Destabilization of Alfven Eigenmodes by Fast
Particles in W7-AS

Inauguraldissertation

zur
Erlangung des akademischen Grades eines
doctor rerum naturalium (Dr. rer. nat.)
an der Mathematisch-Naturwissenschaftlichen Fakuliat
der

Ernst-Moritz-Arndt-Universi@at Greifswald

vorgelegt von

Stefan Zegenhagen
geborenam 7. 7. 1974
in Ueckermsnde

Greifswald, im Februar 2006



Dekan: Prof. Dr. Klaus Fesser
1. Gutachter: Prof. Dr. Thomas Klinger
2. Gutachter: Prof. Dr. Kazuo Toi

Tag der Promotion: 5. 7. 2006



Contents

1 Introduction

2 Principles of magnetic plasma con nement 5

2.1 Magnetic Field Topology . . . . . . . . . . . ... .. .. ...

2.1.1 Magnetic FieldLines . . . ... ... ... ... .........

2.1.2 Magnetic Field Line Curvature, Pressure and Tension ... . . .

2.1.3 Flux Surfaces . . . . . . . . . . .

2.1.4 Magnetic Flux Coordinates . . . . . .. .. ... ........

2.2 Particle Dynamics in Fusion Plasmas . . . .. ... ... .......
2.21 Radial Particle Drifts . . . . . . ... ... ... ... ...

2.2.2 Trapped and Passing Particles . . . . . .. ... .........
2.3 Magnetohydrodynamics . . . .. . . . .. ... . .. e

23.1 MHDequilibria . .. ... .. ... .. .. ... .. . ..
2.3.2 Stability of MHD Equilibria . . . .. ... ... ... ......

3 Alfen Waves, -continua and Eigenmodes 25
3.1 Alfen Waves and Alfven Continua . . . . . ... ... .. ... ....
3.1.1 Waves in an in nite, homogeneous plasma . . . ... .. ...
3.1.2 Inhomogeneous plasmaslab .. ... ... ... ........
3.1.3 Shear Alfven Continuum in Cylindrical Geometry . . . .. . . .
3.1.4 Continuous Spectrum in Toroidal Geometry . . . .. .. ...
3.2 Alfen Eigenmodes . . . . . . ...
3.2.1 Global Alfen Eigenmodes (GAES) . . . . ... ... ......

3.22 GapModes . .. .. ...



CONTENTS

\Y
3.3 Beyondldeal MHD . . . . . . .. ... . .. ... 36
3.3.1 Wave Drive and Damping . . . . .. .. ... .. ... ..., 36
3.3.2 Wave-Induced Transport . . . . . . . . .. ... .. ... 43
3.3.3 Kinetic Modi cations of the Alf\en Wave Spectrum . . .. . .. 45
4 Experimental and numerical tools a7
4.1 The W7-ASdevice . . . . . . . . . it a7
4.2 DiagnostiCsS . . . . . . . e e 50
4.2.1 Mirnov Diagnostic . . . . .. .. ... ... . o 52
4.2.2 Plasma parameter diagnostics . . . . . .. ... ... ... ... 65
4.2.3 FastlonlLoss Detector . . . . .. ... .. ... ... ...... 60
4.3 Mirnov Data Analysis . . . . . . . .. . 61
4.3.1 Continuous wavelet transform . . . . . ... ... ... ..... B
4.3.2 Lomb periodogram analysis . . . ... ... ... ........ 64
4.4 Numericalcodes . . . . . . . . . . 73
4.4.1 Equilibrium reconstruction and magnetic coordinaté¢ransforms 73
4.4.2 Alfen continuum calculation . . . .. ... ... ... .. ... 74
4.4.3 Calculation of the fast ion distribution function . . .. .. . .. 74
4.4.4 Growth rate calculation . . . ... ... ... ... ... ... 76
5 Experimental Results 79
5.1 Data Analysis . . . . . . . . . e 79
5.1.1 Data Availability . . ... ... ... ... ... ......... 82
5.1.2 Equilibrium reconstruction . . . . .. .. ... ... ... 83
5.1.3 Mode Number Analysis . . . . .. ... ... ... .. ...... 85
5.1.4 Eigenmode Identication . . . . . ... .. ... .. ... ..., 89
5.1.5 lon Distribution Function . . . .. ... ... ... ....... 89
5.1.6 Growth Rates and FastlonLosses. . . ... ... ........ 92
5.2 Discharge Scan . . . . . . . .. . ... 94
5.2.1 Discharge Classication . .. .. ................. 95
5.2.2 Eigenmode Classication . . . ... ... ... .......... 97

6 Discussion and Conclusions 109



CONTENTS %

6.1 Equilibrium Reconstruction . . .. .. .. ... ... ... ....... 109
6.2 Mirnov Data Analysis . . . . . . . . ... ... 111
6.3 Alhen Eigenmodes and their Stability . . . ... ... ... ... ... 112
6.3.1 GAES . . . . . . 113
6.3.2 TAES . . . . . e e 114
6.3.3 EAEs and High-Frequency Eigenmodes . . . . . .. .. ... .. 13
6.3.4 Unidentied Eigenmodes . . . . . . .. .. .. ... ....... 116
6.4 Alfwen Eigenmodes and Fast-lonLosses . . . . . . ... ... ..... 117
6.5 Conclusions . . . . . . . . ... 118
7 Summary 121
A Di erential Geometry 125
A.l1 Reciprocalsetsofvectors . . . .. ... ... ... ... .. ...... 125
A.2 Curvilinear Coordinates . . . . . . . . . . . . e 126
A.3 Co- and Contravariant Components ... . . . . . .. .. ... ... .. 127
A4 Tensors . . . . . .. e 130
A.5 Important Vector Identities . . . . . . .. ..o 131
B Boozers magnetic coordinates 135
B.1 Covariant B Components . . . .. .. .. .. ... ... ... ..., 135
B.2 Boozer Coordinates . . . . . . . . . ... 3
C List of Discharges and AEs 141
C.1 Discharges . . . . . . . . . . 141
C.2 Observed Alfen Instabilities . . . . .. ... ... ... ... ...... 145
C.21 GAES . . . e 145
C.22 TAEs . . . . . e 146
C.23 EAES . . . . . e 147
C.2.4 NAE, HAE and MAE Modes . . . . ... ... ......... 148

C.2.5 Unidenti ed Alfven Eigenmodes . . . . . . .. ... ... .... 148



Vi

CONTENTS




Chapter 1

Introduction

Controlled nuclear fusion of hydrogen isotopes in a plasmagmises to provide a nearly
inexhaustible source of energy and high environmental safeas compared to nuclear
ssion. The most favourable fusion reaction is the one betwa deuterium and tritium

D+T ! *MHe +n + 17:6 MeV;

which provides the highest yield of energy. In order to readlnition conditions, where
the fusion born -particles heat the plasma su ciently strong to compensateor the
heat losses, the plasma must be heated up to temperaturesTof 10 keV and must
be con ned long enough to satisfy the Lawson criterium [1]

neg>15 10%=n7;

where g is the energy con nement time (the ratio of heating power to mergy loss
rate) and n the plasma density.

The most advanced approach towards the achievement of redew fusion reactor pa-
rameters is the con nement of the plasma in a closed, toroitlanagnetic eld with
twisted, helical eld lines. Two dierent concepts are curently pursued that dier
in the way the magnetic eld is created. TheTokamak is an axisymmetric device
that creates a strong toroidal eld with large external cois. The necessary poloidal
eld component is generated by toroidal currents induced by transformer, with the
plasma forming the secondary winding. This does not allow esidy-state operation
because of the alternating current requirement in the trarfisrmer. Intense research is
performed on alternative schemes to drive current in Tokankaplasmas. The second
class of magnetic con nement devices is th8tellarator, where the helical magnetic
eld is generated completely by external coils. Stellarats are therefore independent
of permanently owing plasma currents, but, in contrast to bkamaks, they are not
axisymmetric.

The performance of todays fusion experiments is not only lited by technical con-
straints. The sources of free energy available in boundedapmas with strong gradi-
ents are commonly tapped by instabilities that degrade theam nement of particles

1
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Figure 1.1: Prediction of the fraction of redistributed enmyetic  particles caused by
Alfen eigenmodes in optimized stellarators. Taken from Bf [11].

and energy. One of the most important type of instabilities @ Alf\en eigenmodes,
which are still subject to extensive studies.

Alf\ien waves were discovered by Hannes Alfven in the 1949 a pioneer in the physics of
charged uids [2, 3]. Besides being observed in astronomli@nd laboratory plasmas,
they dominate much of the low-frequency dynamics in fusionlgsmas. The Alf\en
wave describes a basic oscillation between plasma kineticeegy and magnetic eld
energy. The most familiar example is the shear Alhen waveharacterized by " eld line
bending”, that is analogous to a wave travelling along a mais® string. It propagates
along the magnetic eld lines at the Alf\en velocity,

B
VA = p—,

0

where is the plasma mass density an8 the magnetic eld strength. Alf\en waves in
fusion plasmas constitute a continuous spectrum of stableavwes [4] that were originally
not considered to be a thread. This changed suddenly when itaw realized that the
continuous spectrum has gaps [5, 6] in which discrete, onlyeakly damped eigenmodes
can exist [7{9]. The gap formation is caused by the symmetryréaking associated
with magnetic eld inhomogeneities over a magnetic surfaceBecause stellarators, in
contrast to tokamaks, do not have toroidal symmetry, an evetarger number of gaps
exists here [10].

The high Alf\en velocity of va 1P m/s allows resonant interaction with Alf\en
eigenmodes only for energetic particles created either blapma heating sources or by
fusion reactions. Destabilization of Alfven eigenmodesybfast ions was predicted and
observed in fusion plasmas [9, 12{14] as well as enhancedhsport and, eventually,
energetic particle losses [11, 15, 16]. The latter is of spgamportance because the
energetic particles are needed to heat the bulk plasma. Thgiremature removal can
cause a signi cant degradation of the plasma performance. #ugh estimate of the
expected fraction of fusion born particles that are radially redistributed by resonant



interaction with Alf\en eigenmodes, which is based on wotsase arguments, predicts
that more than 35% can be transported away from the resonancegion (Fig. 1.1).

There it was assumed that all particles, which are in resonaa with the wave, are
immediately redistributed. On the other hand, in a fusion ractor a controlled wave-
particle interaction could provide a way to remove the helion "ash” from the plasma

after the particles have slowed down.

This thesis intends to study Alf\ien eigenmodes in neutral bam heated, high-density
and low-temperature discharges of the W7-AS stellaratorhat was operated succes-
sully from 1988 { 2002 [17, 18]. Studies of Alf\enic instabties have been done previ-
ously [19{24]. In these studies, the common appearance oetho-called Global Alfven
Eigenmodes with frequencies of 15 40 kHz in the presence of neutral beam injec-
tion (NBI) heating was reported. The eigenmode structure vamostly inferred from a
tomographic reconstruction of the soft X-Ray emissions fro the plasma [21], or by an-
alyzing the phase di erences between spatially distributin magnetic pickup (Mirnov)
coils [25]. In order to obtain growth rates and saturation keels, numerical simulations
were performed using Tokamak codes and toroidally averageduilibria. Since that
time, W7-AS was upgraded a lot. Noteworthy are e.g. the insliation of an island
divertor, the change from balanced to unbalanced NBI and peranent diagnostic im-
provements. These changes paved the way towards stable Heges with increased
density and plasma energy. It seems therefore necessary &wvisit the properties of
Alf\en eigenmodes under the new discharge conditions.

One goal of the present thesis is to rigorously identify Alw instabilities in as many
di erent discharges as possible. The identi cation will bedone by direct comparison
of observed mode numbers and frequencies to the shear Affwspectrum, the mode
numbers will be inferred from the Mirnov diagnostic that albws one to obtain informa-
tion about both, poloidal and toroidal mode number simultaneously. The parameter
scan should reveal parameter limits and instability thresblds for the various types of
Alfen eigenmodes. A second goal of this thesis is to lookrfaorrelations between
eigenmodes and fast ion losses to uncover the most dangermssabilities.

The thesis is structured as follows: Chapter 2 presents a iew of the most important
topics of stellarator theory, including magnetic eld topdogy, single particle dynam-
ics and the ideal magnetohydrodynamic (MHD) uid model. Chater 3 intimately
describes the ideal MHD spectrum of Alf\en waves and eigerades, ending with the
inclusion of kinetic e ects to describe wave-particle inteactions and modi cations of
the ideal MHD spectrum. In Chapter 4 the W7-AS device is presged. An overview
is given of the diagnostic setup and the numerical tools thatave been used in this
thesis. A special focus is put on the newly developed tool tmalyze the Mirnov data
with high accuracy and sensitivity. Chapter 5 presents theralysis procedure applied
to each observed Alfen eigenmode, using one of the studielischarges as example.
This is followed by the collected results of all analyzed ces. In Chapter 6 the results
are discussed and conclusions are drawn, Chapter 7 gives msary.
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Chapter 2

Principles of magnetic plasma
con nement

This chapter is to review some aspects of the theory of plasman strong magnetic
elds, especially in toroidal fusion devices. The physicaspects in these devices can
be described quite conveniently if one is able to hide the cqhexity of the magnetic
eld structure in those devices behind a special choice ofstlinear coordinate systems
in which the magnetic eld lines appear as straight lines. Té topology of the magnetic
eld in toroidal fusion devices can be conveniently descrédal in those coordinates, so
they are presented rst.

After having laid these foundations, the particle behaviouin magnetic fusion devices is
addressed. The particle-orbit theory is an excellent toobtderive the forces on particles
and corresponding drifts and can be used to explain the class and neoclassical radial
transport of particles and energy. To handle the whole plasamas a many-body system
kinetic theory needs to be applied. It describes the plasmas @&nsembles of particle
species in terms of their distribution functions. The evolion of the distribution func-
tions is governed by a kinetic equation. The kinetic theoryhowever, is too complex to
be conveniently used to derive global plasma parameters whiare obtained as velocity
moments of the distribution functions. A set of simpler uid equations are obtained by
taking the moments of the kinetic equation, the magnetohyardynamic (MHD) equa-
tions. They are commonly used to self-consistently calciéamagnetic elds and radial
plasma pro les. This MHD equilibrium is described in anothesection of this chapter.
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2.1 Magnetic Field Topology in Toroidal Fusion De-
vices

2.1.1 Magnetic Field Lines

A magnetic eld line is, by de nition, a curve whose tangent is in every point pariel

to the magnetic eld vector B. This de nition can be cast in mathematical form. Let
R be a position vector from the origin to a point on the eld line R follows the curve.
Then dR is a vector that is tangent to the eld line. The equation of a magnetic eld
line is:

B=cdR() —=—=—_=c() B dR=0; (2.1)

where c is a constant. In the expression in the middle of Eqg. (2.1) bbtvectors, B
and R, have been expanded in contravariant components. If the @lline is considered
to be parameterized by the length along the curve wherd is assumed to increase in
the direction in which B points, dR=dl is a unit vector parallel to the magnetic eld,
denoted byb = B=B. A comparison with (2.1) yieldsc = B=dl for the constant and
the equation of a magnetic eld line reads to be

B_ B! B2 B® Brul Bru_ B ru
d dul  du?z  dud dut duz  duwd

(2.2)

2.1.2 Magnetic Field Line Curvature, Pressure and Tension

Consider the dot product ofb with itself. Becauseb is a unit vector,b b =1. Hence,

dib b) _db db _
= brb =0

which can only be satis ed ifb (db=dl) = 0 and, therefore, do=dl is perpendicular to
the tangent vectorb. The curvature vector is de ned by the relation
db 1

a =~ (2.3)

along b

Here, 1t is the unit vector normal to the eld line that points towards the center of
the curvature, is the curvature andR; is the local curvature radius. The directional
derivative d=dljaong b IS €qual to the dot product ofb with r :
d
_ br _@
dl along b @I
By comparing the last two expressions, one nds another exgssion for which is
commonly used:

=(b r)b=b rb (2.5)

(2.4)
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which is the dot product of a vectorb with a dyad r b

In a current carrying medium in the presence of a magnetic dl| the force density
(force per unit volume) is given by:

dF
f=—=J B:
dv
However, since the current density) can be written as the curl of the magnetic eld,
od = r B, the force density can be recast in terms @ only:

1 1 1

f=—(r B) B=—-B r)B —r Bz (2.6)
0 0 29

In (2.6) the rst term in the last expression, B r B= g, is related to the eld line

curvature via

1 B2
ftension = _O(B r )B = _0 . (2-7)

It represents a force on the eld line that is directed to the enter of the curvature and
thus tries to reduce eld line bending. Due to this force the eld line behaves like an
elastic chord that is subject to a tensiorB?= . Therefore this force is callednagnetic
tension The second term,r B?2=2 ,, can be identi ed with a pressure force density
r p where themagnetic pressuras given by
2
Pmag = ZB—: (2.8)
0

2.1.3 Flux Surfaces

The motion of charged particles in magnetic elds is govergeby the electromagnetic
force

F=qE+v B);

whereE and B are the electric and magnetic eld, respectivelyy is the particle charge
and v is the particle velocity. If no electric eld is present, theonly force on the
particle isq(v  B). The resulting acceleration is perpendicular to both, thenagnetic
eld direction and the current particle velocity. The particle orbit is described by
the equation of motion. For simplicity, cartesian coordintes andB = (0;0;B)" are
assumed.

%x_z I''x z2=0 (2.9)

B
a y=!y y=

X= —
m

As can be seen easily, in homogeneous elds the particle vaibve in a circle (orgyrate)
around the eld line in the plane perpendicular to the magnet eld with the cyclotron,
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Figure 2.1: Simple toroidal eld with- Figure 2.2: Toroidal eld with rota-
out rotational transform. Black lines tional transform. Black lines indicate
indicate magnetic eld lines. magnetic eld lines.

gyro or Larmor frequency! | = gBj=m. The radius of this circle, theLarmor radius
r. = mjv,j=gBj, depends on the speed of the particle perpendicular to the gnaetic
eld.

The work done on the particle by the magnetic eld is
Z Z Z

W = F dx=q (v B) dx=qgq (v B) vdt O

becauseF ? v. Consequently, the particle energy stays constant. We camramarize
the ndings in the following picture: Charged particles in ahomogeneous magnetic
eld move with constant velocity along the eld lines while they gyrate around them.

This leads one to a simple idea to con ne a plasma inside a magit eld: If one would
take a homogeneous, cylindrical magnetic eld and bend thahto a torus as shown
in Fig. 2.1, the result is a nite volume from which no open et lines escape. Any
particle following the eld lines should stay con ned within the magnetic eld. The
real situation is, however, not quite as simple since the magtic eld in such a toroidal
con guration is not homogeneous. As will be shown in chapte2.2, the gyration of a
particle in a magnetic eld gradient gives rise to a driftv, g and the motion along
bent eld lines causes another driftv of the guiding centers out of the con nement
region. An additional poloidal eld component solves the pyblem. It lets the eld lines
"spiral” around the torus as indicated in Fig. 2.2 and the paticles will pass alternating
regions where the drift points into and out of the con nementegion, respectively, and
cancels in average.

The slope of the eld lines is measured by theotational transform . Approximately,

it equals the number of poloidal transitam of the eld line around the torus divided by
the number of toroidal transitsn before the eld line closes upon itself. A more rigorous
de nition will be given later. But usually, the eld lines are not closed. Instead, they
ergodically cover a twodimensional surface. Any such suckthat is ergodically traced
out by a eld line is called amagnetic surfacealso called an irrational surface because



2.1. MAGNETIC FIELD TOPOLOGY 9

on these surfaces, approaches an irrational value in the limitn ! 1 . Let dS be a
surface element of a magnetic surface. Due to the construastiof the surface, & B =0
is satis ed everywhere on the surface. An important conseguce of this relation is that
the magnetic ux enclosed by the magnetic surface is constarThis is the reason for
another synonym for magnetic surfaces, namelyx surfaces.

The magnetic eld in toroidal fusion devices consists of asef nested ux surfaces, each
traced out by non-closing eld lines. Between these magnetsurfaces one can de ne
surfaces that contain eld lines that close upon themselvesdter several transits around
the torus. Because is a rational number on these surfaces, they are calledtional
magnetic surfaces. The innermost ux surface has a zero vate and is degenerate. It
is called themagnetic axis

The existence of nested ux surfaces can be guaranteed in @®s with a symmetry axis,
l.e. axisymmetric tokamaks and helically symmetric stellators. Strictly speaking, it
must be possible to nd a set of canonical coordinates with aignorable coordinate.
The equation of a eld line (2.2) can be cast in Hamiltonian fom and Kolmogorov-
Arnold-Moser (K.A.M.) theory assures the existence of pextt, closed and nested ux
surfaces. K.A.M. theory also guarantees the existence ofet $of non-zero measure) of
invariant surfaces in the presence of small perturbations€. manufacturing errors) [26,
27]. Between these "good surfaces" exists a possibly densedaf surfaces which open
up into ergodic regions or magnetic islands, where eld lisebehave chaotically and
ergodically Il an entire non-zero volume. However, even #se regions are absolutely
con ned if they have a good K.A.M. surface on either side.

2.1.4 Magnetic Flux Coordinates

The magnetic eld topology suggests a certain choice of culimear coordinates. By
convention, the rst (radial) coordinate labels the magneit surfaces. The other two
coordinates span a coordinate mesh that completely covenset ux surface and are
usually, though not always, associated with angles.

Any quantity that satises B r =0 and is strictly monotonically increasing away
from the magnetic axis can be used as radial coordinate. Thest condition simply
states that = const spans a surface that is parallel td everywhere. The second
condition is necessary to have the coordinate single-vatu@nd that the coordinate
system is right-handed. The constrainr = 0 at the magnetic axis can be used to
ensure that is well behaved and continuous at the magnetic axis. There eifour
quantities that are commonly used:

1. the enclosed volumé/,
2. the enclosed toroidal ux o,

3. the normalized (toroidal) ux s= = &, thatis zero at the magnetic axis and
equals unity at the plasma boundary, and
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Major Axis
Minor Radius r,
Major Radius R 2
Figure 2.3: Simple toroidal coordinates; ; . Here,r is a ux surface label, is the

poloidal angle and is the toroidal angle.

P

4. the e ective radiusr = a s, wherea is the e ective minor radius.

Though the ideal MHD force balancer p=J B, ensures thatB r p=0, the plasma
pressure cannot be used as ux surface label because it need be single valued, as
in the case of hollow pressure pro les, and it generally ineases towards the magnetic
axis which would result in a left-handed coordinate system.

Toroidal ux coordinates are a set of poloidal and toroidal agles s and ; chosen such
that the equation of a eld line is the equation of a straight ine in those coordinates. It
is common to say that magnetic eld lines appear as straightdes in (; f). To locate
a point in space it is su cient to identify the ux surface on which the point lies and
then to construct coordinate curves on that ux surface withthe required properties.
This, however, does not yet describe a coordinate system. stated in Appendix A.2,
it is necessary to know the coordinate surfaces completelyhieh in turn requires that
B is known everywhere. One usually starts by constructing amsple, or elementary,
coordinate system ( ; ) as seen in Fig. 2.3. It is assumed thaB = B(;; )
is known as a function of the elementary angle coordinates.h& functions (R) and
(R) are multiple-valued functions because a certain point on ax surface is described
the angle coordinates +2 m and +2 n wherem;n are arbitrary integers. The
gradients, however, must be single-valued functions anddhrefore periodic in and

When B is written in its contravariant components,B = B e + B e + B e with
B' B r U, it can be seen immediately thatB =B r 0 becauseB lies in the
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ux surface. Hence,

B=Be+Be =p§B(r r )+
wherepg =r (r r )] !is the Jacobian which is supposed to be a known,
single-valued function of ( ; ). The two componentsB and B are not indepentent
of each other, as can be seen from B =0:

Pse v r ) (2.10)

@p_ @p_
— B)+ — B)=0; 2.11
@( 9B ) @( gB ) (2.11)
which suggests thatB and B are derived from a single function = (;; ):
1 @ 1 @
B = —— B = p=——: 2.12
Pi@ Pi@ (212)
The gradient of isgivenbyr =(@ =@r +(@ =@r +(@ =@r . Remem-
bering thatr r 0, Eq. (2.10) can be rewritten as
B = pQB (r r )+p§B r r )
@ @
= —r 4+ = 2.13
@ @ (2.13)

=r r

This equation can be used to determine which form must have. The dependence of

on is not important because the cross product witlr  cancels this term. B is
a physical quantity and thus must be periodic in () to be single-valued. It is not
required that is single-valued, butr  r must be. If is periodicin and ,r
andr r will be as well. The only non-periodic (secular) terms that may have
must be linear in and , otherwiser would contain terms containing or which
remain after the cross product withr . The most general form for is

(i )=a() +00) +~(5 ) (2.14)

Here, ~is the periodic part of . BecauseB , B and P g are known functions of ,
the dependence of on is xed. The dependence o&( ) and b ) can be found
from (2.14) by looking at the toroidal ux and the poloidal ribbon ux inside the ux

surface
2727 2727

or = 1 B r dR bol = 1 Br dR; (2.15)
2 2 v

where R = pg d d d . The derivative with respect to is
77, 7,
P 1 @
dd Br =_— dd —
g 5 . @
dd a()+% =2 a() (2.16a)

_ d tor
—tor —
d

1
2
. z?2,
2

0
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zz, 7z,

p_ 1
dd Br =_— dd —
g > . @

d d b()+% = 2b() (2.16b)

z2,

.
o
|
o
N N

0

Here, (2.12) and (2.14) have been used as well as the fact thia¢ integrals containing
@=@ and @=@ vanish because s periodic in and . Hence, becomes

(5 ):Zi(—tor o )= ) (2.17)

If ~ happens to be constant on a ux surface (or zero), the coordites (; ) are
already ux coordinates because in this case the equation af eld line (2.2) in these

coordinates is the equation of a straight line,—, —o = const:. Otherwise one
can perform a change of variables to eliminate: ~
2 _~
= + , f = or (2.18a)
—tor
2 ~
.= = (= (2.18b)
~pol
The contravariant components ofB in the new coordinates are given byB = 0,
Bf= o= pq andB ' = =2 p@. With these relations given, the rotational

transform can be rigorously de ned as the slope of the eld lines in ux cordinates:

_di _ B _ .
()_df_Bf_

(2.19)

—tor

The new angle coordinates ¢; ;) are not uniquely determined. If (?; ?) are sup-
posed to be given by

£= 1+ GG 15 1) P= 1+ -G 15 1) (2.20)

where G is an arbitrary periodic function, these coordinates are pper straight eld
line coordinates, too, as can be shown by substitution. Thiseedom can be used to
further deform the angle coordinates to make expressionsolosimpler. Boozer [28]
uses the freedom to form a set of magnetic coordinates thatugathe property that the
Jacobian is a function of" §  1=B?, where the proportionality factor is a constant
on ux surfaces. This simple Jacobian has made Boozer's cdorates very popular.
They are explained in detail in Appendix B.

2.2 Particle Dynamics in Fusion Plasmas

In high-temperature fusion plasmas the mean free path forkisions between particles is
very large and the orbits in between the collisions are sulgjeto the forces of averaged
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magnetic and electric elds only, generated by external soces and by long-range
interactions between the particles. In order to understantghe plasma con nement in
magnetic elds it is necessary to rst understand the unpemirbed orbits of charged
particles. The orbits are described by the equation of motio
dp

F = az QE+vVv B)+ Kegy: (2.21)
Here, p is the particle momentum, E and B are the electric and magnetic eld, re-
spectively, v is the particle velocity andK ¢ is an external force. In a homogeneous
magnetic eld, without electric eld and external force, the particle moves freely and
with constant speed along the eld lines and gyrates aroundhem in the plane per-
pendicular to the magnetic eld. For many applications it issu cient to neglect the
gyrational motion and assume that the particle moves alongdrtual line in the center
of the gyro-orbit, the guiding center

The circulating charged particle produces a small currentral therefore an additional
magnetic eld. This eld is opposite to the external magnetc eld and weakens it.
The e ect is characterized by themagnetic momentof the particle

mv3 1

B
— 2
BP0 Mg
The magnetic moment grows linearly with the particle energyperpendicular to the
magnetic eld, is independent of the particle charge, and idirected opposite to the
external magnetic eld. It is important to note that without collisions the magnetic
moment is conserved if the magnetic eldB varies slowly along the particle orbit
compared to the oscillarory gyrational motion, in other wads, the magnetic moment
is an adiabatic invariant. In magnetic fusion devices the ngmetic moment can be
considered as a constant for thermal particles in nearly atlases of interest because
the strong magnetic eld makes the gyro-radii so small thathe eld variation over the
gyro-radius is negligible.

(2.22)

2.2.1 Radial Particle Drifts

A charged particle is con ned in a magnetic eld if it is not sibject to drifts perpen-
dicular to the magnetic eld. At rst a general expression fa the drift velocity caused
by a force is derived. Starting from eq. (2.21), acceleratiderms due to electric elds
and the particle gyration are neglected, the particle is tadn to be force-freeF = 0
and only the components? B are considered:

0=K, + CI(VD B)?: (223)

Here, K is an accelerating force. This equation describes the drifelocity vp of the
guiding center of particles caused by forck , which is perpendicular toK and B:

K B

VD:W

(2.24)
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This equation states that only forces with a component perpelicular to B can cause
cross- eld drifts and that the direction of the drift can be d erent for electrons and
ions.

2211 E B drift

Charged particles are accelerated in electric elds whichxert a force Fg = gE on
the particle. If the electric eld is purely parallel to the magnetic eld, E k B, the
particle will be accelerated along the magnetic eld and noross- eld drift occurs.
If the electric eld is perpendicular to the magnetic eld, &. (2.24) can be used to
determine theE B drift velocity vg g:

E B

_ (2.25)

VE B =
This drift does not depend on mass or charge of the particlesdis therefore the same
for ions and electrons.

2.2.1.2 Drift in Inhomogeneous Magnetic Fields

The orbit of a gyrating particle has a constant curvature if i moves in a homogeneous
eld, it moves on a closed circle in the plan€? B. If the magnetic eld in which
the particle moves has gradients perpendicular to the eldidection, r B ? B, the
curvature of the gyro-orbit depends on the gyro angle and isorlonger constant. The
orbit is not closed anymore and in average, the particle dtf into a direction which

is perpendicular to both,r B and B, as indicated in Fig. 2.4. The drift velocity
can be approximated if we replace the gyrating particle by aiplole magnet with the
same magnetic moment . In inhomogeneous elds, this magnet experiences a force
K:g = r »B which is substituted into Eq. (2.24):

_K;,8 B _ r.-B B _mvi Br ,B
qB2 qB2 2B qB2

(2.26)

This drift depends on particle mass and particle charge. In magnetic eld without

rotational transform electrons and ions drift vertically avay into di erent direction,

producing charge separation and a strong electric eld, wth will in turn cause a
radial E  B-drift across the magnetic eld and out of the con nement regn.

2.2.1.3 Curvature Dirift

If the particle moves along bent magnetic eld lines it will @perience a centrifugal force
caused by particle inertia and the eld line curvature given by eq. (2.5). The force
depends on the velocity parallel to the magnetic eldKk = mvZ . The expression
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— Flux Surface
— Drift Surface

Figure 2.4: E ect of gradientsr B ? Figure 2.5: Drift orbit of charged par-
B: gyration orbits are not closed any- ticles in a helical eld. The displace-
more, ions (red) and electrons (blue) ment is caused by permanent B and
start drifting in opposite directions. drifts which cancel in average.

for can be furthermodiedtogive =(b r)bo=rb b(brb=r,b=r,B=B.
Inserting this expression into eq. (2.24) yields

K B MY B r ,B
= = —: 2.27
v qB? B qB? (2.27)

Again, this vertical drift depends on particle mass and chage, leads to charge separa-
tion and produces electric elds. The resultinge B drift will transport the particles
radially out of the con nement region.

2.2.1.4 Drift Surfaces

Because of the curvature and the B drifts, a simple toroidal magnetic eld does
not con ne a plasma. It was soon discovered that the additiorof a poloidal eld
component can stop the particles from drifting away. This miees the eld lines spiral
helically around the torus and the particles are led alterrtangly through regions where
the vertical drift points into and out of the con nement region, respectively. Thus
the particles stay con ned on poloidally and toroidally cleed surfaces. Due to the
permanent drift, however, thedrift surface is displaced with respect to the magnetic
surface as indicated in Fig. (2.5). The displacement is of ¢horder [29]

i
o =L T ML (2.28)
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where = r=R is the local inverse aspect ratio whereas thmloidal Larmor radiusr.
is de ned as:

(o= mv
L, — T~

jaB
The drift surface displacement , depends on the particle energy via,. . For thermal
particles p is usually small enough to be neglected, but for highly enestic particles
that are born near the plasma boundary the displacement canebome so large that
these are lost during their rst orbit.

2.2.2 Trapped and Passing Particles

The energy of a charged particleE = m(vx + Vv»)?=2 is conserved along its orbit,
the magnetic moment = mv3=2B is an adiabatic invariant which will be taken to
be constant in the following. One can now consider the e ectfa gradient of B
parallel to the magnetic eld. If the particle moves into regons with higher eld, the
conservation of the magnetic moment requires that the veldg perpendicular to B
grows accordingly

v3

= const:
B

Conservation of energy requires that\ + v»)? = const. Hence, the particle will be
accelerated perpendicular t@® and slowed down along the eld. IfB becomes so strong
that E B =0, all particle energy is transfered to the gyration and theparticle motion
along the magnetic eld stops and is reversed. This is callébde magnetic mirror e ect.

