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Abstract

The advanced tokamak regime is a promising caralidatsteady state tokamak
operation which is desirable for a fusion reactbiis regime is characterized by a high
bootstrap current fraction and a flat or reversddty factor profile, which leads to operation
close to the pressure limit. At this limit, an ext& kink mode becomes unstable. This
external kink is converted into the slowly growiRgsistive Wall Mode (RWM) by the
presence of a conducting wall. Reduction of thewjnarate allows one to act on the mode
and to stabilize it. There are two main factorsalihdetermine the stability of the RWM. The
first factor comes from external magnetic pertudyet (error fields, resistive wall, feedback
coils, etc). This part of RWM physics is the sametbkamaks and reverse field pinch (RFP)
configurations. The physics of this interactiomakatively well understood and based on
classical electrodynamics. The second ingredie®W@M physics is the interaction of the
mode with plasma flow and fast particles. Theseradtions are particularly important for
tokamaks, which have higher plasma flow and strotrgpped particle effects. The influence
of the fast particles will also be increasingly emanportant in ITER and DEMO which will
have a large fraction of fusion born alpha parsiclehese interactions have kinetic origins
which make the computations challenging since nbt particles influence the mode, but
also the mode acts on the particles. Correct piediof the "plasma-RWM" interaction is an
important ingredient which has to be combined witernal fields influence (resistive wall,
error fields and feedback) to make reliable préalst for RWM behavior in tokamaks. All

these issues are reviewed in this paper.



1. Introduction

The main motivation for fusion research is the digwaent of a reliable and virtually
inexhaustible energy source. From the engineeramgf jof view it is attractive to have a
stationary solution for this problem. The most athed present day concept for plasma
confinement is the tokamak. Thus, steady statemakeoperation could be an attractive
regime for a future fusion power plant based ondkamak concept. Constant power
production in this regime is more convenient bathenergy conversion and for consumers.
At the same time, constant power loads on the @daing component allow more simple
power handling, lower engineering efforts for reactesign, and smaller costs for the fusion
power plant. A necessary requirement for tokamadamons is a constant plasma current,
which produces the poloidal component of the magfiedd. This component twists
magnetic field lines which ensure plasma confinegmetokamaks. A non-inductive source
for the constant plasma current is required foadyestate operation because an inductive
drive can work only temporarily. There are seveitierent options for such non-inductive
current drive in tokamaks: Electron Cyclotron CuatrBrive (ECCD), Lower Hybrid Current
Drive (LHCD), Neutral Beam Current Drive (NBCD) ahdotstrap current [1,2]. Among
them only the bootstrap current can produce aaeiffily large amount of the toroidal current
in big tokamaks. All other options could be vergfus for plasma control, but will play a
negligible role in the total toroidal current batarduring the flattop phase of a discharge.
Thus, all modern concepts for steady state DEMGtoeza rely completely on the bootstrap
current as the main current source in the plasia.amount of bootstrap current is
proportional to the pressure gradient [2]. Typic#ile maximal pressure gradients are located
off-axis which leads to flat or hollow current pites in the plasma. In this case, the minimum
safety factor value is about two, which avoids salaegerous resonant surfaces ( (1, 1) kink
mode and (3, 2) Neoclassical Tearing Mode). Fondwgher safety factor values the most
dangerous (2, 1) resonant surface could also bded.orhis is a positive consequence of the
elevated safety factor profile in the advanced noéda scenario. At the same time, high
bootstrap current fraction can only be achievedh wigh pressure gradients (which are
unavoidable for advanced tokamak scenarios).veis known from MHD that current and
pressure gradients lead to instabilities. In adedrtokamak scenarios the high pressure

gradients result in external kink instabilities the presence of a resistive wall the kink



instability is converted into the more slowly grogiResistive Wall Mode (RWM). This
instability is the main topic of the present pafidre control of this instability was also the
subject of a very comprehensive review by Chu akab@yashi [3] two years ago. Here, we
attempt to present a concise review of resistivié wade physics, focusing on the
mechanisms behind the mode behavior and only Bfighiching on the control issues
described in detail in Ref [3]. We start from thesiz physics, focus on the recent
achievements and discuss possible future steps.

The paper consists of eight sections. In sectjadhe2main stability limits are defined
and discussed. We recall some basic informationtabe simple dispersion relation for
RWM and its consequences in section 3. The RWMSira is discussed in section 4.
Section 5 is devoted to the physics of the regstrall mode and its interaction with plasma
and external magnetic perturbations (error fieldsistive wall, feedback coils, etc.).
Predictions for ITER are discussed in section &gearing of the RWM is discussed in
section 7. Finally, in section\8e summarize the main results and outline guidslifoefuture
studies of RWMs.

2. Stability boundary of the resistive wall mode

As mentioned before, the resistive wall mode isesgure gradient driven instability.

A typical characteristic of the total pressure itwkamak is the normalized plasma pressure
B=21,(p)/B By = ,8( aB/ Ip) ((p) is the average plasma pressuBgis the toroidal
magnetic field,a is the minor radius anti, is the plasma current). Using this quantity, it is
possible to define two limits for a given exterkelk mode. Assuming a plasma without an
external wall, one obtains an external kink by @asing 5, above a particular threshold
value called the "no wall" Iim( N,nwwa”) . On the other hand, if a perfectly conducting wall
is considered instead of a real wall, one couldease,, further and reach the instability
threshold at a considerably higher value, whicteited the "ideal wall" Iimil(,BN’idea,_Wa,,) .In
either cases, the external kink grows extremellydtisr crossing a threshold value (growth

rate: J, ~ 1/ Tunens Tamen = L/V atven Vaiven = Bt/‘/,uo,o , L is the characteristic length anziis
the plasma density). At this point, the controtlted mode becomes impossible and the

confinement is lost. The situation changes if omestders a real resistive wall. In this case

the external kink is still stable before the "ndivtmit (3, <y ., i) and highly unstable
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above the "ideal wall" limit as befm(eG’N > ﬂN,ideakwa"), but in the range between the "no

wall" and the "ideal wall" Iimiti,&’,\‘,mHvall < B < By idear Wa”) the mode splits into two

branches [4]:

» The fast branch, which is the normal external kitdde, is stable in this
region because the rotation of this mode is redsitifast with respect to the
wall. At these frequencies the resistive wall agtsn ideal wall and stabilizes
this branch.

« The slow branch on the other hand has a lowerioot&tequency, which
enables the mode perturbation to penetrate thrthegtvall and allows this
branch to become unstable. But, the growth ratbemode becomes much

smaller than the inverse Alvfen time (growth rag=1/7,,

all ?

T

watl =Tq/2m, 74 = bd/n .., whereb, d, andn,,, are the wall radius,
thickness, and resistivity, antis the dominant poloidal mode number). Here,
the wall properties become important because tleésrohine the flux

penetration. At such slow time scales controhefinode becomes possible.

