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Abstract. Neoclassically driven tearing modes (NTM) are a major probfor tokamaks
operating in a conventional ELMy H-mode scenario. Depegdin the mode numbers
these pressure driven perturbations cause a mild redustitthie maximum achievablgy =
Bf/(e%) before the onset of the NTM, or can even lead to disruptionsvatedge safety
factor,qgs. A control of this type of modes in higBy plasmas is therefore of vital interest for
magnetically confined fusion plasmas. The control consist&’o major approaches, namely
the control of the excitation of these modes and the remavadt least mitigation, of these
modes, once an excitation could not be avoided. For bottescekamples will be given and
the applicability of these approaches to ITER will be disaas

1. Introduction

In terms of overall performance, neoclassical tearing mofdTMs) are limiting the
maximum achievable toroidal normalized press@te= (p)/(B?/2u) (see footnote to
equation (1)) and hence also the global normaliggd= B;/(lp/aB:). Herelp denotes the
plasma current in MAB; the vacuum toroidal field in Ta the minor radius of the plasma in
m and(p) the volume averaged total pressure. The onset of an NTM leadssignificant
degradation in confinement, but does not have a hard linfijiras one would expect for an
ideal MHD-limit. (3/2)-NTMs with poloidal and toroidal m@&dnumber of m=3 and n=2 lead
to a confinement loss of up to 20%. Especially at tpy (2/1)-NTMs lead to an even greater
loss in confinement and ultimately can lead to disruptionbe Tole of low collisionality
vji for an increased propability for (2/1)-NTMs and disrupsois rather complicated and
multiple explanations are discussed in literature. Theexelble3y at the mode’s onset can
be increased by optimizing the discharge scenario, as fimple shown in [1, 2]. The most
commonly applied theory describing the behaviour of the NTiMbased on a generalized
Rutherford equation including the additional neoclasdieah, which drives the island. This
main driving force originates the local bootstrap currggtres) at the resonant surface. Itis
governed by the local pressure gradieim, which is mainly proportional to the local poloidal
normalized pressurBp(rres) = (P(rres))/((Bp(rres)?)/21o) (see footnote to equation (1)) at
the resonant surface of the mode.

Based on this theory a stabilization or removal of an excitdd/INs possible by local
current drive and heating at the resonant surface. This éas Bhown experimentally on
various experiments and will a major part of this paper. A#ebrief description of the
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underlying physics for NTM removal and avoidance, a disicussf the available tools for
this target is followed by an overview over the most importexperimental steps for the
stabilization of NTMs and their overall avoidance. If thedaes can be neither avoided nor
suppressed, the question, if one could mitigate or live wxisting NTMs while maintaining
good plasma performance is addressed. Finally, a disecusdidhe transferability and
applicability for ITER will be discussed, which is followday the summary highlighting
open questions in this area.

2. Description of the NTM physics and their suppression or avoidance

2.1. Generalized Rutherford equation with ECRH current drive

The generalized Rutherford equation with additional terme tb the neoclassical driving
term, the polarization current term and he/x-term provides a widely accepted description
of neoclassically driven tearing modes [3, 4] +
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Besides the classical tearing mode stability param&tegsulting from the equilibrium
current gradient at the resonant surfage[5], additional destabilizing and stabilizing terms
are included. The terms with the coefficierts az,a4 describe the neoclassical bootstrap
drive with the finite perpendicular to parallel heat conélitgt correction | /X -correction),
which is included in\p [6], the stabilizing Glasser term introduced by the hel@@hponent
of Pfirsch-Schiiter currents induced by toroidicity and shaping of the plalbcross-section
[7, 8, 9, 10] and the stabilizing polarization currents iocéld by the island rotation within the
background ion fluid [11]. The gradient length for all quéies is calculated according to
Lo = a/0a, with 0 = dr, wherer measured in meters is the minor radius of the flux surface
on the low field side of the plasma. Hence, in this approxiomathe gradients are described
in 1/m and[Ly] = m holds. The local poloidal ion gyro radilpﬁJi at the resonant surface is

(1)

. v 2miKTi (r
defined apy;(rres) = ppi/a= Qp rres'es /a, wherea is the minor radius of the plasma in the
T res. minor radius of the resonant surface of the considered njdidéance from the magnetic axis to the
intersection of a horizontal line from the axis to the lowdislde with the flux surfacejes: resistive time scale
on resonant surfacep, Lq: pressure gradient arggradient scale lengtl;: numerical constants of the order of
unity; W: island width;e = rres/Ro: inverse aspect ratio of the resonant surfé&e major radius of the geometric

axis of the resonant surfacgp;: poloidal ion gyro radius at the resonant surfeBg(rres) = %ﬂ%: flux
surface averaged poloid@l; B; = % volume averaged toroidfd, with B; being the vacuum toroidal

magnetic field;dgep deposition width at e of the maximum of a Gaussian radial deposition profile of the
externally driven ECCD current.
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horizontal plane of the magnetic axis. The poloidal magrietid (Bp(rres)) is defined as the
averaged poloidal fiel8p(rres, 0) on the resonant surface.