Assuming a simple magnetic eld

0 1
0 r
B=@B(r)A 1 —cos
B R
0

in the elementary toroidal coordinates introduced in Fig.Z.3), it is easily seen that
all particles for which E5[Bo(1 + r=R)] < < E=Bo(1 r=R)] holds are mirrored at
some poloidal angle ,. They cannot perform a full poloidal transit around the torws
and remain in the range m- Such particles are referred to agapLed
particles, and on any magnetic surface = const they constitute a fraction 2r=R
of all particles of an isotropic distribution. All other patrticles, referred to aspassing
particles, circulate around the torus poloidally as well as toroiday, with a parallel
velocity v being modulated by the magnetic eld variation but which dos not change
sign. Fig. 2.6 shows the orbit of a trapped particle, a so cell "banana orbit". Trapped
particles stay indeed con ned on the low eld side of the tora where they are mirrored
between points with the same eld strength. The slow preceiss in toroidal direction
is also caused by the drifts. The width of the banana is an imp@nt parameter in
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— Banana Orbit
,,,,, Flux Surfaces ™.

Figure 2.6: "Banana" orbit of a trapped particle in 3D and a pojection onto the
poloidal (r; z)-plane. The patrticle is being re ected at a certain magneti eld strength.
The drifts cause the excursions from the ux surface and theotoidal precession of the
particle.

neoclassical transport theory because it determines theegt size in a random walk
model. It is approximately given by [29]

B P- re. - (229)
A comparison with Eq. (2.28) yields that the banana width is dactor P- larger than
the drift surface displacement. As in the case of the drift stace displacement for
passing particles, the banana width of trapped particles gends on the particle energy.
This means of course that energetic trapped particles are meoeasily lost than passing
particles.

In stellarators the magnetic eld strength also varies toralally. If a particle is trapped
in a narrow toroidal mirror, it stays at approximately the same poloidal position and
cannot pro t from the drift "compensation" due to the helical eld. Hence, thesedeeply
trapped particlesare lost almost immediately. In velocity space\; v~ ) the region from
which the particles are lost forms a cone, accordingly naméass cone.

While the kinetic energy of a particle is a constant of motionits associated magnetic
moment is an adiabatic invariant, which is also well conseed in fusion plasmas. From
these two constants, a parameter can be derived that desced whether a particle is
trapped or not. Remembering that B E , is the particles perpendicular kinetic
energy, passing particles have

at the point of the highest magnetic eld along their orbit. Trapped particles are
re ected before this point andE B o = 0 describes the trapping boundary. A
di erent parameter that is commonly used is the pitch = w=v. A particle with a
small pitch 0 has small parallel velocity compared to the perpendicularelocity
V., = 1 p? vandis likely to be trapped. The trapping boundary again depwels
on Bax. This de nition, however, is not exact and su ers fromv, and therefore the
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pitch not being a constant of motion. It is meaningful only afr averaging along the
particle orbit.

2.3 Magnetohydrodynamics

A complete description of a fusion plasma as a many-partickeystem can in general
be done using kinetic theory. In this framework, the plasmasidescribed in terms of
distribution functions f; = f;(x; p) which measure the number of particles of speciés
at position x having the momentump. All macroscopic quantities (pressure, currents,
temperatures, densities, ...) of speci@scan be calculated as velocity moments of the
distribution function f;. The evolution of the distribution function is described bya
Kinetic equation, in the case of plasma physics thélasov equationis used:

Q@f @f g @f

—+vVv —+ —(E+v B) —=—=0: 2.30
ot & p ) @ (2.30)
It is obtained by inserting the Lorentz force directly into Boltzmann's equation. This
general approach provides a fairly complete description ebllisionless plasmas, but
inherits a vast complexity.

A fusion plasma has several properties that make it possibte describe it approxi-
mately with much simpler models:

. . P .
quasineutrality: ne = ; n;jZ; in each volume much larger than the Debye sphere;
the bulk plasma on a ux surface is in thermal equilibrium;

the plasma is strongly magnetized, i.e., the particles canave freely only along
magnetic eld lines and the gyro-radii are much smaller thatypical scale lengths;

the plasma has almost no electrical resistivity.

The local thermal equilibrium guarantees that the plasma gabe suitably described by
macroscopic plasma parameters such as density, pressume] average velocity which
are obtained as the moments of the distribution function. Rations between these
guantities can be obtained by taking the moments of the Vlasoequation accordingly.
This procedure is shown in many textbooks on plasma physics,g. [30], and is not
repeated here. Upon taking the zeroth-order moment, the egtion of continuity is
obtained. The rst-order moment results in a force balanceguation that describes the
conservation of momentum. One usually stops after taking ¢hsecond-order moment,
from which the conservation of energy is derived. The set ofj@ations is not closed:
Each equation contains quantities which have to be deriveddm the next higher-order
moment. In fact, the set of equations has to be closed at someipt by using an
approximation for the missing quantity.
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The moment equations have a form similar to the equations wth describe a conducting
uid immersed in a magnetic eld. Consequently, the describd approach is known
as "magnetohydrodynamic” (MHD) description. Quasineutréty relates the ion- and

electron density to each other and allows one to consider tipdasma as a single uid.
In the approximation of in nite conductivity the "ideal MHD " equations read

@ +r (v)=0 (mass continuity)

@t
dv
o +rp J B=0 (force balance)
E+v B=0 (ideal Ohm's law)

% P o= 0 (adiabatic eq. of state) (2.31)
r B=0 (no magnetic monopoles)
r B oJ =0 (Ampere's law)
r E+ %t: 0 (Faraday's law)

Here,pis the pressure, the mass densityy the uid velocity, the adiabaticity index,
J the current density, andd=dt= @=@t(v r ) is the convectional derivative. The
electric and magnetic elds,E and B, consist of externally applied elds and averaged
internal elds arising from long-range interactions betwen the plasma particles.

A lot of physics has been discarded in the derivation of the é&l MHD equations. Due
to the assumptions made, these equations not valid on time d@nength scales where
the single particle motion becomes important. The requireants on the collisionality
of the plasma are quite strict: the plasma has to be collisiahenough to ensure a local
thermal equilibrium and uncollisional enough that electi resistivity is negligible. Still,
the ideal MHD model provides a powerful framework to descrébglobal properties of
the plasma and is used to determine the equilibrium and itsriear stability.

2.3.1 MHD equilibria

The ideal MHD model is commonly employed to calculate a setfigsistent solution of
the model (2.31) at nite plasma pressures, calledquilibrium. This is needed because,
according to the force balance equation, the presence of ggare gradients generates
currents owing in the plasma which modify the vacuum magnet eld until a stable
con guration is obtained. One is usually interested in stabnary equilibria wherev =0
because these are most stable. Any equilibrium ow is an addinal source of energy
which may be tapped by instabilities. The magnetostatic ections are found from
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(2.31) by settingv = 0. One obtains

J
r
r

= rp
0J (2.32)

W W @
I

=0

For axisymmetric toroidal equilibria it is possible to derve an equilibrium equation
that must be satis ed by any such plasma. A suitable choice afoordinates is the
cylindrical (R; ;z )-coordinate system where is the toroidal angle,R is the radius
and z the height along the major axis of the torus. Writing outr B in these coordinates
yields

1@RBg) , , l@s
R @R @z R @

@=@= 0 due to axisymmetry and henceB = B (R; z) only and within a poloidal plane
the components ofB can be written in terms of a ux function

1
RBR_9 RB, = @ & =l e+Be: (2.34)

@z @R R

The plasma current can now be calculated using Amgere's laand the obtained mag-
netic eld

r B= =0: (2.33)

1
od = ﬁr (RB) e R e ; (2.35)
where is the Laplace operator in these coordinates. The force bat@ equation
J B =r pstatesthatB r p =0 and therefore magnetic eld lines lie on isobaric
surfaces, op = p(). Furthermore, Jr p= 0 from which can be derived thatd = J()
alone. After some further manipulation one obtains théust-Schister-Grad-Shafranov
equation as

where F () RB = o. This is a second order elliptic partial di erential equatbn
for calculating the equilibrium in terms of the magnetic ux To nd a solution,
the pressurep and the current function F have to be prescribed as some physically
reasonable distribution of the ux along with suitable bou ndary conditions. After
having determined the spatial distribution of the magneticux ( R;z), the other
guantities like poloidal and toroidal magnetic eld, curreat and pressure can be found
as functions ofR and z. Shafranov has given a simple solution of this equation starg
from the linear ansatzp() and F()= Fo:

RZ
( R;2) = E(ZRS R?  4a%z%);
0
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Figure 2.7: Solution of an axisymmet- R

ric toroidal equilibrium with circular

cross sections including Shafranov shift  Figure 2.8: Plasma elongation to re-
duce the Shafranov shift

whereRy and a are constants. An example gives Fig. 2.7 where contours ofhstant
are shown which correspond to ux surfaces. This gure alsoindicates the so-called
Shafranov shiff a general property of toroidal equilibria. The shift of theinner ux
surfaces w.r.t. the outer ones is generated by equilibriunmuents in the following
way: The equilibrium current density J can be written in components parallel and
perpendicular toB,

rp B.
Bz
The perpendicular component, is called the diamagnetic current and depends on the

pressure gradient. The parallel current is called P rsch-&lster current and is linked
to the diamagnetic current viar J=r (Jx+ J-») =0. From this one obtains:

B
J=3+3,=(J B)g;

rJe=r J>=2J, r InB: (2.37)

Eq. (2.37) states that the P rsch-Schister currents are deermined by two factors:

rstly by the diamagnetic currents that depend on the presste gradient, and secondly
by the poloidal variation of B = jBj. The toroidal component of the P rsch-Schhster

currents has a di erent sign on high- eld side and low- eld gle of the torus and creates
an additional magnetic eld that shifts the inner ux surfaces towards the low- eld side.

The Shafranov shift limits the stability of the equilibrium towards high central plasma
pressures. In order to reduce the Shafranov shift,B = Bhax Bmin has to be reduced.
By observing that B 1=R for toroidal magnetic elds, one way to achieve this goal
is a non-circular shaping of ux surfaces as in Fig. 2.8. This the reason why in most
magnetic fusion devices, tokamaks as well as stellaratotiBe ux surfaces have elliptic

or D-shaped cross sections.
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For general three-dimensional equilbria it is not possibl® nd a simpli ed equilibrium
condition such as Eg. (2.36). The common way to calculate ag@librium in this case
is to employ a variational principle. Besides the prescripin of pressure and current
pro les, an initial value for the spatial distribution of th e magnetic ux ( R; ;z) is
needed as well. This con guration is then varied until the reidual MHD forces vanish
or the MHD energy functional is minimized. An example of a WAS equilibrium is
shown in Fig. 2.9

2.3.2 Stability of MHD Equilibria

Another purpose for which the ideal MHD model is commonly utized is to test whether
an equilibrium is stable to small perturbations, and henceot determine whether the
equilibrium will persist or ultimately be destroyed. The MHD model allows only per-
turbations that grow exponentially or stable waves that prpagate through the plasma.

The MHD equations are nonlinear partial di erential equatons. In order to make

them more amendable to stability analysis, it is reasonabl® linearize them about a

stationary equilibrium by writing all quantities Q asQ(x;t) = Qo(x)+ Q(x;t), where

the subscript O denotes the equilibrium valueQ is the perturbation and a smallness

parameter. All terms of order 2 and higher are neglected. The linearized equations are

obtained by setting = 1. It is customary to introduce the uid displacement vecta
de ned by

@

@t

Because a stationary equilibrium was assumedrd = 0), clearly is a rst order
quantity in . The linearized set of ideal MHD equations then reads

@
@t+r (ov¥)=0
0@*'[’[3 J BO JO B:O
E+v Bg=0
%t+v f o+ Pof ¥=0 (2.38)
r B=0
r B oJ:O
@ _
r E+@t—0

The linearized Ohm's and Ampere's law can be used to elimima J and E. The
resulting equations can be used to elimitat® and p-from the force balance equation.
The result is a equation of motion for the uid displacement ector :

@

@R FC ) (2.39)
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(a) Variation of jBj (blue: small, red: high elds).

(h ©)

Figure 2.9: MHD equilibrium for W7-
AS shot #56723 att = 0:230s. (a)
shows the variation of the magnetic
eld strength on the ux surface, (b)
and (c) show the toroidal variation of
the plasma cross section along with the
vessel (red) and in-vessel components
(green), and (d) shows the radial dis-
tribution of and .

(d)
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whereF( ) is the MHD force operator

FC) r (por + T po)

+iof(rr ( Bo)+(r Bo) [ ( Bolg: (240)

The stability analysis can be done in several ways using thierce operator. The

rst method is the application of the energy principle: If the equilibrium is stable, the

change in potential energy due to a displacement of the plasrby should be positive.

If the equilibrium is unstable, the potential energy of the fasma can be lowered by
displacing it. The change in potential energy can be calcukd from the work required

to displace the plasma:

Z
1
W= = F()d:
5 FO)
If W is positive for all allowable displacements, the equilibrium is stable. W is

negative forsomeallowable displacements, the equilibrium is unstable.

A di erent way of analyzing the stability of an equilibrium is the normal mode method.
Here the ansatz (x;t) = (x) exp( i't )is made for the displacement. Doing a Fourier
transform of eq. (2.39) in time, an eigenvalue equation is tbned

ol 2 = F()

with ! 2 as eigenvalue and as eigenfunction.F is a hermitian as well as self-adjoint
operator and hence, Iﬁigenvalue!s2 are real. The square root of 2 can be written

as a complex number: !2=1,.+i ,where!, is the eigenfrequency and the growth
rate of the perturbation. The condition! 2 = 0 marks the transition between stable,
purely propagating waves with = 0 and unstable, purely growing solutions with

', = 0. A mixture of both, e.g. growing or damped oscillations, s not possible. In
addition to the frequency or growth rate, the eigenfunctiorand therefore the structure
of the perturbation is known as well.



Chapter 3

Alfen Waves, -continua and
Eigenmodes

Alfien waves and Alf\en eigenmodes constitute the margially stable part of the spec-
trum, e.g. ! ?2 > 0, of the ideal MHD force operatorF, Eq. (2.40). In ideal MHD,
they correspond to purely oscillating phenomena, Ref > 0, with constant amplitude,
Im(! ) = 0, which can roughly be divided into compressional and umenpressional
waves. This chapter reviews the properties of the spectrunf oncompressional shear
Alf\en waves in fusion devices. Due to the enormous amount bterature available on
this topic, the focus is put on selected issues only.

It is the complexity of F that makes it very di cult to analyze the force operator
directly. Resolving the Alfven wave spectrum in full detal in three-dimensional ge-
ometry requires to employ numerical codes. It is thereforeommon to investigate the
properties of the spectrum in several approximations witmicreasing complexity, mak-
ing analytical progress whereever possible { a procedureathgives insight into the
physical origin of various aspects even if the derived exg®ons describe the situation
only qualitatively.

This chapter follows the same procedure. Sec. 3.1 reviewe ttontinuous Alf\en wave
spectrum. At rst, the dispersion relations of compressioml and uncompressional
Alfven waves are derived in an in nite, homogeneous and mangtized plasma. Follow-
ing this, the in uence of plasma inhomogeneities and symnmgt breaking in toroidal
geometries on the shear Alfven wave spectrum will be shownBesides the continu-
ous spectrum of localized waves, the ideal MHD force operat@so contains a discrete
spectrum of extended shear Alf\en eigenmodes in boundedapmas that are considered
in section 3.2.

As outlined above, the ideal MHD equations are obtained as leeity moments of the
kinetic Vlasov equation. Consequently, details of the paitle motion and the parti-
cle distribution functions that describe the energy exchaye between plasma particles
and waves have been averaged out, resulting in the predigatithat Alfven eigenmodes
are marginally stable in ideal MHD theory. Section 3.3 dealwith the implications

25
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of reintroducing kinetic e ects. The perturbative extenson of the ideal MHD model
to include the self-consistent evolution of the particle diribution function under the

in uence of an electromagnetic wave (i.e. a shear Alfen genmode) results in ex-
pressions from which the growth and damping rates of ideal MM instabilities can

be inferred. The topic of enhanced radial particle transporcaused by shear Alf\en
eigenmodes is treated only qualitatively, mainly becausesthiled theoretical studies are
still missing. Apart from rough estimates based on worst casassumptions, numerical
simulations for three-dimensional geometry are currentlipeing developed. Finally, the
modi cation of the shear Alfen wave spectrum in the presece of kinetic e ects is
illustrated.

3.1 Alfen Waves and Alfen Continua

3.1.1 Waves in an in nite, homogeneous plasma

The simplest case to consider is an in nite plasma without gidients. The con guration
is described by the following equations:

= o

v = 0;
P = Po;
B = Bgy= Bpe,;
J = 0;

where o; po and By are constants. Upon substituting the above expressions mthe
linearized ideal MHD equations, Eq. (2.38), following the armal mode approach with
f(x;t) = fo €kx ') for any generic perturbed quantityf , and solving for the com-
ponents of the perturbed velocityy = (vx; ¥; %), it follows that

(12 kivi)w =0;
(12 k3vZ k3w, ko keviw =0; (3.1)
Ko ki V2w, +(12 kivi)w, =0;

wherevy P Bé= o o is the Alfven velocity, vs P p o= o is the sound velocity, and
k? = kZ + k3. The dispersion relation! (k) is obtained solving this system of linear
equations. One obtains three branches:

12 = 12= K23, (3.2)

12 %kz(v§+v§) 1 IO1 2 (3.3)

with
_ A vivg
k2 (vZ + v2)2’

2
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The rst branch, Eq. (3.2), describes a wave known ashear Alf\en wave It does not
depend ork, and corresponds to a purely transverse wave with the pertueld magnetic
eld being parallel to the perturbed velocity and perpendialar to the equilibrium
magnetic eld B,. The wave travels along the magnetic eld lines with a veloty
va = Va Bo=Bg. The group velocity is equal to the phase velocity and the
element oscillates in phase with the magnetic eld line thatbehaves as a massive
string under tension. The motion is incompressible and, hea, density and pressure
perturbations are zero. The shear Alf\en wave can be thoughs an oscillation between
perpendicular plasma kinetic energy and the potential engy required to bend the eld
lines.

The second and third branches, Eq. (3.3), are calledagneto-acousticor magnetosonic
waves They depend on both, parallel and perpendicular componentof the wave
vector, and produce a compression of the magnetic eld and agssure perturbation.
Since 0< 2 < 1, each of the waves corresponds to a purely oscillating stodm. The
fast magnetosonic waveorresponds to the plus sign in front of the square root term
in (3.3) and has a frequency 2 = ! ? which is always larger than the Alfien frequency,
I 2 <1 2 Inthe case 1 it reduces to thecompressional Alfven wavewith

e (K3 + KOVA;

where the uid oscillates almost perpendicular to the magrie eld and the compres-
sion is dominated by magnetic eld compression.

The slow magnetosonic waveorresponds to the minus sign in eq. ( 3.3). The frequency
I 2=12js always less than the Alfien frequency. In the limit 1 it reduces to the
sound wavewith the dispersion relation

2 2y,2.
e Kkive:

Here, the oscillation is mostly parallel to the magnetic el and is dominated by uid
compression. It results from the balance between plasma itia and the plasma com-
pression in the force balance.

It can be shown that the incompressible shear Alf\en wavesra the ones that are
most easily driven unstable [31]. The work done by an arbitrg displacement of
the plasma to compress the uid is always positive, correspding to an increase in
potential energy which makes the plasma more stable. Anotheay to show the greater
stability of compressional Alen waves is by interpretingthe terms kv, and k, vy as
e ective spring constants, in analogy to a harmonic osciltar [32]. A larger spring
constant implies a greater abdlity of the plasma to maintainits state under external

perturbations. Becauseky < kE + k3, the shear Alfien waves are easier to excite
in the presence of sources of free energy than compressiohiflen waves. Another
important di erence between both wave types is related to th group velocity, which
is alongB for shear Alf\en waves and mostly across the magnetic eldof the latter,
because in the systems of interest,  k, always holds.
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3.1.2 Inhomogeneous plasma slab

A con ned plasma is always characterized by spatial inhomegeities. In this section,
the simplest case of an inhomogeneous plasma, a one-dimamai slab with a straight
magnetic eld is studied. The equilibrium quantities are asumed to vary only along
the x-direction, o = o(X);po = Po(X);Bo = Bo(X) = Boy(X)ey + Boz(X)e,. The
equilibrium condition can be found from the force balance ug) Ampere's law to
substitute the current:

d B2

ax Pra, 70

Any perturbed quantity is assumed to have the fornf = foexpli(kyy + k,z !t)].
Moreover, it is convenient to choose a set of coordinates ldson the directions par-
allel and perpendicular toBo by dening ex Bo=By ande, = e €. In these
coordinates, ks = (kyBoy + k;Bo;)=Bo and k, = (kyBo, Kk;Boy)=Bo. After some

manipulation it's possible to obtain the following wave eqation for , [33]:
_ B2D =0: 34
dx %2 Da dx 0-A X (3.4)

Here,Dn !?=\i k2 is the local shear Alf\en propagator and

1 2

0_— .
=1+ - _ -
202k 2vd

where =2 ,po=Bj is the plasma beta. Eq. (3.4) again describes the three brdmes
already studied in the previous section which are now coupleby equilibrium in-
homogeneities. This equation and, hence, its solution isngular at points where
B2Da °=0, corresponding to the appearance of two continuous speat

| 2

2(x) = k2(X)va (X); (3.5)
VZ(OKE(X)
1+ v2(X)=Va(x)’

| 2

1 2(x) = (3.6)

The origin of the singularities can be explained by a resontaxcitation of the shear
Alfen waves [34]. Shear and compressional Alf\en wavesecoupled in eq. (3.4). The
compressional waves transport their energy mostly acrosset magnetic eld and pile
it up at positions where the shear Alf\en spectrum can be resmantly excited. The
singularities are a signature of the breakdown of the ideal ND model. In fact, it is

the absence of an energy dissipation mechanism for sheanéifwaves in ideal MHD

that leads to the long-term singular behaviour of the shear lAen eigenfunctions.

Shear Alf\en waves become local plasma oscillations duettee plasma inhomogeneities.
If one assumes a wave with a certain wave vectkr the componentk, parallel to B ¢(x)
depends onx as does the Alf\en velocityva(x) and thereby the frequency! o (see
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Figure 3.1: Continuous spectra of shear Alf\en waves. Cales indicate di erent wave
branches, each having a distinct wave vectd.

Fig. 3.1). This gives rise to an interesting damping mechasm calledphase mixing
If the time-asymptotic behaviour of a spatially extended Vecity perturbation v(x) is
studied [34], it is seen that the amplitude of the/-component decays as=t whereas
the other components oscillate with constant amplitude. De to the inhomogeneities,
each uid element along the inhomogeneity oscillates at itswn shear Alf\en frequency,
loosing coherence with the motion of the adjacent uid elenmts. An initially smooth
and extended perturbation changes in time and looses phasgherence along, quali-
tatively explaining the name "phase mixing".

Finally, it has to be pointed out that the shear Alf\en wave gectrum is degenerate,

which is a consequence of the fact that the dispersion relati depends ork, alone. At

each positionx it is possible to nd waves with distinct k; 6 k, that have ky.1(x) =
ki.2(x) and, therefore,! 2.,(x) = ! Z.,(x).

3.1.3 Shear Alhen Continuum in Cylindrical Geometry

The simplest plasma equilibrium is a pressurelesgo(= 0) screw pinch A screw
pinch of length 2R , is characterized by a magnetic eldBy = (0;Bg (r);Bo,(r))T,
where (; ;z) is a cylindrical coordinate system. It is an one-dimensi@h equilibrium
similar to the sheared slab, the only new feature is the prasse of a nite magnetic
eld curvature. It is mainly of relevance as an approximatio to a large aspect-ratio
tokamak.

From now on, sound and compressional Alf\en waves and themoupling to the shear
Alfien wave spectrum will be neglected, an assumption thatllows some simpli ca-
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tions. Because shear Alf\en waves are purely transversahagnetic eld perturbation
is perpendicular to the equilibrium eld only, By = 0, or in terms of the magnetic vec-

tor potential A, = 0 which allows to write A = Ab. In the ideal MHD limit, parallel
electric elds are not allowed, i.e. Ex = 0. Using these approximations, it is possi-
ble to express the perturbed electromagnetic eld through aingle, scalar potential™
(assuming that it varies as exp( i't ) in time):

E=r »7;, B=r A=t (Arb):ilir (r «™b): (3.7)

Here, the de nitionsr >, = r br candr = b r have been used.

The cylindrical geometry suggests to take shear Alf\ven oBlations of the scalar poten-
tial in form of a suitable Fourier series:

X
Trzt)= gm nz=Ro) ~ . (rt):
m;n

With these prerequisites the description of shear Alf\en aves reduces to an in nite set
of uncoupled, second-order partial di erential equationsor individual (m; n)-branches
[35]

|

1@ 4 2 3R%@ @ ~m;n(r;t)' - Q-

Car r’(m n)<+r Vet @ ot =0; (3.8)
where = (r) = RoBo (r)=rBo.] is the rotational transform. The solutions of (3.8)
are

“mn(rt) exp[ i a(r)t]; (3.9a)

2 2
12y A W7 2y, (3.9b)

RS
wherek, (m n)=Ry, has been de ned. The solutions are similar to the sheared
slab case, i.e. local plasma oscillations that form a frequey continuum. To see this,

consider the dispersion relation (3.9b). For a xed branch™.,, the frequency! A
varies continuously with the radius due to the dependence ©f and onr.

The cylindrical spectrum is degenerate as well: The disp&a relation has two solu-
tions at radial positionsr where (r ) is a rational number. In this case it is always
possible to solve the equatiorky(my;ny;r ) =  kg(mgy;ny;r ) for integer values of
My; My; Ny and n,, respectively, which means that the dispersion relationsf ewo dif-

ferent shear Alf\en wave branches™n,.,, and ~m,.,, intersect atr as indicated in
Fig. 3.2. For given mode numbersnii; n1) and (my; ny) the radial position r at which

the branches intersect is determined by the condition

(3.10)
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Figure 3.2: Two dierent Alf\en wave Figure 3.3: Alfien wave branches which
branches which cross at a radial po- are coupled by toroidicity to break up
sition where the intersection condition and reconnect. Colors indicate the wave
Eqg. (3.10) is satis ed. branch in the cylindrical limit @9 1 0,

Hence, two shear Alfen wave branches in cylindrical geortrg will intersect if the
corresponding value of is reached at some radius inside the plasma. The frequency
at the intersection point is given by a relation that does notdepend on (ny;n;) and
(my; ny) individually, but only on their di erences:

A )= i(me m)  (ng nl)jzv—;;o: (3.11)

3.1.4 Continuous Spectrum in Toroidal Geometry

In the cylindrical case the equilibrium was characterizedyba constant magnetic eld
strength B = jBj on a ux surfacer = const. This cannot be achieved in toroidal ge-
ometry. Even in the simplest case of a toroidal equilibrium ith circular cross sections,
the toroidal magnetic eld generated by the external coil gewill vary as 1=R inside
the plasma, whereR is the distance from the major axis of the torus. Consequewt!B
is not constant on any ux surface. Plasma shaping further cuplicates the symmetry
properties ofB by introducing additional variations. While tokamaks haveaxisymmet-
ric equilibria (the toroidal angle is the ignorable coordiate) and thereB = B(s; ) is
a function of the poloidal angle variable only, stellarators commonly have a variation
of B in toroidal direction as well,B = B(s; ; ). The symmetry-breaking leads to new
features in the spectrum of shear Alf\en waves.
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To proceed with the analysis, it is necessary to specify theualibrium magnetic eld
strength in a form suitable for further treatment. It is comnmon to expand the magnetic
eld strength in a series of the form

X
B=Bh; h=1+ ( (s) cos( N ): (3.12)

Here,B is the average magnetic eld on the magnetic axis an¢g are integers.N is the
number of identical eld periods in stellarators, and §; ; ) the magnetic coordinates
with s= = , being the normalized magnetic ux. It is possible to relatetie Fourier
coe cients in Eq. (3.12) to the ux surface shape. The (; ) = (1;0) harmonic is
caused by toroidicity as explained above, the (®) harmonic is caused by an overall
vertical elongation (ellipticity) of the plasma, and the (3 0) harmonic by triangularity.
All other harmonics with = 0 are generated by additional deviations from circular
plasma cross sections and are possible in tokamaks as welirastellarators. In the
latter, harmonics with 6 0 are present as well: the (§ > 0) are called mirror
harmonics (purely toroidal variations), while the (> 0; > 0) terms are called helical
harmonics.

If, again, perturbations of the form

Ts;;:t)= mn (S) €xpli(m n It)]

are assumed and a Fourier transform in and is applied, the resulting di erential
equations that describe™,, do no longer decouple. To show this, consider the following
equation describing shear Alf\en waves in a current free ptimized stellarator in Boozer
coordinates (neglecting the e ects of plasma pressure onehequilibrium magnetic
eld), that has been derived in Ref. [10]:

X @ . @ ,
= o°k%+ k! — ihk2d
m;n @X @X
@1 .. @ .
2 ~ - QN -
! RO@(VE\h“ ig" @(+ hi ki mn €Xpi(m N t)]=0:
Here,x' = s; ; ,d' are the contravariant metric coe cients, andva = B:IO o olisthe

mean Alf\en velocity. This equation is a three-dimensionlaequation. The dependence
on and arises not only due to the Fourier coe cients ofB (contained inh), but also
from the metric coe cients which are themselves functionsfoB and can be expanded in
a Fourier series similar to (3.12), yielding coe cients g ) If furthermore the coupling
parameters are assumed to be small, the equation can be simpli ed to an nite set
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of coupled second-order di erential equations similar to & (3.8):

@ 3 ! 2 2 @E\n
0 = _r 7 k . : + Qm‘n Em'n (3.13)
2 mn ) ;
@r vy @r | 4
+ X _@r3 5 E} ) 2 () K. k _ g] ) @EH' n +N
@r V,% —2 B m;n f"m+ ;n +N 2 @r
" ! #
+ X _@r3 E £ 2 () k. Kk g ) Q@ n N
@r Vﬁ 2 B mnAfm ;n N 2 @r '
where
Km:n = ke(m;n); Emn = ~m;n; Qmn =T z k2. (1 m2)+ r2_@ z ;
’ ’ r ’ A mn @r v

andr P s. If the cylindrical case is recovered by setting(g;B) = 0, the equations (3.13)
decouple and the cylindrical result is obtained that two dierent Alf\en wave branches
(m;n)and (m+ ;n + N ) intersect at radial positionsr and at frequencied where

_2n+ N

_ Va |
= ()= 2m +

L 1O=rO0) =] N A
0

(3.14)

The formerly independent (n;n) and (m+ ;n + N ) branches split up in the presence
of a nite ( ) and reconnect as indicated in Fig. 3.3. The frequency gap thappears
has a minimum width of ( ) near the intersection point. Because this happens
simultaneously for all (m; n) at di erent radial locations, a radially extended frequerty
gap opens up. ( depends onm and n whereas! ¢ ) does not!) The gap frequency
I ) varies with the plasma radius through and va. However, no continuum branch
can cross this gap because an arbitrary cylindrical brandh =1 .., (') will necessarily
meet another branch! = !, ., n () and reconnect. Consequently, the shear Alf\ven
dispersion relation! 3 = k2viz has no solution inside the gap.

If more than just one coupling coe cient is present, a gap opes for each of these. If the
() are not small, an interaction between di erent gaps is podsie. This usually means
that especially wide gaps shift the adjacent gaps in frequey Also, the formation of
secondary or higher order gaps is possible. Even §f ) = 0 the branches fn;n) and
(m+ ;n + N ) can be coupled provided that two (or more) other coupling pameters
(11, (22 grelarge,and = 1+ ,and = .+ »,, respectively. Fig. 3.4 presents
the Alf\en wave continuum calculated for a typical W7-AS dscharge using the COBRA
code (Sec. 4.4.2). Besides the usuaj 0)-gaps known in tokamaks, the gure shows
that in stellarators gaps with 6 0 are possible and can even be signi cantly larger,
e.g. the extremely wide helicity-induced (21) gap which is caused by the rotating
helicity of the plasma cross section.
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Figure 3.4: Alfen continuum calculated numerically for atypical W7-AS discharge.
The black dots indicate the Alfven continuum calculated bya scan ink, and r=a. The
absence of the dots is an indication for the formation of gapsThe most important
gaps have been colored for better identi cation.

3.2 Alfen Eigenmodes

In laboratory plasmas, Alfven waves are di cult to excite because su cient energy is
needed to bend the eld lines. Moreover, in a sheared magneteld, Alfen waves are
characterized by a continuous spectrum and become highlychdized oscillations at the
ux surface where the local dispersion relationt 2 = k2vz is ful lled. If any radially
extended perturbation happens to excite the continuous saeAlen wave spectrum, it
will su er from strong continuum damping by the phase mixingphenomenon.

This is the reason that Alf\en instabilities were not consilered to be a thread to fusion
plasmas until it was discovered that the Alf\en continuum tas gaps [5, 6, 12, 13]. It
was soon realized that in these gaps a discrete spectrum of\éh instabilities with
possibly well-behaved, non-singular radial eigenfunctis exists [7, 9], the so called
Alfien Eigenmodes (AEs). These AEs do not necessarily intersect the shear Adfv
continuum and therefore may be weakly damped.

3.2.1 Global Alfen Eigenmodes (GAES)

The existence of the GAE can already be established in cylindal geometry with a
sheared magnetic eld as in the screw pinch (Sec. 3.1.3). Aasssary condition for the
existence of the GAE is that the dispersion relation of a coimtuum branch! 2(r) has
a minimum at some radial positionre,, where d 2=dr = 0 as indicated in Fig. 3.5.
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GAE Formation
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Figure 3.5: Alfien continuum with an extremal point (minimum) at rey. Below the
continuum Global Alhen Eigenmodes can exist.