In summary, the question of resistive wall modéisitzation in tokamaks is a question
of gaining the region of the operation space betvike "no-wall" and "ideal wall" limits. For
advanced operations close to the pressure linetsatio between these two limits is about

By idear-wait/ B no wan ~ 1.5— 2, which when translated to fusion power is an iaseeby a

factor of 3-4 in the case of RWM stabilization {fuspower scales approximately wiff, ).

This factor is a crucial component which could mtieadvanced scenario comparable to
conventional H-mode discharges in terms of fusiowgr. In this regime the bootstrap current

fraction is close to onef(; = J, ocvap/ J piasme=1)- Thus, stabilization of the resistive wall

a
mode and operation close to the "ideal wall" liari¢ extremely important. One has to note
that in the conventional scenario this gap betwhertno-wall" and "ideal wall" limits is
small and gaining this region just slightly incresshe operational space without strong
benefits in fusion performance. Comparisons of‘itheal wall” limit and the “no wall” limit
are shown for two different equilibriums in figutg5]. The gap between the limits depends
strongly on the toroidal mode number and safetjofgarofile. For most unstable n=1 modes

one has a substantial increasefp with a reversed shear g-profile and only a moéerat

increase in the case of a monotonic safety factfilp. Therefore, RWM stabilization is only

4



really worthwhile, in terms of performance gainaiivanced tokamak operation scenarios,

which feature reversed or near reversed shearfgg.o
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Figure 1. The “ideal wall” and the “no wall” limits are shown for different toroidal mode numbers. (A)
The case of the monotonic safety factor profile isonsidered. (B) The reversed shear safety factor gfile is
considered. The figures are adopted from ref.[5]

There is also another measure for the plasma isyabith respect to the resistive wall
mode which is used in some papers and should baaned. One can define the internal

inductance, which is a relation between the avet@géoidal magnetic field and its value at

the plasma boundary,=<B§>/B§a . This is an integral measure of the peakedneiseof

current profile for a particular equilibrium. Thatérnal inductance can be used to estimate the
“no wall” (,Bwaa,,) and “ideal WaII"(,BN’ideal_Wa,,) limits, but the relations are not universal.
For example, a typical relation for the “no walithit in the DIII-D tokamak could be
eitherBy .o war =4 [6] OF By 1o war = 2.4, [7] depending on the discharge scenario. For this
reason we use the quantig, as the measure for the plasma stability agamestdsistive

wall modes. These stability limits in terms Gf depend strongly on the plasma profiles,

plasma shape, propertires of the resistive wallthadaspect ratio. The strong aspect ratio
dependence can be seen, for example, in a comparisbSTX (aspect ratio=1.27) and DIII-

D (aspect ratio=3.1) discharges with similavalues. Theg, ., . and By icea- war VAlUES
are a factor of two larger for the lower aspedbraase (NSTX) compared to the high aspect
ratio case (DIlI-D)[8]. Changes in the plasma shegue also influence these limits even if

is the same. Thus, all these ingredients have taken correctly into account to calculate the
“no wall” and the “ideal wall” limits using lineavHD codes. Unfortunately, even this

(complex) determination of the plasma stability hdaries does not give a final answer for
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the boundaries of RWM unstable region. The actlaspa stability is a very complex subject

which depends also on kinetic effects and can eatdscribed only in terms ¢, , as will

be show below.

3. Simple dispersion relation for the resistive wall mde

In the previous section, the RWM stability boundanvere defined. In order to understand
the behavior of the instability inside of the boands, a simple dispersion relation is
discussed here. A relatively simple form of suahspersion relation was derived from a set
of linear MHD equations [9,10]. This simplest fohas no kinetic effects and assumes a fluid

plasma viscosity:

b
+
5\Np+(y+inQopl)D+évv"y[W [ =0 (1)
o o Mt
Il\/lleilaD r%l'?ast?gﬁ resistive

wall

HereQ, , is the rotation frequency of the plasnﬁ;z,+inﬂoypl) D is the energy dissipated in

the plasma,dW,and JW,” are perturbed energies in vacuum with an idedl atdd and at
o, respectivelyr, is the wall time,y = y, +iag,,, IS the complex growth rate of the mode,

and n is the toroidal mode number. The dispersion r@tationtains parts related to the ideal
stability of the mode, the influence of the plasmi@tion (interaction of the mode and the
plasma) and the influence of the resistive walle Tthportant consequences of the dispersion
relation are shown schematically in figure 2. Thesma without a wall can be confined up to
the "no wall" limit after which a fast external kimnstability develops (magenta line). In the

presence of an "ideal wall" this limit is shiftealhtigher 5, values (up toB, ijear-war)- IN bOth

cases, the control of an ideal instability abowesehlimits is not possible. In the real situation,
between the "no wall" and "ideal wall" limits awly growing resistive wall mode develops.
The resistive wall prevents a fast penetratiorhefftux from the mode and determines the
growth rate of the mode. Applying the feedback oalled external currents one reduces the
flux penetration further and suppresses the molis. tJpe of stabilization opens up a
stability window above the "no wall" limit, as shown figure 2. The second important effect
is the plasma rotation. In the presence of a vigddsssipation, the plasma drags the mode.
As a result of such a “drag force”, the mode ratd#ster and becomes decoupled from the
wall, which prevents penetration of the flux thrbuge wall and again stabilizes the mode.

The coupling between the plasma and the mode (‘fdrag”) is stronger for highB,, values
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because of the higher dissipation at high®y. This effectively opens a stability window

from the "ideal wall" limit if the rotation stab#lation is dominarit

In summary, the RWM growth requires flux penetnatibrough the wall. Two

different mechanisms can prevent, reduce or suppines penetration: active feedback control

which is more effective close to the "no wall" limor from "ideal wall" limit stabilization via

plasma rotation.
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Figure 2. (color online) Schematic representationf the RWM behavior between "no wall" and "ideal
wall" limits from the dispersion relation (eq.1). The mode is unstable above the “no wall” if no walk

present (magenta line). The mode is stable up t@.._,. in case of an ideal wall (green line). Slowly

growing mode is unstable between the “no wall” andideal wall” limits (blue curves). Active feedback
pushes this curve down and stabilizes from “no wdlllimit. Inclusion of the plasma rotation stabilizes the
RWM from the “ideal wall” limit (red curves).

! The presented figure 2 gives only schematic desenpf RWM behavior. It contains some

simplifications to make the figure more clear. Erample, growth rates valugg,, for “no

wall external kink” and “ideal wall external kinicases are set to zero in the stable region to

reduce the number of curves. These values couttirbegly negative in the reality.