In the above shown form of the generalized Rutherford equdtl) the polarization
current term §4-term) diverges foWW — 0. A full kinetic treatment [12, 13, 14] shows
that finite-orbit effects weaken the impact of the polai@atcurrent on the island stability,
although a complete description of the related physicslisegiking. As done in equation (1)
in [4], the divergence of the polarization contribution daremoved in the corresponding
term by changing- 1/W? into a term of the form~ W /(W* +Wg ).

It is important to note, that the density gradiém and the temperature gradieni
have a differently weighted impact on the variation of thealdbootstrap currenjs(rres), as
applied in [15]. The corrected pressure gradient lengtiomiag to [3] results in

1 1 1 1 .
| corr %H—G'(——FG'—),WIH’]Z o=25. (2)
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The weighting factoo = 2.5 has been experimentally fitted. Thelln term thus contributes
stronger to the bootstrap current thanthelT term. As shown in [16], the onset and marginal
[3 scalings and the time history of an NTM could only be achidwethcluding this distinction
between the influence from the temperature and the densitiregtt.
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Figure 1. (a) Stability diagram for a naturally occurring NTM in terrakthe island growth
rate dW/dt as function of the island widtlV. Characteristic points in terms @, andW
are marked. (b) Corresponding time traces of a natural NTM thie important time points
marked. In the modified stability diagram (c) the effect af #pplication of additional current
drive at the resonant surface is shown and (d) shows thespanneling time trace for a removal
with additional Electron Cyclotron Current Drive (ECCDgdbe text for more details).

In figure 1 the characteristic values of an NTM are indicatdr{ the stability diagram
and (b) the time traces of an experiment measuring the $edaalarginalB, marg of the mode.
The stability diagram represents the solution of equatlyidr different values of the plasma
pressure represented by the loBg(rres). At the maximunmBp = Bp onsettwo solutions of the
equation withdW/dt = 0 exist. The right solution represents the saturated istareMs;;
and the left solution minimal seed island sW¥g.cq For an NTM to get excited, thi8keeghas
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to be provided on the resonant surface by an external pattarl such as a sawtooth (point
1infigure 1 (a) and (b)). The flattening of the pressure profier this initial island reduces
the bootstrap current locally within this so-called seddnd. For conventional monotonic
g-profiles, this defect current acts as the major drive ofNfiéVl. During the subsequent
growth of the NTM to its saturated sidsai(Bpsat), the mode degrades the confinement.
The normalized pressure drops until a new equilibrium iched at a loweBpsat (point
2 in figure 1). At the highesBy values a (3/2)-NTM can occur as so-called FIR-NTM,
described in the next paragraph. When the external heatwgps continuously reduced,
the island sizé\sat(Bp) follows mainly the Iocal%ﬁIO values [4, 16] Wsat(Bp) ~ %Bp)
and continuously shrinks (points 2,3,4 in figure 1 (a) andl (bpis can be approximated with
Wsat(Bp) ~ @Bp ~ Bp. The value offp, for which Wsz: andWseeq become one identical
solution, is defined as the margir@y, i.e. Bpmarg. This single solution is defined as the
marginal island widthWmarg := Wsat(Bp,marg) = Wseed Bp,marg). Whenpy, is reduced below
Bp,marg the island decays awayl\V/dt < O for all By < Bpmarg at point 5 in figure 1 (a)
and (b)). The dependen¥éa(Bp) ~ Bp no longer holds foBy < Bpmarg When the NTM
has disappeare@, can rise again due to the recovered confinement. It can eveeedx
again Bpmarg until the next external trigger may excite again a new NTMtHe shown
exampleB, even rises while the heating power is still ramped down. Efaenulas for
these characteristic quantities can be found in [17], []and [19]. In [19] the quantities
are used in a way that they can be applied directly for prexfisttowards ITER and the the
NTM stabilization there. The stabilization process by ldglactron Cyclotron Current Drive
(ECCD) in figure 1 (c) and (d) will be explained in the next settio

