experimental suppression ofrtgamiodes is discussed, namely
the deposition of EC power with a duty cyde= 50%, in phase with either the O-point
or the X-point. The magnetic island){ = 3) is described with a quasi-linear correction
for the constant¥ approximation, i.ee # 0, such that the radial position of the O-
and X-points is displaced symmetrically from the resonanfese. Note that the simple
factorization proposed in equatioB.26) breaks down forp # 0. For this reason the
factor Gep mMcep,u is indicated in the following withG cp 1 (w*, Zdep, D, ¢).
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Figure 5.3: (a) The ECCD geometrical functiaNp defined in equations;25 and (b)
the ECRH geometrical functioVy defined in equation(33. Both have
been obtained in case of no misalignment and continuous pdsysition.
The solid black line refers to the reference cage- ¢ = § = 7 = 0,
squarestoy = 1,e = 6 = 7 = 0, circles toe = -1,y = § = 7 = 0, stars
tod=1,y=e=7=0anddiamondste =1,y =¢ =9 =0.

As described inDe Lazzari et al.2009 for a symmetric island of this normalized
size, the effect of modulation with no phase mismaitgch; 0, enhances the current drive
efficiency at the resonant surface &% while the efficiency of the resonant heating is
reduced byl0%. This is shown with blue solid lines in figue6. The efficiency of the
normalized, modulated geometrical functidlisp i1 shows a decrease (in the absolute
value) of about one order of magnitude for a phase displaceme- = (red solid line).
By effect of the perturbation, the curves appear shiftedatow the displaced O-point
for ¢ = 0 (blue circles) while forp = 7, they appear to shift towards the X-point (red
squares). This has a particular relevance for the currerd,dince the efficiency is found
to be negative, i.e. the current drive destabilizes thendsldt is noticed also how the
power modulation reduces considerably the asymmetry ottieent drive efficiency
introduced bye, along the radial coordinate, with respect to the contiisudeposition
(black solid line in figureb.6(a).
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Figure 5.4:
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Detrimental effect of deposition misalignment on the haatiormalized ge-
ometrical functionGep (w*, z4ep), Varying the island sizer* = w/wqep:

in figure (a) the reference case for a symmetric island (Swlek) is com-
pared with the case of an asymmetric island wits —1,vy =6 =7 =10
(circles forw* = 0.3]0.8, squares forw* = 3). In figure (b) the same as
in (a) but fory = 1,6 = § = 7 = 0. The displacement is normalized as
Tnorm = xdep/ max(w, wdep)-
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Detrimental effect of deposition misalignment on the haatiormalized ge-
ometrical functionGu(w*, z4ep), Varying the island sizev* = w/wqep:

in figure (a) the reference case for a symmetric island (divlek) is com-
pared with the case of an asymmetric island wite —1,v =d =7 =10
(circles forw* = 0.3, squares forw™ = 3). In figure (b) the same as in
(@) but fory = 1,e = § = 7 = 0. The displacement is normalized as
Tnorm = zdep/ max(w, wdep)-



5.4 Discussion

Figure 5.6: Effect of power modulation? = 50% duty cycle), combined with phase
mismatch on the normalized geometrical functigfigp w(zdep, D, ¢;€),
for ECCD (a) and for ECRH (b). The displacement is normalagd, . =
Tdep/ Mmax(w, wqep), the island size being = 3wqep. . Each picture shows
the reference case, calculated for a symmetric islang at 0 (blue solid
lines) and atp = 7 (red solid lines), compared with the efficiency for an
asymmetric island witlh = —1 (blue circles forp = 0 and red squares for
¢ = m). The black dash-dotted line refers to the case of contisyomwer
deposition on an asymmetric island. It is noticed@ip, that the asymme-
try of this last curve, with respect to the rational surfacg £ 0), is strongly
reduced when the power is modulated.

5.4 Discussion

The conclusion of the previous section, that the effect bth@d asymmetries on the
efficiency of NTM suppression by either heating or localizedrent drive is negligible

as long as the power is deposited at the resonant surfagestark contrast with the
results presented ih.fzzaro and Nowak2009. In the latter work it was suggested that
the efficiency of current drive might even change sign andimecdestabilizing for small
islands with a phase asymmetry (findle In order to understand this discrepancy one has
to consider the flux surface average of the cosine of thedgbtuase, i.e.

cos(®(&,z
fdf dQ/(dT))

$ K o075z /850

As can be seen in sectidn2, it provides the weight with which the current density or
temperature perturbation at a given location contribudesabilization of the mode. Itis
noted here that in the asymmetric cases;(®(¢,z))) depends also on sign): in the
outer region§2 > (), the behavior of this function far > 0, will generally differ from
the one calculated far < 0. In the case of a symmetric island, ine= e =6 =7 =0,

(cos(®(£,2))) = (5.35)
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5 The role of asymmetries in the growth and suppression of BITM

analytical expressions exist fGtos £) [Biskamp 1993 Giruzzi et al, 1999, which have
been used to benchmark our numerical resultsL&zfaro and Nowgk009 the island
phase in this term is simply approximated ®&,z) ~ . This is found to lead to a
strong discrepancy when the phase deformatios taken into account. In detail, the
approximation results in a too slow convergence of (e (®(¢, z))) to zero for large
Q, as shown in figur&.7(a) When contributions from the external region in the inte-
grals defining the geometrical efficiency function for catrérive Fp 5.25become
important (i.e. forw* < 1), this results in a further negative contribution to the ge-
ometrical efficiency, as shown in figute8. In this figure, the blue circles, represent
the normalized efficiency of current drive in the notatiorjlodzzaro and Nowak2009
el = wW*2Fop(w*, 2o = 0,CW;§ = 1.9) with ®(¢,7) ~ &, which is found to be
negative for small values af*. Moreover, in Lazzaro and Nowak2009 an additional
approximation is made to the island geometry as represéytdtkir equations (10) and
(11), which are obtained using a Taylor expansior@f(¢ — dz) aroundéz = 0 up

to second order idz. This approximation breaks down for large while this region
contributes significantly to the term from non-inductiveremt drive in case ofv* < 1.
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O Cos(£)) - NO Taylor
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Figure 5.7:In figure (a) the trend of the flux averaged cosines(®(¢, z))) is repre-
sented. The picture has been zoomed in to show how diffepgarbaima-
tions affect the asymptotic behavior at largerThe black dash-dotted lines
represent the symmetric case. The results obtained in ¢asénite phase
asymmetryy = 1.9 (i.e.6 = 1.9/w in the notation of Lazzaro and Nowak
2009) are indicated as follows: squares are obtained with thig@hase fac-
tor ®(¢,z) = £ — oz. Circles are calculated adding the approximation of
®(¢,z) ~ £ Diamonds are obtained as ibgzzaro and Nowak2009, i.e.
using also approximate expressions for the island geomiet(lp) the effect
of finite up-down asymmetries is plotted. The results shosferrtos = 1.9
(blue circles) andy = 1.9, (red squares). The black dashed curve again
shows the results for the symmetric case.
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Figure 5.8: Trend of n,e = w*?*Ncp, varying w* = w/wqep, iN the notation of

[Lazzaro and Nowak2009. It is reminded thatVep = Fop(w*;z9 =
0, CW). The black dash-dotted lines represent current drive effei for
the symmetric case. The results obtained in case of a findegpasymmetry
0 =1.9(.e.d = 1.9/w in the notation of Lazzaro and Nowak2009) are
indicated as follows: squares are obtained using the esipres.25derived
in the present paper retaining the full phase faéttd, z) = ¢ — 6z. Circles
are calculated adding the approximationdg, z) = ¢ in equation 5.25).
Diamonds are obtained as ibgzzaro and Nowgk2009, i.e. using also ap-
proximate expressions for the island geometry.

As a result the asymptotic behaviour @os(®(&, z))) for large Q2 and the predicted
normalized efficiency for NTM suppression becomes even megative as illustrated
(green diamonds) in figure.8, for the parameters used in Fig. 3 &Bzzaro and Nowak
2009. The results presented in figuBe7(a)and5.8 even show thatcos(®(&, z))) as
well asny,e and Fop are identical up to the numerical accuracy of the calcubdfioo the
symmetric case and the case with a finite phase asymmietvgn for this large value
of § = 1.9. That(cos(®(&, z))) really must be independent of any phase shearing as
represented by or 7 is understood as follows. Take the flux average of any functio
A(z, &) over a sheared flux surface as resulting from a fifiiend/or7. Performing a
change of coordinates &%, ¢} to {z, &' = ®(&, «) } then results in an integral represent-
ing the corresponding average over a symmetric flux surfatteecsame function shifted
by éz + 7|z|. It follows that for any value ob or 7 the average ofcos(®(¢, z))) over

a sheared flux surface is identical to the correspondingagedcos(§)) in the symmet-
ric island case. Similarly, for any functioA with translational symmetry i the flux
surface average will be independent of the shearing of thesfluface. This holds, in
particular, for the flux surface average of the power dergitgiriven current in case of
continuous wave application. These arguments result icahelusion that a finité or

7 asymmetry cannot affect the geometrical efficiency foriteamode stabilization of
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5 The role of asymmetries in the growth and suppression of BITM

either heating or current drive in the unmodulated casease ©f power modulation in
phase with the island rotation a finite effect of the sheaisrgjill to be expected in par-
ticular for smallw/wqep, as the power is deposited at different island phases faerdifit
values ofz.