4. Structure of the resistive wall mode

Experiments show that both the internal factoragpia rotation, etc) and external
factors (resistive wall, external coils, etc) havstrong impact on the mode stability [11-14].
A physical basis for these strong effects is adbrigenfunction of the mode. Resistive wall
modes typically have a toroidal mode numberl and multiple poloidal mode numbers

m=2...7 which are coupled together. There are also s@natin which the higher toroidal

mode numbersén > 2) can be excited simultaneously. These multiple Umstaigenvalues

can coexist together in the plasma and were obddoveexample in high beta NSTX plasmas
[15].

It is clear that the external kink part of the RVWéenfunction creates currents at the
plasma boundary. These currents are close to thaméalead to strong interactions with the
currents in the wall and with externally producedtprbations. The influence of the internal
currents, located around mid-radius of the plasinahis interaction is smaller due to the
larger distance to the wall. At the same time,itibernal part of the eigenfunction is
responsible for the strong interaction with thespia flow. This interaction has a kinetic
origin which results in interaction of the wave @egperturbations due to RWM) with
particles, as will be discussed later. The extekitd part of the eigenfunction is less
important for the interaction with the plasma, sititce amount of plasma patrticles in the core
is much higher compared to the plasma boundarpmedihis conclusion is also confirmed by
the kinetic calculations, as will be shown latespital displacement eigenfunctions of the
resistive wall mode for two slightly different edgafety factors in DIlI-D are shown in figure
3 [16]. The internal part is non-negligible even ¢ases in which the external kink is
dominant. Calculations for JET indicate that theohimde of the internal displacement is of
the same or even significantly larger than theraekink part [17]. Actually, only a global
character which has internal and external parte®@RWM eigenfunction can explain
simultaneous effects of the resistive wall, extepsaturbations and plasma rotation, as

observed experimentally.
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Figure 3. Shape of the radial displacement eigenftion for two slightly different edge safety factos (left
g, =5.6; right g, =6). The figures are adopted from Ref. [16]. The inteal part is present in both

cases but has much stronger relative amplitude oré right. These figures result from linear MHD
calculations which imply that only shapes of the genfunctions could be compared. (A non-linear MHD
simulations are necessary for the absolute value$ the displacements.)

The last important issue concerning the mode strags the mode “rigidity”. It
characterizes the rigidity of the mode structurexternal actions. This term is defined
differently by different authors. Typically one thie following definitions of the mode
“rigidity” is used:

1) The mode “rigidity” in real space assumes thatllpcdoidal (and/or toroidal)
suppression of the RWM in one place leads to overdliction of the mode
amplitude.[18]

2) The mode number “rigidity” assumes that suppressfdhe most unstable toroidal
mode number (n=1) would not destabilize a mode higher n-numbers. [19,20]

3) For the “perturbative” calculations discussed i@ fibllowing sections mode “rigidity”
means that the shape of the eigenfunction is finede analysis of the particle mode
interaction using a kinetic approach (see secti@h 5

These definitions are not independent. For exanaph@n-rigid case in terms of the first
definition could give different spectra and leadtoon-rigidity in terms of the second
definition. One has to be careful to understancettect meaning of the word “rigidity” in a
particular case. In many cases, people assumgid’“mode structure of RWM using one of
these definitions.

5. Stability of the resistive wall mode

The physics of the resistive wall mode is quite pboated and is not yet completely
9



understood. Different factors like plasma rotatifast particles, resistive walls, error fields
and feedback impact the mode stability and coulddssinant under different circumstances.
Thus, resulting stability/instability of RWM is antegral quantity which contains all of these
factors. Change in even one of the ingredientsdcoompletely change the picture and drive
the instability from a stable to an unstable regorice versa. Some of these factors are well

understood, but others still require detailed itigasions.

Resistive Wall Mode
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Figure 4. (color online) Schematic representationfdhe Resistive Wall Mode interactions with the plama
and external magnetic fields. Different effects arseparated in two groups depending on the type of
interaction. Typical stabilizing and destabilizinginfluences are marked. The amount of
stabilization/destabilization depends strongly onhe particular situation (profiles, plasma shape, peicles
distribution, etc.).

It is useful to separate all these factors into groups depending on the physics
background (see figure 4). This allows us to gdetker physical understanding of RWM
physics:

(1) In the first group we include all of the effeethich could be described purely by
electromagnetism. These are the interaction ofrtbée with any external magnetic fields
which could originate from the resistive wall, erfields or feedback coils. In this case only

perturbation currents due to the mode inside thsrpé enter into the problem. Actually, the
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situation could be even more simplified since thaseents could be substituted by an
appropriate choice of the surface current on tasmbk boundary (or boundary conditions at
the last closed flux surface in the calculatioii$le solution of such a problem in real
geometry would be complex, but the approach isgtttforward. This part of the physics is
discussed in section 5.1.

(2)The second group contains the interaction ®RWWM with the plasma. This means
the influence of the plasma rotation and of fastiglas on the mode stability. These effects
have kinetic origins and have to be consideredveave-particle interaction. Self-consistent
calculation of the mode within kinetic approaclaisextremely challenging task, as will be
shown later. Thus, an assumption on this interaatibich could then be used in a fluid
approach within an MHD code is required. In spitéhe significant progress during last few

years, this piece of physics is still not compldteis will be discussed in detail in section 5.2.

5.1. RWM interaction with external magnetic fields

Many simple models for resistive wall mode stapiitere established at the beginning of
the RWM research to investigate the interactiothefRWM with the wall and with feedback
currents. The most widely used models were propbgadD.Pustovitov[21],

A.H.Boozer[22], M.Okabayashi[23], J. M.Finn[24] daR. Fitzpatrick [25]. In the following,
the Fitzpatrick model [25] is discussed. This madel good illustration which shows a
typical simple model approach and its limitatioBshematic representation of the Fitzpatrick
model is shown in figure 5. As was mentioned befallecurrents due to the RWM inside of
the plasma volume can be substituted by a singfacicurrent (boundary conditions). This
approach is implemented in the cylindrical Fitzm&tmodel in the most straightforward
manner. The resistive wall mode is representedéyutter surface current layer. The inner
most region is filled by ideal plasma. An inerfeyer between the plasma and the current
layer (RWM) serves to match the difference in iotabetween the plasma and the resistive
wall mode, because in a typical situation the pkasotates much faster. These assumptions
are sufficient to derive a dispersion relationtfug resistive wall mode. Using this dispersion
relation, and assuming a particular viscosity aisdigation, one can investigate the behavior
of the mode for different plasma rotations.