In Refs. [32, 36] it has been shown that by expanding the shealf\en wave equation

around rey and applying a Fourier transform inr, a Schredinger-like equation is ob-
tained that supports bound as well as continuous solutionsThe continuous solutions
in Fourier space correspond to the strongly localized she&dfien waves, while the

solutions that are localized in Fourier space correspond tadially extended solutions
in real space.

The fact that these eigenmodes can extend over a large framti of the plasma radius
has earned them the nam&ilobal Alf\ven Eigenmodes(GAEs). They have a frequency
slightly below the minimum of the shear Alfven continuum (d. Fig. 3.5) and do not
su er from continuum damping. It should be noted that they donot, at no point in
the plasma, obey the shear Alf\en dispersion relation. GA&are di cult to excite in
tokamaks because toroidicity and the relatively high magnie shear ¢ = d =dr have
a stabilizing e ect on these modes. They are, however, oftesbserved in low-shear
discharges as possible in W7-AS [21] in the presence of naltream heating.

3.2.2 Gap Modes

Near the degenerate intersection point (m;n; ; ), Eq. (3.14) of two cylindrical
branches (n;n) and (m+ ;n + ), which is resolved by the coupling of these branches,
the wave equations for both branches can be shown to have a nige of solution with
discrete eigenvaluet? that lie inside the (; )-gap in the continuous shear Alf\en wave
spectrum. This was demonstrated for the rst time in Ref. [8]in the high-n and in
Ref. [7] in the low n approximation for the toroidicity-induced coupling in tokamaks.
Assuming only one dominant pair of coupling numbers;( ), the radial eigenfunctions
are centered around the intersection point and have a widthjm | ¢ ) [35],
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where = (r) . Thus, the solutions become very localized arourd for high m,
but low shear can signi cantly enhance their width.

The new solution describes an eigenmode which is formed byethoupling of at least
two harmonics inside the continuum gap (gap mode). The radigextension of the
eigenmode can be further enhanced by the coupling to more hasnics according to
the scheme n;n)+(m+ ;n + )! (m+ ;n + )+(m+2;n +2 ). Whether
or not this coupling is possible depends, among others, oretipro le of because it is
required that the intersection points (m;n; ; )and (m+ ;n + ;; ) are close
enough to allow the radial eigenfunctions to overlap. This ectively limits the number

of coupled harmonics in low-shear devices.

Historically, the gap modes were assigned names that indieathe geometric origin of
their existence. The (10) coupling is caused by toroidicity, hence the nam@roidicity-
induced Alfven eigenmodg TAE), the continuum gap in which the mode exists is called
TAE gap. Ellipticity causes the (2 0) coupling and the corresponding gap mode is
termed ellipticity-induced Alf\en eigenmode (EAE), giving the name EAE gap for the
(2;0) continuum gap. All other tokamak-like gap modes and comiuum gaps with

= 0 are namednoncircularity-induced (NAE ). In stellarators, B varies in toroidal
direction as well, creating additional gaps for which 6 0. In case of helical variations
of B where both, and are 6 0 the name helicity-induced (HAE ) is used, whereas
purely toroidal variations, which cause toroidal mirror dds, are namednirror-induced
(MAE, ).

Near the cylindrical intersection pointr , the gap modes are inside the continuum
gap but they are radially extended and have a constant freqoney throughout the
plasma. It can happen that at some other radial locatiomg, they obey the local shear
Alfien wave dispersion relation! 2 = k2(ro)vi(ro). In this case they can resonantly
excite the Alf\en continuum and su er from strong continuum damping. Otherwise
the gap modes are only weakly damped and can be destabilizeddsuitable driving
mechanism.

3.3 Beyond Ideal MHD

3.3.1 Wave Drive and Damping

The power transfer between particlgs and electromagneticaves is obtained by taking
the time derivative of the work E= Fds done on the particle by the Lorentz force:

dE
— =W Ex+vs El)+ %t;

i (3.15)

where E and B are the electric and magnetic eld associated with the wavegspec-
tively, and E is the particle energy. Assuming thatE and B vary as exp(ik x i't)
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and integrating (3.15), it is seen that in average a non-vasiing energy exchange be-
tween wave and particle is only possible if the resonance dition v v, is satis ed
(Vpn Is the phase velocity of the wave). Shear Alfven waves andggnmodes propagate
along the magnetic eld lines with the Alfven velocity va, hence fast particles can
resonantly interact with these waves if they have longitudial velocitiesv;®>  va.

The parallel electric eld is alwaysEy = 0 in the ideal MHD approximation. Even
if kinetic e ects such as nite resistivity are included, the ratio v\Ex=(v-E>) 1 so
that the term containing Ey can be neglected [11]. If one considers only well circulagin
particles wherev,  v», the third term in (3.15) can be neglected because, ! 0 for
these particles and usuallyB=B, < 10 2 for Alf\en eigenmodes. This leavesv, E, as
the dominant term. After averaging over the fast gyro-motia of the particle, retaining
the guiding center drift only (see Sec. 2.2), and assumingnighing radial transport,
this becomes

dE
— = E-:
at ~ SVe e

Thus, the energy exchange between fast, circulating ionss(groduced by the neu-
tral beam injection at W7-AS) and AEs is dominated by the pendic cross- eld drift
velocity v4. There is a subtle implication in the dependence of the waymarticle in-
teraction on the drift velocity: Because the particles arean ned on drift surfaces,
that are displaced from the ux surfaces to which the modes araligned, the particle
"feels" a periodic modulation of the wave amplitude and phasthrough which it can
interact with the mode itself. This sideband excitationcreates additional resonances
which allow a signi cant wave-particle interaction even fo particles with vy < v, as
seen in the modi ed resonance condition [11]:

M 1 2-2 No ° 3.16
— = ———————  sgn : :
Here, p and p are the Fourier coe cients of vp which are related to the Fourier
coe cients of the magnetic eld, ( ; ) are the coupling numbers of the AE, and,, =
ke(m;n) = (m n)=Ry is the parallel wave number of one of the AE harmonics. If
all dominant fourier harmonics ( p; p) are substituted into (3.16) one after the other,
the complete list of possible resonances is obtained.

The eigenvalued ? of the ideal MHD force balance operator in the normal mode ap-
proach are real (see Sec. 2.3.2). Therefore all Alfen wav@re marginally stable in
this theory. In order to derive an expression for the energyehange between wave and
particles, kinetic e ects have to be included. In the followng, two theoretical models
are presented that perturbatively apply a kinetic correcton to the ideal MHD model
based on the drift-kinetic approximation, i.e., neglectig the fast gyro-motion of the
particles and considering the drift of guiding centers onlgs described in section 2.2.
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3.3.1.1 Perturbative, Local Approach

By identifying (ev) with a current carried by a particle, observing that in ided MHD
Alfien waves are marginally stable, and neglecting , @ =@tEq. (3.15) can be written
as

Z

d®°xJ E=0:

where the integral is taken over the entire plasma volume. T& equation describes
the energy exchange between the whole plasma and the wavedeal MHD. Now, a
perturbative approach is applied as described in [11]. Assing that a small population
of energetic particles is present, the current can be written ag = IMHP + J | Here,
JMHD js the wave-induced current in ideal MHD, andJ is that of the energetic ions.
Using the fact that for ideal-MHD Alf\en waves Ey = 0 and By = 0 one can write
A, =0and E = r -, ~which is assumed to depend on time as exp( it ). If the
wave frequency! is presented a3 = !,+ ! , the equation

Z
d*>x 3MHP v =0

determines the ideal MHD eigenfrequency,. For the perturbative approach to be
valid, ! I o should hold. For the growth rate =Im ! is obtained

R
- dBxJ, r,~ _
" d3x (@VMHD =@}) r ~

= Im

(3.17)

The energetic particle current is calculated from the distbution function of the fast
particles, which can be calculated as the solution of the karized Valsov equation by
the method of characteristics and be written as follows:
Z t

d E+v B @;

e
= — 3.18
m @ (3.18)

wheref g is the equilibrium distribution function and v (t) = d r (t)=dt are determined by
the equation of motion of the particles. Instead of using spial coordinates, it is more
convenient to use the constants of motion of the particles asdependent variables for
the distribution function. Assuming only well circulating particles wherevy,  const

and neglecting the Larmor rotation, the constants of motiorand adiabatic invariants
are the particle energyE, the magnetic moment ,, and the toroidal canonical mo-
mentum. The additional assumption of small particle orbit vidth allows one to use
the radial coordinater instead of the toroidal canonical momentum. In many practial

applications the particle trapping parameter = B=E, related to the particle pitch

by =1 2, is easier accessible than,. Here, B is the averaged magnetic eld
on the magnetic axis. In these coordinates, considering grthe resonance part off™
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and using the drift-kinetic approximation, v = vy + vp, EQ. (3.18) can be simpli ed
to give:

ft) = — fo dt®vp(t t9Y r Tt t9; (3.19)

0
where "is a di erential operator given by

A @ m @ nl@

@& E @ ! .r@r

and! . is the particle gyro frequency. To proceed, all important gantities are expressed
in Fourier series according to

X

(3.20)

X = Xmn (r) exp(im in it );
m;n, #
X
Bp = B 1+ (B)(r)cos( N ) ;
X ;
Vo = Ups(r)explip +is ):

p:s

All indices, m;n; ; ;p and s are integers. Assuming that the particle stays on ux
surfaces allows the simpli cationr(t) = const: and the approximation of the time
dependence of the particle position as

)= @+ @ t); @)= @+ @° 1)

Here,! and! are the frequencies of the poloidal and toroidal particle tation,
respectively. This gives for the energetic ion distributio function:

fom= — fo %exp(lp +is ); (3.21)
m , mn
p;s
where P> =1 (p+ m)! (s n)! . Now the wave-induced energetic particle
current is given as the velocity moment over the distributia function,
Z

jon = € V(v + vp)fmn:

After some algebra and in the limit of well-localized modesna that only two essential
harmonics are present, the authors of Ref. [11] arrive at thellowing expression for
the growth rate:

(Ve v

C222(r) |
kS

dev’ X iUpsj?
m 0 JUpg]

p:s

(3.22)
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wherer is the radius around which the mode is localized,

kim =[(m+p) (0 s)=Ry;
and the resonant longitudinal velocity is

Ve = 1=k s, (3.23)

Eqg. (3.22) contains the di erential operator “which consists of three terms: The
rst term, m @=®B is usually stabilizing because@f=® is usually negative. This
collisionless damping is also known dsandau damping However, if positive velocity
gradients are present in the distribution function, they ca strongly drive instabilities.
Experiments performed in W7-AS with radial NBI indicate tha if the positive gradients
are strongly localized in space, they are likely to drive ionyclotron instabilities with
frequencies in the MHz range [37]. Only spatially extendedogitive velocity gradients
are expected to contribute signi cantly to the mode drive va the term containing
@f=@, but the creation of such gradients requires that the energe particles cross a
loss cone during their slowing-down. If the fast ion distribtion function is isotropic,
the second term of vanishes but it can contribute to the growth rate of eigenmades
in case of strongly anisotropic NBI heating. The third term ontaining @ =@yives the
largest contribution to the growth rate in most cases. It degibes the in uence of
the spatial (radial) inhomogeneity of the distribution function on the stability of an
eigenmode. The magnitude of the interaction is given by thetio of the diamagnetic
drift frequency ! to the mode frequency:
2

Lo @nin). (3.24)

! 0 r! 0! c @r
where n is the toroidal mode number,v is the characteristic speed of the energetic
particles,! . is their cyclotron frequency, and@n(n )=@1s the density gradient scale
length. This term describes both, damping and drive of a modelepending on the
sign of the mode numbers. Because the density decreases witmodes withn < 0
are destabilized ifB > 0. When the eld is reversed,! changes sign with! . . The
diamagnetic drift frequency grows linearly withn and therefore favours modes with
large mode numbers.

In the derivation of Eq. (3.22) it was assumed that the mode istrongly localized around
the surfacer = r . This approximation is justi ed even for modes with a ratherwide
extend if the magnetic shear is small and the density pro lesi at, which is usually
the case in optimized stellarators. On the other hand, the adliors of Ref. [11] admit
that the applicability of the approximation of only two dominant harmonics is likely
to be violated due to strong multimode coupling where more tin just one ( ) is
responsible for coupling of additional harmonics to the eegmode. The approximation
of energetic, well-circulating ions withvy v, that was explicitely made use of in
the derivation of the growth rate further limits the applicability of the expression to
cases with tangential NBI, which is, however, no restrictio at W7-AS. If the same
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formalism is employed to calculate the damping by the bulk pkma, only the Landau
damping by electrons and ions which are in resonance with timeode is covered { the
growth of the instability will probably be overestimated. Recently, the theory has been
generalized to take into account the nite width of eigenmods and the e ects of nite
Larmor radii and nite By [38].

3.3.1.2 Kinetic MHD

The second approach generalizes the ideal MHD force balartcetake into account

kinetic e ects and is described in Ref. [39]. The use of a saalplasma pressure implies
distribution functions that are isotropic on ux surfaces, dropping this assumption

requires to represent the pressure with a tensor

r %’: O|—V+J B: (3.25)
dt
Respecting the privileged direction imposed by the magnetield by expansion in com-
ponents parallel and perpendicular tdo = B =B, the pressure tensor can approximately
be written as

B=pY +(p pobb

with
x £ x £
Px = dBPvmvify;  pr = d®v Bf ;

X=e;i; X=e;i;

wheref, is the distribution of speciesx, e stands for plasma electronsi, for thermal
ions, for the fast particle species, angB is the particle energy perpendicular td.
After linearizing, the rst-order part of is given by

$ X “

P = d*v[B % +(myvZ B )bb]fx+[(myv? B )(bb + bb)]fox (3.26)

X=e;i;

In the following, it is assumed that all perturbed quantities vary intime as  exp( it ).
The energy change due to the perturbation can be calculatedofn the linearized,
rst-order force balance (3.25) by multiplying it with the complex conjugate of the
displacement vector and integrating over the plasma volume (only displacements
perpendicular to the equilibrium magnetic eld are allowed in accordance with ideal
MHD). The result can be written in terms of three individual ontributions:

Wiin = Wmag + Wp; (327&)
where the individual contributions are given by:
| 2 z
Wiin = = d | ,j% (3.27b)

2
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Z

W mag = d3Xij2 B (-, Jo) (3.27¢)

N |

17 $ $ $

W, = > d°x (r Pe+ (r Pj+ (r P): (3.27d)
Here, Wi, describes the change in the kinetic energy of the system due the per-
turbation, the change in magnetic energy,W g, is identical to the ideal MHD con-
tribution to the perturbed magnetic energy, and all kinetice ects are embedded in
W, If this term is considered to be small, i.e.W, W g, the growth rate can be

calculated perturbatively:

1 Wp(! o)

I+
2 Wmag

(3.28)

In this approach, each particle species contributes sep#&ely to the growth and damp-
ing of the mode. The task is now to nd an expression for the ptrrbed distribution
function. The author of Ref. [39, 40] uses a drift-kinetic agation. Furthermore, only
ideal MHD perturbations are assumedEy = 0) and radial particle drifts are neglected.
In order to avoid following the 3D particle orbits explicitdy, a technique developed by
Rewoldt at al. [41] is used where the particles are assumedrteove along eld lines,
feeling a bounce or transit averaged drift only. The resultg expressions give the
perturbed distribution function f~in terms of fo and the perturbed elds { they are
di erent for passing and trapped particles because of the tiegration over the di erent
particle orbits. The resonance frequencies correspond tbhacacteristic frequencies of
the patrticle orbits: transit and bounce frequencies and tlveharmonics, and transit or
bounce average drifts of the guiding centers including thedeband resonances given
by eq. (3.16). In Boozer coordinates the contribution of amsgle particle speciex to
the energy integral (3.27) is found to be [40]

P Z Z Z Z

d p_
w - — E — B
X mz 1 ds d dd i g
X >€' e iZW(nO I']) @B;X
mn p=1 @
mono
I 2 (2 ml)!
D—E
(p+ ng)!,
mly +§ 1y + ol !
EmonoM T Cn M 00 (3.29)
where the particle LagrangianC = (myvZ B) , + Br » describes the

particle guiding-center motion,

hexp[2i (M%+ n%) © i(p+ nq)! (%
1 (m® 0 ® cog Sp cosp! xt% isin? 5p sin(p! xt%

mon0 _
M pn =



3.3. BEYOND IDEAL MHD 43

g= 1 h idenotes the transit or bounce average along particle orbife= t°¢ 9],
p denotes the Fourier harmonics of bounce or transit frequeies, ! ; (! ) is the tran-
sit (bounce) frequency for passing (trapped) particled, and J are the toroidal and
poloidal plasma current, respectively, and the upper terrmif:::g has to be used for
passing particles whereas the lower term is suitable for pped particles. The reduced
diamagnetic drift frequency is given by

1  @5=@s
Ze" gB2 @f=@&

Eq. (3.29) contains, similar to eq. (3.22), terms @f=@and @f=@ that are ex-
pected to behave equivalently. In contrast to the local apmach, the particle motion
is less approximate, a fact that leads to additional resonags at the particle transit or
bounce frequencies that can enhance drive or damping.

Once the displacement (x), the ideal MHD eigenfrequency of the modé, and the
distribution functions f for all species are known, Eq. (3.28) can be solved numerigal
to obtain the e ective growth rate of the instability. It inc ludes the nite radial ex-
tend of eigenmodes as well as the di erent characteristic$ the orbits of trapped and
passing particles { providing a more profound descriptionfdahe e ective linear growth
and damping rate than the local approach. Still, this approeh is perturbative and,
strictly speaking, valid only in the limit of small perturbations and energetic particle
populations.

3.3.2 Wave-Induced Transport

Wave-particle interactions have been treated in a linear pirbative approach in the

last section. This is useful to determine the linear growthate which indicates whether
an eigenmode is stable or unstable under given conditions.utBit does not describe
wave amplitude saturation or the radial redistribution of @rticles in the presence of
a wave with nite amplitude, e ects that are observed in all fusion experiments. Full
non-linear and self-consistent calculations of wave-pate interactions are required to
solve this task.

Due to the complexity of the problem, analytical predictios and simple numerical
models of the e ect of a wave on the particle distribution fustion result mostly in qual-
itative arguments. Numerical simulations of the full nonihear problem that describe
the temporal evolution of particle distribution functions as well as mode amplitude
and frequencies have been done for tokamaks and successitdimpared to the exper-
iment (e.g. [42, 43]). But excessive use of the axisymmetry tokamak con gurations
had to be made to reduce the dimensionality of the problem angake it numerically
tractable. Comparable simulations are just becoming avaible for stellarators due to
increasing computing power and advanced numerical schenjé4, 45].

Because systematic non-linear studies of wave-particletenactions in stellarators are
still lacking, the following discussion of wave-induced p#cle transport will only name



44 CHAPTER 3. ALFV EN WAVES, -CONTINUA AND EIGENMODES

the most important physical e ects that are expected. These ects can be roughly
divided into two classes: (I) resonant transport that a ecs particles which move in
resonance with the wave, and (lI) non-resonant transport tht a ects other particles
as well by perturbations of their orbital motion.

3.3.2.1 Resonant Transport

Particles that are in resonance with an instability can drie it if they provide a source
of free energy that can be tapped by the instability. The mosimportant are strong
spatial gradients and deviations from a local Maxwellian diribution function. This

implies, of course, that if energy is transferred from the pacles to the wave, the
energy source is drained until a stable con guration is ackved.

In case of instabilities driven by spatial gradients this mens that the gradients are
reduced. Steep radial gradients in the distribution of engetic particles are a common
phenomenon in fusion devices. The e ect of Alfven eigenmed on the distribution

function is a radial redistribution of the resonant partices within the region where the
mode is localized to reduce the local gradient. If the modeliscalized near the plasma
edge, the energetic ions can be expelled from the plasma.

An alternate mechanism for the resonant transport a ects pssing particles that are
close to the trapping boundary. If they are in resonance witthe mode and transfer
parallel energy to it, they can become trapped and possiblgdve the plasma on large
banana orbits. In either case, the amount of particle lossesexpected to scale linearly
with the mode amplitude [15, 16].

3.3.2.2 Non-Resonant Transport

In contrast to the losses by resonant interaction with the istability, enhanced transport
caused by Alf\ven eigenmodes is also possible for partickbat are not in resonance with
the mode. Several responsible mechanisms can be identi ddi]:

The displacement of ux surfaces associated with the mode uses the fast ion to
move radially by the same amount. This can potentially incrase the step size in
a random walk model of di usion as in classical or neoclasaldransport theory.
However, this e ect is considered to be negligible.

Alfenic activity can cause a stochastization of magneticeld lines (destruction
of magnetic surfaces) if the amplitude of the perturbations su ciently strong.
In this case the radial transport is caused by the parallel ntimn of particles along
stochastic eld lines. After the stochasticity threshold tas been overcome, the
particle transport is expected to scale asB=B)? [42].

The periodic perturbation causes additional resonancestiseen the complex or-
bital motion of the particle and the spatial structure of themode eld. Again, a
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large amplitude perturbation ofB=B 10 2 is required for the e ect to become
important [16].

3.3.3 Kinetic Modi cations of the Alhen Wave Spectrum
3.3.3.1 Kinetic Alfen Waves

The singularities that appear in Eq. (3.4) are a sign that thedeal MHD model breaks
down when very short scale perturbations are excited. On tke short scales it is
expected that charge separation e ects and, hence, nite pallel electric eld pertur-
bations Ex become important due to, e.g., nite ion Larmor radius e ect, small but
nite electron inertia, as well as nite plasma resistivity and viscosity. All these e ects
can be included in a nite, complex valued conductivity in Olm's law which means
dropping the ideal MHD assumption. In the presence of niteEy, additional e ects
can also be expected from wave-particle interactions sucls &iscous, collisional, or
Landau damping of waves by electrons and ions. If such "kinet e ects are included,
it is possible to show that the wave equation is modi ed to inlade a fourth-order term
like [34, 35]

A%r o 2r o, (3.30)
where
3. . T .
GO {(1 i o)

e and ; are the electron and ion damping contributions, respectilie and ; is the
ion Larmor radius. This equation is valid provided the relabns me=m, e 1
and k3 2 1 hold. The term containing the fourth-order derivative renoves the
singulatities near the resonant layer. In fact, the modi edvave equation describes the
conversion of a long-wavelength shear Alf\en wave to a shewavelength kinetic Alfven
wave (KAW) near the resonant layer, that transports the energy amss the magnetic
eld away from the resonance and is eventually absorbed by ¢hbackground plasma.
The disper;ion relation for KAWSs is [46]:

h [

SKAZ 1+ i+l gE? o K@ Z g
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2
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2 (3.31)
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If the fourth order term is small, it dominates the wave equabn only near the position

where the second order term vanishes. If the kinetic e ectselsome large, they can

modify the Alfven wave spectrum considerably. A possibleansequence is a shift of
the frequencies of shear Alfen eigenmodes into the contiom.

The same considerations hold qualitatively in toroidal deges. In addition, due to
KAW coupling, similar to shear Alfven wave coupling, a coutable in nity of new Ki-
netic Alfven Eigenmodes (KAEsS) emerges with frequencies just above the continuum
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gaps [47] that replace the continuous spectrum. The granuity of the KAE spectrum
becomes visible when observed with a resolution capable tetelct kinetic e ects. Re-
cently, KAEs have been shown to exist in stellarators simitato the Wendelstein-line
[48].

3.3.3.2 Energetic Particle Modes

In the presence of su ciently strong fast-particle drive, yet another Alf\en eigenmode
emerges that is, correspondingly, calleBnergetic Particle Mode (EPM). Their exis-
tence has been shown analytically for tokamaks [49{51] andquires that the energetic
particle dynamics are included nonperturbatively, i.e. othe same footing as the bulk
plasma dynamics. In stellarators, energetic particle modeare expected as well, with
similar features as in tokamaks.

EPMs are predicted to emerge from the KAE dispersion relatioas additional shear
Alf\en instability if the fast-particle drive exceeds thelocal continuum damping. These
modes can, therefore, be characterized fmsced oscillationsof the plasma with frequen-
cies close to characteristic frequencies of the fast patdamotion, e.g. transit, bounce
or precession frequencies, and inside the shear Alfven ¢iomum. Consequently, the
instability is characterized by a threshold. In the case ofakamaks it has been shown
that the three types of shear Alf\en eigenmodes, ideal MHDap modes, KAEs and
EPMs, occur under di erent experimental conditions [49]. @p modes are a threshold-
less instability and can be destabilized by a perturbativglsmall population of energetic
particles. They always constitute the most unstable shear |[Aen eigenmode if they
do not su er from continuum damping due to the variation of the gap frequency with
the radial plasma pro les. If the drive by the energetic iongs su ciently strong to
overcome the continuum damping, EPMs are expected to be theangest instability.
KAEs become the most important instability only if the TAE is strongly damped by
the continuum and the threshold for EPM excitation is not exeeded. However, KAEs
are never strongly instable, recalling that strongly driva KAEs merge into the EPM
branch.

From linear analytical calculations [51, 52] as well as numeal simulations [53] of
EPMs it is known that the real part of the EPM eigenfrequency tsongly depends on
detailed characteristics of the energetic ion distributio function. Frequency chirping
and conversions between EPMs, KAEs and gap modes are expdcte the presence
of non-linear wave-patrticle interactions and changes in ¢hbackground plasma. The
radial eigenfunctions of the most unstable EPMs are locaéd at radial positions where
the particle drive is strongest. Frequency chirping on slotime scales is associated with
changes in the thermal bulk plasma and can happen for gap mades well as for EPMs,
while chirping on short time scales characteristic for fagon redistribution due to
strong wave-particle interactions is predicted exclusiie for EPMs. Frequencies inside
the shear Alfven continuum, the di erent radial localization as well as the frequency
chirping are hints that sometimes allow to distinguish beteen gap modes and EPMs
in experimental observations of Alf\enic activity.



Chapter 4

Experimental and numerical tools

4.1 The W7-AS device

The Wendelstein 7 - Advanced Stellarator was operated from9&8 to 2002 at the
Institute for Plasma Physics (IPP) in Garching, Germany. Itis a ve-period stellarator.
The enormous exibility in the vacuum magnetic eld con guration and plasma heating
scenarios have made the device being a full success. The imissf W7-AS included:
[54]

demonstrate the generation of a con ning magnetic eld withmodular coils,
demonstrate the success of partial stellarator optimizain,

study the plasma con nement properties of a currentless dtarator,

develop suitable heating scenarios,

develop and study of the island divertor concept.
Several operation modes with improved plasma con nement weediscovered at W7-AS.:

H-Mode in stellarators: High con nement mode with edge transport barrier at the
plasma boundary,

OC-Mode: Optimum Con nement mode with negative radial electric elds in the
gradient region,

HDH-Mode: High Density H-Mode with good energy con nement and low imputy
accumulation simultaneously at high densities.

Fig. 4.1 shows a picture of the W7-AS device surrounded by djaostic and heating
equipment. Tab. 4.2 lists some important device parameters

a7
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Figure 4.1: Photo showing the W7-AS stellarator and diagnts/heating equipment.

The vacuum magnetic eld in W7-AS is produced by coil systemshown schematically
in Fig. 4.2. W7-AS is a partially optimized low shear stellaator with ve identical eld
periods and is shaped like a pentagon. The main eld is genéed by non-planar mod-
ular eld coils which generate toroidal and poloidal eld canponents simultaneously.
These coils alone produce a eld of up to 2.5 Tesla with a xedotational transform

0:4 and almost no magnetic shear ddr. Additional planar toroidal eld coils are
used to change in the range from about 03 0:6. At low , the shear is slightly
negative, at high it becomes more and more positive. A small vertical eld gemne
ated by the vertical eld coils controls the horizontal podiion of the plasma column
to compensate the Shafranov shift. The ohmic (OH) transforator is used to either
compensate toroidal currents (such as the bootstrap currgrto zero for a net current
free operation, or to induce substantial tokamak-like cuents in order to increase the
magnetic shear and to study current-driven plasma instabiles. An additional set of
larger non-planar coils located in the corners of the pentag introduces even more
exibility. They allow to increase the magnetic eld at the corners and modify the
mirror ratio of the toroidal magnetic mirrors. Not shown in Hg. 4.2 are the control
coils, two coils per period that were used to control the siz&f natural magnetic islands
present in the vacuum magnetic eld for large values.
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Figure 4.2: W7-AS magnetic eld coils. MF: modular eld, TF: toroidal eld, VF:
vertical eld, OH: Ohmic heating, NI: neutral beam injection.

| Diagnostic | Type | Quantities measured |
Interferometers optical, wave line integrated electron density
Electron Cyclotron electron temperature, uctua-
Emission (ECE) tions

Thomson Scattering

Ruby and Nd:YAG

electron density and temperature

Neutral Particle Ana- ion concentrations and tempera;
lyzer (NPA) ture, impurities
Bolometer radiation power

Soft X-Ray Cameras

electron temperature, impurities,
uctuations, tomography

Spectrometers densities, temperatures, impuri-
ties
H Camera neutral gas density, particle

uxes, divertor strike lines

Diamagnetic Loop

plasma energy content

Rogowski Coil

plasma currents

Mirnov Probes

magnetic uctuations

lon Loss Probe (EFIP)

escaping energetic ions

Diagnostic Atom Beams

e.g. Lithium beam

edge plasma density

Langmuir Probes

plasma parameters and uctua-
tions in the divertor region

Table 4.1: Selection of diagnosics at W7-AS.
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Figure 4.3: Heating and diagnostic systems installed at WXS. Not all available di-
agnostics are shown.

Several diagnostics were installed at W7-AS to monitor thelgsma. Table 4.1 illustrates
the diagnostic possibilities, even though it is not complet For plasma heating, neutral
beam injection (NBI) and electron cyclotron resonance heiag (ECRH) were used. The
NBI system consisted of two beamlines with four sources o60MW each that were set
up for balanced (co- and counter) tangential injection. Ladr, the setup was changed
for unbalanced injection (Fig. 4.4). The injected, highly eergetic neutral particles are
ionized either collisionally or by charge exchange reactis and heat the bulk plasma
by thermalization. The ECRH system had ve sources with 70/240 GHz and 0.5
MW power each. ECRH was used for (local) plasma heating, Idaglectron cyclotron

current drive (ECCD), and electron heat transport studies Ify power modulation).

Also, experiments using the OXB conversion to convert elecin cyclotron waves to

electrostatic Bernstein waves, for which no upper cuto desity exists, were performed.

4.2 Diagnostics

This section deals with diagnostics that were installed at VE-AS. The focus will only
be on those diagnostics that have been used in the data ana$ysAfter giving a short
overview of the physical basis, the setup at W7-AS will be elgned.
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| Device | |
type Advanced Stellarator
coil system modular coils
symmetry m=5
rotational transform 1 0:3 0:6
major radius R m 2.0
minor radius a m a 02
fuel gas 'H or °H (D)
rst wall materials TiC, tungsten, (boronized) carbon
wall conditioning methods carbonization, boronization,
He glow discharge
| Magnetic eld | |
toroidal eld at coils T 3.5
toroidal eld at axis T 2.5
eld ripple, B=B 1 0.09 on axis
0.3 on LCMS
magnetic well 1 0:015:::0:01
| Heating |
ECRH 70 GHz | 1 x 0.5 MW (3s)
140 GHz | 1 x 0.3 MW (1s)
140 GHz | 3 x 0.6 MW (1s)
NBI tangential | 8 x 0.5 MW ( 15)
radial moderate power only
Operational Limits
| Quantity | Limit [Bo[Tl| & |[nelm ¥ [ Te[eV]]| Pnei [MW] | Pecrh |
Ne 40 10° |25 0.55 350 2.4
Te 6.8 keV | 2.5 0.34 | 220 10° 2 MW
T 1.8keV |25 0.345] 5.0 10 1.3
hi 3.4% 0.9 0.5 2.0 107° 2.8
E 0.06s 2.5 0.345] 1.1 10° 0.33
NeTi g 50 107t | 25 0.345] 1.1 10 0.33
eVsm 3

Table 4.2: Some important properties of the W7-AS device.
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Tangential Injector
4 Sources, 1.7 MW
(Nordost)

Tangential Injector

4 Sources, 1.7 MW
(West) Radial Injector

2 Sources, 550 kW

Figure 4.4: NBI beamline setup at the end of W7-AS operationThe former counter-
injecting beamline was moved to perform co-injection as velThe radial injector was
mainly used for diagnostic purposes.

| Probes | Sample rate| Cross section [crf] | Length [cm] |
MIR-1, Type 1 333 kHz 3.60 2.1
MIR-1, Type 2 333 kHz 3.20 3.2
MIR-1, Type 3 333 kHz 3.20 2.1
MIR-3, MIR-5 1 MHz 5.94 3.6

Table 4.3: Important properties of the Mirnov probes at W7-/5.

4.2.1 Mirnov Diagnostic

The Mirnov diagnostic consists of a set of spatially distribted coils that measure
magnetic uctuations dB=dt. The coils cannot be immersed into the hot plasma, they
are usually mounted to the vessel wall. To shield the coilsdm stray radiation and
hot particle uxes, they are embedded in a steel tube.

The recorded time traces yield information about spatiallyextended, periodic magnetic
eld uctuations in the plasma. At W7-AS, three poloidal arrays of MIRNOV probes
were installed, calledMIR-1, MIR-3, and MIR-5. Their spatial distribution is shown
in Fig. 4.5 and some important properties are compiled in Tab4.3. All probes are
setup to measure uctuations of the poloidal eld component In the MIR-1 array,
three di erent types of coils were used, all coils in arrays NR-3 and MIR-5 are of the
same type. The MIR-1 array could be operated independentlyf the fast probes in
arrays MIR-3 and MIR-5.