The arguments given above do not apply to the cases with alowp-asymmetry. In
these cases, illustrated in figuser (b) (see alsolfazzaro and Nowak2009), the effect

on (cos(®(&, T))) nevertheless is very small: in case of finit¢he whole curve is just
seen to be slightly shifted to the left as the flux values aithand X-points are slightly
decreased from their values-efl and+-1 in the symmetric case. While in case of a finite
~ the curves virtually overlap in the interior region. The oragffect then comes from
the changes in the flux surface averaged power density ameindcurrent. As long as
the power is deposited at a radius close to the O-point positie flux surface averaged
driven current density is found to be peaked inside the éstasulting in an effective sta-
bilization. When the X- and O-point radii diverge, as in theeaf a finite=, a mismatch
between the power deposition location and the O-point camltrén more power being
localized in the X-point region. In such cases a larger déistang (i.e. negative value
of Fep) effect may be found in case of a radial mismatch towards tpet as can be
seen also in the results as presented in figbréé)and5.6(a) In fact, in the case of
an asymmetric island size the normalized flux surface aeeragrrent density and the
consequent geometrical efficiency can be seen as an avdrgeesame over two cases
with different island sizes as discussedlihgo et al, 2010. In that paper an asymmetric
deformation in amplitude is applied by dividing the islandwo parts, where in one part
for r > rq the width is changed tow with 0 < « < 1, while for the other part; < rs,
the island widthw remains unchanged As a consequence the efficiency forghéing
asymmetric islandygccp,asym = —FCD in the notation of Urso et al, 2017, can
be equated to the average of the eff|C|ency of two symmetdads,

1

5(77ECCD,SYM(U)) + NEcep,sym(yw)), (5.36)

their width beingw and~w, respectively. However inJrso et al, 201Q this averaged
efficiency is then compared to the efficiency for a symmesiarid at double the size
of the larger of the two island parts, which leads to the umssing conclusion that
the latter is larger. However, in the context of our presemtiva consistent comparison
with the symmetric case should be performed with respedta@veraged island width
Wasym = 3(w + yw) < w, resulting in a smaller value fofzccep,sym(Wasym)- This
results in just a small difference between the symmetric @syinmetric island cases
consistent with the conclusions of the present paper.

NeceD,AsyM (W) =

5.5 Conclusions
This paper addressed the effects of a number of asymmedfiesting the geometry of

a magnetic island and hence the temporal evolution of theemoddetail, a finite third
order approximation of the unperturbed flux function and asiflinear correction to the
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constanty approximation have been identified to break the up-down sgimnof the
mode while a shear flow and a temperature gradient acrosslémlihave been found
to produce a phase shift, proportional to the radial exourfiom the resonant surface
[Ren et al, 1999 Smolyakov et al.2001; van der Plas and de BlapR007. The model
focused in particular on the consequences for the contobtlasuppression of an NTM
by means of ECCD and ECRH. As a consequence the Rutherfortiequhas been
reformulated consistently for the generalized topologghefmagnetic island, accounting
for the contributions of the bootstrap current, of the laatent drive and of the resonant
heating. The outcome of this study shows that the effectyohasetries is negligible for
the coefficientg; andc,., appearing in the generalized Rutherford equadidin front

of the tearing mode growth rate and the neoclassical drive, teespectively. The effect
is small for both the current drive and the heating efficied¢yb 11 when the EC power
is deposited at the rational surface. Deformations in auoidi do affect the normalized
geometrical functionsl/cp g in a trivial manner: the maximum for the efficiency moves
with the O-point along the radial coordinate, while the Widf these functions reflects
the asymmetry in the island width.

These conclusions appear to be partly in contrast to opgpositclusions reached in
the previous literaturdfazzaro and Nowak009 Urso et al, 2010: a significant reduc-
tion of the efficiency for NTM stabilization by ECCD in caseasf up-down asymmetric
island size was claimed irJfrso et al, 2014, while in [Lazzaro and Nowak2009 this
efficiency was even shown to become negative in case of a fihise shifty and an
island much smaller than the EC deposition width. It is shdkat the former claim
is based on an improper comparison between the asymmettisyanmetric cases as
made in PJrso et al, 2010, while the latter conclusion is shown to be the result of the
approximations made in.pzzaro and Nowak2009.
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6 Requirements on localized current drive
for the suppression of neoclassical tear-
Ing modes

The work presented in this chapter refers to the paper byeliefde Lazzari and West-
erhof, submitted td&Nucl. Fusion

Abstract

A heuristic criterion for the full suppression of an NTM wasrhulated
asnHNTM = jcD.max/JBs > 1.2 [Zohm et al.,J. Phys. Conf. Ser25 234
(2005)], whergjcp, max is the maximum in the driven current density profile
applied to stabilize the mode arigs is the local bootstrap current density.
In this work we subject this criterion to a systematic théioed analysis
on the basis of the generalized Rutherford equation. Takit account
only the effect ofjcp inside the island, a new criterion for full suppression
by a minimum applied total current is obtained in the form @haximum
allowed value for the width of the driven currentq.,, combined with a
required minimum for the total driven current in the formwfe,mnTwMm,
where both limits depend on the marginal, and saturateddsd&zes. These
requirements can be relaxed when additional effects aemtaito account,
such as a change in the stability paramétéfrom the current driven outside
the island, power modulation, the accompanying heatiniglénthe island,
or when the current drive is applied preemptively. When agbtd ITER
scenario 2, the requirement for full suppression either3{eor 2/1 NTM
becomesvqe, S 5 cm andwqepnntM < 5 €M in agreement with [Sautet
al., Plasma Phys. Control. Fusigh2 025002 (2010)]. Optimization of the
ITER ECRH Upper Port Launcher design towards minimum reglLjgower
for full NTM suppression requires an increase in the torlaigjaction angle
of the lower steering mirror of several degrees comparets frésent design
value, while for the upper steering mirror the present desgjue is close
to the optimum.
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6.1 Introduction

The suppression of Neoclassical Tearing Modes (NTMs) &yiko be an essential re-
quirement for the achievement of the main goals of ITSRifnada et a|2007. NTMs
are driven unstable by a dip in the current density profiléedmshe magnetic island
which results from the annihilation of the pressure gradigiven bootstrap current as
a consequence of the pressure flattening inside the magsiatid [Sauter et a).1997.
The main strategy for their suppression then is to fill thisidithe current density pro-
file by another current generated either inductively thiobgating inside the island or
non-inductively through direct current drivel¢gna and Caller1997 La Haye 20064.
Because of their good localization electron cyclotron nesice heating (ECRH) and cur-
rent drive (ECCD) are the preferred tools to achieve NTM ifizattion [Prater 2004.
In particular, ECCD has been applied successfully in sétekamaks to suppress both
m = 3,n =2andm = 2,n = 1 NTMs wherem andn are the poloidal and toroidal
mode number, respectivelgantenbein et 312000 Isayama et al200Q La Haye et al.
2003. Also on ITER, the suppression of NTMs is expected to commfECCD. In fact,
it is one of the main tasks of the ITER ECRH Upper Port Launciéiose design has
been optimized specifically for this tasd¢nderson et 312008 Ramponi et al.2008§.
What the precise requirements on such a system should beén twréchieve full
NTM suppression remains an open question. In the ITER ECRiijdestudies, the pa-
rametemyy defined as the ratio of the maximum in the driven current dempsofile
over the bootstrap current density at the mode rationaasarf

JCD max
: ) 6.1
Tos (6.1)

was introduced. Assuming thatry > 1.2 is a sufficient requirement for NTM sup-
pression, a design requirement was imposed that the ITEREyRtem should be able
to achieve this number over a range of discharge scenaribsfio them = 3, n = 2 and

m = 2,n = 1 modes Zohm et al, 2005. Different experiments, however, report widely
different values o)y required for the full suppression of NTMPétty et al, 2004
Isayama et al2009. Theoretical considerationSauter et a).2010, based on the gen-
eralized Rutherford equation (GRER(itherford 1973 La Haye 20064, show that the
required value ofjyty depends amongst others on the marginal island size andine do
inant physical effect limiting the neoclassical growth led tearing mode for island sizes
below this marginal size (finite parallel transport or iotgsization current) as well as on
the EC driven current density profile width. Fitting of mogheédictions from the GRE
to the experimental data from different tokamaks, has beew to establish the value
of a number of constants in the GRE and from there to extrégotal TER conditions
[La Haye et al.2006h Urso et al, 2017. This method, however, does not discriminate
between experimental uncertainties in the various parnsi¢hat enter the GRE, like
the bootstrap current density, the maximum EC driven ctiglensity and the width of
the EC driven current density profile, and the theoreticakutainties in the coefficients
appearing in the model itself. Moreover, the effect of ttesirapable heating that accom-
panies the EC current drive is generally neglected in thealyses. Whereas the effect of

INTM =
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heating in ITER is expected to be small compared to the effecbn-inductive current
drive, this is not the case in present experimemtislpv et al, 1997 Westerhof et aJ.
2007 De Lazzari et al.2009. Since the effects of heating and non-inductive current
drive scale completely different with respect to the sizéhef magnetic island, the ef-
fects of the two should be properly separated when scalingcuexperiments to ITER
[Hegna and Caller1i997 De Lazzari et a].2009.

This paper aims to provide a systematic theoretical fortiraridor the requirements
on the heating and current drive on the basis of the genedaltherford equation.
Section 2 presents and discusses the generalized Ruthedoiation as used in this
paper. An equation for the requirementggary; to achieve full suppression of an NTM
is presented. In Section 3 the resulting numerical valuesey; are presented covering
the relevant two dimensional parameter space defined byatheated NTM island size
and the width of the EC power deposition and driven currensit profile. The possible
location of present day experiments in this space and thétires conclusion for the
latter are discussed. Also the power requirements for theediate, full suppression
of a seed island (preemptive ECCD) are presented. In Segtitrese results are used
to formulate practical requirements for the ITER ECRH syste achieve full NTM
suppression. An optimization of the ITER ECRH Upper Porticher is then presented,
starting from its present design. It is shown that a signific@duction in the power
requirement for full NTM suppression can be obtained by a enaig change in the
toroidal injection angle. Finally, the main conclusionstioé work are summarized in
Section 5.