11
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Figure 5. Schematic representation of the cylindrial Fitzpatrick model [25]. The RWM is represented ly
an external current layer which is connected to thédeal plasma region via an inertial layer. This Iger is n

eeded to match slow rotations of the RWI\/(%WM) and fast rotation of the pIasma(QQpI ) :

In these models kinetic effects are described leyartwo free parameters (representing
viscosity and dissipation in the Fitzpatrick modwily dissipation in the Boozer model etc.).
This oversimplification of plasma-mode interactisrthe main problem of all simple models.
One can determine these free numbers for a giveerement, but scaling to other tokamaks
is impossible (or even scaling to substantiallyedé@nt regimes in the same tokamak). At the
same time, these simple approaches are extremedfiyl igr getting a basic understanding of
RWM physics. They also become powerful tools indase of weak interaction between the
resistive wall mode and the plasma (when kinefieot$ are small). Such a situation arises in
reversed filed pinches (RFPs), which also havestigsiwall modes.

Resistive wall mode physics in RFPs is not identio that in tokamaks. The RWM in
RFPs is a current driven instability in contrastite pressure driven RWM in tokamaks,
which is a primary concern in advanced scenariadiition, the interaction between the
plasma and the mode play an important role in t@éeanand is negligible in RFPs [26, 27].
This difference actually makes RFPs a good testddur the electromagnetic part of RWM
physics. Additional advantages for these tests doome the large number of control coils
which completely cover the surface of the RFP d&vic the tokamak case, only a high field
side set of colils is typically installed. One hasibte that the current driven RWMs are also

investigated in the tokamaks utilizing their higiproducibility to study the RWM control
12



issues. The structure of the current driven RWkhatplasma surface is similar to what is
expected for pressure driven RWMs and thus couldisled for investigation of the RWM
interaction with external currents and walls [28]the same time the pressure driven RWM
could have quite a different eigenfunction in thesma core with higher amplitudes of the
internal components and a much richer poloidal tspec[29]. Thus, the plasma-RWM
interaction could be quite different for currenivén and pressure driven RWMs in tokamaks.

During the last few years, a significant progresthe field of RWM physics was
achieved in RFPs. This reflects a good understgnafithe RWM interaction with external
magnetic fields. There are several points whichparéicularly interesting in the obtained
results:

» Simultaneous stabilization of several RWMs was el for the first time in
T2R and confirmed in other devices [30, 31, 32].

* The unlocking and controllable rotation of RWM ugileedback coils were
demonstrated for the first time in RFX-mode andficored in other
experiments [33, 34, 35, 36].

* The real vessel structure was taken into accoutiteiiRWM stability
calculations and was shown to affect the growtesraf the RWM
instability[37].

» It was shown that simple RWM models could be usechtculate some
quantities rather accurately, for example, forekperimentally measured
frequency of RWM rotation experiments agrees veell with theoretical
predictions [35, 38].

All these results show that the electromagnetit @lathe resistive wall mode physics is
relatively well understood. Application of this kmledge to real tokamaks is a complex but
solvable problem. This is shown by the implemeantatf the real wall in different codes [39,
40]. Real 3D geometry of the wall is important naty for the growth rate of the unstable
modes, but also for the mode spectrum. The congilegtructure can lead to strong coupling
between the modes with different toroidal mode nerslfn) which would modify the
resulting stability of the plasma. The next steghis direction is the implementation of the
real plasma environment (3D wall + feedback) it® ¢odes together with a good model for
the plasma-RWM interaction and a feedback algorithinis is actually the subject of
intensive research. The available theoretical wgrksvide the basis for coupling the full 3D
electromagnetic treatment of the wall with plasrakalations with linear MHD codes which

includes influence of the plasma on the mode (efd41]). The first results demonstrating
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the feasibility of the codes coupling already €] but further improvement of the codes
is needed. Finally, such tools will be used to AWM stability in ITER and DEMO. One
of the most crucial points in this modeling is theeraction of the RWM with the plasma

which is taken into account in the linear MHD codhis is discussed in the next section.
5.2 RWM interaction with plasma

Experimental evidence for the importance of plashmaode interactions was already
obtained from the beginning of RWM investigationgokamaks [11-13]. This evidence
immediately posed questions about the physical avesi behind the interaction and the
possibility of implementing this interaction in dar MHD descriptions of the plasma. It was
soon realized that Alfvén continuum damping alaeat sufficient to explain the
experimental observations (e.g. a stable RWM regtorery low plasma rotation as discussed
later, etc.). The interaction is stronger than ted by the continuum damping alone and
more detailed analysis of the mode-plasma inteyadtas to be done. The physical
mechanism which could provide this additional damgps an interaction of the mode (wave)
with plasma particles. The main problem is to déescthis interaction (energy transfer
between RWM and plasma particles), which incluaésrplay with thermal particles as well
as with fast particles. The difficulties arise wregtempting to formulate a set of assumptions
that enable the kinetic problem (wave-particlebpéoreduced to an MHD formulation (fluid
description). If such a description is found, ip@ssible to calculate the problem self-

consistently within the linear MHD approach. Thegiest assumption which can be made is
to represent this interaction as a fluid viscouséd (T, in the linearized MHD momentum
balance equation [5] (eq. 2):

Po(y+inQq )V, = ~00p,+ §,xby+ Jxb,-0O - p (V) )

where, p is the densityy is the fluid velocity,b is the magnetic field] is the currentp is

the fluid pressuren is the toroidal mode numbey,= y, +iay,,, iS the complex growth rate,
andU :\71><(V—F3>< ﬁj+(¥{ DT])”\(). Equilibrium quantities and perturbed quantities @enoted

by subscript 0 and 1, respectively. The rotati@gfrency of the plasma at the equilibrium

Q, ,, is non-uniform and depends only on the equilibrilur function.

0.p
The first model of this kind was proposed by Hamaret Perkins in 1990 [43]. It
assumes an approximation for the Landau dampitigeisound wave range. This model is
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often called the “sound wave damping” model. Thedgart has the following

representation in this model:

O, = 7|k v, | 2o% (o, (3)
herek =(n-m g/ Ris the parallel wave vector ary is the ion thermal velocity. The
model contains a free “geometrical factok| , which varies from 0.1 to 1.5. A better model,

developed by A. Bondeson and M.S.Chu a few ye#es laas no free parameters and takes

into account mode coupling [44]. Thus, the “drageé3 for a particular (m,n) mode depends
on the toroidally couplecﬂmil, n) modes and the modes are no longer independent.
Predictions using this model were in relatively d@agreement with experimental

measurements at that time, as obtained with the BH&Rode for the DIII-D case and shown
in figure 6 [45].
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Figure 6. (color online) Comparison of the criticalplasma rotation at q=2 resonant surface for RWM oset
with MARS-F results (open diamonds and red curve)rbm Ref[45]. Experimental points for balanced
NBI cases are shown in green (filled circles). Relsi of the braking® experiments are shown in blue (open
circles).