The probes in the MIR-1 array have a good inductancé as well as a rather large
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Figure 4.5: Mirnov probe setup at W7-AS. The black line indiates the vessel contour,
the blue lines are ux surfaces from a sample con guration,hite numbered probes are
shown in red.
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Figure 4.6: Equivalent circuit of the MIR-1 probe, connectin cable, and housing tube
to calculate the transfer function.
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Figure 4.7: Comparison of analytical transfer function wh the measured one for each
type of MIR-1 probes. The top row shows the amplitude of the &mnsfer function,

the bottom row shows the phase shift. Solid line: analyticainodel according to the
equivalent circuit. Triangles: measurements performed d. Aug. 1998.



54 CHAPTER 4. EXPERIMENTAL AND NUMERICAL TOOLS

capacity C. Therefore, they behave like LC resonance circuits with a senance fre-
quency near 200 kHz that is slightly di erent for each probeype. Furthermore, long
connection cables without impedance converters shift thesonance frequency towards
70-120 kHz. Near the resonance frequency, the amplitude dietinduced voltage in-
creases signi cantly and the phase between exciting sigrahd induced voltage jumps
gradually from Oto . This phase shift can be corrected if the complex transferria-
tion of the measurement setup is known. Earlier attempts toarrect the data resulted
in an analytical model for the transfer function, based on th equivalent circuit shown
in Fig. 4.6, that agreed well with measurements performed wé the vessel was opened
for maintenance in 1998 as shown in Fig. 4.7.

In order to validate the phase and amplitude corrections, # inverse transfer func-
tion was applied to measured time traces containing broadhd uctuations that are
commonly observed in ECRH heated plasmas. The same uctuatis, recorded by the
fast Mirnov probes of the nearby MIR-5 array at equivalent plwidal positions, were
taken as a reference. It was assumed that the spectral propes of the uctuations
are similar. Fig. 4.8 shows the FFT spectra of the MIR-1 data ith and without cor-
rections along with the reference MIR-5 spectra. The resonee is clearly seen in the
uncorrected data. The spectra of phase and amplitude corted probe signals show
that the amplitude is overcompensated by orders of magnit@near the resonance (the
analytical transfer function diverges at that point). Furthermore, there is a mismatch
in the resonance frequencies between analytical model andgma system for each coil
type. Since the agreement between measurement and model iste good without
plasma, the only explanation is that the presence of the plag shifts the resonance
frequencies as well. This indicates that the plasma must bedluded in the equivalent
circuit for the probe setup (Fig. 4.6). The simple assumptio that the plasma acts
as an additional mutual inductance does not result in a corgtent compensation of
the shift for all probes simultaneously. It therefore seem® be impossible to apply
proper phase and amplitude corrections to the MIR-1 array. Breover, because the
resonance frequencies di er in the range from 70 - 120 kHz faeien the probe types,
the time traces measured with di erent probe types will havea di erent phase shift in
this frequency range. This renders the MIR-1 probes uselefss a proper eigenmode
analysis in the frequency range beyond 70 kHz.

There were discharges where the plasma in W7-AS was created & 900 MHz HF
source instead of ECRH. In those cases, the MIR-3 time tracehow occasional data
losses for at least some of the MIR-3 probes which are mounteear the HF launcher.
This problem is probably related to HF pickup and a correspating failure of the DAC
hardware. It could be improved but not fully avoided by the irstallation of HF lters.

A ected are the time traces beforet  0:25 s, a manual inspection of the time traces
is required if eigenmodes in this time range are analyzed.
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Figure 4.8: Application of the inverse transfer function tomeasured uctuations for
a probe of each type in the MIR-1 probe array. Top row: FFT of umodi ed data;
middle row: FFT of corrected data using the inverse transfefunction; bottom row:
spectrum of nearby fast probes at equivalent poloidal pogiins.
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4.2.2 Plasma parameter diagnostics

The spatial temperature and density pro les of the plasma sgries are of great impor-
tance for any attempt to understand the plasma. In the follomg section an overview
of the diagnostics is given which were used to obtain and wdéite the pro les.

4.2.2.1 Thomson Scattering

When a strong, linearly polarized, monochromatic electroagnetic wave is indicent
on a charged particle, the electric eld of the wave exerts afce on the particle and
sets it in motion. Since the eld of the wave is periodic in tine, so is the motion of
the particle. Thus, the particle is permanently acceleratk and, consequently, emits
radiation. This process can be interpreted as a scattering the incident wave. If the

charged particle in question is an electron, the process ialled Thomson scattering.
If the particle is in rest, the frequency of the scattered wasis the same as that of the
incident wave. Otherwise, the Doppler e ect will detune theemitted frequency. This

can be used to infer the electron velocity distribution funtion from the spectral shape
of the scattered light, the intensity of the scattered lightis proportional to the electron

density. The Thomson scattering cross section

e2 2

m =6:65 10 29m2
oftle

_ 8

Thomson 3
is very small. To gain a usable signal amplitude in measuremts, enormous wave
amplitudes (as those of intense laser beams) are needed.

At W7-AS, two Thomson scattering systems were installed. Gnsystem was equipped
with a Ruby laser that could emit a single pulse per dischargeFor time resolved
electron density and temperature pro les, a second systensing a Nd:YAG laser with
a pulse length of 10ns and a repetition rate of 20ms was ind&d. The experimental
setup is shown in Fig. 4.9. The laser light is chosen to traves the plasma vertically
near the elliptical plane to gain high spatial resolution wth respect to the ux surfaces.
16 sight lines observe scattering volumes with a vertical ®nd of z = 2:5cm. The
vertical separation between the observation volumes isz = 4:0cm. The scattered
light is projected onto polychomators that split the light into three frequency compo-
nents. Each spatial channel is equipped with its own polycomator box. Basically one
polychromator box consists of three interference lters tht allow the scattered light to
transmit in a certain wavelength range. The electron tempature can be estimated by
tting a Maxwellian velocity distribution integrated over the spectral sensitivity of each
polychromator channel through these three points. At W7-ASBayesian probability
theory is used to evaluate the electron temperature and ddatysfrom the measurements
including forward modelling of measured data and calibraih measurements [55].

The spectral sensitivity of the polychromator channels wasptimized for an electron
temperature in the keV range. Most of the discharges that weranalyzed in the
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Figure 4.9: The Nd:YAG Thomson scattering system at W7-ASncluding signal de-
tection and processing. IF: interference lter, Det: detetor (avalanche diode), Pol:
polarizer. z is the extend of the scattering volume.

scope of the present thesis, however, have electron temgaras well below 1 keV.
For low temperatures, the signal of at least the outmost spwral channel becomes
very small and the reconstructed temperature has a large uertainty. Systematic
errors in the calibration further complicate the situation While the pro le shape is
well reproduced, the magnitudes of density and temperaturare not. Therefore, the
estimated pro les need to be further validated with other dagnostics that are known
to produce reasonable results.

4.2.2.2 Diamagnetic loop

The diamagnetic loop serves to measure the energy contentloé plasma. It consists of
a loop surrounding the plasma poloidally and the induced wvialge is a measure for the
change of the toroidal magnetic ux. One or more "compensain loops" measure the
change of toroidal ux outside the plasma. The di erence beteen them is the change
of ux induced by the plasma, which is related to the energy ctent of the plasma.
This change is usually negative which indicates that the ptana reduces the toroidal
magnetic ux, i.e., the plasma is diamagnetic, hence the naenof the diagnostic. For a
screw pinch of length ZR and radius a, the total change in toroidal magnetic ux by
the plasma energy and toroidal currents is given by [56]

Z
e O @)
o 3RB, 8B, R ’ '
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%
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Figure 4.10: Diamagnetic loops at W7-AS. The loop named Dia$ located in the
=15 plane, the second loop in the =36 plane.

whereW = 4 °R 3:2Rr p(r)dr is the total plasma energy,l the net toroidal
current and j, (r) the toroidal current density. The last term describes then uence
of the current density pro le. Due to the factor r® inside the integral, only the current
densities near the plasma edge contribute signi cantly. Ithe net toroidal plasma
current and the current density pro le are known, the kinett energy of the plasma can
be reconstructed from the measured diamagnetic energy.

Fig. 4.10 shows the setup of the diamagnetic loops at W7-ASh#& loop named "Dial"
is accompanied by two compensation coils, all three are iadfed inside the vessel. The
second loop has no compensation coils and is mounted to théside of the torus. The
three-dimensional geometry of W7-AS has an in uence on thagqbe signals such that
EqQ. (4.1) does not hold. Interpretation of measured data igjevertheless, possible by
forward modelling of the probe signhals based on the full 3D gmetry in the form of
free-boundary MHD equilibra [57].

4.2.2.3 Soft X-ray electron temperature measurements

At W7-AS, a set of three di erent soft X-Ray diagnosticcs wasnstalled [58]. The
rst diagnostic system with two cameras was equipped with auge variety of di erent

Iters for the incident photon energy and was used to measurine radiation emitted

by impurity ions to determine the e ective charge numberZ, and to trace the ra-
dial impurity transport. The second system with a lower numler of sight lines was
used as a monitor for the electron temperature. The third sysm named "MiniSoX"

consists of a total of 320 sight lines covering the whole disrge cross section. It
allows for tomographic reconstruction of the plasma equilfium and even the radial
and poloidal mode structure of low-frequency Alf\en- and MID Eigenmodes. Fig. 4.11
shows schematics of all three camera systems.

There are three major contributions to the total soft X-Ray enission of a hot plasma.



4.2. DIAGNOSTICS 59

(@ (b) (©)

Figure 4.11: The three soft X-Ray diagnostic systems instatl at W7-AS: (a) exible
impurity monitoring system; (b) T, monitor system; (c) MiniSoX system for tomo-
graphic reconstructions.

The rst component is the bremsstrahlung that is emitted by éectrons that are ac-
celerated in the Coulomb eld of the ions. The spectral powedensity depends on
the electron temperature asdP=d! exp( h!=k gTe). The second important part is
the radiation emitted by electron-ion recombination proceses. The free electrons that
are captured into bound states have no discrete energy spech, the recombination
emission forms a continuous spectrum as well. The third corapent is the discrete line
radiation emitted by plasma impurities.

The dependence of the spectral power density of the bremsgitung on the electron
temperature can be used to derive electron temperature frosoft X-Ray emission
measurements. Two detectors with di erent absorber foilshiat are opaque for pho-
tons below a certain energy observe the electromagnetic ration of the same plasma
volume in the spectral ranged ;:::1 and!,:::1 , respectively. The ratio of the in-
tensities measured in both spectral ranges is compared to dab calculations to deduce
the electron temperature. Line radiation by lowZ impurities (e.g. boron, carbon) is
suppressed by choosing appropriate Iters that absorbe tee photons. The remaining
intensity is weak due to the exp( h!=k ,Te) decay, but this can partially be compen-
sated by choosing larger detectors and reducing the spati@solution. Line radiation

by medium-Z impurities like iron or tungsten can be included into the modl if the

impurity species mix is known from spectroscopic measurente. In W7-AS, the cen-
tral electron temperatures by X-Ray analysis usually agresell to ECE measurements.
X-Ray analysis is especially valuable in the high density ggme where ECE is in the
cut-o regime.
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Figure 4.13: Schematic of side and top
view of the probe operation. The gyro-
radius (energy) of a particle determines
if it can pass the two apertures 1 and
2, and how far from aperture 2 it will
strike the scintillator in point 3. The
pitch angle determines where the par-
Figure 4.12: Schematic of the fast ion ticle will strike along the orthogonal di-
loss detector. rection of the scintillator.

4.2.3 Fast lon Loss Detector

A fastion loss probe, called EFIP (Escaping Fast lon Probepased on a ZnS scintillator
plate was installed on W7-AS, too [59]. The schematic of theiadjnostic setup is
shown in Fig. 4.12. The probe is located at a position whereceording to guiding-
center calculations, the larges ux of energetic ions is egpted. It was mounted to a
manipulator that allows the probe to be varyingly positiond from 27 cm below the
midplane to 40 cm below the midplane (the location of the veskwall).

Energetic ions that are able to enter the probe through two agtures (see Fig. 4.13)
strike the scintillator at a position that is determined by their gyro radius (energy) and
their pitch = w=v. The image of the light pattern on the scintillator is transerred
through an optical system to a set of detectors that allow thepatial distribution and
the total intensity of the light to be recorded. The details ¢ the light pattern excited
by the ions depends on the dimensions of the apertures, thgiosition relative to the
scintillator, and the orientation of the probe with respectto the ambient magnetic
eld. The W7-AS probe has, in fact, two sets of entrance apeutes that allow one to
measure co- and counterpassing ion losses simultaneously.

Interpretation of the spatial light pattern is possible by rumerical simulation for a
given magnetic eld con guration. The striking points of particles on the scintillator
are determined by the gyro radius and pitch angle only, whichllows the generation of
a mapping between E; ) and locations on the scintillator as shown in Fig. 4.14. The
light was simultaneously recorded by a CCD camera, which gis an output image of
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Figure 4.14: Pitch angle and energy maps for typical W7-AS sitharge conditions.
Shown is the scintillator outline, the aperture sets and thenaps for co- and counter-
passing ions. Only the counter coordinate grid is annotatealith values. The numbered
circles indicate regions on the scintillator to which the PM's are sensitive.

128 128 pixels each 100 ms, and a set of 15 photomultipliers (PMTthat observe
di erent regions on the scintillator and are digitized with a rate of 4 kHz.

4.3 Mirnov Data Analysis

In this section, the tools for analyzing the Mirnov probe da are discussed. It covers
advanced tools for harmonic analysis of one- and multidimsional datasets to ob-
tain time-resolved frequency spectra as well as time-regetl frequency-mode number
spectra from the sampled data.

The best way to check if some interesting coherent mode adtyis present in the
data is to look at the time-resolved frequency spectrum of éhsignals measured by
individual probes. These can be calculated very fast with gat accuracy by means of
continuous wavelet transform.

All the standard tools for multi-dimensional harmonic anajsis fail in the case of Mirnov
data obtained on W7-AS and many other stellarators, mainly écause the probes can-
not be evenly spaced. Even worse, the probes at W7-AS are sdmapwith di erent
sample rates. Thus the temporal datapoint spacing is uneveas well as the spatial
spacing between probes. The mode number analysis is donengsa newly developed
technique based on the Lomb periodogram. It basically is araightforward, multi-
dimensional extension of Lomb's original periodogram deition [60]. It is well suited
for the case of unevenly sampled datapoints. Like multi-diensional fourier transform,
it analyses the available temporal and spatial data at the sae time { giving maximum
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con dence in the analysis results.

4.3.1 Continuous wavelet transform

The history of wavelet analysis started early in the 20th ceary. The goal was to
develop a tool for highly time-resolved spectral analysisf @atasets. Several appli-
cations exist: Signal coding, data compression and reconsition, data Itering, or
time-resolved frequency and power spectra. The term "wawet! is due to Morlet and
Grossman in the early 1980s. They used the french word "ond#k" which means "lit-
tle wave". Wavelet transforms have become a standard tecloie in signal processing
and this topic is covered in many text books [61{63].

Wavelet transform refers to the representation of a signahiterms of a nite length
(or fast decaying), oscillatory waveform called the "mothewavelet". This waveform
is scaled and translated in time and "compared" to the signalWavelet transforms are
broadly classi ed into discrete wavelet transform (DWT) ard continuous wavelet trans-
form (CWT). Basically the di erence between these two is thathe continuous wavelet
transform operates over all possible translations and seal whereas the discrete wavelet
transform uses only a speci ¢ subset of scales and transtatis that make the resulting
wavelets bi-orthogonal. Every wavelet transform can be ceitlered as a frequency-time
representation of the signal and therefore is related to hawonic analysis. Furthermore,
the continuous wavelet transform is subject to Heisenbegyuncertainty principle. In
the following, only the CWT will be presented.

43.1.1 The Mother Wavelet

The mother wavelet function (t) must be continuous and has to satisfy the following
conditions:

1: Rj (t)j?dt =1 normalized
2: Rj (t)jdt< 1 bounded
3 R (t)dt=0 zero mean
4: Rt“" (t)dt =0 M vanishing moments
The last condition is useful in many applications. For the aplication, the mother

wavelet is scaled by a facton (frequency) and translated by a shiftbin time to give

0=p= 20
ab a a
Given the conditions above and this scaling rule, it can be etvn that the wavelets

ab(t) are localized in both, time and frequency domain. The widtlof the wavelet in
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Figure 4.15: The Morlet wavelet.

frequency domain, f, and in time domain, t, satis es the condition f t C,
which is Heisenberg's uncertainty principle. Several mo#n wavelets exist with di erent
properties. For a frequency analysis, Morlet's wavelet ihe best to one use.

4.3.1.2 The Morlet Wavelet

The Morlet wavelet, named after Jean Morlet, was introducedby Goupillaud, Gross-
mann and Morlet in 1984 [64, 65]. It is a constant subtracted from a plane wave
and multiplied with a Gaussian window, as shown in Fig. 4.15.

C .
= e 2=2
1
C = p

1+e * 2e3°%#4

By the Gaussian envelope, this wavelet is well localized iroth, time and frequency
domain. The additional parameter species the number of harmonic oscillations
within the window and allows a tradeo between frequency andime resolution. Con-
ventionally, > 5 is used to avoid problems due to the small temporal extend aery
low . The frequency uncertainty becomes very large at such small

4.3.1.3 Calculation of the Wavelet Transform

When calculating a complete wavelet transform, one rst hato de ne a grid in time-
frequency space on which the transform is to be calculated. h& number of output
points in frequency and time domain can be freely chosen. Thanges are, however,
limited by the available data. The scanning frequency shodiinot exceed the Nyquist
frequencyfyy = 1=2f s wheref is the sample frequency. For each point;;f;) in the
output array, the wavelet at appropriate scalea = 1=2f and time shift b= t; tg
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is calculated and convolved with the data. The convolutionan be done in two ways:
Either, the convolution is calculated directly in the time cdomain. This can be quite
e cient if one remembers that the wavelet is localized in tine. Most of the wavelet will

be (nearly) equal to zero and can safely be neglected. Theretbonvolution covers only
a moderate amount of datapoints which is further reduced whit increasing scanning
frequency because of the better localization in time domainother acceleration can
be achieved when the data is evenly sampled. Then the waveleteds to be calculated
only once for each scanning frequency, the shift in time careldone by simply shifting

the indices. OZn the other hand, the convolution theorem canébused:

a b= at ) o) =F YF(a F (b)

whereF denotes the Fast Fourier Transform (FFT) andF is the complex conjugate of
F . This procedure requires the data to be evenly sampled besauthe FFT algorithm
is used. At each scanning frequency, three fourier transfos of the size of the dataset
have to be calculated.

4.3.2 Lomb periodogram analysis

The harmonic analysis of unevenly sampled data can be donedwaluating the discrete
version of the fourier integral explicitely (periodogram malysis, see e.g. [66]), but this
has several drawbacks: First of all, it includes numerous mputationally expensive
evaluations of sine and cosine functions. And secondly, tlubtained spectrum has
no well-de ned statistical properties. The latter means tlat if a peak is observed in
the spectrum, it is impossible to tell whether the peak restd from a periodic signal
in the data at that frequency, or is caused by a signal at a dieent frequency due
to spectral leakage or noise in the data. In the case of everdpaced datapoints the
sampling theorem along with the orthogonality of di erent fequency components (in
in nitely sampled datasets) guarantees the relevance of gigiven peak in the spectrum.
Nevertheless, the periodogram analysis is a good approxima to the spectrum that
would have been obtained by least-squares tting sine and sime waves to the data.

In 1976, the Australian astronomer Lomb proposed a slight naib cation to the classical
periodogram de nition that makes the statistical behaviou of the periodogram equal
to that obtained in the case of evenly spaced data [60]. The i periodogramP for
a dataset ¢i;y;);i =1 :::N gives a power spectrum and is de ned as

P , P ,)
py= L Ly weost ) [y ycos'(t )
' 22  cog ! (t; )  cog ! (t; )

(4.3)

where! is the scanning frequency, is the standard deviation, andy the mean value
of the dataset. The parameter makes the periodogram invariant to time translations
and is given by

sin2t

: tan(2 =
( ) ; COS 2t

(4.4)
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Lomb has shown that his periodogram is exactly equivalent ta least-squares t of the
data to the model

y = asin(!t ) + bcos(t )+ "

However, the spectrum is no direct measure for the amplitud# a periodic signal [67].
At each frequency! , a sine and cosine wave are tted tgthe datg; yielding coe cients
a(! ) and b(! ) such that the sum of squared residuals "2 is minimized. Quantities
proportional to the variances of the amplitude coe cientsvar(a) and var(b) are also
computed. The periodogram (4.3) can be written as

a2+  a N (v
var(a2+ ) var(a) var(b’

P(1)=

which states that P is a relative measure of the signal amplitude compared to the
variance of that amplitude. The covariancecoa; b can be omitted because the time
shift  renders the sine and cosine functions orthogonal over timemain so that a
and b are uncorrelated.

The statistical properties of the Lomb periodogram have beehoroughly investigated
[67, 68]. For evenly spaced datapoint8(! ) is proportional to the spectrum obtained
by discrete fourier transform (DFT) or Welch's periodogram For unevenly spaced
datapoints it was shown [69] that for a peak of height the "false alarm probability”
(the probability that a peak of height z could be caused by pure gaussian noise) is

P>z)=1 (1 e®H" Me? (4.5)

where M is the number of independent frequencies scanned. It is vedycult to
actually calculate M for a given datapoint distribution. Numerical simulationsshow
that M is nearly identical with the number of datapointsN if the datapoints are
evenly spaced andN frequencies in the Nyquist range are scanned [70]. The elent
of the Nyquist set of frequencied! (g for N non-evenly spaced datapoints can be
de ned as the set of frequencies obtained by a discrete Foerianalysis ofN evenly
spaced datapoints betweety andty, where the zero frequency componeht, is usually
excluded in periodogram analysis. Thereforé! yg=f 2k=(ty t1); k=1:::N=2
1g. Equivalently, the Nyquist frequency is given by! - n=>. FOr uneven spacing and
a random datapoint distribution, the number of independentfrequencies is not much
di erent from the case of even spacing.M may di er signi cantly, however, if the
datapoints are "clumped" in groups of nearly regular size.

Several enhancements result from uneven datapoint spacingliasing e ects are re-
duced which makes it possible to detect frequencies well aleahe Nyquist frequency
without signi cant alias peaks below. Oversampling, that neans scanning additional
frequencies between the ones given by the Nyquist set of fuegcies, could also make
sense. Quantitatively, the enhancements depend on the dataint distribution { the
best results are obtained for truely random spacing.
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4.3.2.1 Multidimensional extension of the Lomb periodogra m

The most general ansatz for a (possibly weakly nonlinear) gpagating wave pattern is
a series expansion in plane-wave basis functions:
X
f(x;t) = Aj expli(kjx  1t)] (4.6)
j
Now consider a system that is topologically equivalent to awo-dimensional torus.
Periodic boundary conditions suggest a change of space toghlncoordinates and a
parameterization of the wave vector by mode numbers. In patal direction we use
and m for the angle coordinate and the corresponding mode numbegspectively,
while in toroidal direction these quantities will be called and n. Rewriting Eq. (4.6)
with this choice of variables yields

X
f(;;t)= Amnexpli(m n It)]: 4.7)

m:n

The signs in front of the spatial terms in the phase argumentféhe exponential function
depend on the de nition of the positive propagation directons in the experiment under
consideration. Note that for strongly nonlinear modes, theeries expansion (4.7) may
not converge su ciently fast. Then the number of harmonics equired to correctly
resemble the mode structure can become larger than the numba harmonics that
can be unambiguously identi ed in experiment.

One can now consider a number of probes at positions;{ ;) that yield the data
points (tj ;y; ), wherei is the time index andj denotes a probe number, respectively.
We make no assumptions about the probe spacing or the sampkeas of individual
probes. It is then possible to use the Lomb periodogram to atlefor the probability
that a certain harmonic with mode numbers ih; n) at frequency! is present in the
measured data. This can be done by replacing all occurencéstq in (4.3, 4.4) by the
more complex phase argument

py=my Nty (4.8)
We then have
8 hp i)
P ( [ ) 1 2 ij Igylj y) COS(DU | )
m; n;! = [
* 22 > i’ CO§(p,J | )
"P | 59
i E,y‘i y)sin(pjp ! ) = o
I iij Sinz(pij | ) '> .

It is important to note that this straightforward extension does not change the sta-
tistical properties of the Lomb periodogram. In addition tothat, because a single,
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spatio-temporal model is tted to all available data, resuling advantages are e ective
reduction of noise and maximum con dence in the obtained p@w spectra.

Experimentally observed eigenmodes are often non-statemy. E ects that are com-
monly observed include frequency sweeping and bursting mesd Thus it is vital to
have a time-resolved analysis method at hand. In order to ir@duce time resolution
to the Lomb periodogram, the same technique known from waetlanalysis is used.
A window with a frequency-dependent width is applied to the dtaset to reduce the
analysis to a narrow time interval only. Time resolution is ahieved by moving this
window over the dataset. The impact of window functions and ata weights on the
Lomb periodogram has been discussed by Scargle [69]. Thedeww is a two parameter
family of functions W, (t) with the analysis frequency and time as parameters. The
time-resolved Lomb periodogram is given as:

1
- = P
Pag(m;n; !t o) 2 2 Wiy o(t) :
8 hp 2
2y (Gtoycosp ! )
P
> . cog(p; ! )
h 23
g Yy (Gto)sin(py 1) = (4.10)
I i sinf(p ! ) v |
where

Vi (Gto)=(yi y) Wi, (t):

The window function should have the same translation and skiag properties as a
mother wavelet. It has to be kept in mind that the window functon can in uence the
spectral properties. Suitable windows are well localized both, frequency and time
domain. Choosing a non-localized window can lead to spedttaakage and thereby
the formation of side lobes in the spectrum. Tests with a gasisn and a rectangular
window have been performed to study the impact of the windowhape. No signi cant
spectral leakage could be observed in tests with the rectarigr window and a realistic
datapoint distribution. Hence, it seems reasonable to emgp} the rectangular window
in all subsequent analyses.

In order to apply the mode number analysis to W7-AS Mirnov da, it is required
that the probe positions are given in magnetic coordinateS.he mapping procedure is
discussed in section 5.1.3.

4.3.2.2 Sensitivity studies with surrogate data

The extended Lomb periodogram has been subject to extensitests which address two
purposes. On one hand, it has to be made sure that the extendedmb periodogram
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| Probe | Pol. mode number rangg Tor. mode number range
MIR-1 m=-7.7 -
MIR-35 m=-4.14 n: even/uneven
MIR-1 + MIR-35 | m=-7.. 7 n=-2. 2

Table 4.4: E ective Nyquist mode numbers calculated for thaV7-AS Mirnov probe
setup

gives the expected results. This can be done by studying thesponse to well known
input data. On the other hand, no such relationship like the Mquist theorem exists
between datapoint spacing and mode number resolution of tharmonic analysis. The
performance of the periodogram analysis has to be studiedmarically for any situation
considered. The following tests were performed with artiially generated datasets for
the Mirnov probe setup at W7-AS.

E ective Nyquist mode numbers: In order to determine the e ective Nyquist

mode numbers for the Mirnov probe setup at W7-AS, test datatewith a wave having
increasing mode number were prepared and analyzed until aliea peak with a smaller
mode number was found. At W7-AS, the fast Mirnov probes (args MIR-3 and MIR-

5, 1 MHz) have been used routinely only in a late stage of the gariment and for a
long time, only the poloidal MIR-1 array was available. Thegfore, the Nyquist mode
number analysis has been done for MIR-1 and MIR-35 separatels well as combined.
The test function used was:

fona (55t )=sin(m n It)

The e ective Nyquist mode numbers that have been found are sumarized in Tab. 4.4.

Resolution of multiple harmonics: Test datasets containing more than one har-
monic have been prepared. Three dierent situations were @ilied: Dierent fre-
quencies and mode numbers, same mode structure but di erefiequencies, and same
frequency but di erent mode numbers. The test function usedvas:

FC )= fmpngn (G5t )+ fmgngn (G5t )+ 00
All the test cases could be correctly analyzed with all inpubharmonics resolved indi-
vidually. An example is shown in Fig. 4.16. There, ve di ereit harmonics have been
prepared which are all correctly resolved and separated fnoeach others. This example

contains harmonics at the same frequency but with di erent mde numbers, and such
with the same mode numbers but di erent frequencies.

E ect of noise:  The e ect of noise on the analysis results has been tested tvitwo
di erent noise models. The rst model is the well known addiive or amplitude noise

fons (55t )= R+sin(m n  1t);
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Figure 4.16: Resolution of multiple harmonics within a sing signal. Five input har-
monics were prepared, slightly asymmetrical in the mode nuyers, which are all re-
solved unambiguously.

the second noise model used phase noise
fona (55t )=sin(m n It + R):

The noise termR represents white noise (gaussian random variate with zerceian and
a standard deviation that equals the noise amplitude).

In Fig. 4.17 the magnitude of the expected peak in the spectruis shown as a function
of the noise amplitude for both noise models. Higher noise aftitudes result in lower
detection amplitudes which is equivalent to an increase ohé probability that this

peak could be caused by the gaussian noise present in the daf&e exponential decay
in case of the amplitude noise ts nicely to the statistical nadel given by Eq. (4.5).

Figure 4.17: E ect of the noise level on the magnitude of an pected peak in the
spectrum for both noise models.
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Figure 4.18: E ect of ballooning on the spectrum obtained byhe Lomb periodogram.

The deviation from an exponential decay seen in the case ofgs® noise results from
the fact that the noise term enters in a non-linear fashion.

E ect of ballooning: Ballooning is an e ect that is frequently observed in toroicl
fusion devices. It means that the amplitude of a perturbatio on the inside of the torus
(high eld side) is much smaller than on the outside (low eldside). To study how
ballooning e ects the obtained spectrum, the following tesfunction was used:

fona (531 )=12090) sinm  n 1t)
where

asin® =2
1 asin® =2

9( )=

It has been found that the peak amplitude drops slowly due tohie ballooning e ect
(cf. Fig. 4.18) and that with increasing "ballooning parameer" a the mode number
peak is broadened. Still, the broadening is signi cant onlyor large values ofa.

4.3.2.3 Tests with experimental data

Having shown that the extended Lomb periodogram works as esgted for arti cial
data, the capability of handling real experimental data stl remains to be proved.

In some W7-AS shots, low-frequency MHD activity is observethat strongly a ects

large parts of the plasma. These pressure driven Eigenmodeduce large amplitude
Mirnov signals with almost no noise. Thus they can easily anckliably be analyzed
with other techniques. The goal is to determine the mode nunalbs with alternate
methods and to compare the results to the Lomb periodogram.
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Figure 4.20: Mode number spectrum
obtained by Lomb periodogram analy-
sis for #56723,t =0:24 0:25.

Figure 4.19: Wavelet analysis of W7-
AS discharge #56723 at  0:24s

W?7-AS discharge #56723 contains strong Mirnov activity at afrequency of about
4.5kHz (see Fig. 4.19). The Lomb periodogram analysis Fig28 predicts mode num-
bers (m;n) = (3;1) for the observed activity. The equally strong peak obseed at
(m;n) = (3; 3) is due to spatial aliasing inn. Fig. 4.21 shows a part of the corre-
sponding (low-pass Itered) raw data recorded by the MIR-1 may. The space-time
diagram displays the time evolution of the amplitude meased by the MIR-1 probes
along a poloidal circumference. The average slope of the whwonts indicates am = 3
mode structure, explicitly exposed in the polar diagram. Té same data inspection
yields a toroidal mode numbem = 1. The visible result is further supported by a
phase di erence analysis. Here, cross correlation funatie for adjacent probes have
been calculated. Using the known frequency it is possible tanslate the time lag at
the point of maximum correlation to a phase di erence betweethe probes. The sum
of all phase di erences along a circumference equals the roen of wave periods and
the mode was estimated to ben; n) = (3 ; 1) within numerical accuracy.

The origin of the discontinuities of the phase fronts in Fig4.21 can be explained by a
forward simulation of the expected probe data. A dense set bélical current laments
with the same helicity as the eigenmode to simulate is put orhé corresponding ux
surface. The current distribution between the laments is bosen to match a plane wave
with the eigenmodes mode numbersr(; n) in magnetic coordinates, and Biot-Savart's
law is used to calculate the perturbed magnetic eld where meeled. As time progresses,
the current distribution is updated to simulate mode propagtion and frequency. The
magnetic eld vector at the probe position is projected ontahe probes normal direction
of the probe cross-section and the time derivative of the pjection gives the simulated
probe signal. Fig. 4.22 shows the simulation result for W7-&\discharge #56723. The
shape of the wave fronts is fairly well reproduced, includgnthe sudden phase jumps
near =2 and = 4. These are found to originate from the top and bottom regios
of the plasma where the strong curvature deforms the eigendes magnetic eld. It
can also be seen that the poloidal magnetic angleis compressed on the inside of the
torus and expanded on the outside.
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Figure 4.21: Raw Mirnov data for
#56723. Left: space-time diagram of
timetraces in one poloidal circumfer-
ence (MIR-1 array). Top: polar dia-
gram of interpolated MIR-1 data.