6.2 Theoretical framework

The generalized Rutherford equation

The non-linear evolution of neoclassical tearing modesismonly described by the
generalized Rutherford equation (GRE), which gives thetiate of change of the full
width w of the magnetic island as the sum of a series of terms eacimatiigg from a
specific perturbation of the parallel current density with proper helicity Rutherford
1973 La Haye 20064. Including only the most relevant terms for the presentkytre
GRE is written as

7, dw

08275 = TSA6 + TS5A/0 -+ TSA/BS + TSA/CD -+ TSAh (62)

wherer, = uor?/nis the local resistive time scale for the resistivitgt the rational sur-
facer, of the mode (o is the permeability of free space). The terms on the rightiissahe
provide the effect of the linear stability index, the vaigatof A, due to the perturbation
of the equilibrium current, the perturbation of the boatptcurrent, the localized non-
inductive current drive, and the localized heating, retpely. It is important to realize
that the last three terms all derive from the generic formhefdontribution in the GRE
arising from a non-inductive helical curreff in the flux surface averaged, generalized
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Ohm'’s law for the helical electric field perturbatiofl:/ R) (01 /0t) = no(J1) — 0.J),
whereR is the major radiusy; the perturbation of the helical flux function creating the
magnetic islandy, the equilibrium plasma resistivity at the rational surfaaed J,
the associated total perturbation of the parallel currensdy. The flux surface average
operator(.), as indicated by the brackets, is defined as

¢ A(dl/|VY))
F(a/[vel)

where the integral is along the closed line segment withtem&elical fluxi. Following
Ref. [De Lazzari et al.2009 this generic contribution is written as

(A) =

(= _1omolars / dz ]f d€ 0] cos €
Bpmw
160 Lqrs /+ j'{ cos &
= —— dQ ¢ d 6.3
Bpyrw  J_; / ng/d’ (6:3)

whereL, = ¢/(dg/dr) is the shear lengthy = m/n the safety factor calculated at
the rational surfaceB, the poloidal magnetic field; = (r — r¢)/w the normalized
radial displacement from the rational surfagess mé — n¢ the helical angle, anf) =
822 — cos ¢ the normalized perturbed helical flux function describing geometry of the
island.

The neoclassical instability drive comes from the cantielteof the bootstrap current

inside the magnetic island, that is to sajss = —Jgs inside the magnetic island, and
thus equals
16/,L0L rb + cosé
/ q
= Q
he = kol / d j{dng/dj
16/1,()Lq7’s 4
I mar 64
B oy (10 W) s (6.4)

where the factorl/3 derives from the analytical evaluation of the double indgnd
the factorf (w, wmarg) has been introduced to describe the limitation of the nesdal
drive for small island sizes below a marginal island sizg..,. The marginal island size
is defined here as the island size at which the NTM growth reehes its maximum
value (in the absence of a possible non-inductive currepliegtowards its stabiliza-
tion or the associated heating). As Bduter et a).2017 two alternate choices for this
limitation f(w, wmarg) Will be considered. The first choice,

,w2

2
w*= + wmng

(6.5)

ftra(w7 wmarg)
derives from the incomplete flattening of the pressure gradnside the magnetic island
as consequence of a finite parallel transport time séétedatrick 1995. In this case
the marginal island size is found to scaleu@s,., (XL/XH)lM, wherey | andy are
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the perpendicular and parallel heat diffusivity, respetii. In the following this choice

is referred to as ‘transport’ model (label ‘tra’). In the ead choice, the limitation comes
from the stabilizing ion polarization effedlikhailovskii, 2003, in which case the factor
f is written as

w?

fpol(w7 wmarg) =1- 3r:5;g . (66)
In this case the marginal island size is expected to scale tivé ion banana width. In
the following this choice is referred to as ‘polarizationddel (label ‘pol’). In the experi-
ments both effects may act simultaneously resulting in abiehr intermediary between
fera @nd f01. However the actual values far,,.., are poorly known. Typical values for
the marginal island size, consistent with experimentakolzgion, are in the range of 1
to 6 cm [Sauter et a).2010.

For the heating and current drive terms, the expressiongedein [De Lazzari et al.
2009 will be used. As is commonly done, a fast rotation of therglas assumed and
the power deposition and current drive profiles are averayed a complete rotation
period. The stabilizing contribution from a non-inductivdriven currentJ = (Jep) =
27 Rnep (pec), defined in terms of the global current drive efficiengyy = Icn/ Piot,
i.e. the ratio of the driven current over the total absorbe@gr, and the flux surface
averaged power densityrc), is written as

16410 L7 cosé

/ _ a

b= Bymw /_ de (27TR<pEC nCD% ng/d:L’
16110 Lq nep Prot

= e o iy Faw: Dusasmod) (67

16410 Lqrs m3/2 JCD,max

= - Bpﬂ Watep Fep (w/wdep7 Tdeps Diyod, d)mod)

whereF¢p is a dimensionless geometrical function depending on tte o&the island
width w over the full, Gaussian width of the power deposition praifilg,,, as well as on
the location of the power depositiaie, = (74ep —7's)/w, and the duty cyclé,,oq and

phasey,,.q Of a possible power modulation. The final expression is abtisubstituting
the total driven current as

ICD = 7T3/27”SwdepJCD,maX7 (68)

assuming an identical Gaussian profile for the power ddpasiind driven current den-
sity oc exp[—4(Z — Zaep)?/wj,,]- In the following, only a perfectly aligned power de-
position E4ep, = 0) and either a continuous poweb{,.q = 1) or a modulated power
(Dmoa # 1) ideally centred around the island O-point will be consédkii.e.¢moq = 0.
Following the work of De Lazzari et alDje Lazzari et al.2009, one can now write an
expression for the geometrical functidi.p, in the form

Fep (w/wdem Tdep = 0, Dinod, Pmod = O) = Ncp (w/wdep)MCD (w/wdep7 Dmod);
6.9)
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where the functionVep is well approximated by the rational function

0.25 + 0.24(w/wgep)

N =
P 15 0.64(w/waep)? + 0.43(w/waep)? + L.5(w/Waep)

(6.10)

and a good approximation for the factbf-p, representing the effect of power modula-
tion, is

Mcp = (Waep/w)3[m1(w/Waep)? + ma] + ma; (6.11)

with
my = 2.25D% 4 — 3.44D3 , —0.99D2 | +2.2Dy0q — 0.02, (6.12)
ms = 0.01 (0.33D3,,q — 1.02D;1 4 + 0.87D2 4 — 0.28D2 4 + 0.1Dp0q), (6.13)

mg = 1.34D% 4 — 3.54D2 4 + 1.1D2 4 +2.09D,,0q + 0.01. (6.14)

mod

Coefficientsm; andmsy have been adjusted with respect to thoseDe [azzari et al.
2009, such thatM¢cp(Dmoa = 1) = 1. These modifications do not affect the fitting
results. The corresponding argumentdgf, will be suppressed in the remainder of the
paper.

In the case of localized heating, one may widté = —(n1/n0)Jo,|, Wheren,
is the perturbation to the resistivity anfy | the parallel equilibrium current density.
Its stabilizing contribution is written similar to the cent drive contribution §.7) as
[De Lazzari et a].2009

169 Ly nu P, _
Ts h = - go al 3 ot Iy (w/wdepa Ldep Diod, ¢Irlod) (615)
pT wdep

whereny represents a current generation efficiency through heatirigh is defined as
[De Lazzari et al.2009

_ Sw(%ep £
o SWRRQXL]CB TS
wheren, is the electron density, anll and7; are the inductive part of the current density
and the electron temperature at the rational surface, cégply. Analogously toFqp,
the geometrical functioifry is well approximated by a rational function,

M (6.16)

0.077(w/wdep)? + 0.088(w/Waep)
(w/Waep)? + 0.8(w/waep) + 2.17

FH(w/wdep; Tdep = 0, Dinod = 1, dmoa = O) =

(6.17)

For the heating term, power modulation will not be considefighe corresponding argu-
ments ofFy; will be suppressed in the remainder of the paper.

Finally, one needs to know the linear stability ind&%. In principle this can be
calculated from a detailed knowledge of the plasma equuliby but the calculation is
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SO sensitive to the details of, in particular, the curremisity profile that a reasonable
value cannot be obtained in this way from experimentallyilakte data. However, by

observing that for a saturated NTM the neoclassical drivktha linear stability index

must cancel, an indirect expression in terms of the boqt$éan can be obtained:

A6 = _A;?)S (w = wsat)7 (618)

wherews,; is the saturated island size. It is noted, that without Itesdting or current
drive the main characteristics of the Rutherford equatiendetermined by the two pa-
rameterSwmare andws,e [Sauter et al.201d: the maximum growth rate is reached at
W = Wmarg and the growth stops onee = ws,; is reached.

This is not yet the whole story: the linear stability indexalso affected by the non-
inductively driven current. On a local resistive time sdake equilibrium current density
profile adapts to the presence of this non-inductively drigerrent changing the linear
stability index. This effect is represented by the téifx{, in the GRE equation§(2). In
the absence of a magnetic island the effect of a well locdlmm-inductively driven cur-
rent has been evaluated using a perturbation analysisiresinl the expressiorVfesterhof
199Q
1 9dJcp

r Ox

+oo
N TN L / da , (6.19)
BP —00

whereP indicates that the possible singularity in the integransitbebe treated by eval-
uating the principal value integral. However, in the preseof a finite size island\j is
to be evaluated by the jump in the derivative of the pertuthetal flux function over
the entire island. While it will be assumed that this does fif@ca A}, this cannot be
maintained for its perturbation coming from a very locatiziiven current. Excluding

the current driven within the interval = [—w/2 : +w/2] the equation fod A, becomes
L( 7’11)/2 +oo 1
red A = r M0 / + / iy L 90Jco. (6.20)
B, S fw/2 r Oz

Using the Gaussian profile folop as defined above, and assuming again perfect align-
ment of the driven current on the rational surface,i £, = 0, one obtains

rs0Ay =

4M0Lq nCDPtotDmod w
— 5 erfc
B,m Wiep Wdep

4 L S 3/2J max-Dmo
_ZHoRaTs T D, derfc( v ) (6.21)
Wdep

B,m Wdep

whereD,,,.q has been inserted to account for the reduction of the totadmicurrent due
to power modulation and where

2

=7/ e dt =1 — erf() (6.22)

erfc(z)
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is the complementary error function. Note, that for pertignment {4, = 0) and no
modulation O,,,q = 1) the expressions fak{,, equation 6.7) andjAj, equation 6.21)
reduce to the same value in the limit ©f wqe, — 0. Thus the total stabilizing effect
from a relatively broad driven current density profile cansbdstantially bigger then
estimated from considering only the effect of driven cuti@side the island. However,
the time scales on which these terms take effect is esdgrdifferent: while A, is
established on a fast collisional time scale as soon as therge appliedjA( is only
established on a much slower current diffusion time scale.