2 Measurements of RWM stability in the presence stfang neutral beam torque required some form of
“magnetic braking” to reduce the plasma rotatiothcritical value. Two braking methods were ugéj:
reduction of the current in the error correctioilss@llowing the uncorrected part of the intrinsicor field to
create a drag on the plasma rotation; (2) apptinadf an additional nonaxisymmetric field with artiegral set
of cails.
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New problems come into play with reduction of th&sma rotation. It was clear from
first estimations that plasma rotation in ITER vaé significantly weaker than that in the
present day devices since the relative input tofopra Neutral Beam Injection will be
smaller (taking into account the plasma volumeTigR). Thus, operations at low plasma
rotation were identified as very important to makedictions for ITER. In order to address
this issue, one neutral beam source was rediracted!-D to make balanced injection
possible and to reduce the resulting torque omldema [45, 46]. JT-60U[47] and NSTX[48]
were also operating in this regime and a strongagah of the rotation threshold was
observed as well. In spite of the relatively gogdeament with the first results in DIII-D, it
was soon realized that further reduction of thempla rotation is possible, which does not
agree with the Bondeson model predictions showigure 6. Here, the plasma rotation

frequency required for the RWM stabilization isteld versus normalized distance between

the “no Wa"” and uideal Wa”” I|m|tS,Cﬂ - (:BN _ :IO—WaII)/( ’i\?eal—wall _ ,:110- wall) A Stable

operations are not possible below critical rotatratue which is in contradiction to stable
operation at very low rotation. Thus, some assumngtbf the Bondeson model are no longer
valid in these low rotation plasmas and additigtabilization mechanisms have to be taken
into account. In the model, several low frequeresonances were assumed to be zero, in
particular the magnetic drift frequency and thextagnetic drift frequency. To understand the
problem including these resonances, it is usefdizouss another approach for investigation
of plasma-RWM interaction. Up to now, only so cdlfself-consistent” MHD calculations
have been discussed. In these calculations thefaigeion is changed “self-consistently”
according to linear MHD equations, but the intaactvith the plasma is calculated with
several assumptions. Another way to address the paoblem is the so called “perturbative”
approach.

The growth rate of the modg, can be obtained from the perturbed MHD energy. In
the RWM case we obtain the following expressid®|;[4

(o)
— é\NMHD

, (@)
éVVI\?HD

Viu=

where, oW, and W, are the fluid potential energy with a conductingivat « andb,

respectively. The fluid energy includes the plasmd vacuum contributions. This
formulation can be extended to include also thie@mice of the kinetic effects on the mode
stability. The stability of the RWM is then determad by a dispersion relation derived from
the kinetic-MHD energy principle for low frequenoyodes [50, 51].
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— é\NI\;IOHD + M (5)
é\NI\?HD + M

where oW, is the kinetic part of the potential energy. listhpproach, kinetic codes use fixed

i, =

eigenfunctions from linear MHD to evaluate the rattion between the plasma and the mode

for a given particle distribution (in another wotdsobtaindW, ).

The “perturbative” approach differs from the “setfnsistent” approach in the
following aspects:

(1) Kinetic modifications of the RWM structure are maken into account. The mode is
assumed to be “rigid”, which means that the shdjpleeomode eigenfunction is not
affected by the plasma.

(2) Kinetic effects are calculated accurately by evihggkinetic integrals.

(3) The fluid continuum damping (due to the mode resoeavith the Alfven waves) is
not present in the perturbative calculations.

A comparison of the models is presented also ilethbwhere advantages and disadvantages

of the approaches are marked with “+” and “-“, esdjvely.

« Self-consistent» approach « Perturbative » approach
(codes: MARS-R, CASTOR-FLOW, etc) (codes: HAGIS, MISK, MARS-K etc.)

System of linear MHD equations is solved Kinetitegrals are calculated

(-) Approximation for kinetic effects (+) Correctlculation of the kinetic effects

(+) Plasma influences on the mode structure  (-)Mbde structure is fixed

(+) Interactions with Alfven continuum are | (-) No interactions with Alfven and sound

present wave continuum are present

Table 1. Comparison of the “self-consistent” and “prturbative” approaches. Advantages and

disadvantages are marked by “+” and “-“, respectivéy.

Note that this kinetic —\MHD energy principle tte¢éhe bulk plasma as an ideal one.
Therefore, it was implicitly assumed that no islaad develop at the rational surfagesn/n.
The second point is that equations 4 and 5 alloacanrate evaluation of the RWM growth
rate only near the point of marginal stability loé plasma. In spite of all the restrictions, very
useful results can be obtained from the “pertuviedtapproach, which clarifies the plasma —
mode interaction. In what follows we discuss twesfions to understand the physics of the
resistive wall mode:

(1) Which resonances/particles impact strongly the nsbaleility?

3 Both perturbative and self-consistent approachesealized in the kinetic-MHD code MARS-K [52].
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(2) Where do the plasma-mode interactions mainly occur?
Qualitative answers to the two questions can baioéd from the kinetic approach.

Formally, oW, is a change of the potential energy which canabeutated for the kink

mode as follows [53]:
1 i N
&Nkzajdr(m§+y|35 f;mf“(;p gil-m) (6)
Here, @ is the toroidal angled is the poloidal anglex is the curvature vector
(k=bIb,b=B/B), anddf = f - f,is the perturbed part of the distribution functiorihe
phase space volume elemeht< d*xd®v). This integral can be simplified for circular piaa

in the large aspect ratio approximation. It is gassto show analytically that the resulting

expression fodW, contains resonant conditions:

(ko *1¥6 —N@W )afj 1 o
0 X N = A
e ¥ os ez oW

+|(“g Iveff+nwE><B a)RWM 'yo

00

L)

(7)

Here, f; is the distribution function of the particlgs ¢ is the pitch anglei is the magnetic

flux, Z; is the effective charge,. is the collision frequenclThe first four frequencies in

the denominator are the precession drift, bourmésion, andE x B frequencies,

respectively. TheEx B frequency isa,; = @, - @, wherew, is the toroidal rotation
frequency andu, is the ion diamagnetic frequency. For thermalipiad the Doppler shifted
mode frequencyy., ; — Wy, Can resonate with the precession drift freque(m;} or with

the bounce frequencyy , leading to large and compleX\| ®. The discussed resonances can

occur with the following frequencies:

 The transit frequency of the passing particles; v,/ R;
* The bounce frequency of the trapped partictgs; \/r/—R(vth/ R) ;
« The precession drift motiory, ~ o/r (v,,/R);
Here, p =my,/ eBis the Larmor radius ang, is the thermal velocity. These frequencies are

quite differentaw, <<, < @),. Thus, a scan of the plasma rotation should itles¢éiveral

*In practice, only first bounce harmonidsare important. For>|4{ the resulting integral

provides negligible changes &, .