Figure 4.22: Simulated Mirnov data
for #56723. Left: space-time dia-
gram of simulated MIR-1 time traces.
Top: pol. B eld distribution in
MIR-1 poloidal plane, red dots indicate
Mirnov probe positions.
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4.4 Numerical codes

4.4.1 Equilibrium reconstruction and magnetic coordinate trans-
forms

For reconstructing the plasma equilibrium, the VMEC2000 ote (Variational Moments
Equibrium Code) is used [71, 72]. It is a full 3D, free boundgrcode that solves for a
plasma equilibrium by minimizing the MHD energy functional

Z B2

W, = 5 tP dv:
\% 0

The VMEC code requires the vacuum magnetic eld, experimeatly determined pres-
sure and current pro les, and an initial guess of magnetic & and the last closed ux
surface (LCFS) as input parameters. It starts by building silable magnetic surfaces
in the vacuum magnetic eld and in each iteration the geometr of the ux surfaces
is varied until the resulting MHD force on the surfaces drop# zero within speci ed
accuracy.

From the resulting plasma equilibrium, VMEC writes the Fourer coe cients of the
magnetic ux surfaces andB components in VMEC coordinates to an output le
along with radial pro les of important plasma parameters lke and . The resulting
equilibrium is not yet suitable in many cases. Manual variabn of certain free parame-
ters between di erent VMEC runs is often required to make thesquilibrium consistent
with other experimental boundary conditions. This task is slved automatically by the
STELLOPT code [73]. It takes the boundary conditions and useVMEC iteratively in
a nonlinear least-squares solver of Levenberg-Marquardipte to adopt the equilibrium
to the boundary conditions. In VMEC runs for W7-AS, the usualrequirements are
that the plasma extends to the limiting structures (diverta) and that kinetic energy
of the plasma is consistent with the measured diamagnetic engy. The plasma size
can be controlled by changing the toroidal magnetic ux ingle the LCFS which is a
free parameter to VMEC2000. Furthermore, STELLOPT rescakethe pressure pro le
to vary the plasma energy.

VMEC coordinates are no magnetic coordinates, an additioh&ransformation is re-
quired to get these. In all subsequent calculations, Boozeoordinates [28] are used.
The transformation is done using two separate tools for dient purposes. Most theory
codes use output of the "Mapping90" code [74] that providedé fourier coe cients of
ux surfaces, metric coe cients and other quantities in Boaer coordinates. On the
other hand, simple transforms between Boozer and real spag®ordinates can be done
with less information. The BOOZXFORM program, that is a part of STELLOPT,
provides the Fourier coe cients of ux surfaces andjBj much faster.

The coordinate transform between Boozer and real space cdioates is done using the
MCONF (Magnetic CONFiguration) package by Turkin [75]. Transforms from Boozer
coordinates to real space coordinates are quite fast. The Uf@er coe cients of the
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real space variables with respect to the Boozer coordinatagles are given. Only the
evaluation of a Fourier series for each spatial coordinate needed. The back transform
is not given explicitely and, therefore, more dicult { it is done by solving for those
magnetic coordinates that, transformed to real space, mdtahe given ones. This is
e ciently implemented in MCONF using Newton's method.

4.4.2 Alfen continuum calculation

The code COBRA (COntinuum BRanches of Alfven waves) [10] isntended for cal-
culations of the Alfen continuum in tokamaks and stellardors. It solves the follow-
ing equation of the Alf\en continuum in Boozer coordinates which is derived from
Eqg. (3.13)

1 2
L g+ g =0 (4.11)
12

where is the wave function, ! is the frequency,g® = ¢%(s;; ) = jr j?is a
component of the contravariant metric tensor in Boozer codmates (s; ; ), is the

toroidal magnetic ux, [ = @@ + @@ is a di erential operator along magnetic eld

lipes, g= 9(s; ; )= is the metric tensor determinant,go = h g(s = 0)i? h:i =

d (:::)=2 , ! 5, is the characteristic Alfven frequency at the magnetic ax§. This
equation describes a local Alfven resonance on an isolatetk surface. It only includes
di erentiation within the ux surface with the radial coord inate s as parameter. Ass
is varied, the Alf\en continuum branches appear.

The code uses Fourier expansion of the problem. Rewriting.{4) with Fourier coe -
cients for , g%, g¢° and truncating the Fourier expansion yields a nite-dimengnal
generalized eigenvalue problem that is solved by the code. sfgni cant amount of
the work done by the code deals with minimization of the truration e ects on the
obtained solution.

The code has three modes of operation. The rst mode is a singptontinuum scan
in the (r;! ) plane by solving the eigenvalue problem at several radialopitions for

many di erent values of the wave vectork in a certain interval Ky, K K. Thus the

user obtains a general picture of the Alfven continuum withall important gaps and

continuum regions at once. The second mode calculates theubdaries of a continuum
gap determined by the user by specifying the coupling numkeer This mode is important
because it easily enables the user to identify the origin ofigs. The third mode of
operation calculates the frequency (s) for a continuum branch characterized by the
mode numbers (; n).

4.4.3 Calculation of the fast ion distribution function

Fast ions can provide a drive for Alfen eigenmodes. In W7-8, fast ions are produced
by the heating systems of which NBI is capable of creating naviaxwellian fast ion
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populations. To recover the fast ion distribution as best apossible, two steps are
necessary { the rst step is the determination of the "birth pro le", in a second step
the "slowing down" distribution is calculated.

As the energetic neutral particles traverse the plasma, a rtain fraction of them is
ionized. The most important reactions areX and Y denote atomic species):

X+Y* I X*+Y charge exchange
X+Y*+t | X*+Y"+e ion collisional ionization
X+e | X*+2e electron collisional ionization

The NEUTRALBEAM code by Werner [76] uses Monte-Carlo techigues to simulate
the ionization of test particles. The ionization reactionsare modelled with measured
plasma pro les and realistic atomic cross section data. Isiassumed that plasma tem-
perature and density are constant on ux surfaces and that ta bulk plasma species
have Maxwellian distribution functions. The code is capakl of handling realistic parti-
cle source and vessel geometries. It was extended to alsdude equilibrium magnetic
elds. As a result one obtains radially resolved power depiti®n and birth pro les.
The birth pro les are further resolved by the ions orientaton to the magnetic eld, i.e.
the pitch . Typically, 10°:::10° injected particles are needed for smooth pro les.

In order to get the fast ion distribution function, the thermalization process of the newly
born fast ions (slowing down) needs to be modelled. The rong DFNBI by Ma berg
[77] is used for this purpose. It calculates the full (thermat+ fast) ion distribution
function, both the particle and energy balance are taken intaccount. More than one
background ion component may be specied. Charge exchangesdes are calculated
in the presence of a neutral gas density. The code assumes sotropic background
plasma and hence cannot be used to model a global slowing dadistribution function.

It is, however, a suitable approximation to the slowing dowmn an isolated ux surface.
The routine will be used to calculate a local slowing down digbution on each ux
surface using the radially resolved birth pro les obtainedrom Monte-Carlo ionization.

The isotropic part of the distribution is calculated using he linearized Fokker-Planck
equation (FPE) with NBI source, charge exchange and thermédss term. The particle
balance is satis ed iteratively in the rst inhomogeneous alution of the FPE. Then
the power transfer to the background plasma components istiesated in the second
inhomogeneous solution to satisfy the energy balance. Filyaa homogeneous solution
is added to give the speci ed beam particle density. The arosropic contribution is
estimated using Maxwellians for Rosenbluth's potentialsLegendre polynomial expan-
sion is used for the distribution function, the correspondig di erential equations in
velocity are solved indepenently. The velocity grid has thaighest resolution for very
small velocities as well as close to the three injection eggs.

The result of this calculation is a stationary distributionfunction f (s; v; ) for all, ther-

mal and fast ions, that is isotropic in space on any given uxwgface but anisotropic in
velocity. Once the full ion distribution function is calcubted, the usual statistical tools
(moments of the distribution function) can be used to extracmacroscopic quantities
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like temperature, density, pressure, current;:: The loss terms have the side-e ect
of modifying the thermal background distribution, making t slightly non-Maxwellian.
Consequently, no clear separation between thermal and fasn distribution functions
is possible. If a Maxwellian thermal background is substréad from the full ion distri-
bution function, the resulting fast ion distribution function is not positive-semide nite
anymore. In order to proceed it is, nevertheless, assumedathhe thermal ion distribu-
tion is Maxwellian and statistical fast-ion quantities deermined by velocity moments
M(n;f)= v"f (v)d3v of the distribution function are assumed in the form:

M(N;frast) = M(N;fr)  M(Nif)= M0 fn ),

wherefy, is a Maxwellian distribution function for temperature T and density n of the
thermal bulk ions.

4.4.4 Growth rate calculation

To get an estimate of the linear growth rate of a gap mode, theotal perturbative
model, Eq. (3.22), has been implemented in the LGRO code (LalcGROwth) by
Kenies [40]. The code considers only two coupled harmonjd¢ke radial location of the
eigenmode as well as the frequency are taken as given by Eq143. For convenience,
the Fourier harmonics of the periodic drift velocity,ups, are expressed as functions of the
magnetic eld strength, B . Experience shows that only the largesB coe cients
need to be considered to obtain the most unstable eigenmodd$e inclusion of more
coe cients leads to additional resonances between wave arghrticles with the side
e ect of destabilizing an increasing number of eigenmodes.

The code carries out the velocity integral for electrons, #rmal ions and fast ions
separately to highlight the contributions of each particlespecies. It is noted again that
the local model was derived assuming well-circulating pactes only and that trapped
particle e ects are neglected. Thermal electrons and iongetaken to be analytical
Maxwellian distributions with densities and temperaturesgiven by the equilibrium
reconstruction. The fast particle contribution is calculéed using the NBI slowing
down distribution, where a Maxwellian thermal ion distribution is subtracted. Bicubic
splines are used to represent the numerical data and obtaimeoth derivatives inside
the ux surface, whereas linear interpolation in the radialcoordinate is found to be
su cient.

In addition, a code named CAS3D-K solving the global, kineti MHD approach,
Egs. (3.28, 3.29), exists [40]. Besides the distribution riations of electrons, ther-
mal and fast ions, it requires knowledge of the radial eiganfctions of all coupled
harmonics that form the eigenmode. These can be calculatedthvcodes like CAS3D3
[78, 79] or BOA [10]. At the time of writing, CAS3D-K does not gt take advantage
of the anisotropic distribution functions obtained from sbwing-down modelling. How-
ever, previous results assuming an isotropic distributionf fast particles indicate that
both models give qualitatively similar results for W7-AS [B8]. The magnitudes of lin-
ear growth and damping rates obtained from LGRO are very appkimate due to the
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various approximations in the theoretical model and show tge di erences compared
to CAS3D-K results, but the relative magnitudes of the varias contributions are fairly
well reproduced.



78

CHAPTER 4. EXPERIMENTAL AND NUMERICAL TOOLS




Chapter 5

Experimental Results

5.1 Data Analysis

The identi cation of Alf\en eigenmodes in stellarators isa complex issue and requires
the incorporation of data from di erent diagnostics as wellas the employment of dif-
ferent numerical codes. The main topics of this thesis can lwast in three questions:
(D Which modes are observed? (1) Is their instability predcted by current 3D models
of wave-patrticle interaction? (lIl) Is con nement degradadion observed? The scheme
that was applied for data analysis and mode identi cation toanswer these questions is
shown in Fig. 5.1. Once the MHD equilibrium is reconstructeffrom discharge parame-
ters and measured data, the calculation of the Alfven contiuum is straightforward. It
is needed for the identi cation of experimentally observedE instabilities and involves
comparing predicted gap modes to observed mode numbers arehjfiencies. The next
step is to model the fast ion distribution function as a pre-equisite for the calculation
of the theoretically predicted growth rate of the instabilty. The second goal of this
thesis is to study of AE-induced energetic particle lossesl'he time traces of EFIP
photomultipliers are compared to the evolution of the waveraplitude for this purpose.

The reconstruction of the MHD equilibrium is an essential p in the analysis and all
subsequent steps depend on it. This has several reasons:

The equilibrium describes the magnetic topology and thus termines the mag-
netic ux coordinates.

The radial pro les of important plasma parameters, e.g. (r); (r), are deter-
mined by the MHD equilibrium. The structure of the Alfven continuum, from

which the mode numbers and frequencies of expected Alf\engenmodes are
derived, depends sensitively on the shape of these pro les.

The MHD equilibrium describes the variation of the magneticeld strength on
ux surfaces that a ects the structure of the Alf\en contin uum and the expected
resonances between waves and particles.

79
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Fast lon Loss
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Figure 5.1: Data analysis scheme used for mode identi caticand stability prediction.
Yellow indicates measured data stored in databases and she$, red indicates that
the use of numerical codes is involved.

Information about the magnetic eld direction, the shape of ux surfaces as
well as radial density and temperature pro les of the bulk sma are required
to model the radially resolved, anisotropic velocity disibution function of the

energetic particle population.

Due to the importance of the MHD equilibrium, special care iseeded in this step. It

is a consequence of the success of W7-AS operation that reggnof plasma parameters
were achieved that have not been thought of in its design phasThis is especially true

for the experiments close to the beta limit in the late phasefdhe experiments, from

which all of the considered discharges are taken. In thesegimes, the diagnostics are
operating at their very limits and su er from large uncertanties [81], making a careful
data validation necessary.

In the remainder of this section, the data analysis procedaris explained in more detail
using W7-AS dischage #54154 as example. This shot is from tigh- program at
half the possible magnetic eld strengthB = 1:25 T and is one of the few studied
discharges with uncompensated plasma current. It has beehosen because it gives
insight into typical problems that appear. Some Mirnov actiity occurs during the
startup phase, but no Mirnov data besides the monitor signat available in the time
ranget = 100:::150 ms where the activity is strongest and correlated with eimges in
the NBI power. Another mode is present at 200 ms. Fig. 5.2 shows the time traces
of the most important plasma parameters, while in Fig. 5.3 th frequency spectrum in
the time window where the activity occurs is seen.
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Figure 5.2: Time traces of Mirnov amplitude, plasma energyine-integrated den-
sity, electron temperature, and heating power for W7-AS shat54154.

Figure 5.3: Wavelet transform of the

Mirnov monitor signal for W7-AS shot Figure 5.4: Default current density

#54154. pro le used for the equilibrium recon-
struction.
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5.1.1 Data Availability

The presence of Mirnov data from di erent poloidal and torailal positions is required
for a successful analysis of poloidal and toroidal mode nueis. Due to the resonances
in the MIR-1 probes, they can only be used for frequencies bel 70 kHz. The
activity observed in shot #54154 is near 40 kHz, so it is posse to include MIR-1
data in the mode number analysis which is available from= 0:20:::0:53 s. The other
poloidal probe arrays, MIR-3 and MIR-5, have continuouslyampled data in the time
ranget = 0:21:::0:27 s. Data loss in MIR-3 time traces due to the 900 MHz startup
heating is not observed. The available Mirnov data allows a ode number analysis
only for the tail of the mode in the time ranget = 0:21:::0:22 s.

Besides the Mirnov data, the plasma parameters are of majonportance for the equi-
librium reconstruction. The shape of the density and tempeature pro les is determined
from the Nd:YAG Thomson scattering diagnostic that delives the pro les with a repi-
tition rate of 50 ms. The nearest time points for shot #54154 1@ t; = 0:18 s and
t, = 0:23 s. The raw pro les for both time instants are shown in Fig. ». Usually,
the density and temperature pro les are interpolated in tine to be able to reconstruct
the equilibrium at a time where the Mirnov indicates the presnce of an eigenmode is
present. The density prole att = 0:18 s errornously vanishes at = 22 cm and
has an invalid value atz = 26 cm, such that after dropping these values, no informa-
tion about the density and, consequently, the pressure neélre plasma edge remains.
Therefore, only the pro le att = 0:23 s can be used in the equilibrium reconstruction.

Due to the calibration error in the YAG Thomson system [55], ananual validation

of the pro les is required. On W7-AS, several optical and miowave interferometers
were installed, all with di erent lines of sight. Dependingon the chord length inside
the plasma and the plasma density, the interferometers surérom fringe jumps and

cut-o s and cannot be used reliably for the density calibrabn, as seen in Fig. 5.2.
The innermost channel of the soft X-ray diagnostic providea reliable estimate of
the central electron temperatureTS* that can be used to calibrate YAG Thomson
temperature pro le. The density calibration is done aftervards, using the diamagnetic
energyWgio( = 36 ) as reference for the kinetic energy stored in the plasma. 8o
diagnostics, TSX and W3¢ were available at the required time.

None of the diagnostics at W7-AS is capable of providing theadial pro le of the
toroidal plasma current density, only the net toroidal curent can be measured. For
shot #54154 att = 0:23s the toroidal net current is approximately 7 kA. In princple,
it is possible to obtain the current density pro le by a carefil transport analysis, but
this is very sensitive to the input parameters, i.e. densityand temperature pro les,
power deposition pro les, and impurity concentrations. Beause these su er from large
error bars in most discharges, a reconstruction has been exttpted in the past only
for selected W7-AS discharges. Taking these di culties ird account, it was decided to
use a default current density pro le (Fig. 5.4) for the equibrium reconstructions. The
default current density pro le is plausible and is nally justi ed by the consistency of
the analysis. But clearly such a choice means a signi cant ppthesis.
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/

Figure 5.5: Density and temperature pro les obtained by NdrAG Thomson scattering
for shot #54154 wherez is the vertical coordinate in the cylindrical R; ;z ) coordinate
system,z = 0 corresponds to the horizontal midplane of W7-AS.

5.1.2 Equilibrium reconstruction

The MHD equilibrium reconstruction requires, as describet section 2.3.1, the pre-
scription of the spatial distribution of plasma current andplasma pressure as a function
of the ux label. Since the mapping between cylindrical coalinates (R; ;z ), which are
independent of the plasma, and magnetic coordinates;(; ) is not known in advance,
an iterative procedure needs to be applied.

Attempts to use the measured density and temperature pro lairectly results in un-
reasonable equilibria. The reason for this |s that VMECs imrnal representation of
the pressure prole as a polynomialp(s) = ﬁio a,s" has approximately the same
number of free parameters as there are points in the measurpb le. As a result,
this representation of the pro le will follow the measured pints exactly and, despite
the large error bars, no smoothing takes place. This probleoan be circumvented by
repesenting the data with a parametric model of the pro le vih less free parameters,
where the analytical form of the model constrains the posdé pro le shapes. The
following model has been used in most of the W7-AS analyses:

o= 20 _5),

1+ (s=%)
wherea is the central value,s, determines the gradient region, the steepness of the
gradient, and the hollowness (< O0: hollow proles, > 0: peaked pro les). After
mapping the pro le points to magnetic coordinates, the panmetersag;so; and are
determined for density and temperature separately by a lelasquares t to the data,
using the errorbars as weights. The pressure pro le is theralculated using the ideal
gas law: p = 2nekg Te, Wherene = nj (Zess = 1) and Te = T; has been assumed.

(5.1)

Ref. [81] describes a way to perform an integrated data analg (IDA) that includes
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data from di erent diagnostics using the Bayesian probabiy theory (BPT) to im-
prove the accuracy of the Nd:YAG Thomson scattering pro lesat W7-AS. While it is
favourable to use IDA based on BPT, it is a lengthy calculatio and the correct assess-
ment of random and systematic errors of diagnostics at W7-AiS a complicated task
for which no appropriate solution exists. To be able to proeel with the data analysis,
a simpli ed validation procedure is used: It is assumed thathe shape of density and
temperature pro les are well reproduced. After outliers hee been Itered out and the
pro les are mapped to magnetic coordinates, spatial smodtiy is achieved by tting
the pro les to the model function. Validation is then achivel by rescaling the pro les to
make them consistent with other diagnostics. At rst, the eéctron temperature pro le
is rescaled by a factor ; to reproduce the central electron temperature obtained fro
SX diagnostic. The next step is to calculate the pressure pte and, from that, the
kinetic energy content of the plasma by integration over th@plasma volume:
Z Z qv
Wiin = pdV = p ——ds: (5.2)
0 ds

Comparing this to the measured diamagnetic energy gives tli@ctor , by which the
density pro le has to be rescaled. This has been embeddedarthe automated equilib-
rium reconstruction process. Looking at the posterior PDFor the Nd:YAG Thomson
scattering system in Ref. [81], it is observed that electrodensity and temperature
given by this diagnostic are anti-correlated, while the pkema pressure should be well
reproduced. One can therefore expect that the density andrtgerature corrections
behave as ; . L. This was not observed for all discharges. Cases with both, > 1
and > 1, or with corrections > 1.5 were resolved manually.

The iterative procedure applied throughout this thesis tohe equilibrium reconstruction
is as follows:

1. The equilibrium reconstruction is performed for a presse prole p(s) = po po S
that is linear in s and parabolic inr, with the constraints that the kinetic plasma
energy matches the measured diamagnetic energy and that thlasma extends
to the limiting structures (divertor or ba es). The equilib rium obtained this way
should have the same size and shape of the last closed ux sud as the nal
result. The Shafranov shift is expected to be comparable; lgnthe shape and
relative position of the inner ux surface is expected to var noticably.

2. The equilibrium obtained in the last step is used to map thelensity and tem-
perature pro le points to magnetic coordinates. Afterward they are tted to
the pro le model and calibrated as described above. Then, ¢hpressure pro le is
calculated from density and pressure pro les and the equiliium reconstruction
is repeated with the obtained pressure pro le and the same @straints as before,
keeping the plasma energy and the plasma size constant.

The second step can be repeated until pro le mapping and edjbrium are converged.
Further iterations turn out to not lead to additional accuracy because the uncertainties
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in the pressure pro le exceed the uncertainties in the mappg. Fig. 5.6 displays the
reconstructed plasma parameter pro les and the shape of usurfaces for the ideal
MHD equilibrium for shot #54154.

5.1.3 Mode Number Analysis

The choice of coordinates in the mode number analysis natlisaa ects the obtained
mode numbers ; n) via the de nition of the angle coordinates (; ). All calculations,
to which the results are compared, are done in Boozer coordies, hence the same co-
ordinates have to be used in the mode number analysis. Thisgreres to express the
probe coordinates in Boozer coordinates. The mapping is ntitvial because Boozer
coordinates are not de ned outside the last closed magnetsurface (LCMS). In order
to derive a suitable mapping procedure, it should be noticethat only those eigen-
modes which are localized near the plasma boundary can be ehed by the Mirnov
diagnostic. Core localized modes with vanishing displacemt near the plasma bound-
ary cannot cause magnetic perturbations visible from the d¢side of the plasma, thus
allowing to restrict the mapping to the outer ux surfaces. h addition, the Mirnov
probes do not allow to determine the radial eigenfunctionsjot even the localization
region of the mode due to the reason explained above. It is tleéore necessary to
assumethe radial localization of the eigenmode. The mapping of Mmwov probe po-
sitions to magnetic coordinates is equivalent to determing the magnetic coordinates
of the volume element inside the plasma from which the Mirnoprobes observe the
uctuations. Two di erent mapping procedures have been teed.

Using the approximation that the observation volume of a proe is a narrow cone
directly in front of it and choosing a xed ux surface s = sy near the plasma
boundary, the mapping reduces to nding the pointR(sy; p; p) on the surface
that is closest to the probe positionrR,, whereR is the position vector:

(So; p; p):  MiNjR(sp; ; ) Ry (5.3)

Secondly, forward modelling of the eigenmode using helicalrrent laments on
the surfacesy and the law of Biot-Savart to calculate the perturbed eld at
the probe position has been implemented. The current lamés for a (m;n)
eigenmode follow the path = o+  (n=m) in magnetic coordinates, whereg
is the poloidal start angle at = 0. Using the approximation that the cylindrical
toroidal angle . almost coincides with Boozers toroidal angle, the equivaie
probe p?siti?n in magnetic coordirzates given by this "impgle response” mapping
max max

is p= + ¢ (n=m), where ) is the poloidal start angle of the current
lament that gives the largest contribution to the simulated probe signal.

Both mapping procedures give comparable results, a weak @gplency of the mapped
coordinates on the mode numbers is observed using the secpndcedure. In Fig. 5.7
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7

Figure 5.6: Equilibrium data for shot #54154: density, temgrature and pressure
pro les (black: measured data, red: tto pro le shape, blue rescaled pro les) used as
input as well as the resulting and pro les. Additionally, ux surfaces in two cross
sections ( = 0 and = 24 ) are shown along with the vessel outline and plasma

facing in-vessel components.
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Figure 5.7: Mapping of probe coordi- F_lgure 5.8 C_omparls_on of minimum
nates to magnetic coordinates for W7- distance mapping and impulse response
AS shot # 54154 mapping for di erent m, n = 2 is used

in all cases.

the result of the mapping is shown, while Fig. 5.8 depicts a ogparison between both
mapping procedures.

After having mapped the probe coordinates, the mode numbenalysis is straightfor-
ward using the extended Lomb periodogram (section 4.3.2) sgan a suitable parameter
space inf;m;n and t. The result of this scan for shot #54154 is given in Fig. 5.9.
The mode number spectrum shows a responserat= 0 and m  6=7 for variousn.
The m = 0 contibution is can probably be attributed to a beginning &r- eld e ect, a
phenomenon that can be explained as follows: Assuming a mptile structure of the
perturbed poloidal magnetic eld that decays aBpo(r) Bpa(ro) jr roj (™™, the
ne structure of the perturbed eld in poloidal direction vanishes some distance away
from rq, especially for highm. The resulting "far eld" has approximately the same
phase everywhere along a poloidal circumference.

The other contributions in the mode number spectrum atn 6=7 su er from spatial
aliasing inn due to the low number of di erent probe positions in toroidaldirection. To
nd the correct value of n, one can consider the shear Alf\en wave dispersion relatio
12 =kavi=(m n)>vi=RZ. A necessary condition to obtain low-frequency waves is
that jkij = ' 3=v2 1, correspondingto n) 0. Near the plasma boundary, is
approximately 1=3 as seen from Fig. 5.6, resulting in the inter-relationship=m 1=3
and allowing to exclude cases with sgn{) 6 sgn(n) from shear Alf\en eigenmode
considerations. The only peak in the mode number spectrumahful lls the necessary
condition to be shear Alfen ism  6=7;n = 2.
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Figure 5.9: Results of the mode number scan for shot #54154= 0:21:::0:23s. The
left panel displays the time-resolved frequency spectrunorf mode numbers n; n) =

(6;2), while in the right panel the complete mode number spectm is given at the
point indicated by the center of the red circle in the left pael.

B

Figure 5.10: Shear Alf\en continuum calculated for W7-AS st #54154, t = 0:23s.
The left panel shows the continuum where individual continum gaps have been

coloured for identi cation. The right panel shows the same antinuum and, addi-
tionally, the dispersion relations for selected continuunbbranches.
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5.1.4 Eigenmode Identi cation

The next step on the way to identify an observed Mirnov actity as shear Alf\en
eigenmode is to compare determined mode numbers and frequies to the Alfien
continuum. It is calculated using the COBRA code (section 4.2) and requires the
reconstructed density pro le, the ideal MHD equilibrium aswell as the set of Boozer
coordinates for that equilibrium as input. The continuum isshown in Fig. 5.10, it can
be seen in the left panel that the TAE gap extends over the whelplasma radius at
f 35 kHz, the frequency of the eigenmode. The gap does not clogar the plasma
boundary, it is expected that the eigenmode will not su er fom continuum damping.

In the right panel of Fig. 5.10 the same continuum is shown iroojunction with a selec-
tion of relevant continuum branches. Di erent colours indtate the dominant poloidal
harmonic of the coupled branches, i.e. to which cylindricalontinuum branch a point
would belong in the limit of vanishing coupling coe cients ( ). The gure indicates
that for a TAE with n = 2 the following couplings could contribute to observed har
monics: m = 3;4, m =4;5, andm = 5;6. A coupling betweenm =6 and m =7 is
not expected from the shear Alfven continuum. In Fig. 5.9, aly a weakm =5;n =2
harmonic is found, the strongest contributions aren = 6 and m = 7. The weakness of
the m = 5 harmonics could result from a localization closer to thelpsma core, in that
case the radial eigenfunction could have diminished neardiplasma boundary and is
di cult to detect due to the low amplitude (the maximum of the radial eigenfunction of
a harmonic does not necessarily coincide with the radial laton of the branch crossing
point in the Alfven continuum). It must be noted that the equilibrium is calculated at
t = 0:23s while the eigenmode terminates dt= 0:22s. In between the plasma pro les
vary slightly (c.f. Fig. 5.2), so neither the mode number argsis nor the continuum
calculation that are based on the equilibrium reconstructin are su ciently precise to
de nitely exclude m =5 or m = 7 as possible eigenmode harmonics. The required
value of for am =6;7 coupling inside the plasma can be estimated using Eq. (3)14
and the resultis =0:308. The minimum in Fig. 5.6 is i, = 0:316, the di erence of
= 0:008 is small compared to the uncertainties introduced by thenknown current
density pro le and the pressure pro le and considering thedrge shear in this discharge.

Finally it can be concluded that the observed activity can bedenti ed as TAE with
n =2 and m = 5;6;7 harmonics which is consistent with shear Alf\en continum
calculations.

5.1.5 lon Distribution Function

The ion distribution function is an important ingredient in the calculation of the growth
and damping rates of AEs and allows to extract statistical gantities describing the
particle number densities and energy of fast ions. The toofsr calculating the ion
distribution function in the presence of a Maxwellian bulk pasma and NBI heating are
described in Sec. 4.4.3.
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Figure 5.11: Birth pro les for W7-AS shot #54154,t = 0:23s, 3.4 MW NBI power.
Radial pro les of deposited Monte-Carlo particle numbers red power density (top),
and typical pitch pro les in the plasma core ang at the plasmadge (bottom). The

. . . 1
pitch pro les are normalized so that the integral ~ f ( )d 1.

Figure 5.12: Full ion velocity distribution function for W7-AS shot #54154,t = 0:23s,
3.4 MW NBI power on a ux surface near the plasma core. Left gah: f (so;Vv; ),
right graph: pitch averaged distribution f (sg; V).
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Figure 5.13: Radial pro les of , fast, and vp=va for W7-AS shot #54154,t = 0:23s,
3.4 MW NBI power.

‘ H N [m 7] ‘ Nast [M 7] ‘ th [%H fast [%H fast = th ‘ Vb=Va ‘

s=0 2:23 10° | 1.01 108 2.45 0.55 0.22 1.89
s=1 2:77 10° | 3:.91 10'° 0.04 0.01 0.20 0.61
Vol. Avg. || .66 10°° | 3:55 10V 131 0.16 0.12 1.36

Table 5.1: Statistical quantities obtained from the velogy distribution function calcu-
lated for W7-AS shot #54154,t = 0:23s, 3.4 MW NBI power.

In shot #54154 att = 0:23s, both NBI beamlines with four ion sources per beamline
were switched on, delivering a total heating power of 3.4 MWHere a hydrogen beam
was injected into a hydrogen plasma. In the ionization modaig with 10° test parti-
cles per beamline, the total deposited power was estimated be 318 MW (93.6%).
Prompt losses of injected particles are neglected in bothgriization and slowing down
calculations. The birth pro le is shown in Fig. 5.11, wheretican be seen that the de-
posited power density peaks towards the plasma center, wkas most of the particles
are ionized at intermediate radii. The pitch distributionsare strongly anisotropic and
re ect the unbalanced injection used for the later W7-AS disharges.

The velocity distribution functions obtained after the slaving-down calculation, Fig. 5.12,
retain the velocity anisotropy near the injection energy. A expected, the fast parti-
cles become isotropic during thermalization. In the right gaph of Fig. 5.12 the three
injection energiesE = 55 keV, E=2 and E=3 can be identied. Table 5.1 lists some
important statistical quantities that were calculated ushg the ion distribution func-
tion. In Fig. 5.13 the radial pro les of i, fast andvy,=vp are depicted wherey, is the
beam velocity and ; is the thermal ion beta. When .5 is compared to the power
deposition pro le in Fig. 5.11 andvy,=Va(S) to the density pro le in Fig. 5.6, one nds
that the variation of hByi (s) is too small to in uence the pro le shape signi cantly.
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Figure 5.14: Growth Figure 5.15: E ective growth rates several TAE modes for
rate for the (5/6,2) W?7-AS shot #54154 using the anisotropic (left) or an equiv-
TAE in #54154. alent isotropic distribution function (right).

5.1.6 Growth Rates and Fast lon Losses

The LGRO code (Sec. 4.4.4) is used to calculate the gowth ratd the identi ed
m = 5=6;n = 2 TAE instability based on the equilibrium reconstruction and the
slowing-down distribution function. It is found that the electron Landau damping has
a stabilizing e ect on the mode (Fig. 5.14). The spatial inhmogeneity of the electron
distribution function does also contribute, but this term s signi cantly smaller com-
pared to the Landau damping. The thermal ions are slightly d#abilizing. This is
attributed to the localization of the mode in the gradient regjion of the plasma, where
the density gradient is strong enough to drive the mode via thions diamagnetic drift.
The required small resonance velocities are provided by then-axisymmetric  cou-
pling coe cients with 6 0. B is negative, and thereford . should be destabilizing
for positive n. The thermal ion drive is not strong enough to overcome the edtron
damping and without the additional fast-particle drive the mode would be stable. In
total, the e ective growth rate is positive and the mode is pedicted to be unstable,
driven mainly by fast particles.