General formulation of the requirements for mode stabilizgion

A typical curve of the growth ratdw/dt as a function of the normalized island size
w/Wmarg 1S Sketched in figuré.1for a case Withugag /wimare = 10.0. The two full lines
represent the growth rate for the two cases limiting the dicay driven term at small
islands: the incomplete flattening inside the island duefinite parallel transport time
scale (labelled 'tra’), or the ion polarization effect (&led 'pol’). When some heating
and or current drive power is introduced Withie, /wmare = 1.5, the curve is seen to
shift downward (dashed lines in figu6el). A new, smaller stable island size is found
at whichdw/dt vanishes. When the power is increased further, the wholeeatam be
shifted belowdw/d¢ = 0. At the minimum required power for full stabilization the raa
imum of the curve of the growth rate just touches the ling’d¢ = 0. The calculation of
this minimum required power or driven current density i<dssed below.

The required power, or driven current density to keep theastable at a given island
size is obtained from

rs AL + 150 A (w) + 15 ARg (W) + s ALp (w) + 15 Al (w) = 0. (6.23)

Substituting the individual terms from the equations gigbove, and removing common
fore factors, one obtains an expression for the ratio of lieemiaximum in the driven
current density/cp max OVer the bootstrap current densifys required to keep the mode
stable at this size. Denoting this ratioiasry (w) one finds

1 1
4wd 7.f(wa wmarg) - o f(wsat; wmarg)
Nt (w) = 3W3j§ T S— : (6.24)
Fep + WE,]:; maFu + =gederfe (wip)

where the functiory can be interpreted either &g, according to equatiorb(5) or as
fpol according to equatior(6). The three terms in the denominator originate from the
stabilizing effects of current drive inside the island, theg inside the island, and the
changes to the mode stability index from the current drivetside the island, respec-
tively. Note, that a normalized ratio of the inductive ovee non-inductive current drive
has been introduced as

_ wanarg 1
= —ners TH (6.25)
Waep TICD
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dw/dt [arbitrary units]

0 2 4 6 8 10 12
wiw
marg

Figure 6.1: The evolution of the island widthlw/d¢ (in arbitrary units), as a function
of the island width normalized to the marginal island Siz¢wma.s. The
parameters are given in the text. The solid curves indit&evolution of the
island width without heating and/or current drive wherdasdash (dotted)

curves indicate the case introducing heating and/or ctidiére power for a
partial (full) suppression.

which brings out explicitly the correct dependencewan,, of the heating contribution.
The requirement for full suppression of the NTM now immeeliafollows as the maxi-
mum ofnxTMm (w) over all possible values ab: i.e.

1 1
0 - MaX 4wdep Ef( awmarg) - @f(wsaty wmarg) . 0 <w<w
NTM — B 2 ) = = sat
371'3/2 Wiep = Dod w
Fep + - maFu + =geterfe Dae
(6.26)

Note, that given a normalized ratio of inductive over nodtiative current driveyy this
final result depends on just two dimensionless parametarsely, the saturated island
width and the power deposition width, both normalized byrtierginal island size: i.e.
Wsat = Wsat /wmarg andlz}dep = wdep/wmarg-
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w
dep " marg

w

w__/w
sat = marg

Figure 6.2: Contours of (a)f%,, and (b)nﬁ(}lM keeping only the effect of current drive
inside the island in case of CW current drive, i.e. keepinty dri-p with
Dyoqa = 1 in the denominator of equatio.6 determiningnnry. All
contours are drawn equidistantly with a spacingdf up to a value of 2,
with the thick line accentuating the level of 1.

6.3 Analysis of thenxry Criterion

In this section, we show and analyze numerical results oRffel suppression figure of
merit, nna, given by equationg.26). As shown in the previous sectiomyy finally
only depends on two dimensionless parametegs; andwg.,. A complete picture can
thus be obtained by calculating;Ty; over a region of parameter space covering most
current and future experiments and plotting the resulteims$ of contours of constant
nnTM N the space spanned b, andwqe,. The results presented below cover the
regionwg,, = [1 : 15] andwgep, = [0 : 10]. In the existing literaturgnry has mostly
been analysed keeping only the stabilizing effect of the-induictively driven current
inside the magnetic island, i.e. keeping oty in the denominator of equatio6.@6
determiningnnTyv [ZOhm et al, 2005 Sauter et a).2010. In line with this common
practice, figuré.2shows the 2D contours of constaitry; over the space studied taking
into account only the current drive inside the island fortowrous power application
(CW).

The following conclusions can be drawn from fig@.@(a). For large saturated island
sizes (st > 7) the optimum value foni3,, is close to unity and is found fabg., ~ 2.
On the other hand, for moderate saturated island sizgs & 7) the optimum value for
N4y is smaller than unity (decreasing with decreasing;) and is found forwge, ~
1. The same conclusions can be drawn 71’;§IEF1M (figure 6.2(b)), except that in both
cases mentioned above an ab®&if; narrower power deposition and a slightly higher
value ofnﬁ"TlM is required. In all casegyTy increases dramatically whebye,, is either
increased or decreased. This strong dependenge@f indicates that it cannot be used
as the sole criterion to guide and optimize the design of aRIEGystem for NTM
control. An additional criterion must be imposed @g.,. In fact, for a fixed toroidal
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(€Y (b)
10 10
i tra pol
(Wdep ! Wmarg) x nNTM (Wdep ! Wmarg) x r]NTM

deplwmarg

w

w__/w w__/w
sat ' marg sat = marg

Figure 6.3: Contours of (a)wqepniidy and (b)wdepnﬁc}lM keeping only the effect of
current drive inside the island in case of CW current drivee Thick contours
are drawn equidistantly with a spacing of 1 up to a value ofQLRg for the
thin lines).

injection angle of the ECRH, the product @f.., andnxTw is @ constant being related
to the ratio of the total driven current over the total bawststcurrent annihilated by
an island of marginal siz&.... When formulating the requirement in terms of this
product,wqepnnTM, figure 6.3 shows that, at a givem,., the required value remains
almost constant when the deposition width.,, is decreased below the value at which
the minimum innyTyv Was found under the same conditions in fig@r2 In particular,
for large saturated island size@(; > 7) an almost optimum value foffge,nii5y

is close to two and is found fowg., ~ 2 while for moderate saturated island sizes
(Wsa, < 7) the optimum value fotigepni4y is close to unity and is found fabge, ~ 1.

A similar behavior is found for the case considering the tiatidon of NTM growth by
the ion polarization effect, except that again a slightlyroaer deposition is required. In
the remainder of this section, the results will be shownimgeofwye,nT™ rather than
simply nxTwm-

So far, only the stabilizing effect of a driven current irssithe island obtained by
CW power application has been considered. When one alsdiesline effect from the
driven current outside the island on the tearing mode $tgliildex, i.e. theerfc term
in the denominator of equatioB.@6 determiningynTw, the requirement for full NTM
stabilization changes considerably (figwe(a)): while for narrow deposition widths
Waep S 1 there is hardly any change, for a broader depositigr), 2 2 the required
value of wqepnif®,, is significantly reduced. An even further reduction in thquieed
value of waepnitay, in case of broad deposition profiles is obtained by power modu
lation. This is shown in figur®.4(b) for a case with a 50% duty cycle of modulated
ECCD, i.e.D,,,q = 0.5. As pointed out already irFerkins et al.1997 Giruzzi et al,
1999 Yu et al, 2004 Maraschek et al2007, an advantage from power modulation is
only obtained in case of broad deposition profiles. When thisllgfowth is supposed to
be limited by the polarization effect rather than by the &rparallel transport, the same
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tra
x
Wmarg) NNt

/w
marg
(2]
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w
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Figure 6.4: Contours ofwqe,nifdy including both the effect of current drive inside the
island as well as the effect of the current outside the istamdhe tearing
stability index in case of (a) CW current drive and (b) modtkedacurrent
drive with a duty cycle of 50%.

qualitative behavior is observed in response to eithepthigterm or to power modula-
tion. Quantitatively, the required values @fi.,n%, are about 20% higher. The most
important message to be taken from these results, is thatden value ofvgepnTMm
the requirement on the maximum deposition width can be denably relaxed when the
favourable effects from either the equilibrium profile migmitions or a power modula-
tion are accounted for. In the latter case even by almosttarfat?2.

Finally, we analyze the contribution of localized heatingidle the island on the re-
quirement for NTM suppressio.26). Although in the current experiments the heating
contribution is not dominant and in theoretical works oftemeglected, it appears rel-
evant to analyze the behavior @fi.,nnrm for different relative values of the heating
contribution. In figure6.5 2D contours ofwge,ni4y; are again shown as a function of
Wsat aNdqep fOr the case of a normalized current generation efficiegcgy of (a)
7u = 0.3 and (b)7z = 1.0. The effect of the heating comes in addition to the effect of
the driven current in boti\(., as well asiAj. Comparing with figures.4(a) it is seen
that the localized heating mostly affects the requirematgsnallw,e,,, reducing the re-
quired value ofivgepniisy, considerably. It is important to note that the valueggfare
just examples in order to illustrate the effect of the heatiantribution oNwqepNTM -

As mentioned in the introduction, widely different values the NTM stabilization
requirement in terms ofyy have been obtained on the basis of the analysis of available
experimental results: the analyses of both JT-60U and AUggments with saturated
island sizes in the range af;,; = 2 — 3 have yielded a requirement gfTy = 0.3 —
0.6 [lIsayama et al2009 Ursq, 2009, while a requirement ofiyty = 2 — 3 is obtained
from the analysis of DIII-D experiments with a saturateduisl size ofiwg,; = 4 —5
[Petty et al.2004. In both data sets the deposition width is typically betavéeand 2
timeswy,a.e. Thus the parameter range of the JT-60U and AUG experimsmisviered
by the lower left hand corners of the figures presented alavparticular, figure6.2
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Figure 6.5: Contours ofig., 7%, taking into account the effect of localized heating in-
side the magnetic island. A normalized current generatificiency is used
with the value of (a)jg = 0.3 and (b)7; = 1.0. The effect of the heating
comes in addition to the effect of the driven current in bath;, as well as
IAG.

where predictednTy Values are consistent with the experimental values quéted-
ever, the parameter range of the DIlII-D experiments lieg shghtly to the right of this
corner at values ofvge, WherenyTy is still close to 1, considerably smaller than the
required value reported irPetty et al. 2004. More dedicated experiments will be re-
quired to extend the data base from present experimentsier tw verify the detailed
predictions made above. In particular, the data base nedmsdxtended to larger values
of ws,; in order to come closer to the relevant parameter range fardiexperiments
like ITER.