®The discussed expression is derived for trappeticles, but a similar approach could be

applied to passing particles.
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resonances. A scan dt\, as a function of plasma rotation as calculate&f@ET discharge
is shown in figure 7 [17]. The thermal particletdizution function is considered to be
isotropic with respect to pitch angle and Maxwelhgith respect to energy. One can see
significant changes in the kinetic part of the ptitd energy with changes of the plasma
rotation. An increase of thé\| corresponds to an increase of the mode stalfilitgh an
increase is seen close to the precession drifuéecy and bounce frequency where the mode
resonates with the motion of the particles.
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Figure 7. (color online) The real part of the chage in the potential energy of the kink mode as a fiction
of the plasma toroidal rotation. The influence of tle kinetic damping changes significantly as the rotain
varies. The figure is from reference [17].

Using the populations of marker particles, whiod evenly distributed in the phase
space, it is possible to identify the place of dwanit plasma — mode interaction with the
kinetic code [17]. Whilst the eigenfunction is largear the edge, calculations show that the
strongest interaction is at mid-radius. It showddnoted that in these calculations, a particle is
considered as lost, when its orbit reaches theraepa This means that the role of particles
near the plasma edge may be underestimated. Tloenoé of faster particles could also
modify the result, but the importance of the in&npart of the eigenfunction is clear.

It has been shown that the low-frequency RWM canmate with both the precession
drift frequency and bounce frequencies of thermasi(depending on the actual distribution
of plasma particles). Thus, the assumption in tbed@son model [44] is not valid anymore
and these resonances have to be treated caré&fugently developed model by Liu et. al.
[54] takes into account all of these resonances.magnetic drift frequency and diamagnetic
drift frequency are no longer zero. The model g¢le problem in full toroidal geometry
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where the kinetic integrals are evaluated. Thetldredfects are introduced into the MHD
equations in a different way as compared to egnsth The equation now is written in the
following form [52]:

o (y+inQ0,pl)\71: -0 [+ LX Bo+ iox 61_po|:2Q opl Zx V1+(_V1DDQ cp|) Féﬂw} (8)

p=pi+phh+ p T-EQ) 9)

P

HerevV,b, ], p represent the velocity, magnetic field, current] pressure tensor

respectively, wherd andh, are defined a§ =/h,, b, = ‘50‘ Equilibrium quantities and

perturbed quantities are denoted by subscript QlanespectivelyZ is the unit vector in the
vertical direction, and’ is the unit tensorQ, , is the plasma rotation along the toroidal

angle @. The kinetic effects enter into the equationsti@perturbed kinetic pressure tensor
p. The full pressure tensor is self-consistentlyuded into the MHD formulation via the

momentum equation 8. The parallel and perpendiadarponents of the pressure tensor are
calculated by integration over the particle velpsipace.

As was pointed out, any inclusion of the kinetiteefs into the MHD description
requires a set of approximations which will workyorf all of the important physical effects
are taken into account. In spite of the fact thatLiu model include a much more careful
treatment of the problem, some assumptions wereniadeglects the perturbed electrostatic
potential, assumes zero banana width for trappdcaies and no finite Lamoure radius
(FLR) corrections to the particle orbits. Theseef$ should not be important for the RWM
(but could be crucial for other MHD instabilitie§)n the other hand, there is no guarantee
that all of the important effects are present, esfily if one keeps in mind the history of the
model development. At the same time, “perturbatisadtulations with kinetic codes could be
extremely useful for addressing the same problem fthe other side. Although it is not
possible now to benchmark the two approaches, oulel get an idea about the possible
influence of the plasma on the mode from the “pdtive approach” and about changes of
the eigenfunction from “self-consistent” calculaiso

Thus, the most natural way is to merge the two @ggres in the future. Such merging
could be done, for example, by extending kinetidesoto self-consistent calculations. These
calculations will be probably very time consumibgt they are necessary to benchmark the

plasma-RWM interaction model at least in severaésaThis model finally will be included
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into a linear MHD code which will be coupled to 8Rternal structures, as discussed in
section 5.1.

At present, simultaneous calculations with the typdrative” and “self-consistent”
approaches is the best way to address the RWMistasbblem. In this way estimates of
kinetic effects and changes of the eigenfunctioa tunteraction with the plasma can be

obtained. Results of such calculations for ITERdiseussed in section 6.

5.3 Experimental evidence of kinetic effects on RWNNtability

The complex problem of the interaction betweenmkgarticles and the RWM was
discussed in the previous section. The RWM stghdia comprehensive quantity which
encompasses many effects. It is a challengingttask&parate the kinetic effects in
experiments and to measure them. In spite of tifseulties, some measurements show the
importance of the kinetic effects. As discusseafefthe stability of the RWM should vary
with changes in the plasma rotation. The active $pectroscopy” technique could be used
to characterize the stability of the RWM.these experimenthe plasma response to
externally applied quasistatic n=1 magnetic fields measured in DIII-D for various plasma
rotations [55]. The main result was that the changehe RWM stability depend on the
plasma rotation and are in qualitative agreemetit priedictions of the kinetic calculations.
The features at low rotation seem to be direciigteel to the resonance with the precession
frequency of the thermally trapped ions. This dffe@xpected from kinetic calculatians

Analysis of the plasma stability in NSTX with andthout feedback at low plasma
rotation also points out the importance of kinefilects since these effects could explain the
observed variation of the RWM stability with evoaut of the rotation profile [56].

These results are the first experimental evideacéhke importance of kinetic effects. The
results are promising, but further investigatioresr@quired to prove the impact of kinetic

effects in experiments and ideally to measure thgah magnitudes of these effects.

6. RWM stability in ITER

The ITER project [57,58,59] will be one of the maportant experiments in fusion
research for decades to come. Thus, accuratechordi for ITER operation in advanced
scenarios are of particular interest. The detertiminaf the RWM stability boundary in ITER

now, and verification of that boundary during ITBReration are necessary points on the way
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to DEMO, which will be the first prototype fusiomergy reactor. Accurate evaluation of the
stability boundary will be especially important fadvanced tokamak operation in DEMO
[60-63]. In this case, these predictions will igflhice strongly even the size of the device. In
the next two sections the influence of the theramal fast particles in ITER on RWM stability
are discussed. The new model [54] was used to KMdy stability in ITER together with
perturbative calculations. Both types of calculasievere carried owtith the MARS-K code.

6.1 Influence of the plasma rotation on the RWM sthility

Investigations on the stabilization effects of gesion resonances at slow rotation
velocities in ITER was presemt Ref [64]. The calculations were based on teady state
9MA scenario in ITER with high pressure and higlotstrap current fraction,

B no-wan = 2-7 1 By igear-wan = 3-8(SCENArio 4) [65]. The predicted rotation at th& qurface is

less than 0.25%,,., [64]. (The q=2 surface, which is typically used ¢oitical rotation

value (e.qg. figure 6), is absent for these ITERplas.) The predicted plasma central

rotation, , is less than 2%, ,. One has to note that there is significant unadstdor the

predicted rotation amplitude and the rotation pedior ITER. The presented values give the
upper boundary for the rotation in ITER and thd vadues could be much smaller.