For higher locaBp-values, just after the onset of the (3/2)-NTM, a phase wiglgdient
interruptions of the (3/2)-NTM growth can be observed, Whis caused by nonlinear
coupling to a (4/3) and a (1/1)-mode. This behaviour can motliéscribed with equation
(1), but requires additional non-linear calculations [2Zlis coupling reduces the (3/2)-NTM
amplitude on a very short time scale. Thus for a repetitioretof these rapid amplitude drops
smaller than the NTM growth timetgir_drop < Tgrowth), the average island widtW gets
reduced and does no longer follow the lofigtvalues, as shown in [4, 16]. This behaviour
is described a&requentlyl nteruptedRegime, FIR-NTM [21, 22, 20]. At lowef values
the (4/3) mode bursts remain stable, i.e. the FIR phasepuksap and the (3/2) mode follows
the localBp values. The threshold for this FIR behaviour is describedabyempirically
determined criticaPn at the mode’s onsefn onset> Bn,FIR = 2.3.

2.2. Stabilization of excited NTMs

The dominant driving term for the NTM is the lack of the bodgtcurrent within the island,
as the pressure profile is flattened and therefore the baptstirrent is reduced. For the
unperturbed bootstrap currejys ~ Op/(Bp) holds. This opens the possibility to directly
remove an NTM by locally replacing the missing current [28]. by external means, such as
local Electron Cyclotron Current Drive (ECCD, see chapter 3)thinstability diagram and
the time traces this process is illustrated in figure 1 (c) @)d The external local current
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drive is turned on, while the plasma is in a stationary efutim atf sat With an island size
of Wsat(Bp,sat) (point 2 in figure 1 (c) and (d)). The additional ECCD terog{-term) in
the generalized Rutherford equation (1) now shifts the ktyaburve, while keeping the high
Bp,sat: t0 @ lower a value imW/dt. Within the Cstarrterm, dyep denotes the deposition width
at 1/e of the maximum of the Gaussian radial profile of the exteynadtiven ECCD current
jecep(r) = jECCD’o-e*((r*rdep)/(z‘jdep))z. Throughout this paper always this definition has been
used. The right solutiovsg; is reduced and the island shrinks with increasing size atdlag
term (points 2, 3 and 4 in figure 1 (c) and (d)). Having readhed(Bp,sat, ECCD) = Wharg,
the island decays away, as in the previous case \Bpdrad been reduced (point 5 in figure 1
(a) and (b)). In the example shown in figure 1 (d) the magnetld fs slowly varied until the
resonant surface is hit correctly. This variation is slowlgreasing thegrterm. After the
removal of the NTMf3 rises again, as desired.

As done in [24], the additional term with the factogap describing the effect of local
current drive with Electron Cyclotron Current Drive (ECCD) ae tresonant surface has
been included. The remaining ECCD independent terms have sigamarized in only
one experimentally fitted parameigg;. With this simplification of the Rutherford equation
ASDEX Upgrade and JT-60U data of stabilization experiméatge been used to calculate
a these fit parameters tg;; = 0.81+ 0.13 andcsiap = 0.68+ 0.22 (as used in equation (1)).
The resulting predictions for ITER will discussed in seot&

A crucial quantity for the stabilization is the ratio betwethe maximum externally
driven current density.q max at the start of the stabilization process and the defecentirr
density of the missing bootstrap current at the saturateab@hntm = jed/jbss  The
requirement for ITER has been estimated based on expeaimdatt both for the (3/2) and
the (2/1)-NTM tonntm > 1.2 for large3 at the onset compared to the margifakhrg, i.€.
BN >> Bn,marg [25]. This translates for the island si¥® into Wsat ~ Wonset >> Wnarg:
From JT-60U and DIII-D different requirements ayyTtm for ITER have been reported
based on experimental data [26, 27, 28]. The smaller remeine onnnTm Might be
due to the consideration of an island size just above the in@drgsland size, i.e. only
Wonset> Wiargholds. Only an moderately highBraboveBmarg has been applied at the modes
onset. Also depending on the full deposition widitye, compared to the marginal island
width Wharg, a variation of the requirements might be needed [29, 30, 19]