Preemptive ECCD

Under preemptive ECCD is understood the application ofliobed ECCD at a rational
surface well before an NTM is actually excitddl¢tzer and Perkind999 Nagasaki et al.
2003 La Haye et al. 2005 La Haye 20063. Preemptive ECCD can act in two ways.
First, by the effect obA(, the classical stability index is made more negative, thus in
creasing the linear stability of the mode and making therpéasore resilient against the
creation of a seed island. Second, when a seed island isdneatertheless, the localized
ECCD inside the island will immediately take effect and capmess the seed island be-
fore it has had the time to grow. Since the physics processgmnsible for the seeding
are still poorly quantifiable, it is difficult to assess thgua&ements for the prevention of
the seeding itself. However, the power requirements foirtlreediate, full suppression
of the seed island are easily formulated in the context optksent theoretical analysis:
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Figure 6.6: Contours of (a ;2277 and (b)wdepng;";j. For the case with a saturated island
Size Ofweay = TWmarg, the requirement for full NTM suppression by pre-
emptive ECCD is given as a function of the seed island sizete&CCD
power deposition width. The effect of localized heating églected, i.e.
7n = 0.0. Contours are drawn with an equidistant spacing of 0.1 (d) an

0.25 (b).
in analogy to the requirement for full suppression of a sdad NTM 6.26) one obtains

L f (wsat ) wmarg)

Wsat

2
FCD + :;:ep ﬁHFH + %erfc < wep)

arg waq

4wdcp if( 7wmarg) -
3773/2

Tlpre,Wear — Max 70 < w < Wseed |

(6.27)

wherenp,e w.,., indicates the minimum required ratio of the driven curmensity over
the bootstrap current density in case the island would goothié given saturated island
size wg,, Without ECCD. Note, that preemptive ECCD would typically pperformed
with CW power application such thd?,,,q = 1 has been assumed i6.27). As long
aSwseeq 1S SMaller than the island at whiefy v (w) (6.24 reaches its maximum, this
would considerably relax the requirement for the full sggsion of NTMs.

In figure 6.6, nlgrr;%t is given for a saturated island size ©f,; = Twmar, and
considering the transport model for the limitation of theoclassical NTM drive at
small island sizes. This figure is to be compared to a crossogeaf figure 6.4(a) at
Wsat = TWmarg, Which shows a requirement for full suppression of a satgrdNTM
asWaep < 1 andwaepnidy 2 1. From this comparison, the following conclusion can
be drawn: as long as the seed stays smaller thag, the requirement for preemp-
tive ECCD allows either a reduction of the driven currenpfrtional towdeppre, w. )
by about 50%, or to relax the requirement @n., by about a factor of 2. It is noted
that, where the curves become horizontal in the figure, thd stand size exceeds the

107



6 Requirements on current drive for NTM suppression

island size at which)f3,,(w) (6.24 reaches its maximum. Consequently, in that pa-
rameter regime the advantage of preemptive ECCD disappHzssis the case for large
deposition widths or seed island sizes larger than abouilddbhe marginal island size.
When the saturated island size is increased (decreasindftioe @& the second term in
the numerator ofg.27)), the requirement on preemptive ECCD increases and thtve|
advantage of ECCD is found to decrease slightly. Similddy,small saturated island
sizes the advantage is expected to disappear when seedbisipnowy, ., Will need to

be suppressed.

A smaller required value 0bqepnpre,w.., Of COUrse translates into a smaller power
requirement for the ECCD. It is indeed also observed expantaily that the power re-
quirement for full suppression of the NTM by preemptive ECiSDonsiderably smaller
than the power requirement for the full suppression of aratgd NTM [Nagasaki et al.
2003 2009. It has even been noted that in case of incomplete suppree$§iNTMs the
mode is suppressed to a smaller island size by preemptiveDEG&n by late ECCD
applied after the mode has reached its saturated islanfiN@z@msaki et a|2005. In the
context of our current analysis a possible explanationggested by the additional sta-
bilizing effect of 6A{, which is present from the outset in the case of preemptive[ECC
as long as it is has been applied sufficiently in advance ofstaad seeding, but which
initially is absent in the case of late ECCD. The measuregtéman could even indicate
a possible hysteresis in this term.

6.4 Applicationto ITER

The control of NTMs and sawteeth in ITER is achieved by medttssoECRH upper port
launcher (UPL) which can deliver up 2MW continuous wave (CW) at70 GHz. The
system consists of four antennas (or launchers) each oamagight waveguides and
two steering mechanisms, a lower steering mirror (LSM) amdigper steering mirror
(USM). The maximum total injected power from either the ddbar LSMs or USMs is
13.3 MW. A detailed description of the launcher subsystems cdoned in the work by
Henderson et alHenderson et al200§. The configuration allows to access the relevant
flux surfaces associated with NTM destabilization. Mirrars steered along the poloidal
direction, while the toroidal injection anglé is kept constant. The toroidal injection
angles is defined as the angle between the initial wave vector angtdjgction in the
poloidal plane Prater et al.2008. In case of a typical ITER equilibrium, the steering
range of the LSM covers the region frobbs < pior < 0.85 while the USM covers
the region from0.3 < pior < 0.8, pror being the square root of the normalized toroidal
flux [Ramponi et al.2008. According to the present desigi>™ = 18° and3VSM =
20°. These values were optimized to obtain the highest valugs-gfi [Ramponi et al.
2007.

In this section the results obtained so far in this paper béllapplied to ITER. In
particular the ITER standard scenarioRxdter et al.2008 Sauter et a).201q is con-
sidered. The relevant parameters for the NTMs omthe3 /2 andq = 2/1 surfaces are
taken from Ramponi et a].2008 Sauter et a).2017J and summarized in table. 1
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Table 6.1: Relevant parameters f8y2 and2/1 modes.

q Ptor Wgat JBs
[cm] [MAmM ~?]
3/2 0.62 25 0.094
2/1 0.75 32 0.073

The saturated island width % cm and32 cm for the3/2 and2/1 modes, respec-
tively, while the marginal island size is considered to beha range betweed <
wmarg < 6 cm for both modes. Note that the values given here refer tatleeage
minor radius in the mid-plane, which in the case of the elteddTER plasma differs
by a factorl/+/k, wherex = 1.7 is the elongation, from a radial coordinate defined as
\/S/m, whereS is the surface in the poloidal plane enclosed by the givendiuface,
as used in some other studies. It is also remarked that in |TiERheating contribution
to nnM iS negligible in the relevant randé° < g < 25°, beingng < 0.1.

Using these parameters for= 3/2 andg = 2/1 modes andvmya,e = 2 cm, the
normalized saturated island sizes becomg, = 12.5 andws,, = 16, respectively.
Looking at the relevant parameter regime in figarga), this suggests the requirement
Wdep S 2.5 andWyepnnT™m 2 2.5. Similarly, for wmare = 4 cm, the relevant parameter
range becomess,; = 6 to 8, in which case figuré.3(@) suggests the requirement
Waep S 1.25 and waepnnrm 2 1.25. In this way a single unnormalized criterion is

~

obtained for the range @f,..; = 2 to 4 cm, which reads,
Waep S Hem and  waepnNTM 2 5 om, (6.28)

which agrees with the criterion obtained Bduter et al.2010. For wya,e = 6 cm this
criterion can be slightly relaxed. Since the productQf,nnTw for a given bootstrap
current, stands for the total driven current, it is convahie reformulate this criterion
aslcp 2 (13/2\/krgwdepJBs)|wae, = 5em- It is Observed that in the current design for
the ITER ECRH system the focus on the optimization of omlyrn; has resulted in
deposition widths considerably smaller than the optimutuesaf5 cm [Ramponi et al.
2007, 2008. Note that in Ramponi et al.2007 the widths are given in terms Qf/.S/m
rather than the average mid-plane radius. As a consequibieceew criterion for NTM
stabilization in ITER, as derived above, is in particulasezmnot met. In those cases the
current optimization is lacking the proper trade off betwéiee width and total driven
current density. As shown in figu&2, an over-focused beam leads to a strong increase
in the nny requirement. In the light of these conclusions, a reassasisai the ITER
design is found to be necessary.

Optimization of the ITER ECRH Upper Port Launcher

Since, for a given equilibrium of the plasma, both the drieemrent density and the
power deposition width are determined by the injection peat®rs, an optimization anal-
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6 Requirements on current drive for NTM suppression

ysis can be achieved by calculating these quantities asctidarof the toroidal injection
angles, for LSM and USM configurations. For every value @the poloidal injection
anglea, defined as the angle between a horizontal plane and thedpblmiojection of
the initial wave vectorPrater et al.2009, is tuned in order to keep the location of the
power deposition constant at the resonant surface. Thalattm of the EC driven cur-
rent and the width of the current density profile have beeainbt with a single beam
for either LSM or USM, with properties as defined Rgmponi et al.2007. The com-
putation has been performed by means of a beam-tracing C@RBEAM [Poli et al,
2007]. The code computes the current drive by an analytical mwiub the adjoint equa-
tion [Lin-Liu et al., 2003. An optimum  angle minimizes the required power when it
satisfies the two criteria given above, namely a small vatwesf,, < 5 cm and the
maximum achievable current drive. This optimum is then carag to the toroidal an-
gles 3“SM and gYSM as in the present ITER ECRH system design. In the following
discussion a number of figures will be shown, representingdases: subscripts (a) and
(b) address th8/2 mode for LSM and USM, respectively, while (c) and (d) reprg¢se
the same configurations for tR¢1 mode.