For steady-state advanced scenarios, the selfstenscalculations predict a full
stabilization of the RWM at very slow plasma ratat{less than 0.2% of the Alfvén speed at

the plasma centre) and moderately high plasmaymess

(Cﬂ = (ﬁ’N - L‘,‘J‘W&‘")/( dearwall _ g rer Wa”) = 0.4). It is important that no slow rotation

threshold, below which the mode becomes unstalds,faund in the calculations (see figure
8, right). Instead, an upper stability thresholdsv@und. This contradicts the previously
discussed Bondeson model predictions, in whiclowa sbtation threshold is present, see
figure 6. Existence of an upper threshold couldibe to the inclusion of the precessional
resonances in the simulations. Actually, furtheréase of plasma rotation could again
stabilize the mode above the upper limit due tomasace damping, continuum damping, and
inclusion of fast particle effects or any combipnatodf these processes. As for ITER, the
results show the mode to be stable well aboverbenall” limit.

Even more optimistic results were obtained by therturbative” approach, where the
eigenfunction of the ideal kink mode (from fluid RM\talculations) is used to evaluate the
kinetic integrals (see figure 8, left). The diffece in the results of the perturbative and non-
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perturbative calculations is partially due to thedification of the RWM eigenfunction, but
primarily due to the self-consistent determinatbthe mode eigenvalue in the latter
approach as discussed in the previous sections.

In summary, for a plasma toroidal rotation speedoughe predicted value for ITER,
the kinetic damping of the RWM is mainly provideglirecessional drift resonances of

trapped thermal particles. This damping stabilR¥¢M up to 5, values half way between

the “no wall” and “ideal wall” limits(C, = 0.4).

B log, p(eyle,) Cq e log, y(w fw,)

Figure 8. Growth/damping rate of the RWM for ITER advanced tokamak plasmas, predicted by
perturbative kinetic calculations (left) and self-onsistent kinetic calculations (right). The precesenal
resonance damping is included. Black dots indicata stable RWM. Figures are from Ref.[66].

6.2 Influence of the alpha particles on RWM stabity

One of the main differences between ITER plasmdslaaplasmas in present day
tokamaks is the existence of a large fraction sf &pha particles resulting from fusion
reactions. To understand the whole picture in I'TdERR has to take into account the influence
of these patrticles on the RWM stability. Such modgivas published in the recent paper by
Y. Liu [67]. The calculations were made based angame steady state scenario as in the
previous section 6.1. Thecontribution is found to be generally stabilizimgmpared with
the thermal particle kinetic contribution alone {@fhwas discussed before). This conclusion
is based on the two approaches. The “perturbatipptoach generally predicts higher
stabilization than the “self-consistent” approadhich is a typical result for such
comparisons. The stabilizing effect franparticles is more pronounced at fast enough plasma
rotation, when the rotation frequency matches rbutite « precession frequency, whichaé
the order of a few percent of the toroidal Alfveecuency for ITER. Thus, this stabilization
is expected to be significant only if the centrialgma rotation will be close to predicted upper
level in ITER or higher. One has to note that tleewssed modeling neglects the effect of the
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finite drift orbit widths of trapped particles, which is expected to be reasonably large
compared with the plasma minor radius in ITER. ThHugher investigations are needed in
this area to clarify the effect of theparticles.

7. Triggering of RWM at low plasma rotation

There is one important point which has to be meeiibtogether with RWM physics in order
to complete the RWM physics discussion. It is ngatly responsible for the physics of the
RWM, but determines the stability of the dischangh respect to the RWM. Several years
ago, it was shown that the RWM could be stabiliaelbw plasma rotation [46, 47].
However, stable operation without RWM in slowlyatsg plasmas is not guaranteed [68].
Various MHD activities can trigger the RWM near tieewall limit. These include: (i) Edge
Localized Modes (ELMs), (ii) off-axis fishbones,dafiii) the energetic particle-driven wall
mode (EWM) [69]. Itwas shown recently that the latter two modes hlagesame origin [70].

A global MHD event can interact with the RWM braraid can trigger the RWM if the
following conditions are fulfilled:

* The MHD event produces distortions in the sameepl@lgere the potential RWM
could be present.
* The MHD event has a component with the same taloimbde numben
(typically n=1 for n=1 RWM).
* The MHD event and the potential RWM have comparéielguencies.
This forced excitation of RWM takes place withifraction of the time scale of the driving
MHD event which is typically much faster than thall\tiime constant. It is interesting that
the magnitude ratio between the exited mode andrikimng force is similar in all these cases.
This emphasizes similarities for the triggeringqadure.

The existence of the different trigger mechanismegyadditional confirmation of the
global nature of the RWM eigenfunction (see sectiprin case of an ELM triggering,
external partof RWM is coupled to an ELM perturbation which leasnponents only at the
plasma edge. Fishbone-driven RWMs are triggerddrdifitly. The energetic ions injected by
neutral beams are expelled by the off-axis fishdmmsts with maximal perturbation at the

middle of the plasma radi(lpz 0.5) . Thus, the coupling occurs between the off-axis

fishbone andnternal partof the RWM eigenfunction.
The existence of these coupling phenomena movprtidem of RWM stability and

control from a single mode consideration into tbeplex space of the global MHD stability
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control in the plasma. This is, in some sense,lairto the challenges which one faces in
trying to sustain the advanced scenario in a tokas it was shown by Luce [71] one has to
meet simultaneously the correct point in currentegdrtransport, and MHD stability, which
requires integrated control for advanced scenagomes. The same is true for control of
RWM in this regime. It has to be integrated inte gtobal MHD control approach to avoid
the RWM triggering or suppress triggered mode mppr feedback action. It has to be

mentioned that also resistive instabilities canléstabilized with increase ¢, [72]. A

possible solution is to avoid the most dangerotisial surfaces or stabilize the modes with

external current drive.
8. Conclusions and discussion

The advanced tokamak regime is a promising cargligatsteady state tokamak
operation which is preferable for a fusion reacitiis regime is fully non-inductive and the
plasma current is sustained by the bootstrap curfée bootstrap current value is
proportional to the pressure gradient. Thus, higisgure is unavoidable in the advanced
regime. The resistive wall mode is a global kingtability which appears in tokamaks at high
pressure. It has typically a single toroidal modenber (i=1) and multiple poloidal mode
numbersin=2..6). Due to its global nature, RWMs interact withgtea particles, and
resistive walls and can be triggered by severaratistabilities. The electromagnetic part of
the resistive wall mode interaction is relativelglinunderstood. The interaction of the
resistive wall mode with the plasma is a more @mgling problem and is still open.