Fig. 5.15 shows a comparison of the e ective growth rates ofl TAEs with n =

2:::2 using the LGRO code, once with an anisotropic velocity digbution of the
fast particles, and once with an equivalent isotropic distibution having the same ¢,
and nsast . The possible values o and n are determined by the equilibrium -pro le
according to eq. (3.14). This gure highlights that the fastion drive is directional. Only
those eigenmodes whose harmonics have mode numbers with réage sign are driven
by the fast ions. A second fact can be derived from Fig. 5.15:h& most unstable mode
is not the one identi ed in experiment. The local model neglds the radial extension of
the modes and therefore any continuum damping which can adidinally stabilize some
of the eigenmodes. Finally, the gure shows the di erence Ibseen the isotropic and
anisotropic distribution of fast ions. Some TAEs are seleieely driven more unstable
by the anisotropic velocity distribution while for others the drive reduces, depending
on the number of fast ions that ful Il the resonance conditia (3.23).
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Figure 5.16: Procedure to identify resonant fast ion lossesW7-AS discharge #54154.
Top: From the wavelet transform of a suitable Mirnov channethe spectral and tem-
poral range of the observed eigenmode is selected, indicaby the rectangle. Center:
Time traces of Mirnov intensity, calculated by integrating over frequency in the se-
lected area, NBI power and an EFIP PMT signal. Bottom: Crossarrelation function
between Mirnov intensity and PMT data. Positive time lags imicate that the particle
losses follow the Mirnov intensity.
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As stated in Sec. 3.3.2, the fast ions losses by resonant wasaeticle interaction are
expected to scale linearly with the wave amplitude. Consegqutly, this allows one to
look for correlations between the temporal evolution of thevave amplitude and fast ion
losses to identify resonant losses. When calculating the weaamplitude, it has to be
kept in mind that multiple activity at di erent frequencies is often observed. The time
trace of the wave amplitude is therefore calculated by integting the time-resolved
frequency spectrum as obtained from wavelet transform in éhspectral band where the
mode exists, shown in Fig. 5.16. Additionally, the NBI poweneeds to be monitored to
exclude changes in the fast ion loss signals that are causgddhanges in the heating
power. Finally, the (normalized) cross correlation functns between the EFIP PMT
time traces and the Mirnov intensity are calculated. For thedischarge #54154 and
the discovered TAE instability, no signi cant correlation between Mirnov intensity and
ion loss data could be established for any of the photomulliprs. The small positive
correlation in PMT #8 at t 5 ms is hardly above the noise level. This is also
supported by the value of the cross correlation function wbln is below 0.3.

5.2 Discharge Scan

In the course of the present work, in total of 133 Alfwenic ativities are being studied
along the line described in the last section. Discharge numis range from 54009 to
56936. The discharges have been selected according to thHieiong criteria:

High : Usually, the high beta phase of these discharges is quies¢drut strong
Alf\enic activity is frequently observed during the startup phase. In addition, the
assumptionTe = T; is well justi ed, the impurity content is low, the NBI driven
toroidal current is almost always compensated, and the natal edge islands are
usually supressed to increase the plasma volume [82]. Tha®specially important
enable the equilibrium reconstruction based on VMEC alonéhecause VMEC
does not handle magnetic islands and ergodic regions.

NBI heating, no ECRH: This is required to have a fast ion distribution function
and to have thereby a signi cant fast particle drive of Alfven instabilities. Mixed
H/D discharges have been avoided because of di culties to termine the rela-
tive abundances of hydrogen and deuterium. Especially, esqpments performed
shortly after a change of the fuel gas are not considered basa the hydrogen
or deuterium inventory in the carbon-containing, plasma feing components in
W7-AS can cause a signi cant pollution of the plasma. A peri of several days
is required until the inventory has decayed.

Data availability: It is required that YAG Thomson data is available to allow an
equilibrium reconstruction based on measured density an@mperature pro les.
In addition, Mirnov data should be available for all probe arays to determine
both mode numbersm and n, of the harmonics of the observed instability.
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Figure 5.17: Thermal ion temperatures Figure 5.18: Comparison of the volume
and densities covered by the discharges. averages of fast and thermal ion beta.

These criteria e ectively limit the number of suitable disharges. Those that have
been identi ed stem from a few experimental campaigns as seé Appendix C.1.
In discharges where both, ECRH and NBI are listed as heatingthe ECRH heating
starts after the analyzed time period and does not interfereith the Alf\en eigenmode
analysis. The same holds for experiments dedicated to theudy of electron Bernstein
waves (EBW) and their applicability for plasma heating by OX8 conversion. In the
following, some statistical information about the di erent discharges that have been
studied will be given to show the covered parameter range. t&fwards, the identi ed
Alfen eigenmodes are presented.

5.2.1 Discharge Classi cation

The studied discharges are collected from several experinted campaigns and cover
a wide range of dierent plasma parameters. The experimentaere conducted at
magnetic eld strengths ofBo = 09 T,-1T,-1.25T (half eld) and -2.5 T (full eld).
Both, hydrogen and deuterium discharges are present in thestl of shots. Fig. 5.17
illustrates the variation of central ion density and tempeature throughout the di erent
discharges. The density ranges from;(0) 5 10*®m 3to 3 10?°m 3, while the ion
temperature varies fromT;(0) 150 eV, in the early startup phase of some discharges,
up to 550 eV. Although the density of fast ions is always smatbmpared to the thermal
bulk ion density, niast =n; < 10 2, they can carry a signigicant fraction of the total
plasma energy. This is indicated in Fig. 5.18 which displaythe volume-averaged fast
ion beta h t55: i as a function of the thermal ion betah ;i. The total thermal plasma
beta v, = i+ =2 ;, becausen, = n; and T = T; were assumed. Discharges
With  fast i as well as with ¢t <  are present. There is no obvious correlation
between ,x and j, they can be considered as independent variables.
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Figure 5.19: Comparison of the vol- Figure 5.20: Comparison of the volume
ume averaged thermal ion speed to the  averaged thermal electron speed to the
Alf\en velocity. Alfien velocity.

Figure 5.19 shows the comparison between the volume aversgd two characteristic
velocities, the thermal ion speed and the Alfven velocity.lt is found that the Alfven
velocity is always larger by a factor of at least 10. This is dirent for the electrons,
Fig. 5.20, which have thermal velocities of the same order #s Alf\en velocity due
to the low temperature and the high densities. It is expectethat the electrons can
interact resonantly with Alf\en eigenmodes and stabilizeéhem via Landau damping.

Fig. 5.21 shows the variation of the ratio of NBl beam velogjtv, to the Alfven velocity
Va, ranging from Q3 vy=va  2:1. This gure also highlights the correlation between
vp and :

p_— .
Vo _ 2B =m; P ni niTi

K_ =V om;nN; B’ ! B2

The NBI injection energy was not varied and since the ratio,=va is independent of
the particle mass, the deviation from a square root curve ini§. 5.21 is a result of the
temperature variation.

Two important parameters that determine the possibility offast particle drive for
Alfven eigenmodes have already be mentioned. One is the ratv,=va which describes
through which resonances the injected particles can inteswith the eigenmodes. The
other important parameter is the ratio 55t = ; that gives a comparison between the
energy content in the destabilizing fast ion population andhe potentially stabilizing
thermal bulk plasma. Fig. 5.22 shows the data arranged thisay. It should be noted
that the volume averaged values displayed there are not sigrant unless the instability
drive is e ective over a large fraction of the plasma radiusFor eigenmodes that are
strongly localized in the gradient region, the picture mayltange qualitatively.
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Figure 5.21: Variation of volume aver- Figure 5.22: Volume averagedias = |
agedvpy=Vja. as a function ofhvp=vai.

5.2.2 Eigenmode Classi cation

The results of the eigenmode identi cation of the 133 studdée Alfven instabilities can
be summarized as follows:

GAEs: 19 (14.3%),
TAEs: 47 (35.3%),
EAEs: 8 identi ed + 13 with frequencies inside the EAE gap, total: 2 (15.8%),
NAE 3o: possibly 1,
MAE o;: possibly 1,
HAE ,;: possibly 3,

Unidentied: 41 (30.8%).

A complete list of all discharges and AEs is given in Appendi€. The mode numbers
and the frequency of the NAE, eigenmode are in agreement with the Alfven contin-
uum calculation, but the continuum gap is closed towards thplasma boundary and the
mode is predicted to su er from continuum damping. It is, theefore, not possible to
be sure that the observed eigenmode is indeed the NaESuggested by the mode num-
bers. The identi cation of the high-frequency MAE and HAE males is not uniquely
possible with the probe setup at W7-AS because (a) the MIR-1rray is unsuitable

for frequencies larger than 70 kHz { this leaves only two dieent toroidal positions at

which information about the mode structure is available; at (b) these modes involve
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Figure 5.23: 4t =( e+ i) OVer vp=Vp

for GAEs. All quantities have been
evaluated ats = s, the location of the
minimum of the Alf\en continuum.

Figure 5.24: Fast ion losses seen by
PMT #12 for GAEs in shot #55003
and #56355.

harmonics (n;n) and (m+ ;n + N ) with n's di ering by the number of eld periods

N = 5. To summarize, for high-frequency modes the mode numbease basically un-
known, but in the cases mentioned above, the frequencies béteigenmodes lies inside
the continuum gaps and one possible harmonic could be found the mode number
spectra.

The unidenti ed AEs, which constitute one third of all studied AEs, could not be
assigned to either of GAEs and gap modes, or hawe= 0 or n = 0 as only dominant
harmonic in the mode number spectrum. In the following, mordetails are given about
the GAEs, TAEs, EAEs and the unidenti es AEs.

5.2.21 GAEs

The GAEs (see Appendix C.2.1) were observed in low-shear eharges, max min <
0:03, in the vicinity of but not including = 0:5 which is consistent with earlier studies
[21, 83]. With the exception of shot #55003, #55480 and #5635, all GAEs were
found in discharges of the same experimental program whichrie ected by the similar
discharge parameters in Fig. 5.23. In this series, the GAE®@eared reproducibly in
the density ramp-up with comparable frequencies and the sarhigh mode numbers
(m;n) = ( 14, 7), which were found by studying the aliasing in the mode nundy
spectrum. No ion or energy losses are associated with thes@ES.

The other three discharges are from di erent experimental ppgrams. The activity
observed in #55480 has no clear eigenfrequency and occupilee whole frequency
band between 22 kHz and 32 kHz, but it can be assigned clear neatlimbers (n; n) =
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Figure 5.25: Left: ot =( e + i) over vp=Vp for all TAEs. All quantities have been
evaluated ats = s, the intersection point of the corresponding cylindrical @ntinua.
Right: selection of interesting cases.

(2;1). The GAEs in shot #55003 and #56355 have mode numbers @; 2) and (2 1),
respectively, and cause ion losses as shown in Fig. 5.24. ttbcases, the ion losses are
seen in PMTs #8 and #12 of the EFIP diagnostic which correspod to counterpassing
ions with 0:9 and high energies comparable to the NBI injection energy. hé
correlation times are 2 4 ms, cross correlation function values 0:8 indicate that
the losses are indeed caused by resonant wave-particle iatgion.

The LGRO code is not yet able to calculate the growth rates of &Es. But from the
sign of the mode numbers it is expected that the diamagnetiaift acts as a stabilizing
factor on most of these modes.

5.2.2.2 TAEs

The TAEs, listed in detail in Appendix C.2.2, constitute the largest fraction of all
successfully identi ed AEs. They are found in discharges eatnming from several ex-
perimental campaigns and cover a wider parameter range (Fi5.25). TAEs exist in all
operational regimes, including high and medium shear disstges, H and D plasmas,
low and high magnetic elds. With a few exceptions, the modeumbers were found to
be positive, ranging fromm =2 :::12 andn =1 :::5, with frequencies up to 40 kHz.

Strong indications of fast-particle drive were seen in son@ the discharges, shown
separately in the right diagram of Fig. 5.25. In shots #54133 #54137, the TAE
is observed in a very early stage of the discharge where the Niwer is still being
ramped up. An example is given in Fig. 5.26. The amplitude ofhe TAE increases
suddenly, coincident with a step in the NBI heating power. Sirtly afterwards, the
frequency decreases slightly and the mode deceases. At dhibe same time, a new
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Figure 5.26: Fast particle driven TAE in shot #54134. Left: ime traces of Mirnov
amplitude B-and NBI power, right: wavelet spectum.
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Figure 5.28: Harmonics of a (4/5,
Figure 5.27: TAE spectrum change by  2) TAE calculated using the CAS3D3
NBI power step. code [78, 79] for shot #54906 [84].

eigenmode appears slightly above in frequency that couldtiwe identi ed because the
analysis yieldsm = 0 as only dominant poloidal harmonic.

The shots #54902 { #54908 belong to a campaign were power scarperiments have
been performed. The TAEs were observed in a late stage of thesaharges, from
t = 0:28:::0:39 s in the stationary high- phase. Due to the low eld and the high
densities, the Alfven velocity is rather small, giving raios vp=vp > 1 (Fig. 5.25). In

all these discharges, the NBI power has been decreasedtat 0:33 s. This had
a negligible e ect on the global plasma parameters, the idedMHD equilibria and

the Alfwen continua are comparable. Nevertheless, at 0:33 s the spectrum of
observed unstable TAEs is changed as can be seen from Fig75.d addition, the mode
number spectra of the TAEs in these discharges indicate tha considerable number
of dominant harmonics is involved in the formation of the eighmode. A calculation of
the radial eigenfunctions of the harmonics of a TAE at 17 kHaidischarge #54906,
t =0:33 s, performed by Kenies using the CAS3D3 code, supportsisthypothesis. An
excellent agreement between mode numbers and eigenfrequyeaf the TAE is found.

A dierent interesting feature is seen in the power scan s&s in the (6/7, 2) TAE
that appears reproducibly in all discharges of that serieAs Fig. 5.27 suggests for this
activity, it is a bursting mode, where each burst appears twe, slightly shifted upwards
in frequency. This behaviour has been termed "frequency #fihg", but has not been
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Figure 5.29: Normalized growth rates Figure 5.30: Diamagnetic drift fre-
of the observed TAE instabilities. Most guency of fast ions vs. eigenmode fre-
TAEs are predicted to be unstable. guency.

further studied.

The sign of the mode numbers suggests that the diamagnetiaftiof the fast beam ions
drives the modes. The growth rates of all TAEs have been calated using the LGRO
code (Sec. 4.4.4), the results are shown in Fig. 5.29. It cae been that for some TAEs
the growth rates reach magnitudes where it can be expectedaththe perturbative

approach breaks down. The modes with negative mode numberee gredicted to
be damped, as expected. In many cases, the density gradiefittloe thermal ions is
su ciently strong to be slightly destabilizing, the electron Landau damping, however,
is always larger than the thermal ion drive. Fig. 5.30 showshé diamagnetic drift
frequencies compared to the mode frequencies. The driftdreency,fq, = ! =2 ) has
been calculated using the following formula:

_ VC2) 1d|n(nfast).
Tl r  dr (5.4)

R R .
wherengse = dvfag, V3 = n;  dPvvig, and ! = eB=m. All quantities
are evalutated at the magnetic surface where the cylindritaontinua of the eigenmode
harmonics would intersect. Both, the Larmor frequency ¢ (B < 0) and the density
gradient length are negative, which makes > 0. Fig. 5.30 shows that the drive by
the diamagnetic drift, which is proportional tom! =l (m n= for gap modes) is
signi cantly enhanced by the large ratio! =!,> 10, and the high mode numbers. In
contrast to the strong TAE drive by the energetic beam ions, awve-induced fast ion
losses were not observed for any TAE.
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Figure 5.31: fast= 1 VS. Vp=Va for Figure 5.32: EAE for which ion losses
EAEs. are observed.

5.2.2.3 EAEs

The number of EAESs that could unambiguously be identi ed is a low as 8 cases. Addi-
tional 13 Alf\en instabilities have frequencies inside te EAE gap but their mode num-
bers could not be related to couplings in the Alfven continum. It is therefore unknown
if these modes really constitute EAEs or if they are other intgbilities that just coincide
with the EAE frequency range. The individual events are ligd in Appendix C.2.3,
the distribution of dimensionless discharge parametersast =  and vy=Vva iS given in
Fig. 5.31. These quantities have been evaluated at= s for the clearly identi ed
EAEs, in case of the assumed EAEs volume averaged values airerg It should be
noted that one half of the assumed EAEs has frequencies thatceed the capabilities
of the MIR-1 probe array. Hence, the mode numbers are known lgrapproximately.

The Alfen continua suggest that the radial localization d the EAEs that could be
identi ed is not in the gradient region, but closer towards he plasma center, roughly
at about half the plasma radius. This is consistent with the lbservation that the
amplitudes are relatively small and appear noisy. Six of thevell identidied EAEs
have mode numbersn;n < 0 and are therefore predicted to be stabilized by the ion
diamagnetic drift. The remaining EAEs in shots #54151 and #5936 are predicted to
marginally unstable with growth rates =! ,  1%. Growth rate calculations for the
remaining, assumed EAEs could not be performed. Neither tingadial localization
nor the dominant harmonics are known.

Although the growth rate calculations suggest that fast pdicles do not destabilize
the EAESs, there is an indication of counterpassing fast iorogses. In shot #540009,
a correlation between the EAE amplitude and PMT #13 can be sag where the ion
losses follow the EAE with a time lag of 2 ms. The lost particles correspond to ions
with an energy of 35 keV, much larger than the bulk ion tempetare, and a pitch of
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Figure 5.33: Volume averagedssst = 1 VS. Vp=Va. In the right diagram the cases for
which ion or energy losses were observed are highlighted.

0:64 (50). The velocity is v=w, = 0:8 or V=Vx 1. For this shot, the beam
velocity was estimated to bevy=vj 2. These observations are consistent with a
resonant fast particle loss caused by the EAE. In all other sicharges no wave-induced
fast ion losses have been identi ed.

5.2.2.4 Unidenti ed AEs

There is a number of instabilities that could not be classid. They are listed in Ap-
pendix C.2.5, the volume averaged dimensionless parameatef,s; = , and vp=Vva are
plotted in Fig. 5.33. It is seen that, in terms of these paranters, they occupy approx-
imately the same parameter space as the gap modes and GAEs. eéxteptionally high
number of cases was identi ed where the Alfen activity wagorrelated with signi cant
losses of fast ions or plasma energy. In the right hand sideagram of Fig. 5.33 these
cases have been highlighted in a dierent color. The frequeies of the eigenmodes
are shown in Fig. 5.34. The central frequencies of the contimm gaps depend on
the plasma parameters via and v, (c.f. eq. 3.14) and can vary signi cantly between
discharges. Therefore the frequencies of the instabilisidnave been normalized to the
central TAE gap frequency determined for the discharges fmoa COBRA run to pro-
vide a comparable measure. A range from very low frequencygrtomena (well below
the TAE, which is the lowest-frequency gap mode) to real higfrequency phenomena
(which, if they are gap modes, are stellarator speci c HAE oMAE modes) is covered.
The central ion densities and temperatures are given in Fig.35. When compared
to Fig. 5.17, it is found that the unidenti ed cases are well gread over the whole pa-
rameter range explored in this study. With the exception thalosses are only seen for
Vp=Va > 05 and fromftae  f 5 frae, lossy discharges are indistinguishable from
ordinary discharges in terms of the presented parameters.
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Figure 5.34: Frequencies of the uniden-  Figure 5.35: Central ion tempera-
tifed AEs normalized to the central tures and densities of discharges with
TAE gap frequency. unidenti ed AEs.

For some cases it is apparent why the AEs have not been idergd. The AE burst
seen in shots #54128, #54129 and #54138 is very similar in fggency, observation
time and mode numbers to instabilities that have been idengd as TAEs in #54130

{ #54137; the (-2, -1) peak is likely to alias the (11, 4) peakThe di erences between
these discharges is that the edge pro le values given by theA% Thomson scattering
diagnostic di er, resulting in changes to the - and n;-pro le in the equilibrium recon-

struction that moves the (11/12, 4) coupling in the Alfven continua out of the plasma.
Consequently, these Alfen eigenmodes have been classi as unidenti ed.

In some discharge$ 70 kHz and 900 MHz startup heating coincides (e.g. #54903 {
#54911t = 0:2 s). The large mode frequency forces to exclude the MIR-1 ayrfrom
the mode number analysis because of their resonances. Th® 8Hz startup heating
further leads to strong HF pickup in a part of the MIR-3 array wth concomitant data
losses. The remaining number of MIR-3 probes together witth¢ MIR-5 array are
insu cient to determine the mode numbers even approximatsl. The di erent number
of probes at the two toroidal positions leads to an unprediable mode number aliasing
spectrum. Besides the missing MIR-1 probe array in that fregency range, the high-
frequency modes withf=f 1 g 1 (e.g. in #54937, #55049, #55321, #55325 and
#56936) are extremely di cult to identify because of yet anadher reason. TheB
spectrum in W7-AS consists of many Fourier coe cients with onsiderable magnitude.
This makes the Alfven continuum complex at high frequence Wide HAE and
MAE, gaps are aligned side by side, compressing the continuum Wweén them to
thin threads. The variation of the central gap frequencies ith the plasma parameters
has the e ect that, at a given frequency, various gaps are fad at di erent radial
positions and it is di cult to determine to which gap an obsewed instability should be
associated.
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Figure 5.36: Correlation between Figure 5.37: Correlation between
plasma energy loss and Alf\en activity plasma energy loss and Alf\en activity
for shot #54906. for shot #54907.

In addition, there are cases wheren = 0 was observed as only dominant poloidal
harmonic in the mode number spectrum which is likely to be caed by the far- eld

e ect, or where the mode numbers could be determined but noglated to expected AEs
according to the continuum calculations. This is true for narly all cases withf <f 1.
The point with f=f rpg 0:18 belongs to shot #55391, where the central ion density
is only 45 10"°m 2% in a full eld B = 2:5 T deuterium discharge, resulting in a
central TAE gap frequency of 160 kHz. Since no other continuum gaps are located
below the TAE gap, the only type of ideal MHD shear Alf\en ingability that can be
expected at those frequencies are GAEs. The observed modenbers could not be
related to continuum branches that have minima near the obseed frequency.

This class, the unidenti ed AE activities, contains eigenrodes with very di erent prop-

erties. Some might have been wrongly classi ed here due toaertainties in the plasma
pro les and the equilibrium reconstruction. The remainingnstabilities range from very
low-frequency phenomena to stellarator speci ¢ high-fregncy Alf\en eigenmodes, for
which the mode numbers remain uncertain with the given probsetup. A few of the
modes can be described as stationary and lasting over a longé range, while others
show a strongly nonlinear behaviour such as bursting or fregncy chirping. Many of
the instabilities were reproducibly found in adjacent didtarges.

The discharges #54903 { #54907, #54911 show energy losses igth are correlated
with the observed Alf\en instability. An example showing he correlations is given in
Fig. 5.36 for #54906 and in Fig. 5.37 for #54907. The modes adys start shortly
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Figure 5.38: Correlation between plasma energy loss, fashiloss and Alfven activity
for shot #56358.

after an increase of the NBI heating power and sometimes passough a dithering
state until a well-formed eigenmode with sharp frequency drlarge amplitude develops.
In #54908 the eigenmode did not develop out of the ditheringtate and the plasma
energy kept increasing, though at a lower rate. The correlans are observed in the
time traces of the fast diamagnetic loop at = 15, the diamagnetic loop at =
36 is too slow to resove the time dependence. Neither radiatidosses in the time
traces of the Bremsstrahlung monitor nor a bolometer respea were seen, only a slight
increase in theH light near the divertor indicates enhanced particle exhatisThe bulk
plasma density and temperature, observed by interferomaeteand SX central electron
temperature diagnostic, do not exhibit losses that are su e&ntly strong to explain the
drop in the plasma energy. It is therefore suggested that emgetic particle losses are
responsible for the decrease in plasma energy. The lossegraximately scale linearly
with the Mirnov amplitude which is a strong indication for resonant wave-particle
interaction. The fast ion loss probe was positioned a = 33 cm below the midplane,
which is rather far from the plasma, and did not observe sigeant particle uxes.

An example showing fast ion losses as well as a signi cant gron plasma energy
is given in Fig. 5.38. It shows some Alf\en activity that cold not be identi ed to
be a gap mode, although it appears to have a frequency insideet TAE gap. The
analysis has been performed dt 0:18s, where the branch near 50 kHz is dominant.
The mode number analysis, Fig. 5.39, yieldsn(;n) = (4;2) as only harmonic with
large con dence. The Alf\en continuum suggests, howevertthat only a GAE with
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Figure 5.39: Mode number spectrum of the AE activity att  180ms, 50 kHz and
the corresponding Alfven continuum for shot #56358, showig the TAE gap and the
(m;n) = (4;2) branch.

mode numbers (4, 2) and frequencies well below 10 kHz is exeécto be observed
at about r=a = 0:85 in experiment. This shot had been subject to previous stieb
and therefore a set of validated pro les, based on the condepf the integrated data
analysis, were available [85] and have been used in the edpuilm reconstruction. The
correlation between Mirnov amplitude and ion losses is extant over a large time, the
cross correlation function approaches 1 and peaks at a pogttime lag of 2 ms which
is comparable to the slowing-down time. This indicates thathe Mirnov activity is
ahead of the partially slowed down ions that are lost. EFIP PMs #8 and #13 show
the largest signals that exhaust almost the whole dynamic nge of the PMT data
acquisition setup. These PMTs observe patrticles that corspond counterpassing ions
with medium (15 keV) and high energies (injection energy 55 keV), respeely, and
large pitch 0:9.

In the remaining discharges for which ion losses could be shm these occur for coun-
terpassing energetic particles with large pitch as well. The magnitude of the ion
losses is lower and no e ect on the diamagnetic energy is seéil these AE instabili-
ties show strong nonlinearities like frequency chirping dsursting. Discharge #55388
also shows signi cant fast ion losses, but these were found be caused by a periodic
modulation of the NBI heating power. The bursts of the eigenode and the ion losses
are coincident with NBI bursts, i.e. the cross correlationunction peaks at t =0.
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Chapter 6

Discussion and Conclusions

6.1 Equilibrium Reconstruction

The plasma equilibrium is the fundamental building block onwhich the AE analy-
sis rests. All other steps depend sensitively on the qualitgf the equilibria which
themselfves depend on the quality of the spatial pro les oflasma pressure and inter-
nal current density. The VMEC/XSTELLOPT toolchain [71{73] has been chosen to
solve the ideal MHD equilibrium based on measured pressureopes and additional
constraints.

While the integrated data analysis [81] should be the prefexd way to validate the
plasma density and temperature pro les obtained from the N6YAG Thomson scatter-
ing system, it is for now an expensive procedure which is untable to be applied to
a larger number of discharges at W7-AS and was only performéal selected shots of
special interest. A simpli ed procedure has been employedhdt is straightforward to
apply to a large number of di erent discharges.

The pressure pro les in the plasma center are well describdry the YAG Thomson
scattering system after Itering outliers, and are consignt throughout the discharges
of an experimental campaign. The validation of the central eéhsities and temperatures
with plasma energy and SX central electron temperature gisesu cient accuracy for
a successful guantitative comparison between experimeltyaobserved eigenmode fre-
quencies and the location of the gaps in the Alfven continum. Except in very early
phases of a discharge, the density pro les are nearly at inhie plasma center and have
strong gradients at radiir=a 0.7 { 1. The temperature pro les are more peaked, the
gradient region starts at signi cantly smaller radii and isless pronounced. Density and
temperature values in the edge region are sometimes missimgat least su er from
large uncertainties, although the error estimates given fahese points by the Bayesian
model for the analysis of YAG Thomson raw data indicate oth&rise. Experiments
with the incorporation of edge density pro les obtained fran the Lithium beam di-
agnostic have shown that in the discharges of interest, YAGHomson scattering and

109
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LiBeam give inconsistent results in the important gradientegion. This is attributed to
the fact that both diagnostics operate at their very limits n the cold and high-density
discharges. To be able to proceed, the boundary values of digyn and temperature
were prescribed to be 10% of the central value with a relativerror estimate of 30%
before tting the pro les to the pro le shape model. These vdues are roughly expected
to be valid outside the LCMS and are consistent with comparad® YAG pro les where
edge values are determined.

The in uence of the internal current density pro le has beentaken into account only
by using a single default prole for all discharges. In addibn to the neoclassical
bootstrap current, the unbalanced neutral beam injection rives considerable Okhawa
currents which were mostly compensated by an Ohmic currenbtprovide net-current
free operation. In [86] was studied the in uence of the valuand the radial pro le of
Zeis on the net current densities and the resulting changes to thepro le and the ideal
MHD stability. It was found that possible changes to the intenal current densities can
lower the value of over large parts of the plasma radius, while it signi cantlyincreases
the central value of because both, the ohmic current ( T3?) and the Okhawa current
( Pngi), strongly peak in the center of the discharge. A change in ¢h prole
correspondingly changes the Alf\en continuum. Besides mimg couplings between
continuum branches (which depend only on) into or out of the plasma column, it
modi es the variation of AE gap frequencies with the radius ad, therefore, can provide
enhanced or reduced continuum damping.

The edge magnetic islands that are already present in the vaem eld of W7-AS in
the vicinity of a low-order rational transform near the LCMS also modify the ideal
MHD equilibrium considerably. They are required for propeisland divertor operation,
but destroy the outer magnetic surfaces and thus reduce thealable plasma volume
and radius. To minimize the in uence of the edge islands, opnldischarges from those
experimental campaigns have been studied where the islande suppressed. This
is the case in the high- discharges performed between 2000 and 2002 [82], were the
divertor was merely used as limiter. A side e ect is that the [asma radius is known,
which is a free parameter in the solution of the equilibrium.A constraint imposed
on the equilibria is that the last closed magnetic surface t&ands up to the divertor
structures.

Close to the plasma boundaryy=a 1, the magnetic shear commonly changes sign as
seen in Fig. 5.6 at exactly the same position where the curvat of the density pro le
reverses. This e ect is not a physical one, it is introducedybthe pro le shape model.
Consequently, care has to be taken when analyzing eigenmsdieat depend on details

in this region.

The equilibria that have been calculated are consistent witthe observations of Alfven
eigenmodes. In previous studies of Alfven activity in W7-/4& [83, 87] equilibria based on
parabolic pressure pro les were used due to the lack of vaditkd pressure pro les. The
usability of this approach is limited as seen in Fig. 6.1, whbih shows a direct comparison
between equilibria obtained for a parabolic and a measuredt-top pro le. A general
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Figure 6.1: Comparison of Alf\en continua obtained from egjlibria based on a
parabolic and a measured pressure pro le, respectively.

observation is that the typical at-top prole of high- discharges keeps continuum
gaps open over much larger plasma regions, especially in thigh-frequency region of
the continuum. In conjunction with the stronger density gralient this improves the
instability of gap modes.

6.2 Mirnov Data Analysis

Previous analyses of Alf\en eigenmodes utilizing the Miwov diagnostic were based on
a technique involving Fourier Itering and Singular Value Decomposition (SVD) to
separate coexisting features in the spectrum, followed bypdase di erence analysis to
reconstruct the mode structure [25]. It was found that proldms arose due to inadequate
poloidal probe positions (vacuum eld), too large poloidaimode numbers and a too
large distance between plasma and probes. Depending on tlaelial localization of the
eigenmode, the limit in the feasibility to detect poloidal nede numbersm was found
as low asm = 3 :::5 using the MIR-1 array.

Two of the problems could be avoided. Firstly, the probe pasins are correctly trans-
formed to Boozer coordinates. In these coordinates the haomics of the eigenmode
are assumed to possess a plane wave structure. Secondly,ghegection onto a single
value of m or n, that is inherent in the phase di erence analysis, has beervaided.
Instead a proper decomposition in orthogonal plane wave bagunctions is performed
in both, poloidal and toroidal directions simultaneouslycomparable to a multidimen-
sional Fourier analysis but suitable for uneven datapointpacing. More insight gives
the equivalent statement that the data is compared to the hypthesis of a (; n;! )-
harmonic, yielding the probability that the harmonic is present in the data. The
interpretation in terms of probabilities is permitted by the statistical properties of the
Lomb periodogram. Spatial aliasing can thus be recognized lscanning su ciently
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large ranges for n; n), where it should be noted again that the e ect of uneven dat-
apoint spacing is that di erent aliasing peaks of the same &ure do not necessarily
have the same amplitude.

The third problem, the large distance between probes and @ma boundary, can not
be circumvented. In fact, the observation om = O features indicates that the strong
spatial decay of high multipole orders of the eld perturbaton imposes a limit on the
detectability of Alfen eigenmodes with high (m;n).

In general, the multidimensional Lomb periodogram has prew to be a usefull tool
that allows the determination of the mode numbers of Alfeneigenmodes with high
accuracy. The statistical interpretation of the spectrum dditionally allows to include
the Lomb periodogram naturally into the IDA concept [88, 89for the forthcoming
Wendelstein 7-X experiment.

6.3 Alfen Eigenmodes and their Stability

Only ideal MHD shear Alfven eigenmodes were considered ihé eigenmode analysis,
kinetic Alfen waves that exist because of nite parallel ¢ectric elds Ex and nite
ion gyro-radii have not been looked for. To justify this, it § instructive to look at the
"nonideal parameter" [90]:

r—
_ 4ms 3+Te_

o2 2T
wherem is the poloidal mode numbers”= dIn( )=dIn(r) is the magnetic shear, ; the
ion gyro-radius, r, is the radius where the mode is localized and™ = 5r,,=(2R). It
describes the signi cance of kinetic e ects, 1 corresponds to vanishing importance
of non-ideal MHD. This parameter has been calculated for aftudied cases and was
found to be < 10 3, which is a consequence of the small shear in W7-AS and the low
temperatures (; small). Therefore kinetic Alf\en eigenmodes are not expésd to be
observed.

Although the studied discharges emerge from a few similarropaigns with low temper-
atures and high densities, the experimental conditions ued which Alfven instabilities
have been analyzed vary considerably in terms of the stalyliparameters .5 = ¢, and
Vp,=Va because events in the steady-state high-as well as the startup phasé < 0:25s
were used. Under steady-state conditions the eigenmodesiaity have low amplitudes
and are stationary over large time intervals, while the evés observed in the startup
phase appear only transiently because they experience a stamtly changing back-
ground plasma. The typical lifetime of such modes is 50 { 100andepending on the
rate of equilibrium changes. Observed eigenmodes appeaproducibly in adjacent
discharges of an experimental campaign.