Figure 6.7, presents the total driven current per unit power and theesponding
deposition width for; = 3/2 andgq = 2/1, according to LSM and USM configurations,
as a function of3. All the plots show a large, nearly flat region©fi, betweenl5° <
6 < 21° where, in turn,/cp grows approximately linearly. This trend indicates the
possibility to increase the total driven current withodeafing significantly the width of
the current profile, by a modest increase of the agdi®m its current design value.

A detailed optimization requires nonetheless the estonaif the power requirement
for mode stabilization, based on the full criterion givereguation 6.26). For a given
launcher configuration and equilibrium (i.e. for given \e&dwfwg.p, andws,), the min-
imal power for the stabilization in ITER is determined by ,

JBS,ITER

Pxrv = v (@dep, Wsat ) YCDITER = JCD,max/ Prot (6.29)

VCD,ITER’
where~cp 1rer IS the maximum in the driven current density profile for uritagr,
obtained from the beam tracing calculation and the valugsgf and Jgs rTer depend
on the mode under consideration. In analogy with the workanft&r et al. auter et a).
2010, a set of values for the marginal island width has been ahoesg,,, = 2, 4 and6
cm, covering the range of predicted valuesugf.,, as found in the literature. The result
appears in figuré.8 where the trend for the power requirement is plottedf¢t,, and
no- The calculation takes into account only the stabilizinigetfof Jop, inside the
island as is generally done in the literature. k., = 4 cm and6 cm (dashed and
dotted lines, respectively), the minimum power in all theesais found fos larger than
the currently designed angles. In particular for the LSM raaréase in3 by about4°®
results in a significant reduction of the power. In the cagg., = 2 cm (solid lines)
the minimum power is reached at approximately. For USM the current design is
generally close to the optimum.

In order to complete the analysis for the angle optimizataititional effects need to
be taken into account. In a recent work by Bertelli et Bertelli and Westerho2009,
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Figure 6.7: Total driven current per unit powdicp /Pyt (Solid lines) and the relative
power deposition widthwge, (dashed lines) as a function of the toroidal in-

jection angles. Arrows indicate for every curve, the correspondent orgina
axis.

the (anomalous) radial transport is shown to affect theedrisurrent density causing a
non-negligible broadening of the profile. This is causedi@ttigh temperature predicted
for ITER, which leads to a long collisional time for the reaan electrons. Using the
effective diffusion coefficienD.g as inBertelli and Westerhdf2009, an expression for

the corrected width is found ascp = /wflep + 4D.g7/k, where the factort was

added for consistency with the full Gaussian width used is plaper and the factot
accounts for the difference between the average mid-pladialrcoordinate used here
and the,/S/= used in Bertelli and Westerhgf2009. The effective electron collision
time related to the EC current generatiois defined as = 7011 (vres /v1)2, Wherereon

is the electron collision timeWesson 2004 and v,.s, vy, indicate the velocity of the
resonant electrons and the electron thermal velocityedsly. In the case of ITER,
the ratio of the velocities,.s/vin =~ 2.5, such that we refer te = 5 [Prater et al.
2008 Bertelli and Westerhg2009. The broadening ofvcp implies a reduction of the
maximum in the driven current density and therefore an emeen the required power. It
should be noted that when the correction to the current priilth is taken into account,
wep replaceswqep, in all the equations related ., (7-14) and withd Aj (6.29). In
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Figure 6.8: Power requirements for the stabilization pf= 3/2 andg = 2/1 modes
in ITER scenario 2, as a function of the toroidal injectiomglens. Only the
stabilizing effect of a CW driven current inside the islafd, ., is taken
into account. Each picture shows the trend of the powetfer,, = 2 cm
(solid lines),wmarg = 4 cm (dashed lines) and,, .., = 6 cm (dotted lines).
For every value ofuv,ars the power has been determined for the “transport
model” (6.5) and the “polarization model'§(6). Black vertical lines denote
the values of the toroidal angle for the current design oflfieR ECRH
system = 18° for LSM and = 20° for USM.

addition to the radial transport, two extra stabilizingeeff need to be considered, namely
the contribution of the non-inductivly driven current o tinear stabilityd A/, derived
in (6.21), and the possibility of power modulation.

This is illustrated, forwy,..e = 2 cm, in figure6.9 and forwyae = 4 ¢m, in fig-
ure 6.10 In these two sets of figures, only results obtained in the cshe transport
model are considered. Unlike figuBe8, the marginal island width is kept constant, while
the different curves are obtained by adding extra physitisércalculation ofyxTy and
the resulting required power. The reference case, dendthdsalid lines, accounts only
for the stabilizing effect of current drive inside the igtanith no radial transport, and no
modulation. In the remaining curves the additional effecesadded one by one.

At first the effect of the radial diffusion at a rate df,g = 0.3 m?/s is added (dashed
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Figure 6.9: Power requirements for the stabilizationof 3/2 andg = 2/1 modes in
ITER scenario 2, as a function of the toroidal injection &glfor wyar, =
2 cm. Solid lines indicate the reference case (figu& taking into account
only ALcp in case of CW current drive and neglecting radial diffusion,
i.e. Dog = 0 m?/s. The second set of curves (dashed lines) introduces a
finite radial transportD.z = 0.3 m?/s. The third case (dot-dashed lines)
considers in addition the effect 6\,. In the last set of curves (dotted lines),
power modulation is introduced with,,,,4 = 0.5 while all other parameters
are as in the previous case.

lines), with the consequent broadeninguaf.,. This results in a sizable increase in the
power requirement in particular for the case of 32 mode. The power requirement for
the2/1 mode is hardly affected as long 8s< 20°, which is understood, since in these
cases the power deposition width was originally signifiasinaller than the required
minimum value of 5 cm@&.29.

The inclusion of theA{) effect, denoted with dashed-dotted lines, can have a laage s
bilizing effect, increasing with larger values gf For the case ofvnmae = 2 €M, a
reduction of the minimum required power 4% is found for the3/2 mode. However,
for the2/1 mode and in case @by,..; > 4 ¢m, the improvement in minimum power is
negligible.

The largest achievable improvement for all cases is obdemith modulation of the
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Figure 6.10: The same as in figur@.9, for wy,a,e = 4Cm.

power, D4 = 0.5 (dotted lines). In this case the optimum is obtained at 23° in
case of the LSM andd ~ 22° in case of the USM. For these valuesgfthe power
deposition width is increased by a factor of 2 for LSM while &SM it is increased by
approximately25% (see figures.7).

From the analysis shown so far, the best compromise for all s8enarios i3 =
22° while for USM the current design appears a good choice. Ikthe of the marginal
island for ITER were confirmed to he,,.., ~ 4 cm, as suggested in the “Progress in the
ITER physics basis”$himada et al.2007, a further increase i would be profitable
suggesting? = 23° for LSM and = 22° for USM. If the design has to be optimized
taking full advantage of ECCD modulation, these anglesatbaleven increased by one
extra degree. For LSM, increasing the anglechy°, is expected to yield a reduction
of the required power of the order 80% in the modulated ECCD case. For USM the
increase of the angle ky 2°, corresponds to a predicted reduction of abidj%.

6.5 Summary and conclusions

In this paper the requirements for full NTM suppression Hasen addressed, by means
of an analytical expression @i\ Obtained from the GRE in6(2), where the linear
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stability index has been approximated with the bootstrap t&valuated at the saturated
island width,Aj; = —AfLg(w = wsat). Concerning the bootstrap term, two possible
models determining the scaling af,..., have been considered, the first based on the
finite parallel transport, the second on the ion polarizagffect. For each model an
analytical expression fognTy Was calculatedyil®,, and ngoTlM, as a function of the
power deposition width and the saturated island width ntimeé to the marginal island
size. This purely analytical approach is thought to havenweoits. First, it does not rely
on fitting of individual terms in the GRE, to experimental alathich does not properly
discriminate between uncertainties in the determinatfaaodous physical quantities ap-
pearing in these terms, such as the bootstrap current gemgfie driven current and its
profile width, and the uncertainties in the (geometric) ficieints appearing in front of
these terms in the GRE. Since most terms in the numeratonahd denominator of the
equation fomyrm (6.26) originate from the same term for a generic helical curremt p
turbation 6.3), these latter coefficients cancel out in the expressiomdat,, such that
the theoretical uncertainties in these coefficients do fietia)nTy . Second, it provides

a simple, yet complete description 9fT\r, taking into account also additional terms
such as the localized heating and the effect of the driverention the linear stability.
The theoretical limits of the model are therefore the limitshe GRE itself.

A systematic study of thexTy requirement has been performed over the relevant
parameter space, defined by the power deposition width andaturated island width
normalized to the marginal island size. The strong depear@efynra 0N waep, has led
to the conclusion that a more appropriate condition is based combination 0t gey,
andwgepnnT™. A crude estimation of this condition for NTM suppressiorgigen in
section6.3, taking into account only the stabilizing effect of the naductively driven
current inside the island. This criterion distinguishesne®n two regions in parame-
ter space, depending on the sizewaf;. For large saturated island sizes,{; > 7) a
minimum required value fotg.,ni %, is close to two and is found fabge, < 2. For
moderate saturated island sizesg.¢ < 7) the minimum value forvae, 1%, is close to
unity and is found fora., < 1. An analogous conclusion is drawn g, except that
a slightly narrower deposition is required. A further dese of power deposition width
does not lead to any significant reduction of the requirededrcurrent. Increasinggep
however, leads to a rapid increase of the required driverentrA smaller value ofig,;
implies generally a lower required current.