Currently, there are two approaches on how to addies interaction: the “self-consistent”
and the “perturbative” methods. The first approashtains an approximation for the kinetic
effects, but calculates RWM stability self-consigtg The second approach treats the kinetic
interaction correctly, but does not treat the peabkelf-consistently. These two approaches
are complimentary and have to be used simultangdest steady-state advanced scenarios in

ITER, the self-consistent calculations predictladtabilization of the RWM at very slow

plasma rotation and moderately high plasma pres{ﬂr;: 0.4) . “Perturbative” calculations

provide even higher stabilization. Both resules aery positive for ITER and show that a
substantial increase in fusion performance is psgven without active feedback control.

At the same time, a self-consistent modeling witoaect kinetic description is required to
make correct predictions. Even if such a modeleguires large computer resources, one has

to perform it to verify approximate models for laxdMHD codes. This verification has to be
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done also experimentally. Absence of a verified ehdor linear MHD is one of the main
unknowns in RWM physics presently. A linear MHD eadwlith a verified model could be
coupled with an electromagnetic code (3D extereabel + feedback coils + error fields +
feedback control) to model the RWM in a realistiwieonment. The first example of such a
coupling already exists, which shows feasibilitytlué task. This set of the codes allows us to
predict the spectrum and growth rates of the RWKuinre machines such as ITER and
DEMO.

The other important point is the development aégnated scenario control for advanced
tokamak operations. This development includes nateg control and avoidance of RWMs
and other MHD Iinstabilities, which could act asigger. One of the possible routes is to
avoid RWM triggering by flexible feedback correctiwith a wide bandwidth feedback
system. In this scheme, the feedback corrects @awr field correction) and fast (RWM)
dynamics simultaneously [73]. A possible varianaofintegrated control strategy is the
“three step strategy”:

1. Avoid RWM if possible. This implies correction of error fields and mitiigen of
ELMs. (Only relatively small perturbations from ethinstabilities are allowed).
2. Prevent coupling to the wall and suppress small RWMy active feedbaci (1)
fails.
3. Decouple from the wall, rotate and suppresby feedbackf (1) and (2) fail.
We define the proposed strategy in such a waythigagfforts are minimal at the beginning.
The second step (and especially the last one) are amallenging and should be done only if
it is absolutely necessary. This will keep the amaf possible actions and efforts at the
minimal level. One can see that this strategy bdsetintegrated into an overall MHD control.
It is also clear that some points have to be addkeexperimentally (for example decoupling
of RWM from the wall is demonstrated for RFPs [3-But has to be tested for tokamaks).

The other important issue is the stability bourgaf, . . @and By igear war- 1ETE are

three important points which one has to keep indmvhen working with these terms.

1) The stability boundary is different for differenoae numbers (see figure 1).

2) These two limits were defined on the basis of @alidiHD approximation. Kinetic
effects lead to changes in the mode stability andaonsiderably change the stability
boundaries as was shown in the previous secti@esfigure 8). In other words, it is
not possible to keep the plasma stable in the poesef an ideal instability. This ideal
instability limit is a hard limit for the plasmamfinement. At the same time, stability
boundaries for the RWM are strongly affected byekimeffects.
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3) B, represents the average pressure in the plasmaedhérive for the mode comes

from the pressure profile gradient, not from thegsure itself. Also, an increase of the
gradients is unavoidable for a strong increas@é@etatal plasma pressure. Total

pressurgs, can be moderately increased without increasiagythdient in the mode
region. Thus, different stability situations aresgible for the samg,, even without

inclusion of the kinetic effects.
Identification of the “true” stability boundary remes modeling with accurate profile
gradients and an accurate account of the partifiigence. Such modeling is challenging
because profile measurements tend to be of ingarticuality (e.g. current profile, rotation
profile, etc), and because of the lack of a “fin@ddel for RWM-plasma interaction. Thus,

rough estimates in terms of well measured quasfisach ag, , are required to understand

the position of the plasma in operational spacetarmdmpare the results from different
experiments. At present, the experimental iderdifon of the RWM stability boundary is
relatively simple. One of the methods is to stutyplasma response to external
perturbations. The reaction of the plasma increaftes crossing the “no wall” limit. The
typical estimate for the “ideal wall” limit is adtor of two above the “no wall” limit. But this

is a rule of thumb which could be wrong under a@asercircumstances. The value gf is

the best indicator available but the factors afifecthe stability limits have to be kept in
mind.

The next important issue is the mode “rigidityr’his term is defined differently by
different authors as discussed in section 4. Inyntases, people assume a “rigid” mode
structure using one of these definitions. At thmasaime, there is also evidence for “non-
rigidity” of the mode (for example in ref.[48]). €guestion of the mode “rigidity” has to be
addressed carefully in future experiments becanea-tigidity” could change requirements
for the mode stabilization and for the design ef RwWM feedback control. In this situation,
experiments on RFPs could be of a particular istefiéhe large number of control coils allow
to vary the configuration in a very flexible waydato explore the mode rigidity in terms of
local toroidal/poloidal suppression as well ageirms of unstable modes with different
toroidal mode numbers [19, 74, 75, 76].

We would like to note that RWM physics could be ortpnt for a future power plant.
This power plant has to be robust and stablesioperation window. At the same time, its
operation space does not necessarily need toWelass in modern tokamaks or as in ITER.
One has to decide in which scenario the plantapérate before it will be build. The cost of
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the electricity becomes also one of the major gat®r such power plant. The cost could be
reduced by:
* reduction of the reactor size, which leads to namheanced tokamak operations (with
higher bootstrap current fraction),
» use of a minimal set of diagnostic and controlgpol

« operation at the maximum achievable normalised (@eists(] 3.,°*) [77],

It is also clear that the power plants will be lgthan ITER [63]. Thus, the plasma rotation
is expected to be much smaller compare to ITER hvbauld open a stable operation space
due to resonance of the particles with the RWMsusT it could be desirable to design the

future power plant for the operation space wher&wWM control is required and higf,

values are achieved by kinetic stabilization of Rg/l this case no special control coils are
required which will strongly simplify the device &reduce the costs. This shows the
importance of the problems discussed in this papet, in particular, for a correct model for
the plasma-RWM interaction. A feasibility study frch a scenario requires a lot of work
both for the sustainment of the required plasmélpsoand for a quantitative understanding
of the kinetic effects in RWM physics. It is cléhat, presently, the power plant issues are
much more uncertain than for ITER and thus furtheestigations will be required.

Finally, the recent review of M.S.Chu and M. Okgdehi [3] is recommended as a nice

and detailed survey of RWM stabilization technique.
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