Recent works have derived an analytical expressionnigfy without the need for
empirically fitted coefficients in the generalized Ruthedfequation [31]. This calculation
takes advantage of the fact, that most of the terms includgg )y originate from the same
generic term for a helical current perturbation. The twaesasf a dominating transport term
(X||/X_L-term) or for a dominating polarization current term arduded by distinct formulas
for n\'a,, andn,ﬁ’,‘}'M. The remaining experimentally free parameters are theatatlisland
sizeWsat and the marginal island siXéinarg. The classical tearing mode stability paraméter
has been approximated in terms of the fully saturated iskaelNs,; without any additional
ECRH or ECCD appliedtgarterm = 0, jeccp = 0) asf 1= —Agg(W = Wsy). For this
determination alsdW/dt = O has been used (stationary, i.e. saturated island). Theimerg
terms have been taken A§4(W = Wsz) and have been calculated from the profiles. Both
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the island size and the deposition width of the ECCD have beemnaiized to the physically
relevant marginal island si28marg, i.6. W := W /Wharg andWyep := (2dgep) /Warg Also
these results will be discussed in section 8 for a predidbohTER.

2.3. Avoidance of the excitation of NTMs

In order to avoid the excitation of NTMs in the first place, rthere different options,
which are implemented in present day devices. Consideriagrtain drive of the NTM,
the missing bootstrap current, a local reduction of the uopeed equilibrium bootstrap
current jhs(g = m/n) should reduce the maximum reachable island size and incpkati
the excitability of the mode. Considering the different iefice of the density gradient and
the temperature gradient on the bootstrap current, a reduct the local density gradient
One(g = m/n) at the resonant surface reduces the propability for an NTotagion. This
can be done without any local current drive, as it relies erpitofiles, which can be achieved
within the considered discharge scenario.

The second approach for avoiding NTMs, lies in the avoidafiééHD, which provided
the trigger for NTMs, i.e. avoid the seed island. This com@@as mainly on the avoidance
of sawteeth and fishbones at the- 1 surface. A variation of the stability of the m=1/n=1
activity at the gq=1 surface is the key for this task.

An alternative way is the tailoring of the global shape of thprofile with, typically
broader, external current drive. Here, the resonant seivfétty g = m/nis completely avoided
in the plasma and hence the corresponding (m/n)-NTM caneekbited. This idea can not
only be applied for the avoidance of the NTM itself, but algothe avoidance of the triggering
MHD, namely the avoidance of sawteeth and fishbones by axgitlieq = 1 surface.

3. Relevant systemsfor controlling and detecting NTMs

Both for the stabilization of existing NTMs, as well as forithevoidance a local modification
of MHD stability is required. Replacing the missing bootptrurrent at a specific resonant
surface is one possibility. The most widely used tool at gnégxperiments is the Electron
Cyclotron Resonance Heating (ECRH) and in particular the Eled@yclotron Current Drive
(ECCD).

3.1. Electron Cyclotron Resonance Heating and Current DriéRH / ECCD)

The key advantages of this technique are narrow localzatithe order of centimetres in the
radial direction, which typically is smaller than the satiexd island widtiWsz; of a (3/2)-NTM

and a (2/1)-NTM. In the vertical direction the depositiorditi is defined by the focus of the
propagating beam, which is of the same order. Moreover, épesition radius of ECRH and
ECCD in terms of the minor radius can be easily controlled witlteeerable mirror system.
Via a modulation of the gyrotron voltage the emitted power lba modulated in the range of
the rotation frequency of an NTM, i.e. in the 10 kHz to 20 kHaga in present experiments.
For ITER, this frequency is expected to be in the order of 2 - 3,kdtie to the lower expected
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Figure 2. Scheme for controlling the ECRH/ECCD deposition for a dizdion of a (3/2)-
NTMs. The localization of the ECCD is primarily governed lnettotal magnetic fieldB|,
which can be approximated by the main toroidal fildThe detailed localization is governed
by the poloidal angle of the ECRH/ECCD launching mirror.

plasma rotation. The modulation is mandatory, when theEWCD deposition width Gep
is larger than the marginal island widttarg [32].

3.1.1. Control of the ECCD deposition on a resonant surfa@ée deposition location of the
ECRH wave propagating through the plasma (see figure 2) is yngoverned by the total

magnetic fieldB = |/B? + B2 + B3, including the response of the plasma itself. As this field
is dominated by the toroidal field compondi the deposition is mainly occurring at a fixed
major radiusk, asB; ~ By - % holds. When the beam propagates perpendicular to a density
gradient, the beam propagation is modified and typicallyt beray from the region of high
density. Therefore, in general the deposition has to beulzkd by a beam/ray-tracing code,
such as TORBEAM [33, 34, 35] or TORRAY-GA [36]. The deposition ospacific resonant
surface, such as tlee=3/2,2/1,4/3 surface, can be achieved with a variation of the poloidal
angle of the launching mirror. The toroidal angle (perpeualdir to the drawing plane in figure

2) to lowest order controls the amount of driven current.