The inclusion of additional stabilizing effects namélx;, and the power modulation
is found to provide a remarkable reduction, up to a factan thé power requirement. The
use of power modulation appears beneficial only for broafllpspwae, 2 2. In contrast,
a finite value for the normalized current generation efficyeny, from localized heating
inside the island leads to a reduction in the required drive@ment mostly in case of
relatively narrow deposition profilegiqe, S 2.

Available data from experimental results obtained ir60&nd AUG |sayama et a).
2009 Urso, 2009 show good consistency with the model, while the requirellies
for nnrM reported from DIII-D Petty et al. 2004 are about a factor of 2 in excess of
current predictions. However, these data refer only to theet left hand corner of the
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diagrams presented and do not reach the parameter regiretedor ITER. Dedicated
experiments are required to extend the database and teptatietions made by the
present analysis.

In case the driven current is applied preemptively, full@ession of a seed island
with a maximum size equal to the marginal island is found tpunes up to a factor of
2 lower driven current or to allow a factor of 2 broader deposiprofile than the full
suppression of saturated NTM. The advantage of preempt@@LEis smaller in case
of small saturated island sizes and vanishes when signiffdanger seed islands occur.
In the second part of the paper the criterion derived for NTtb#ization has been
applied to ITER scenario 2. The analysis points out thatdleed of the previous design
optimization on only the)ytw criterion has led to an over-focused power deposition.
This suggests a reassessment of the present design valties foroidal injection angle
[ in the ITER ECRH system, which are for LSM = 18° and for USMj3 = 20°. The
optimum condition must satisfy6(28), yielding the maximum possible driven current
while keeping the current density width close to or below 5 émalyzing the trend
of Icp andwqep as functions off, this optimum is found neaf ~ 21° for either
LSM or USM. In this range, the contribution of the heatingrieo nxTy is found to be
negligible. Further optimization of the power requirementluding the effect owing to
the broadening of the current density profile as a conseguehfinite radial diffusion
and the stabilizing effects related dd\{,, indicates an optimum angle @i° — 22° for
the LSM while the current design value 6f= 20° is a good optimum for the USM.
Power modulation has the potential to significantly reddmerequired power. Taking
full advantage of this reduction requires a further incesafsthe toroidal injection angle
to 5 = 23° for the LSM and forg = 22° for the USM. This implies a reduction of the
power requirement of approximateds % for the LSM and10% for the USM compared
to the present design.
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7 Conclusions and Outlook

This thesis addresses the stabilization of (neoclasdiafing modes by localized heat-
ing and current drive. The problem has a significant relesdorcthe stability of a plasma
and for the performance of a future fusion reactor. The &gzl modeling was based
on the generalized Rutherford equation (GRE), descrillindime evolution of the mag-
netic island. This equation is derived by matching a linederor solution of the helical
flux perturbation to an equation for the interior solutiortadbed by averaging the dif-
fusion equation for the helical current perturbation over interior region. The GRE
allows a detailed study of the effect of ECRH and ECCD on theng mode evolution
and accurate predictions concerning the power requiresfentull suppression. In the
following section the results of the thesis are reviewedhélast part of the chapter pos-
sible future developments in both model development anéréxgntal validation are
commented.

7.1 Conclusions

This section follows closely the structure presented initlieduction to this thesis,
where a number of questions have been raised on each of ties togmted in the dis-
sertation. In the first place, the comparison of the stabdizontributions of the local
heating and the current drive has been addressed aimingidharfunderstanding of the
model. The study has first been performed under the “cust@rapproximations for the
island topology (Chapter 4) while in a second step an extertsi a generalized, asym-
metric topology has been made (Chapter 5). Chapter 6 is e@votthe requirements
for the full suppression of the mode. The resulting preditiare found to be in reason-
able agreement with the existing experimental data. Thécgpion to ITER resulted in
particular recommendations for improvements of the ECRstesy design.

About the merits of localized heating and current drive

Localized heating and current drive are acknowledged tailsta NTMs by generating
a current perturbation either inductively, through a terapee perturbation (ECRH), or
non-inductively by direct current drive (ECCD). Experint@rmeasurements have shown
that the heating is the dominant effect for medium size Bmibkamaks (TEXTOR, T-
10) while the ECCD appears to be more effective for mid-tgéssize divertor tokamaks
(AUG, DIII-D, JT-60). This has motivated the study of theatate merits of ECCD and
ECRH as performed in Chapter 4, with the results as repoetzhb

e To determine the relevant merits of ECCD and ECRH, the dartions to the
Rutherford equation of ECCD and ECRH are described with allgustructure:
they are written as the product a common fore-factor, a atigeneration effi-
ciencyncp,u, and a geometrical factdrcp . The current generation efficiency
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represents the efficiency with which the EC power is conddrt® a current either
non-inductively, by driving a current directly, or induatly, trough a temperature
perturbation. The geometrical factor depends on the NTMiwadd the deposition
properties, namely the power deposition widtf,,, the relative location 4., with
respect to the rational surface and the modulation dutyegyel(in chapter 6 re-
ferred to asDy,,04q). It is shown thatFcp is larger thanfy, for w/wqep < 2, while
Fy is the largest in the region whete/wqe, > 2. The productjcp uFep,u de-
termines the efficiency of current drive and heating for aakamak experiment.

e For small-medium size tokamaks like TEXTOR or T-10, thereat generation
efficiencyncp is found to be of the same ordergs. As a consequence the relative
merits of ECCD and ECRH are determined only Byp 1. Since the size of a
typical magnetic island is of the same order or larger thadibposition width
these modes fall in the (dynamical) range where ECRH is fdarite dominant.
ASDEX-Upgrade shows an intermediate behavior, where ic@@dlheating can
still play a role for large islands.

» The case of large tokamaks like ITER is generally charaedrbyncp > ny.
As a consequence, even whern> 2wqep, localized heating is predicted to play a
marginal role.

» The appendix of chapter 4 shows the application of the te$althe TEXTOR
experiments on tearing mode suppression by ECRH and EC@&Hown that the
model is generally in good agreement with the experimeratl.dn particular, the
modeling confirms that the dominant stabilizing mechanisfiEXTOR comes
from the heating. One aspect not explained by the currenehiethe asymmetric
response of the island suppression to a radial mismatchegbalwer deposition.
The contribution of the non-inductive driven current on linear stability, or the
eventual modification in the magnetic equilibrium owinghe heating outside the
island might explain this non-symmetric trend.

Asymmetries of islands and their impact on the GRE

The experimental evidence for asymmetric islands foundeireral experiments per-
formed in AUG, DIII-D, JT-60 and in TEXTOR motivated the emtgon of the model

presented in chapter 5. This was achieved by relaxing thie Basumptions which are
leading to the well known symmetric shape for the magnetani in a plasma slab.
In addition, the consequences for the island geometry ofnabeu of effects such as a
finite flow shear and a finite temperature gradient acrosssihed have been consid-
ered. The resulting asymmetric mode has been studied im tradletermine the role of
asymmetries in the growth and suppression of neoclassiaghty modes, with partic-
ular attention to the local current drive (ECCD) and resormeating (ECRH) terms. A
comparison is made with existing literature in which unextpdly large effects of these
asymmetries are claimed. The outcome of this work can be suined as follows:
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» The topology of a tearing mode can be deformed by consigeriimite third order
term in the unperturbed flux function or a quasi-linear octice to the constang:
approximation. Both effects break the up-down symmetrjhefrnode leading to
an “amplitude deformation”. When the shear flow and the teatpee gradient
across the island are considered, a phase shift propdrtmttze radial excursion
from the resonant surface is produc&ep et al. 1999 Smolyakov et al.2003
van der Plas and de BlanR007. As a consequence of the deformation in the is-
land topology, the Rutherford equation must be modified ist&stly as shown in
equation 5.4).

¢ The effect of the asymmetries on the evolution of an NTM appéo be mostly
negligible. This is found to be valid for the coefficiepisandc,,., appearing in the
generalized Rutherford equatibrii8and for the stabilizing contributions provided
by electron cyclotron waves to neoclassical tearing modés shown that phase
shifts over the island do not affect the stabilizing ternasfrECCD and ECRH in
case of CW power application. Also the effect on the islandtiwbf an up-down
asymmetry is small, except that the consequences of a ragialatch change in a
predictable way: on the side of the larger island width th&€BG&nd ECRH terms
are less sensitive to the effects of a radial displacemethtegbower deposition.

« A significant reduction of the efficiency for NTM stabilizan by ECCD in case
of an up-down asymmetric island size was claimedUnsp et al, 2010, while
in [Lazzaro and Nowak2009 this efficiency was even shown to become negative
in case of a finite phase shift and an island much smaller theu=€C deposition
width. It could be shown that the former claim is based on geraper comparison
between the asymmetric and symmetric cases as matdesao gt al, 2010, while
the latter conclusion was a numerical artifact, due to iremrapproximations.

The requirements for full suppression of NTMs

The requirement for full NTM suppression is often describethe literature with the
ratio of the maximum driven current density over the boafsturrent density at the ra-
tional surfacennrym = jop/jss. Theoretical calculations giveyry > 1.2 as the crite-
rion for complete NTM suppression. Experimentally, conguppression was reached
for 0.3 < nnrMm < 3. This large variation motivated a systematic study of thopiie-
ment for full NTM suppression as reported in Chapter 6. Anlyital expression for
nnTM has been obtained from the GRE, depending only on the satlisland width
wsay @nd on the power deposition widihy.,, both normalized to the marginal island
Sizewmarg. A NEW criterion for the full suppression of the mode is fotated by means
of an analysis ofyjxTy Over the full parameter space. An application of this cidteto
ITER suggests that a further optimization of the ITER ECRHdtes is possible. The
main findings of this study are listed below.

e The results show a strong dependenceefy; on the normalized power depo-
sition width, Wqep, = Wdep/Wmarg, Which has led to the conclusion that a more
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appropriate criterion is based on a combinationugf, andwqepnnTM- IN par-
ticular, for large saturated island sizes,(; > 7) a minimum required value for
WaepnnTM has been found close to two, withye, S 2. For moderate saturated
island sizess.x < 7) the minimum value forvg.pnnTm has been found to be
close to unity, withwge, S 1. A further decrease of power deposition width does
not lead to any significant reduction of the required driverrent. Increasingqep
however, leads to a rapid increase of the required driverentirA smaller value

of wg, implies generally a lower required current.