In contrast to previous studies of Alf\en eigenmodes at WAS, the identi cation of
instabilities is based on both mode numbersn{;n) as well as the frequency. This
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is made possible by the proper analysis of Mirnov probe dataabed on the devel-
oped multi-dimensional Lomb periodogram, which allows on® obtain reliable mode
number spectra even in the case of uneven probe spacing. Bigedes are identi ed
by comparing the mode numbers and frequencies to the ideal NDHAIfven continua.
Depending on the mode frequency, uncertainties of 5 { 15 kHzeve assumed that
describe the combined uncertainties of plasma density andoppler shift by plasma
rotation. Strictly speaking, the restricted number of proles allows the mode number
analyses only for low n; n) eigenmodes, but signi cant improvements can be achieved
by studying the aliasing in the mode number spectrum. Mode mobers up tom = 14,

n = 7 have been determined this way using all available probeslhe assessment of
mode numbers for high-frequency modes was found to be impbksbecause the char-
acteristics of the MIR-1 probes prohibit their use for fregaencies larger than 70 kHz.
Gap modes like TAEs or EAEs are identi ed by frequencies inde the continuum gaps
and mode numbers that correspond to couplings between Adfw continua inside the
plasma column. Additionally it is required that the continuum gap is "open" at the
mode frequency which means that the mode does not intersebitcontinuum at some
other radial position, otherwise the mode would su er from entinuum damping. A
necessary condition for the existence of GAEs is that a Am continuum branch has
an o -axis minimum (f i, > 0). Global Alhen eigenmodes must have the same mode
numbers as the continuum branch and a frequency below, butosle tof i, .

Many of the observed instabilities could thereby be idented as one of the ideal MHD
Alfven eigenmodes. Given the uncertainties of density antemperature pro les espe-
cially in the gradient region and the unknown current densyt pro le, which all a ect
the Alf\en continuum, false-positive or false-negative denti cations cannot fully be
excluded.

6.3.1 GAEs

A total of 19 GAEs could be successfully identi ed. All appeged transiently during
the density ramp-up, no GAE was observed in the steady-statghase. Nearly all of
them were observed in discharges of a single experimentaingaign under comparable
conditions, characterized by low values of a5 = n < 0:1 and vy=va 1=2. The
remaining GAEs were seen at parameter values not much diame However, due
to the low number of cases observed, this behaviour is not mssarily representative.
Nearly all the GAEs have mode numbers;;m < 0. Because the magnetic eld is
negative, the ions diamagnetic drift is expected to have aadilizing e ect on these
modes. The velocity anisotropy term [cf. Egs. (3.20) and (32)] is pre xed with a
factorm =E,where =1 2. Due to the tangential injection, the fast particles are
almost aligned to the magnetic eld, 2! 1, which minimizes this term. Signi cant
drive by velocity anisotropy requires that the fast partices have a considerable fraction
of their energy perpendicular to the magnetic eld. The onlypossibility for particles
to destabilize the mode are positive velocity gradients irhe distribution function near
the resonant velocities (inverse Landau damping), which geires a loss cone in velocity
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space that the beam ions enter during the slowing down. No tras of such losses are
seen by the EFIP diagnostic, so the destabilization mecham of these GAEs remains
unclear.

The observation that GAEs appear in low-shear cases close ddow-order rational
but not including it is consistent with earlier observatiors. It can be explained by the
absence of couplings for low mode numbersi(n) in the Alfven continuum that have
been avoided by the choice of. If the shear is su ciently high to naturally include
couplings for low n; n), the GAEs disappear and TAEs constitute the most unstable
AE.

6.3.2 TAEs

TAEs constitute the major fraction of the studied Alfven instabilities, observed under
a variety of dierent discharge conditions, transient as wik as steady-state. TAEs
in high- cases were often found to have a whole range of poloidal modenbers.
This experimental observation is con rmed by a calculatiorof the mode structure of a
typical TAE under high- conditions, which shows that the eigenmode indeed consists
of several poloidal harmonics with non-vanishing eigenfations near the plasma edge.
Having mode numberam; n > 0, the fast particle drive of these TAEs is con rmed by
growth rate calculations. The main destabilization mechasm is the diamagnetic drift

of the fast beam ions. In the studied discharges, thermal isradditionally enhance the
growth rate with their diamagnetic drift caused by the stromg density gradient near
the plasma boundary where the TAEs were found to be localize@ut the magnitude

of the thermal ion drive is low compared to the fast ion drive bcause the thermal
velocity vy, Vp. In none of the cases the thermal ion drive was su ciently stong

to overcome the electron Landau damping and without the fagtarticle contribution
the mode would be predicted to be stable. In some dischargdsetfast ion drive was
observed directly by an increase of the mode amplitude coident with an increase
of NBI heating power. Another, indirect sign of fast partick drive was seen in the
steady-state, high- phase of some discharges where a decrease of NBI heating powe
resulting only in small modi cations of the plasma equilibium, caused the spectrum
of coexisting unstable TAEs to change.

Fig. 5.25 suggests that there is a threshold in the destalzlition of TAEs by fast
particles that depends on the ratio ol,=va. The LGRO code has a mode of operation
where it calculates stability diagrams for a given mode by vging the ratio v,=vy and
calculating the critical ot forwhich = ¢+ ;+ 55 =0. Due to the way the code
works, it requires that the thermal ions have a damping e ectso the diamagnetic drift
of the thermal ions had to be suppressed by assuming a at detyspro le. The stability
diagram obtained for a selected case using the anisotropisft particle distribution
function is shown in Fig. 6.2 where ¢t = 1, IS plotted in logarithmic scale. The same
diagram obtained for an isotropic velocity distribution function with equivalent fast
particle density and . IS given in Fig. 6.3. From these gures can be seen that



6.3. ALFVEN EIGENMODES AND THEIR STABILITY 115

F T T T T T T T T — FT T T T T T T T T —
10; — b, with electron and ion damping| 4 10: — b, with electron and ion damping| 4
QO — b, with ion damping only w© — b, with ion damping only
2 1y OO TAE m=5,6 n=2 (#54128 @ 260 mslE = 1 '\ OO TAE m=5,6 n=2 (54128 @ 260 ms E
s ] s S ]
:% 0,1 unstable E| :% 0,1 ! unstable E
Ko F - E g F 3
T 0,01 T 0,01
o F o E
0,001 0,001
i L L L L L | L L i

0,5 1 15 2
N,(s)

Vbeam

Figure 6.2: LGRO stability diagram for Figure 6.3: LGRO stability diagram
a TAE using the anisotropic energetic for a TAE using an equivalent isotropic
ion distribution function. fast ion distribution function.

for vp=va > 1 even a perturbatively small population of fast particless predicted to
destabilize the mode. The drive is reduced suddenly by largenounts whenevew,.,=va
drops below one of the possible resonance velocitigg’=va = 1 and 1/3, indicated
by a larger i . It also highlights the importance of electron Landau damppig in
low-temperature discharges, which increasesg;i; by a factor of 5 in this example. The
comparison between isotropic and anisotropic velocity difution functions reveals
that the main di erences occur near the resonance velocigwhere isotropy has the
e ect of smoothing out the strong response of .y near v,** and thereby enhances
stability at v, v*°. The decrease of the instability threshold whemw, approaches
the resonance velocities from above is caused by the pitchgéa spread during slowing
down, which is correctly described by the fast particle disfoution function. Due to
the tangential injection, the pitch isj j 1 at the injection energy and the parallel
velocity v, V. If the beam velocity is much larger than the Alf\en velociy, particles
at resonant velocities are nearly thermalized and isotropiin velocity. Asv, ! v,
the distribution of particles at the resonance velocity bemmes localized at the injection
pitch angle which e ectively increases the number of resonaparticles.

The critical strongly depends on details of the thermal and fast particldistribution
functions and the magnitude of the Fourier coe cients ofjBj. For the eigenmodes
under consideration, the instability threshold was obseed to vary by an order of
magnitude between cases. It is therefore not possible to calate a global stability
diagram for all TAEs using the LGRO code. Nevertheless, anstability threshold for
the fast particle drive due to electron and ion damping is paicted that qualitatively
describes the experimental ndings.

6.3.3 EAEs and High-Frequency Eigenmodes

Only eight EAEs could clearly be identi ed. A larger number & eigenmodes was found
to have frequencies inside the EAE gap, which can probably besumed to be EAEs but
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could not be identi ed in terms of their mode numbers. One hébf the assumed EAEs
has frequencies in excess of 70 kHz which makes the mode nunalmalysis uncertain.
Frequencies up to 160 kHz were found to lie inside the EAE gap cases of low density
and high magnetic eld. Growth rate calculations were perfoned for the identi ed
EAEs. Only two of them had mode numbersn; n > 0 and were found to be marginally
unstable. The location of the couplings between Alf\en cdimua suggests that these
modes are localized approximately at half the plasma radiughere the density gradient
and, consequently, the diagmagnetic drift of the fast ionssicomparably small. The
other cases were strongly damped by the combined e ects oéetron Landau damping,
thermal and energetic ion diamagnetic drifts. For EAEs thatwere only assumed,
the growth rate could not be calculated because neither the ade numbers nor the
localization region are known.

High-frequency eigenmodes in W7-AS, that have frae, can mostly be consid-
ered to be stellarator speci c HAE or MAE modes due to the streture of the Alfien
continuum which yields that the NAE ( gaps are small in contrast to the HAE and
MAE gaps. The especially wide HAE, gap is caused by the rotating ellipticity of the
plasma cross section in W7-AS, and the stronger magnetic ekt both ends of each
eld period creates a signi cant MAEy; gap. GAEs are not expected to exist in these
frequency ranges because the wide HAE and MAE gaps comprells Alfven contin-
uum into thin threads so that no continuum branch could possiy form a minimum.
The identi cation of HAEs and MAEs is complicated by the factthat eigenmodes with
toroidal coupling numbers 6 0 involve harmonics withn, = n; N whereN =5s
the number of eld periods at W7-AS. Such a resolution canndbe obtained with the
Mirnov probe setup at W7-AS. The mode number analysis of Miov data from the
poloidal arrays MIR-3 and MIR-5 results in spectra that showa regular aliasing pat-
ternwith m 7 and n =2 where all aliasing peaks are of comparable amplitude.
Evidence for the observation of three HAE, one MAEy; and one NAE, eigenmode
has been found by comparing the aliasing peaks in the mode roen spectrum to
couplings in the Alfven continuum, where one of the harmormis was identi ed in the
correct frequency range. However, this is not signi cant ahcould just be by chance.

6.3.4 Unidenti ed Eigenmodes

One third of the events could not be classi ed to be either gagmode or GAE and is
consequently treated as unidenti ed. Again, approximatel one half of these events has
frequencies beyond the capabilities of the MIR-1 probe agrao that the mode numbers
could not be determined with su cient resolution. Of the remaining low-frequency
eigenmodes, three transient eigenmodes have the same chastics as modes that
have been identi ed as TAEs in other discharges of the samepatimental campaign.
They have not been identi ed because the measured density catemperature pro le
shapes are probably incorrect and result in a modi ed Alfva continuum where these
modes are not allowed. For most of the remaining low-frequey» modes the poloidal
mode numberm = 0 was found as only dominant harmonic in the mode number
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spectrum, which is an indication of far- eld e ects.

A selection of unidenti ed Alfven eigenmodes shows strongon-linear e ects like fast
frequency chirping or bursting, signi cant losses of plasenenergy or fast ions are
observed as well. The frequencies of these modes are oftaselto, but not inside
a continuum gap. Where known, the mode numbers are low-ordeationals. Similar
characteristics are expected for EPMs which are forced diions of the plasma in
the presence of a resonant fast ion drive that is su ciently song to overcome the
continuum damping of the modes. EPMs should have frequensi¢hat correspond
to characteristic frequencies of the driving particle motn, in case of well-circulating
fast ions the toroidal transit frequency is expected. In anypf these cases the toroidal
transit frequency of the most energetic ions; vy, exceeds the mode frequency which
means that partially slowed-down beam ions ful ll this condion as well. Volume
averaged values ofi,=va > 0:7 and st = n > 1% for these discharges, which can
easily be exceeded in parts of the plasma, indicate the prase of a strong energetic
ion component. A rigorous proof for the observation of EPMsistellarators is currently
not possible because the required non-linear simulationdls are not available.

6.4 Alfen Eigenmodes and Fast-lon Losses

For wave-induced, resonant losses of fast ions it is expeatthat they scale linearly with
the wave amplitude. In addition to causality arguments, thé allows one to identify
those losses in experiments. Cross correlations betweee temporal evolution of the
Mirnov amplitude in a spectral band and the photomultipliertime traces of the fast ion
loss detector were calculated for this purpose. A distinan between NBI prompt losses
and resonant, wave-induced losses is possible by the timg laetween wave amplitude
and ion loss signal. It is required that the wave amplitude iahead of the fast ion losses
and that the time shift is of the order of the slowing-down tine with typical values of 2
{5 ms. This is close to the detection limit because the photouttipliers were digitized
with a frequency of 4 kHz, corresponding to 4 samples/ms. Tt#owing-down time is
an upper limit for the ejection of particles by resonant inteaction with AEs. Numerical
simulations indicate that energetic particles need a few ddional milliseconds to cross
the plasma edge region and reach the detector. Larger timegkof the order of the
particle con nement time indicate losses by neoclassicalansport processes. In cases
where the Alf\en eigenmode is excited by an increase of theBNheating power but
does not cause fast ion losses, the time lag at the maximum bktcorrelation function
was found to be negative.

Only three of the identied GAEs and gap modes caused notic#b fast ion losses.
Although some of the TAEs were observed to be strongly drivehy neutral beam

injection, signi cant particle losses besides the NBI propt losses could not be seen.
In contrast, a considerable fraction of unidenti ed Alf\en eigenmodes, which are likely
to be EPMs, could be shown to result in strong losses of plasmaergy and/or energetic
particles. In discharges #54902 { #54907 and #54911 at 200 ms fast ion losses
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could not be observed directly because the probe was too faway from the plasma.
There is, however, a strong anticorrelation between the Miov amplitude and the
plasma energy measured by the fast diamagnetic loop. The plaa monitor signals
suggest escaping fast ions as only explanation for the engilgss. Discharge #56358
shows a similar behaviour of the diamagnetic energy, but inddition the EFIP probe
recorded the ion losses as well. There it was shown that theragation function indeed
peaks at t =2 ms. The PMTs which observe the losses correspond to smaltgh
angles and particle energies from the injection energy of B8V to medium energies
of about 15 keV, which are still much larger than the thermalan temperature and
consistent with the observation of NBI ions expelled from th plasma.

6.5 Conclusions

A systematic study of experimentally observed Alf\en inshbilities has been performed
for a series of discharges taken mostly from higheampaigns at W7-AS, a large number
of eigenmodes has been analyzed and compared to theoretcalculations. In these
discharges, the eigenmodes are frequently observed durthg startup phase of the
discharge before the high- phase is reached. Due to the permanently changing bulk
plasma in this phase, the eigenmodes appear only transigmntl

The ideal MHD equilibrium is one of the most important ingredents in the analysis
and all subsequent steps sensitively depend on it. For a sessful interpretation of
observed Alf\en eigenmodes it is vital that the equilibriun reconstruction is as close
to the experimental conditions as possible. This includeh¢ assessment of realistic
density and temperature pro les. In the considered dischges at W7-AS the pro les
di er signi cantly from parabolic pro les that were often a ssumed in previous studies.
Qualitative changes of the Alfen continua, modifying themode numbers of possible
eigenmodes as well as the relevance of continuum damping fbese modes, conse-
quently follow. In addition, the equilibrium is required fa mapping of Mirnov probes
postitions to magnetic coordinates, the calculation of thgelocity distribution function
of energetic neutral beam ions and the determination of gralw and damping rates
of eigenmodes. The procedure that is used to reconstruct tiweal MHD equilibrium
from measured pressure pro les that are made consistent withe measurements of
other, independent diagnostics, has resulted in equililarithat are found to be in very
good agreement with the observed Alfven eigenmodes. A srhalmber of exceptions
from this general nding is observed and indicates the necsty of high-quality plasma
pro le diagnostics.

The identi cation of Alfen eigenmodes is based on a directomparison of mode num-
bers and frequencies to the Alf\en continuum, were only id¢ MHD eigenmodes are
considered because Kinetic Alf\en Eigenmodes are not exgted in the plasma param-
eter regimes under consideration. The mode numbers were e@ined from Mirnov
probes using the newly developed multi-dimensional Lomb pedogram that is capable
of analyzing data of unevenly spaced probes with di erent saple rates. Limitations of
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the Mirnov probes restrict a successful identi cation of idal MHD Alf\en eigenmodes
to low frequencies. GAEs were found to exist only transiemntlin the startup phase
of low-shear discharges, while TAEs constitue the most fregntly observed Alfien
instability, existing in a variety of experimental conditions. They are frequently desta-
bilized the gradient region of the plasma. EAEs have been adised occasionally, a
necessary parameter regime for their destabilization is neeen. The identi cation of
high-frequency eigenmodes is di cult due to the complicate structure of the Alfven
continuum and the limitations of the Mirnov probe setup. Stong evidence of the ob-
servation of Energetic Particle Modes (EPMSs) in the frequay range from 5Q::120
kHz, which is below the toroidal transit frequency of the mdsenergetic NBI parti-
cles in W7-AS, has been found. The higher abundance of gap reedas compared to
GAEs is not in contrast to previous studies, but re ects the bange in the magnetic
con guration in these late discharges.

The fast particle drive of TAES by energetic ions could be repduced by growth rate
calculations based on a theoretical model that considersehgly localized eigenmodes
with two dominant harmonics interacting with well-circulating particles. Despite these
simpli cations, the model describes the relative magnitues of the various contributions
to growth or damping rates quite well for optimized stellartors like W7-AS, but is
expected to underestimate the damping rate due to the negteof trapped electrons.
The thermal ions contribute slightly to the growth rate through their diamagnetic
drift which is su ciently large due to the strong density gradients near the plasma
boundary. Electron Landau damping can not be neglected in #se cold discharges
and provides the only damping mechanism. It was always langéhan the drive by
thermal ions, and without additional fast particle drive the modes would be stable.
The energetic particles strongly destabilize the eigenmedhrough spatial gradients in
their distribution. Velocity anisotropy drive is predicted to be small for well circulating
particles and no evidence for positive velocity gradientsiithe distribution function,
which are required for inverse Landau damping, is observe@he instability of GAEs
and EAEs can not be explained by fast particle drive becauséné eigenmodes are
found to have the wrong sign of mode numbers. In this case, tlspatial gradient in
the distribution function acts strongly stabilizing on these modes.

A degradation of the con nement of energetic ions by Alf\eneigenmodes is seen only
exceptionally for ideal MHD eigenmodes. Correlations exis case of two GAEs and
one EAE. No losses are observed that are correlated to TAEvea though strong wave-
particle interactions, that provide the drive of the eigenmdes, is both, theoretically
predicted and experimentally shown. This stands in contraso the worst case estimate
of ion losses caused by ideal MHD Alf\en eigenmodes as givenRef. [11], where it
was predicted that a signi cant fraction of energetic ionsd radially redistributed and
eventually expelled from the plasma by interaction with a TA. Di erent from ideal
MHD Alf\en eigenmodes, signi cant drops of plasma energyral severe fast ion losses
are frequently observed for presumed EPMs, which are not eignodes of the ideal
MHD force operator, but can be characterized as forced osatlons of the plasma due
to the presence of a non-perturbative fraction of energetions.
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Chapter 7

Summary

In the present thesis, a systematic study of beam driven A#fa eigenmodes in high-
density and low-temperature plasmas of the W7-AS stellarat is performed. The
device went out of operation in 2002 and the study is based aiosed experimental data.
Alf\en instabilities can roughly be divided into ideal MHD Alfven eigenmodes and those
existing due to kinetic e ects. The spectrum of ideal MHD Alfen waves in toroidal
fusion devices consists of a continuum of stable waves thateastrongly localized.
Weakly damped, discrete eigenmodes can exist in gaps of thentinuous spectrum
which are formed by plasma inhomogeneities and the couplio§Alf\ven continua. This
allows an identi cation of ideal MHD Alf\en eigenmodes in £rms of their frequency and
mode numbers. Kinetic e ects can modify this spectrum and eese additional types
of eigenmodes, the kinetic Alf\en eigenmodes (KAE) and ergetic particle modes
(EPM). The goal of this thesis is twofold: (I) identi cation and description of fast
particle driven Alf\en instabilities in W7-AS, and (11) st udy of energetic particle losses
induced by Alfven instabilities.

The reconstruction of the ideal MHD plasma equilibrium for ach discharge with suf-
cient accuracy is the very foundation of all subsequent sfes. This is achieved, based
on measured plasma parameter pro les that are further re ng by validating them to
the measurements of other, independent plasma diagnosticshe applied scheme is
inspired by an approach of Integrated Data Analysis (IDA) tocombine di erent di-
agnostic data and provide combined uncertainties. After nde number analysis and
eigenmode identi cation, the theoretically expected, lirar growth rate of the instabil-
ity is calculated where possible, and the various contribigns of the fast particle drive
to the instability of the mode are identi ed.

Alf\enic activity recorded by the Mirnov diagnostic is andyzed, which consists of
a set of spatially distributed coils that measure magnetic uctuations. On W7-AS,
the probes are arranged in three poloidal arrays at di erentoroidal positions. The
spacing between the probes is non-equidistant. In additipthe signals of one probe
array are digitized with a di erent sample rate. These chareteristics prohibit the
straight-forward use of standard tools available for harmmc analysis. Instead, a new
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tool has been developed and thoroughly tested. It is a multliimensional extension
of the Lomb periodogram, able to provide reliable time-resged frequency and mode
number spectra in the case of uneven datapoint spacing. Nurigal studies of this
periodogram show a good performance with respect to mode noen resolution given
the low number of available probes, and robustness againstnturbations of the signal.
Only two of the probe arrays can be used for the analysis of elgmodes with frequencies
> 70 kHz, such that for high-frequency phenomena insu cientriformation about the
mode numbers is available.

A total of 133 di erent Alf\en eigenmodes is studied in disbarges from di erent ex-
perimental campaigns. A restriction to discharges from vaus high- campaigns with
neutral beam heating is required to allow for a realistic remstruction of plasma equi-
librium and velocity distribution functions of energetic particles. The discharges are
characterized by high densityn. =5 10°m 3to 2:5 10?°m 3 at relatively low temper-
atures of T, = T; = 150 ... 600 eV. Alfien eigenmodes often appear transientlin the
startup phase of these discharges, where density and hegtipower are being ramped
up. Occasionally, Alhen eigenmodes are seen in the statiary, high- phase in the
presence of considerable neutral beam heating.

Most of the Alfven eigenmodes are successfully classi eds adeal MHD eigenmodes.
19 global, 47 toroidicity-induced and 8 ellipticity-indued Alfven eigenmodes (GAEs,
TAEs, and EAEs, respectively) are unambiguously identi edoy their mode numbers
and frequencies. Excellent agreement between experimdhytaobserved mode number
spectra and theoretically calculated eigenmode structuiie shown for a TAE example.
Additional 13 events are found to have frequencies insideedfEAE gap and could pos-
sibly be EAEs. Evidence for high-frequency Alfven eigennaes (mirror- and helicity-

induced Alfven eigenmodes) is seen, but can not be provergdrously due to uncertain
mode numbers and the complexity of the Alf\en continuum. Tle remaining 41 Alfven

eigenmodes can not be classi ed to be one of the above casesad®ns are either high
frequencies, mode numbers obscured by far- eld e ects, orade numbers that could
not be related to ideal MHD Alfien eigenmodes. A selectionfdhese shows indications
of strong non-linear wave-particle interactions and are aamed to be EPMs. Kinetic
Alfien eigenmodes are not expected to exist in the experim&l conditions that were

studied.

The radially resolved velocity distribution function is ugd to describe the parameter
regimes in which the modes are observed in terms of the dimamdess parameters
Vp=Va (beam velocity normalized to the Alfven velocity) and a5t = 1, Where is the
ratio of plasma pressure to magnetic pressure. The rst pamaeter describes through
which of the possible resonance velocities particles cameract with the eigenmode. A
peculiarity of the fast particle dynamics in fusion devicess that they can resonantly
interact with Alfven eigenmodes through sideband resonames even ifv < v,. The sec-
ond parameter describes the energy content of the destabifig fast particle population
compared to the potentially stabilizing thermal plasma component. These parameters
contain relevant information about the instability of an egenmode and such diagrams
are given for all observed modes. In addition to that, the exgrted linear growth rate
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of gap modes is calculated based on a theoretical model thatends the ideal MHD by
a perturbative, drift-kinetic description of the energy exhange between waves and cir-
culating particles, neglecting the e ects of trapped partiles. For the discharges under
consideration the thermal electron speed is comparable tq and the electrons pro-
vide a signi cant Landau damping contribution. Due to strorg density gradients near
the plasma boundary in most of the discharges, the thermalns can provide a small
drive via the spatial inhomogeneity which does not overcomihe electron damping,
however. The drive by spatial inhomogeneity of thermal ionsequires a certain prop-
agation direction of the mode and is equally stabilizing foopposite mode numbers.
The fast particles also contribute to the growth rate via sp@al inhomogeneity, velocity
gradients and velocity anisotropy terms are negligible in \RtAS. Most of the observed
GAE or EAE modes have negative mode numbers, which corresgbto a propagation
direction for which the spatial inhomogeneity of thermal ad beam ions is predicted to
be stabilizing. A fast particle drive of these modes is not camed, whereas the TAEs
are found to be strongly destabilized by neutral beam injein. The distribution of
plasma parameters for discharges showing TAEs in terms ofetldimensionless stabil-
ity parameters suggests an instability threshold that is qalitatively con rmed by an
exploration of the parameter space with the theoretical maad.

Wave-induced, resonant losses of energetic ions scaledimewith the wave amplitude.
To identify them, correlations between ion loss probe siglsaand wave amplitudes are
searched, where correlation times in the order of the slovgrdown time of energetic
particles are expected. Signi cant correlations can be esdtlished only exceptionally for
3 of the identi ed ideal MHD Alf\en eigenmodes. Those Alfen eigenmodes, however,
which are assumed to be EPMs frequently show severe lossesnargetic ions that are
visible in the time traces of the plasma energy as well.
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Appendix A

Di erential Geometry { a very
small tutorial

A.1 Reciprocal sets of vectors

An important building block for the description of vectors n curvilinear coordinates is
the concept of reciprocal sets of vectors. Two sets of vedtpA ;B;C and a;b;c are
called reciprocal sets of vectorsif

A a=B b=C c=1
A b=A c=B a=B ¢c=C a=C b=0: (A.1)

This implies that both, A;B;C and a;b; c are each comprised of linearly independent
vectors and that the respective triple productA (B C)anda (b c) are non-zero.
Actually, Eq. (A.1) are necessary and su cient conditions br both sets of vectors to be
reciprocal. To nd the vectors of one sef; b; c in terms of the reciprocal setA ;B ; C,
we look at the conditionsa B = a C = 0. This means thata is perpendicular to both,
B and C. BecauseB and C cannot be collinear vectorsa must bea= C (B C).
Inserting thisintoa A = CA (B C) =1, one sees that the constant must be
C 1= A (B C). Hence we have the inter-relationship:

B C CcC A A B

=2 ® o "B A “cap (A-2)

The fact that both sets of vectors consist of linearly indepwlent vectors spanning a
non-zero volume can be used to utilize each of the sets as tiegate basis vectors in
3D. Indeed, any vectorX can be written as

X
X

(X aA+(X b)B+(X ¢)C or
(X A)a+(X B)b+(X C)c: (A.3)
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In cartesian coordinates, the set of unit basis vectofis]; K is reciprocal to itself. This
implies that in such coordinates the vectoX can be written asX = (X D)T+(X ]+
(X K)K. Relation (A.3) is very important in the upcoming developmat of curvilinear
coordinates.

A.2 Curvilinear Coordinates

Consider a transformation R (ut;u?; u®) that describes any point in 3D space, by
means of position vectoR, as a function of three parameters called (for the moment)
ut; u?; ud. If we expandR in cartesian coordinates the transformation reads:

x = x(u; u? u®)
R(utu%ud) : y=y(uhuud) (A.4)
z = z(u*;u% ud)

The transformation is invertible if the functions x;y; z have continuous partial deriva-
tives with respect tou?; u? and u?, respectively, and if the Jacobian of the transforma-
tion is not zero. In this case the inverse transform is givenyb

ut=ul(xy;z);  uP= ui(xy;z); ud = ud(xy;z) (A.5)

This states that any position vector R with cartesian coordinates X;y;z) can be
uniquely described by the independent parametersit; u; u®) which makes them co-
ordinates as well. The reason for using superscripts will t@me clear below. The
position of the indices is important.

As in every 3D coordinate system, curvilinear coordinatesalie three naturally occuring
families of coordinate surfaces obtained if one coordinateu’ is kept xed while the
other coordinates are varied continuously. Analogouslyhtee families ofcoordinate
curvesare obtained by varying one coordinate! continuously while keeping the other
coordinates xed. The direction in which a point on the coorthate curve moves as
u is increased is taken to be the positive direction along thatoordinate curve. The
coordinate system is calledrthogonal if the coordinate curves intersect at right angles
everywhere.

The coordinate system is determined completely only if theoordinate surfacesu’ =
const are known. Any coordinate curveu is uniquely determined by the intersection
of the coordinate surfaces!' = const: and u® = const: wherei;j;k are a permutation
of 1;2; 3, while it is generally not possible to reconstruct the codmate surfaces from
the coordinate curves alone.
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A.3 Co- and Contravariant Vector Components, Met-
ric Coe cients

It is now possible to de ne a set oftangent basis vectoran point P described by
position vector R as any set of vectorse;; e, and e; with nite length that point in
the positive direction of the coordinate curves. In other wals, these basis vectors are
tangent vectors to the coordinate curves in poinP. Simple considerations show that
@R =@Uis a tangent vector to theu' coordinate curve. Hence the tangent basis vectors
are de ned by

SRR &

@y 7T e T @
This basis is said to bdocal because, in general, the basis vectors vary from point to
point. Again, the position of the index is important.

e (A.6)

The gradient, r u' of a function u' is de ned so that the di erential du' is given by
. : X NG : :
du =ru dR = ru——du =ru edu (A.7)
j @u

In the last step de nition (A.6) has been used as well as the sunation convention
which says that if a letter appears twice, as sub- and as sugeript index, on the
same side of the equation, the equation is to be summed ovel\allues of that index.
Eq. (A.7) can hold if and only if
ru g= |

This relation states that r u' and g form reciprocal sets of vectors de ned in (A.1).
Therefore we de ner u' as thereciprocal basis vectors

i i i

&= ! (A.8)

ru i

e e

Normally, neither aree' and g; of unit length, nor are they perpendicular. It is impor-
tant to note that, while €; are tangent vectors to theu' coordinate curves, the vectors
e' are perpendicular to theu' = const coordinate surfaces. By means of Eq. (A.2) one
set of basis vectors can be calculated if the other basis vext are known.

According to Eq. (A.3), any vector D can be written as a linear combination of the
vectors of either of the sets of reciprocal sets of vectors:

X
@u
which is an expansion oD along the reciprocal basis vectors. Analogousl) can be
written as a linear combination of the tangent basis vectors

&R _
@u

D= D ru=(D g)e'=De" (A.9)

D=(D r u) (D e')e =D'e (A.10)
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This shows that in curvilinear coordinates, there is more @n one kind of components
of a vector. The coe cients D; appearing in (A.9) are calledcovariant componentsof
the vector D, while D' in (A.10) are called thecontravariant components

Of course it's possible to write one set of basis vectors inrtes of the other. Rewriting
(A.9) and (A.10) with D = ¢ and D = €, respectively, we get

e = (¢ ej)ej = G e (A.11a)
e =(e e = g¥e (A.11b)
The dot products of basis vectors are so important that theyej their own symbols:
g =e e; ¢ =¢€ ¢; (A.12)

they are calledmetric coe cients . From their de nition can be seen that the metric
coe cients are symmetric: g; = g; and g/ = g@'. These coe cients contain all
relevant information about the metric in a curvilinear coodinate system, hence their
name. This can be shown by looking at the di erential arc leniy dl along a curve

(dh? = jdRj?>= dR dR:
with the di erential vector dR given by

@R 1 @R 2 @R 3 j
R= — = = = eduy
d @adu + @adu + @adu g du
so that (dl)? is given by
X o o
(d|)2 = (e ej)du'duJ = G du'du': (A.13)
i
Expressing the covariant (contravariant) components of aector in terms of the con-

travariant (covariant) components is a straightforward mdter using the metric coe -
cients:

Di=D g :(Djej)ei = Gi DI = Gij D! (A.14a)
D¥=D e =(Di€)e" = g“D; = ¢“D; (A.14b)

There is an interesting relationship between the metric cogents and the Kronecker
delta. Consider Eq. (A.11a)e = g; €, dot multiplied with e*:

=g é=gé e=gdg=¢d¢
This relation states that the mixed metric coe cients ¢/ have the same values, 0 or 1,
as the Kronecker delta !, which originates from the fact thate; and € are reciprocal
sets of vectors.
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The metric coe cients g; can be used to form a matrix denoted bydj; ] (similarly for
g and [g]). The pgoduct of the matricesC = [g; ][g"] equals the identity matrix
because oC(a;b) = |, Gan0™ = g2 = 2. From this immediately follows that [g*'] is
the inverse of §;]. From linear algebra it's known that the determinants satfy the
following relationship:

detfgj]=: g; det[g"]=g - (A.15)

Now consider the coordinate transform (A.5). The Jacobiad of the transform is
de ned as the determinant of the nine partial derivatives@R (i)=@u

@x=@u @x=@u @x=@Gu
J= @y=@Qu@y-@u@y=-@u (A.16)
@z=@u@z=@u@z=@u

The triple product A (B C) can be written in determinant form with the components
A Ay Az as matrix elements. This allows to write Eq. (A.16) in a more @ampact
form:

R R R
@bt @8 @&

The Jacobian of the inverse transform is equally given by thdeterminant of the matrix
of partial derivatives:

_ @x=@u @x=@u @x=@u
JV = @y=0u@y=-Q@u@y=Q@u (A.18)
@z=@Qu@z=@u @z=@u

J

(A.17)

The elements@ IF@x@ lIF@ynd @ L@ &are the cartesian components af u'. Hence,

AT (A.19)

J™ =rulru
Starting from (A.19) and substituting r u' = €' = g e=e (g e)=¢ e=J,it
can be shown that, as expected becau@R=@Uuandr u' are reciprocal sets of vectors,
Jinv =J l.