* As anticipated in the introduction to this subsection, #wailable experimen-
tal estimates ofynty from various tokamaks are rather different. A value of
nvtM = 0.3 — 0.6 with saturated island sizes in the rangexgf; = 2 — 3 was
reported for JT-60U and AUG, while for DIlI-Dyyty = 2 — 3 with g,y = 4
— 5 is calculated. Note that these experiments all occupy daimosition in the
parameter space defined by the normalized saturated isiamcisd deposition
width. The predictions from the present analysis are inegent with the obser-
vations from JT-60U and AUG, whereas for DIII-D the value figtry is found to
be considerably smaller than the experimental estimate.

 Application of the analysis to ITER points out that the feaf the ITER ECRH
system design optimization on only thgry; criterion has led to an over-focused
power deposition in particular when the lower steering amiis exploited. Our
analysis shows that the optimization towards a minimum poeguirement for
NTM suppression requires an increase of the toroidal iigetngle for the lower
steering mirror of4° from its present design value ¢f = 18° to the optimum
value of 3 = 22°. The current design value gf = 20° is a good optimum for the
upper steering mirror.

7.2 Outlook

The Generalized Rutherford Equation as provided in thisithean describe the non-
linear island evolution as observed in the experimentgasdtiqualitatively, reasonably
well. This makes the GRE well suited for modeling in the cahte# the design of feed-
back control loops for NTMs. From the point of view of the plogs a number of inter-
esting effects neglected in the GRE, still require furtmsestigations. The examination
of merits and limits of this approach, leads to outline a fesstions that might represent
the most immediate future developments in relation to thésis. The most immediate
extension in the theoretical modeling is possibly the stofijhe time dependency of
ECCD and ECRH.

Further improvements in the understanding of the NTM sitadiibn might require
a more critical review of the theory. In the first place the GREenerally applied in
regimes where the basic assumptions underlying the moelglusstionable. This occurs
in the limit of large islands where the width is comparabléh® resonant radius so that
the “small amplitude” and the constantapproximations do not hold, or in the limit of

124



7.2 Outlook

small islands, where a number of poorly understood effetgléscribed in chapter 3),
can play a significant role. In addition the Rutherford etpraheglects effects related
with toroidicity and any other feature far from the resonsuntface. A second problem
is related to the experimental uncertainty concerning siompertant parameters such as
the bootstrap current density, the driven current densitythe power deposition width.
The lack of accurate estimations and of a careful error aihgsults in a problematic
validation of the existing model. The combination of thes®e issues makes it rather
difficult to discriminate whether discrepancies observetiieen GRE predictions and
experimental measurements is due to a lack in the physicsided by the model or can
be understood as being due to the experimental uncerwifiem this argument, the
future developments in the topic might probably follow twicegdtions. From a experi-
mental point of view, in the regime where the basic assumptare satisfied, the GRE
can still provide important predictions, with a particusdtention to the power require-
ment for the full NTM suppression. In this regime, a detaigtbr analysis might be
relevant for the validation of the model. From a numericahpof view, the limits in
the validity of the GRE might be benchmarked with 3D nondnBHD simulations ac-
counting for a more complete description of the mode stgblh the following, a more
detailed description of these future challenges is present

Time dependence of the ECCD and ECRH terms in the Rutherford guation

A further extension of the model concerning the ECCD and EG&hs in the GRE
appears of particular interest. According to the presendehahe time scale for the
mode rotatiorn.; is assumed to be much shorter than both the collision tigyend the
typical time scale for the evolution of the modg. As a consequence, the effect of the
driven current and the localized heating can be averagathawegation period. When the
last is comparable to the collision time (the time scalelfiergeneration and decay of the
driven current), a variation oh(., is expected owing to the fluctuation of the generated
current. This fluctuation averages out as long as the NTMuiewl is slow compared
to the rotation period. When this approximation does not ltteédevolution of the mode
will be affected.

Experimental benchmark of GRE and nxrum

A glance at the recent literature indicates a general istedmvards an experimental
benchmark of the GRE aiming to achieve accurate predictibtise required power to
achieve full NTM stabilization. The current status of bemetnking of the GRE against
experimentslla Haye et al.2006h Sauter et a].201Q Urso et al, 2010, consists of the
fitting of individual terms in the GRE, to experimental datarm different tokamaks. This
is generally used to extrapolate, using the fitted coeffisiém the conditions for ITER
stability. As explained in chapter 6, this method does nopprly distinguish between
uncertainties in the physical quantities appearing ingttesms, such as the bootstrap
current density or the driven current and its profile widthd @ahe uncertainties in the
geometric coefficients appearing in front of these term&§itnGRE. As a consequence,
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although this method might provide a qualitative benchntartke Rutherford equation,
it cannot be considered a consistent validation of the #texa model. The analytical
expression fomnrTy, as proposed in chapter 6, being unaffected by the thealetic
certainties related with the geometrical coefficientsh@ught to be a more appropriate
solution. An experimental benchmark of this expressiopeeslly in the ITER relevant
region, might therefore be an interesting road to follow.

Benchmark of the GRE with a fully non-linear resistive MHD code

Another interesting development might address the limithé validity of the GRE, ob-
tained by comparing the model with the predictions of a noadr MHD code. Such a
code solves for every time step the reduced resistive MHR#aps accounting for the
correct helical flux function and the toroidal geometry of thkamak. This tool opens
the possibility to focus on the transition between the liread the non-linear regime in
the evolution of a tearing mode. The further implementatiba localized current and
a temperature perturbation related with an external spareeexpected to simulate the
effect of ECCD and ECRH. In the range of validity of the Rufbet equation, it is in-
teresting to stress that the benchmark proposed is twafatdmeant at the same time to
be a benchmark of the non-linear MHD code in the range wherapiproximations un-
derlying the derivation of the GRE are verified and a studyeflimits of the Rutherford
model.
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Summary

Stabilization of magnetic islands in tokamaks by localizedheating and current drive

This thesis deals with the theory of active stabilizatiothefso-called Neoclassical Tear-
ing modes (NTMs) in fusion reactors. Hot fuel, in the form d@y ionized gas (referred
to as “plasma”), is confined by a magnetic field with the togglof toroidally nested
magnetic surfaces. The NTM is a spontaneous break of thiseti@g-onfiguration, lead-
ing to a non-symmetric topology characterised by a chainajmetic islands. Within a
magnetic island temperature and pressure are flattenedNTheonset occurs when
the plasma pressure exceeds a certain limit. Since thenfymiwer is proportional to
the pressure squared, NTMs limit the performance of thetoeakctive stabilization of
such instabilities can yield an enhanced performance diien reactor of up t60%.
For this reason, it is important to study the mechanismsoresiple for their growth and
achieve a reliable control strategy.

Control and suppression of NTMs is achieved experimentallglepositing highly
localized radio-frequency power, in the range of electngriatron frequency (EC), at the
island location. Qualitatively, the effect of the localiZzEC power on magnetic islands is
twofold: it makes the island formation more difficult, and@mpensates for the effect of
the temperature flattening inside the island region by d iocaease of the temperature
and by inducing a current inside the island. These effe@sraflerred to as Electron
Cyclotron Resonance Heating (ECRH) and Electron Cyclo@arrent Drive (ECCD),
respectively.

The thesis addresses the stabilizing contribution of ECRHECCD, on the tempo-
ral evolution of a magnetic island. This model relies on theation for the evolution of
the magnetic island width, the generalized "Rutherfordiatipn (GRE), which depends
on the different driving and stabilizing mechanisms.

There are three main open questions that this work triessean the relative merits
of ECRH and ECCD, the role of asymmetries in the magnetiadstapology and finally
the determination of a criterion for full NTM suppression.

The research focused at first on the relative merits of eachadeThe conditions
determining the relative importance of ECRH and ECCD arendoto depend on the
product of two factors, the efficiency with which ECRH or EC@Bnerates a current
inside the magnetic island and a geometrical factor shoessgntially different scalings
for either ECRH or ECCD. For a fusion reactor like ITER the mstabilizing mechanism
for a magnetic island is found to be the ECCD, while ECRH bez®pmlevant in smaller
devices.

In the following step an extension of the model allowed tatrmsymmetries in the
island shape and to discuss their effect on the ECCD and E@Rtiloution to the island
evolution. This study demonstrates that these deformati@mve a small or negligible
impact on the tearing mode evolution. Opposing claims iretlisting literature could be
shown to be based on inappropriate approximations or COsqQUEy.
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The last part of the thesis is devoted to the determinatidghefequirements for the
suppression of a magnetic island. This is usually desctilyetthe parameteynry, de-
fined as the ratio between the local driven current dengigponsible for the stabilization
of the mode and the local bootstrap current density, theedrithe NTM instability. An
extensive analysis allowed to formulate a general criteféo the full NTM suppression
in the form of a combined criterion for the maximum allowedlthi of the EC power
density profile and a minimum required EC driven current. Témults of this analysis
have been used to suggest an improvement of the design of EERH system. A mod-
erate increase of the angle with which EC waves are injectedhe plasma of up t6°
from its present design value is shown to reduce the poweiinegent by up t®5%.

In conclusion, the theoretical work presented in this thhas provided a comprehen-
sive analysis of the stabilization of a magnetic island byanseof the localized heating
and driven current. The proposed model verifies and improrie=ria for the design of
ITER-ECRH system. Finally, it provides a sound theoretizis for the design of NTM
feedback control loops.
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