A relationship betweeng and J can be established by looking at the elementy; of
the matrix of which g is the determinant (A.11):

Gj = € ej:% %
If we write x = R(1);y = R(2);z= R(3), then
X
gj = R R(n), (A.20)

@u @u

n
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This relation states that [g; ] can formally be thought of as the product of two matrices.
It is a theorem of linear algebra that the determinant of a prduct matrix equals the
product of the determinants of the factors:

@ (n) @ (n)

— 1 = — 12
g=det[g;] det @l det U J
This yield the important relationship
g=J%2 or J= p@: (A.21)

A.4 Tensors

The most simple introduction to tensors makes use of the d@roduct operation be-
tween vectors. Asimple second order tensoor dyad is de ned via the relation

X AB =(X AB AB Y =A(B Y) (A.22)

The notation for a dyad is a simple juxtaposition,AB , of the vectors making up the
diad without any symbol in between. Another notation isA B here s called the
tensor product or the outer product.

From the de nition (A.22), it follows that the order of the vectors making up a dyad is
important. It also explains why the dot product of a vector wih a dyad is, in general,
not commutative:

X AB =(X AB B
X BA =(X B)A A
AB X=AMB X) A

The vectors A and B can, as usual, be expanded along a set of basis vectors. This
leads to four possible forms of component descriptions of gadl:

8 o .
3 A!Bj‘e'eJ = Dj e'e Dj . covariant components
AB = A'Bleig = D' eg DY : contravariant components (A.23)
2 ABle'le = D/eg D/; D}, : mixed components '
AiBj eiej = DIJ eiej

The dot in the indices of the mixed components of the dyad is iportant to indicate
which index comes rst. Otherwise,D! could be interpreted as either the component
of D]'€'e or as the component oD} eie’. Since the order of vectors making up the
dyad matters, these two are generally di erent. There are nie di erent combinations
of either, D; , D, D! and D; i;j =1;2;3 { therefore the component description of
a second order tensor is sometimes called thenian form.

Consider now a general second order tens%r or dyadic

B = Dje'e = D'eg = D)€'e = Dee (A.24)
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A general second order tensor cannot always be written as aagie dyad. It can,
however, be written as a sum of three dyads. Lek, B and C be any three vectors
that have a non-zero triple productA (B C) 6 0. It's then possible to nd three

vectors X, Y and Z such that [91]

B = XA +YB + zC: (A.25)

Calculations including vectors and second order tensorsrcée done by expansion in

appropriate co- and contravariant components and by remindg the relatione; e = 1:

X b= XDke' ee = X;D¥e = Ykg = Y (A.26a)
B x = DI X\ee € =D*Xve=2'e=2 (A.26b)
ED F= E'DxF'e €e e = E'DyxF* = number (A.26¢)

The last relation can be used for the expansion of a generaksad order tensor in
components. Upon substitutingE and F by tangent or reciprocal basis vectors as
needed, Eq. (A.26¢) gives:

Dj =g % €, DI = ¢ % e; (A.27)

D! = g e; D = € g '
As in the case of vectors, conversion between covariant, t@variant and mixed com-
ponents of a tensor involves metric coe cients, i.e.

Diz=e D & =¢ (Dyete)) o= Dye eke @ = gkDy g
= ¢ (Dke) & =Dk ee &=Digl (A.28)
= ¢ (Dle‘e) € =Dje eke € = gkD}
Here eq. (A.27) ande' e = | have been used.

To complete the short discussion of tensors it is worth not@qthat the metric coe cients
g, ¢ and g are themselfes legitimate components of a second order @n§the so
called metric tensor 9 .

A.5 Important Vector Identities in Curvilinear Co-

ordinates
The dot product between vectors can be "shifted" to dot products between the
basis vectors by expanding the vectors in components:
A B =ABje & =AB; ! =AB
:AiBjei € :AiBj JI =AiBI

AiBjei g :Aing!j (A29)

AiBje‘ e‘ :Aing|j
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The cross product between vectors can also be expressed by cross products
between basis vectors. Care must be taken to expand both verd along the same
basis:

A B=ABe e=ABje ¢

Here, summation overi and j is implied. Upon noting that g, = " Je' € and
e“= «J e €, where jx and ' are the well known Levi-Civita symbols that
evaluate to 1 ( 1) for i;j;k an even (uneven) permutation of ;12; 3 and O otherwise,
this can be rewritten in more compact form:

(A B)y= JAB; (A.30a)
(A B)= jJ 'AB (A.30Db)

The Del operator is a generalization of theNabla operator in cartesian coordinates
and is denoted by the same symbal . In curvilinear coordinates it can formally be

introduced via the relationshipd = r  dR. Observing thate' g = |, d can be
expanded via the chain rule to give:
@ i_ @, i @ j
d @udu @ue g du e @l gdd =r d

A comparison of the last two terms shows thar can be identi ed with € @=@.u
The Del operator operates on everything on its right, excepivhen brackets indicate
otherwise. Thegradient of a scalar eld ( u';u?;u?) is obtained by operatingr on :
@ .
d = = —¢€: A.31
grad = 1 = o (A31)
The dot product of ther -operator with a vector eld is called divergenceof the vector
eld and is given by:

1
A=10

J @u
Di erent derivations of this formula can be found in many tex books about di erential
geometry. Thecurl of a vector eld is obtained as the cross product of the -operator
with a vector A.

divA = r (JA"): (A.32)

rotA = r A
= r A)=AF ée)+rA €&=0+ %ei e
Here,r € =r r u Oandr e @=@uwvere used. This can be further
simpli ed, by using the g $ € formalism, to give:
r A= 1 @4, (A.33)

@u’
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The parallel and perpendicular components of a vector A with respect to
the ambient magnetic eld B are often required and are denoted by, and A,
respectively. The dot product is equivalent to the orthogoal projection of one vector
onto the other. Consequently, the parallel componem is simply:

A B
I1B]

k

whereb is the unit vector alongB. The component ofA perpendicular toB is given
by:

A= b (b A) (A.35)
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Appendix B

Boozers magnetic coordinates

B.1 Covariant B Components

In section 2.1.4 it was shown that the contravariant compomgs of B can be related
to the magnetic uxes as follows:B =0;B = —pol= p@andB = or=2 T 0. It
is possible to nd similar expressions for the covarianB components that involve the

poloidal and toroidal currents, respectively.

Consider Amgere's law, (J = r B, which is an inhomogeneous vector di erential
equation with a source term oJ. The solution of this partial di erential equation
constists of two terms, the solutionBy of the homogeneous equation, and a particular
solution B; of the inhomogeneous problem.B, must satisfy r Bo = 0 which
suggests thatBo can be written as the gradient of ascalar magnetic potentialin
vacuum, B, = r . This scalar magnetic potential in vacuum is generated corpletely
by exterior currents. Becausa is a physical quantity, is must be single valued. This
again can be used to determine the form must have: = %+ 7 Hgre, ~is periodic
in( ¢+; ¢)and Yisthe secular part. Amgere's law in integral form, B dl = ¢l, can
be used to determine the secular terms in . Any closed integtion loop in poloidal
direction does not encircle any currents and henc® , = 0. Any closed integration
loop that encircles thg, major axis, however, contains the toidal eld coil currents and
therefore ZB . = o lcois. This gives rise to a secular term proportional to s in :

= =2 (leoiis) f + = All coils that wrap around in toroidal direction but stay
outside of the torus give rise to a single-valued potentialnty. The helical windings
in classical stellarators carry currents in di erent diretions that cancel in any closed
integration path in toroidal direction, giving rise to a pefiodic potential as well.

In contrast to an ordinary partial di erential equation, th e particular solution B
must be a correct physical solution because, due to the vectoentity r r 0,
the homogeneous solution vanishes everywhere. The solatim the inhomogeneous

135
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problem, oJ=r B ;, requires knowlegde of the contravarian components:

i_ 1 - 1 @R @B
J'= —(r Bj)= —p— . B.1
0( J) 0|~J g @u @ﬂ ( )
From the MHD force balance equationy p=J B, one again immediately sees that
J r p = 0 which states that J lies in the ux surface as well. Hence,J r = 0.

Charge conservation yields J = 0. Similar relations were used for the magnetic
eld in the last section. Again, it can be shown that the non-anishing contravariant
J components are not independent of each other:

2Pga)+ 2ga)=0 ®.2)
which allows to introduce a function = (;; ) to write J in the same form as the
magnetic eld:

J=r r (B.3)
Again,J andJ are related to via

el g
g@’ g

ole

(B.4)

is subject to similar restrictions with respect to the singd-valuedness as, therefore
the most general form for is

(;; )=a() +b() +~(;; ) (B.5)
One can now de ne the poloidal ribbon current and the toroidbcurrent inside the ux
surface as:
ZZ 727
bol = J dS= Jr ) PR (B.6a)
Spol \%
ZZ 277
lior = J dS= Jr )dR (B.6b)
Stor \Y
toobtain (;; )= hke() =2 I5() =2 +~(;; ). If ~would be constant on

the ux surface, (; ) would be straight current density line coordinates. Because this
is, however, not generally the case, the contravariaik components are:

J =0: J :ingI—+Q' J :itg—+@' (B?)
’ 273 @ 2"y @ '

Upon substituting these into (B.1), one sees that the choice

(B2) = o(i i 1) (Ba) = () (Ba), = 57la()  (B8)

0
2
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is a particular solution of the inhomogeneous problem. It nat still be checked that
this solution is indeed the physical solution. This can be a@ by applying Amgere's
law in integral form on a closed integration path along a codimate curve. At rst this
is done along the poloidal coordinate curve:

I I zZ,
B d= B,-e' efdf: def: oltor () (B.9)

along ¢ 0

R
Doing the same along the ; coordinate gives the result that 02 d: = olggf( ) =

o(ugol I 50 ). Here, |ggf( ) is the poloidal current outside of the ux surface

= const: and |S| is the total poloidal plasma current. One sees that an adddnal

[0}
integration constant ol F‘,’o,: is needed to makeB , a physical quantity.
The homogeneous and the inhomogeneous solution can now be fmgether. 1t is
convenient to introduce a measure for the total poloidal cuent made up by the poloidal
plasma current and the poloidal current through the externktoroidal eld coils. This
current, denoted | 5, is the poloidal current outside of a uxPsurface througfba disk
touching the magnetic axis. Itis given byl &, = (17, 1ho)+  leois = 130+ coits-
By doing so, the scalar magnetic potential becomes purely niadic and the external
coil currents are absorbed in the integration constant of # inhomogeneous solution.

Finally, the covariant B components are:

B = of; 5 ¢)+ &) ;@f; D (B.10a)
_ 0 @ ; ¢ 1)

B, = 2_|tor( )+ —a (B.10b)

B, = 2—°|go,( )+ @C@—fff) (B.10c)

B.2 Boozer Coordinates

Boozer uses the freedom provided by (2.20) to make the periogart of the scalar
magnetic potential vanish. This will lead to a new Jacobianhat is speci cally simple.
To nd the new boozer coordinatey p,; ), one can look at the inverse new Jacobian
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(IO ) '=r (r p r ). Upon substituting (2.20) into this expression,

CE® L= 1 T+ DG T (1 + —oGy)
=01 (rer )Ff g (G )
+ ol (r ¢ 1 Gp)
(Pa) P+ 4t 1 F ) TGt (T T ) TGy

P 1 7r)0|ef —tor € ¢
(TG) +2 Zp—er+2p—er

Pg) t+2 B r G, (B.11)

is obtained. Here, the previously derived expressions Bf ande; = (r ul r uk):p g

were used. An expression for g- and = g, can be found by looking at the dot product
of B with itself:

(B)2 = B B = B'B;

= HF?E( 7r30|| tor ¥ —tor| SOO +B r ™ (B.12)
Solving this for P O Vields:
P—_ o jr)0||tor + —orl gol
T 42 B.13a
G 4 2 (B)z B r ~ ( )
p_: 0 —E)o||tor + —tor|30|
6= 75 OF (B.13b)

because™ 0inboozer coordinates. When these Jacobians are substédtinto (B.11),
the equation can be simpli ed to

2 B r~
B rGy="—— —: (B.14)
0 j)0|| tor ¥ —or | pol
This equation has the simple solution
> -
Gp= — - - (B.15)
0 —po||tor + —orl pol
which allows the unique determination of Boozers ux coordiates (p;, ).
For a special choice of the ux label, tor ,» the Jacobian in boozer coordinates can

be further simpli ed by using the de nition of (2.19):

P O( 5 ) l: —tor I (r pr b) = —tor g () l; (B.16a)
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r d d
pg—_ 0 —polltor + —tor|p0| _ 0 |tor + |p0|
b — > = 4= Vo

4 2 o (B) 4 (B)

The important result is the following. Because, I, and| gol are ux surface quantities,
on any given ux surface Boozers Jacobian is only a functionf ¢B)? : P G B 2
This simple Jacobian and the fact that the boozer coordinaseare straight eld line
coordinates are the reasons why the Boozer coordinates acecemmonly used.

(B.16b)
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Appendix C

List of Discharges and AEs

C.1 Discharges

| Shot | B® [T] | B, [T] | Gas| a | tymec [S]] Program
54009| -0.907 | -0.020| H2 | 0.477| 0.231 ECRH: {, 900 MHz, NBI
high beta
54010 -0.907 | -0.020| H2 | 0.477| 0.21 ECRH: {, 900 MHz, NBI
high beta
54012 -0.908 | -0.020| H2 | 0.477| 0.21 ECRH: {, 900 MHz, NBI
high beta
54014| -0.908 | -0.020| H2 | 0.477| 0.21 ECRH: {, 900 MHz, NBI
high beta
54015| -0.914 | -0.019| H2 | 0.372 0.2 ECRH: {, 900 MHz, NBI
high beta
54020| -1.001 | -0.019| H2 | 0.378 0.3 ECRH: {, 900 MHz, NBI
high beta
54082| -2.147 | -0.020| H2 | 0.354| 0.31 ECRH: 70 GHz, 900 MHz, NBI
EBW and X1 current drive
54083| -2.147 | -0.020| H2 | 0.349| 0.31 ECRH: 70 GHz, 900 MHz, NBI
EBW and X1 current drive
54128| -1.247 | -0.017| H2 | 0.346| 0.132, ECRH: 70 GHz, NBI
0.26 high beta
54129| -1.248 | -0.017| H2 | 0.346| 0.14 ECRH: 70 GHz, NBI
high beta
54130| -1.248 | -0.017| H2 | 0.346| 0.132 ECRH: 70 GHz, NBI
high beta
54132| -1.248 | -0.017| H2 | 0.346] 0.131 ECRH: 70 GHz, NBI
high beta

141
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| Shot | B® [T] | B, [T] | Gas| a |tymec [S]] Program |
54133| -1.249 | -0.017| H2 | 0.346| 0.131 ECRH: 70 GHz, NBI
high beta with I,
54134| -1.248 | -0.018| H2 | 0.345| 0.131 ECRH: 70 GHz, NBI
high beta with I

54135 -1.247 | -0.017| H2 | 0.346, 0.14 ECRH: 70 GHz, NBI
high beta with I,
54136, -1.248 | -0.017| H2 | 0.346, 0.14 ECRH: 70 GHz, NBI

high beta with I,
54137| -1.248 | -0.017| H2 | 0.345 0.131 ECRH: 70 GHz, NBI
high beta with I

54138| -1.247 | -0.017| H2 | 0.345| 0.15 ECRH: 70 GHz, NBI
high beta with I
54149| -1.244 | -0.019| H2 | 0.342, 0.23 ECRH: 70 GHz, NBI
high beta with I
54150| -1.245 | -0.019| H2 | 0.342, 0.23 ECRH: 70 GHz, NBI
high beta with I
54151| -1.244 | -0.019| H2 | 0.342| 0.23 ECRH: 70 GHz, NBI
high beta with I
54153| -1.244 | -0.019| H2 | 0.342] 0.23 ECRH: 70 GHz, NBI
high beta with I
54154| -1.245 | -0.019| H2 | 0.342] 0.23 ECRH: 70 GHz, NBI
high beta with I
54155| -1.244 | -0.019| H2 | 0.342] 0.21 ECRH: 70 GHz, NBI
high beta with I
54156, -1.243 | -0.019| H2 | 0.303| 0.23 ECRH: 70 GHz, NBI

high beta with I
54820 -2.512 | -0.010| H2 | 0.536| 0.179, | ECRH: 140 GHz, H2, NBI
0.229 transition H-Mode HDH
54821 -2.511 | -0.010| H2 | 0.535| 0.179, | ECRH: 140 GHz, H2, NBI
0.20 transition H-Mode HDH
54832 -2.501 | -0.010| H2 | 0.520| 0.229 | ECRH: 140 GHz, H2, NBI
transition H-Mode HDH
54840 -2.501 | -0.010| H2 | 0.520 0.2 ECRH: 140 GHz, H2, NBI
transition H-Mode HDH
54843| -2.504 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54844| -2.499 | -0.010| H2 | 0.515 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54845| -2.498 | -0.010| H2 | 0.522 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54846| -2.495 | -0.010| H2 | 0.525 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
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| Shot |BX [T1 B, [T]|Gas| a4 | tuwwec [S] | Program |
54850 -2.512 | -0.010| H2 | 0.536 0.179, ECRH: 140 GHz, H2, NI
0.229 transition H-Mode HDH
54852| -2.505 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54853| -2.505 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54854| -2.505 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54855| -2.505 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54856| -2.506 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54857| -2.503 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54858| -2.503 | -0.010| H2 | 0.518 0.2 ECRH: 140 GHz, H2, NI
transition H-Mode HDH
54902| -0.997 | -0.019| H2 | 0.484 0.329, ECRH: 140 GHz, NBI
0.379 high beta program
54903| -0.992 | -0.017| H2 | 0.491| 0.2, 0.328, ECRH: 140 GHz, NBI
0.378 high beta program
54904| -0.995 | -0.018| H2 | 0.488| 0.229, 0.329, ECRH: 140 GHz, NBI
0.379 high beta program
54905| -0.994 | -0.018| H2 | 0.488| 0.2, 0.328, ECRH: 140 GHz, NBI
0.378 high beta program
54906| -0.993 | -0.017| H2 | 0.491| 0.2, 0.328, ECRH: 140 GHz, NBI
0.378 high beta program
54907| -0.998 | -0.019| H2 | 0.484| 0.2, 0.328, ECRH: 140 GHz, NBI
0.378 high beta program
54908| -1.001 | -0.020| H2 | 0.481 0.328, ECRH: 140 GHz, NBI
0.378 high beta program
54911| -1.002 | -0.021| H2 | 0.478 0.2 ECRH: 140 GHz, NBI
high beta program
54927| -1.249 | -0.018| H2 | 0.626 0.2 ECRH: {, 900 MHz, NBI
high beta, iota=5/8
54930| -1.248 | -0.018| H2 | 0.626 0.184 ECRH: {, 900 MHz, NBI
high beta, iota=5/8
54937| -1.248 | -0.018| H2 | 0.616 0.36 ECRH: {, 900 MHz, NBI
high beta, iota=5/8
54998| -1.807 | -0.007| H2 | 0.565 0.19 ECRH: {, 900 MHz, NBI
uktuations in HDH-Mode
55003| -1.807 | -0.007| H2 | 0.565 0.23 ECRH: {, 900 MHz, NBI
density limit at 1.8T
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| Shot | B® [T] | B, [T] | Gas| a |tymec [S]] Program
55049| -2.503 | -0.010| H2 | 0.518| 0.2, 0.23 ECRH: 140 GHz, NBI,
transition H-Mode HDH
55056| -2.503 | -0.010| H2 | 0.518| 0.19 ECRH: 140 GHz, NBI,
transition H-Mode HDH
55288| -1.247 | -0.022| D2 | 0.482| 0.232 ECRH: {, 900 MHz, NBI
high beta, deuterium NBI
55315| -1.247 | -0.022| D2 | 0.482| 0.228 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55316| -1.247 | -0.022| D2 | 0.482| 0.228 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55317| -1.247 | -0.022| D2 | 0.482| 0.227 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55318| -1.247 | -0.022| D2 | 0.482 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55319| -1.251 | -0.021| D2 | 0.481| 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55321| -1.252 | -0.021| D2 | 0.481 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NBI
55323| -1.251 | -0.021| D2 | 0.481| 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NI
55324| -1.253 | -0.021| D2 | 0.481| 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NI
55325| -1.252 | -0.021| D2 | 0.481| 0.21 ECRH: 70 GHz, NBI
high beta, deuterium NI
55388| -2.510 | -0.010| D2 | 0.565| 0.184 ECRH: 140 GHz, NBI(D)
H-mode
55391| -2.511 | -0.010| D2 | 0.537| 0.183 ECRH: 140 GHz, NBI(D)
H-mode
55413| -1.249 | -0.022| D2 | 0.440| 0.18 ECRH: 900 MHz, NBI(D)
high beta
55477| -1.520 | -0.006| H2 | 0.562 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
55480| -1.521 | -0.006| H2 | 0.563 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
55484| -1.520 | -0.006| H2 | 0.563 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
55486| -1.520 | -0.006| H2 | 0.563 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
55489| -1.521 | -0.006| H2 | 0.562 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
55490| -1.520 | -0.006| H2 | 0.563 0.2 ECRH: 140 GHz, 900 MHz, NBI,
3rd harm. OXB, 5/9 con g.
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| Shot | B® [T] | B, [T] | Gas| a |tymec [S]] Program |
55493| -1.515 | -0.006| H2 | 0.482 0.2 ECRH 140GHz, 900MHz, NBI,
3rd harm. OXB, 5/9 con g.
56355| -1.259 | -0.010| H2 | 0.519 0.2 ECRH: {, 900 MHz, H2, NBI
Alfven waves
56358| -1.249 | -0.015| H2 | 0.521| 0.186 ECRH: {, 900 MHz, H2, NBI
Alfven waves
56370| -1.252 | -0.010| H2 | 0.433 0.3 ECRH: {, 900 MHz, H2, NBI
Alfven waves
56380| -1.193 | -0.010| H2 | 0.363| 0.19 ECRH: {, 900 MHz, NBI
Alven eigenmode studies
56936| -1.277 | -0.033| H2 | 0.494| 0.28 ECRH: 70 GHz, H2, NBI
high beta
C.2 Observed Alfen Instabilities
C.2.1 GAEs
| Shot | t [s] | fkHz] | (m, n) | Remarks
54820 0.18-0.20| 33 (-14, -7) stationary
54821| 0.18 - 0.20| 33 (-14, -7) stationary
54832| 0.21-0.23| 24 (-14, -7) stationary
54840| 0.20 - 0.215 25 (-14, -7) transient
54843| 0.20 - 0.215 25 (-14, -7) transient
54844| 0.20 - 0.215 25 | (-14,-7) transient
54845| 0.19 - 0.205 25 | (-14,-7) transient
54846| 0.18-0.19| 21 (2, 1) tail observed
54850 0.18 - 0.19| 32 (-14, -7) tail observed
54852| 0.19-0.22| 24 (-14, -7) transient
54853| 0.20 - 0.215 25 (-14, -7) transient
54854| 0.20 - 0.215 25 (-14, -7) transient
54855| 0.20-0.22| 25 | (-14,-7) transient
54856| 0.195 - 0.21] 25 | (-14,-7) transient
54857| 0.185 - 0.21] 25 | (-14,-7) transient
54858| 0.20 - 0.215 25 (-14, -7) transient
55003 0.19-0.21| 35 (-4, -2) transient, ion loss
55480| 0.18-0.19| 30 2, 1) dithering
56355 0.19-0.23| 30 (2, 1) | higher harmonics, ion loss
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C.2.2 TAEs
| Shot | t [s] | flkHz]| (m,n) | Remarks
54010| 0.20 - 0.22 28 (10/11, 5) transient
54012| 0.20-0.21| 30 (10/11, 5) transient
54014| 0.20 - 0.205 30 (10/11, 5) tail observed
54020 0.27 - 0.37| 19 (3/4/5, 1) bursting
54128 0.25-0.31| 25 (5/6/7, 2) stationary
54130| 0.12 - 0.135 25 (11/12, 4)
54132| 0.12 - 0.135 25 (11/12, 4) | mode amplitude correlated
with NBI power steps
54133| 0.12 - 0.135] 24 (11/12, 4) "
54134| 0.12 - 0.135 24 (11/12, 4) "
54135| 0.12-0.13| 24 (11/12, 4) "
0.12-0.14| 35 (5/6, 2)
54136| 0.12 - 0.135] 24 (11/12, 4) "
54137| 0.12-0.14| 24 (11/12, 4) "
54149| 0.21-0.25| 20 (4/5/6, 1)
0.25-0.27| 30 (5/6/7, 2) bursting
54150 0.22-0.27| 30 (718, 2) bursting
54151| 0.22-0.27| 35 (718, 2) bursting
54153| 0.22 - 0.27 32 (7/8, 2) bursting
54154 0.21-0.22| 35 (5/6/7, 2) tail observed
54155| 0.21 - 0.22 35 (6/7, 2) tail observed
54156| 0.21-0.24| 30 (6/7, 2) frequency band
54902 0.29-0.33| 25 (8/9, 3) regular bursts
0.33-0.39| 25 (6/7/8, 2) bursts, frequency splitting
16 (4/51617, 2) stationary
54903 0.28-0.39| 16 (5/6/7, 2) stationary
0.28-0.33| 25 (6/71/8, 2) bursts, frequency splitting
54904 0.28-0.33| 16 (4/5, 2) stationary
0.28-0.39| 25 (6/7, 2) bursts, frequency splitting
54905 0.28-0.34| 16 (4/5/6, 2) stationary
0.35-0.39| 25 (5/6/7, 2) bursts, frequency splitting
54906 0.28-0.33| 16 (4/5/6, 2) stationary
0.30-0.33| 25 (6/7/8, 2) bursts, frequency splitting
0.34-0.39| 16 (2/3, 1) stationary
54907 0.28-0.34| 15 (4/5/6, 2) stationary
0.28-0.39| 25 (5/6/7, 2) bursts, frequency splitting
54908| 0.30 - 0.33 25 (8/9, 3) regular bursts
0.33-0.39| 17 (4/5/6, 2) stationary
0.33-0.39| 25 (6/71/8, 2) bursts, frequency splitting
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| Shot | t [s] | flkHz]| (m,n) | Remarks |
54998| 0.19 - 0.194 80 (8/9, 4) burst, chirping
55315 0.23-0.25| 19 (7/8, 3) noisy
0.22-0.25| 37 (4/5/6, 2) noisy
55316 0.20-0.25| 20 (-9/-8, -4) noisy
55323| 0.21-0.24| 20 (10/11, 5) noisy
55324| 0.20-0.24| 37 (4/5/6, 2) noisy
55325| 0.20-0.24| 20 | (-12/-11,-5)
56380 0.15-0.21| 40 (2/3, 1) noisy
56936| 0.25 - 0.265 24 (-11/-10, -4) | tail observed

C.2.3 EAEs

C.2.3.1 Successfully Identi ed EAEs

| Shot| t[s] [f[kHz]| (m,n) | Remarks |
54009| 0.20 - 0.21| 32 (-7/-5, -3) | tail observed, ion losses
54151| 0.21 - 0.27 32 (5/7, 2) | noisy, frequency splitting
54153| 0.21 - 0.27 35 (-9/-7, -3) | noisy, frequency splitting

55316| 0.20 - 0.23] 49 (-5/-3, -2) stationary
55317| 0.20 - 0.22] 49 (-5/-3, -2) stationary
55318| 0.20 - 0.22] 49 (-5/-3, -2) stationary
55319| 0.20 - 0.21] 49 (-5/-3, -2) stationary
56936| 0.27 - 0.30] 50 (1/3, 1) weak and noisy

C.2.3.2 AEs with frequencies inside the EAE gap

| Shot | t [s] | f [kHz] | Dominant (m, n) | Remarks |
54015/ 0.20 - 0.205| 56 (3,1) 4, 1) tail observed
54150/ 0.21-0.27 | 37 (8, 1) (9, 1) noisy
54155| 0.21-0.23 49 ©, -2)
54820| 0.18 - 0.23 145 3, 2)
0.18 - 0.23 155 (-7, -3)
54821| 0.18 - 0.23 160 (-7, -3)
54850/ 0.18 - 0.23 120 | (-7,-1) (-7, 4) | bursts, frequency chirping
54905| 0.38 - 0.34 37 ©, -2) bursting
54927| 0.19-0.21 90 | (-14, -8) (-12, -8) bursting
54930| 0.19 - 0.205| 90 (-2, -2) bursting
55288| 0.235 - 0.245 100 (-1, 0) transient
55316 0.20-0.21 37 6, 2) (7, 2) tail observed

56370| 0.28 - 0.33 60 m=-7,3,o0r 15 stationary
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C.2.4 NAE, HAE and MAE Modes

It is noted that for the high-frequency modes, where MIR-1 isinavailable, strong
mode number aliasing is observed due to the low number of pexdremaining. The
poloidal mode numberm shows a regular aliasing pattern with m 7, while forn

is only known whether it is even or uneven. The aliasing peakgre all of comparable
amplitudes. The mode numbers given below are just stated kmese they appear in
the mode number spectrum and correspond to a coupling that gesent in the Alfien

continuum. They should not be considered as having unambigusly been determined.

| Shot | t [s] | f [kHZ] | (m, n) | Remarks
55288| 0.23 - 0.235) 150 | m =7, n even| possibly NAEgz,
55315 0.20-0.23| 370 (-12, -4)? HAE,; gap
450 (-1, -3)? MAEy; gap
55323| 0.20 - 0.22| 330 (6, 5)? HAE,; gap
55324| 0.20-0.22| 330 (6, 5)? HAE,; gap
C.2.5 Unidenti ed Alhen Eigenmodes
| Shot | t [s] | f [kHz] | Dominant (m, n) | Remarks |
54082| 0.30 - 0.33 30 (-4, -1) (-1, -1) stationary
54083 0.30-0.33| 25,32 | (-4,-1) (-4, -3) | have same mode numbers
54128| 0.12 - 0.135 27 (-2, -1) (11, 4) transient
54129| 0.12 - 0.135] 26 (-2, -1) (11, 4) transient
54138| 0.12 - 0.135, 24 (-2, -1) (11, 4) transient
54903| 0.19 - 0.23| 110 (-1, 0) chirping, energy losses
54904| 0.19 - 0.21 97 (-1, 0) chirping, energy losses
54905| 0.19 - 0.23| 105 (-1, 0) chirping, energy losses
54906 0.18-0.23| 95 (-1, 0) chirping, energy losses
54907 0.19-0.23| 75 (-1, 0) chirping, energy losses
54908 0.19-0.22| 110 (1, 0) dithering
54911| 0.19 - 0.23 70 (1, 1) stationary, energy losses
54937 0.35-0.37| 300 (?,?) high frequency mode
340 (?, ?) high frequency mode
380 (?,?) high frequency mode
55049| 0.18 - 0.185 19 0,1) (2, 1) tail observed
0.18-0.20f 25 (7, 3) (-7, -4) transient
0.22-0.23| 220 bursts
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| Shot | t [s] | f[kHz] | Dominant (m, n) | Remarks
55056| 0.185 - 0.195 87 (8, 0) (8, 4) transient
55288| 0.245 - 0.25| 195 (12, 0) (12, 4) start observed
55317 0.20 - 0.25 20 O, -2) stationary
55318| 0.20 - 0.25 20 O, -2) stationary
55321 0.20-0.21 340 1, 2 three bursts
55323| 0.20 - 0.24 17 (-4, 3) ELMy at rst
55324 0.20-0.24 17 (-4, 3) ELMy at rst
55325| 0.20-0.21 420 0, 1) (-12, -6) two bursts
55388| 0.17 - 0.23 40 (-4, 2) bursting, frequency splitting
55391 0.18 - 0.23 25 (0, -3) (-14, -7) stationary
55413 0.17 - 0.20 25 (-3, -1) bursting, ion losses
55477 0.17 - 0.19 40 (-1, -1) (14, 7) | dithering, chirping, ion losses
0.19 - 0.20 80 (-2, -1) (6, 5) two bursts
55480/ 0.20-0.21 35 0,7) (14, 7) transient
0.20 - 0.22 60 (-7,-3) (14, 7) transient, chirping
55484| 0.17 - 0.20 25 m=0 dithering at rst
55486| 0.17 - 0.19 35 (-1, -1) (9, 6) chirping
0.19-0.21 25 O, -2) transient
55489| 0.185 - 0.195 100 (8,0) (1, 1) bursts, ion losses
55490| 0.185 - 0.195 100 bursts, ion losses
55493 0.18 - 0.19 50 (5, 2) chirping, ion losses
56358, 0.17 - 0.20 50 4, 2) chirping, ion losses
56936/ 0.26 - 0.30 | 80 - 220 multiple quasicoherent activity
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