Before dynamically steerable mirrors were available, ttodgl plasma position (e.g. at
DIlI-D) or the magnetic fieldB; has been controlled (e.g. at ASDEX Upgrade and JT-60U),
in order to ensure the ECCD deposition hits the relevant reg@uamface. For the first time, a
direct control of the ECRH mirror [37] and a feedback contrd][Bas been used at JT-60U.

3.1.2. Control of the ECCD phase in O-point of the NTNlhe above consideration assumed
a rotating island with an island widtlV larger than the deposition widttdg., of the ECCD
(W > 2dgep). When the island becomes smaller during the stabilizatrongss, it eventually
gets smaller than the depositioW (< 2dgep). An increasing amount of current is driven
outside the islands separatrix and the efficiency of theilstation is reduced. When the
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Figure 3. Sketch of a (3/2) island propagating in front of one gyrottaanchers for full
period of the mode. The deposition phase is indicated by tiagled area. From top to
bottom: Narrow deposition e, compared to the island widtW (W/2dgep > 1), broad
depositionV/2dqep < 1), favourable broad deposition with ECCD modulation in@heoint,
unfavourable broad deposition with ECCD modulation in thpoint.

marginal island sizé\narg is also smaller than the deposition widW & Wiarg < 2dgep), the
mode can no longer be stabilized [39, 32]. In this case the EC&ddsto be modulated to
deposit power only inside the island’s separatrix closeheo®-point, as it has been shown
theoretically and experimentally [32, 40]. These situadiare indicated in figure 3.

By simply modulating the ECCD power, typically 50% of the gyawstirpower is not
used. The unused power is cooled in the gyrotrons systememaeHost for the stabilization
scheme. Therefore, techniques have been developed tdhaWweéaqyrotron power between
different beam paths. The different paths now reach ther@aga different wave guides
and different launching mirrors in order to follow the O-pbof the island in space. These
so-calledFAst DIrectionalSwitches (FADIS) [41, 42] have been successfully developet] a
tested at the ECRH setup at W7-X [43]. Here high power switchirly up to 20 kHz for a
pulse duration of 10 s has been achieved.

Both for simple modulation and for the use of multiple beamhpahe phase of the
ECCD deposition location and the phase of the island have tatedéutly mapped onto each
other via an equilibrium reconstruction, as indicated inrfeg4.

3.2. lon Cyclotron Resonance Heating (ICRH)

In principle also ICRH has the capability of driving currentarplasma. Due to the applied
frequencies and hence wavelengths and the size of the astefrsuch systems, a narrow
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Figure 4. Localization of the ECCD depositions (tilted crosses) wehpect to the magnetic
field lines of the X (dashed lines) and the O-point (solid $hen the resonant surface
according to an equilibrium reconstruction (adapted figufieom [32]). Individual magnetic
pickup (crosses) coils in this example are located closalépmsition location in 3d space,
which has been calculated with TORBEAM. The ECE diagnostimsarement position is
also marked as a reference point for the mode detection.

localization, comparable to the ECRH systems, is not possibie deposition widths iR
and Z direction are much larger and the resonant surfaces coultdendit locally enough
in experiments at JET. Due to the deposition distributioexgteriments at JET it was not
possible to perform such experiments, as a significant ptraetion would have reached the
first wall [44].

The more important role of the ICRH lies in tailoring the sawtoatability via a
modification of the fast particle distribution. The intetian between such fast ion populations
and the ideal internal kink mode at the- 1 surface is considered as an important explanation
for a modification of the sawtooth behaviour [45] and is supgbby recent JET data [46].
The global current drive capabilities might be a tool for toting the current profile for
NTM avoidance scenarios.

3.3. Lower hybrid current drive (LHCD)

At COMPASS-D successful stabilization of NTMs with Lower HibCurrent Drive (LHCD)
could be achieved [47, 48]. In these experiments it is reprthat the main effect for the
stabilization of a (2/1)-NTM comes from the variation of th@rent gradient at the resonant
surface, i.e. a reduction of the.sA'(W)-term with roughly 10% additional LHCD power
compared to the background heating.

At JET a range of experiments has been performed with LHCDhédsd experiments
no successful removal of an existing NTM could be achievdte fadial localization of the
driven current could not a priori be controlled and was tgfictoo broad for this purpose.

The effect of LHCD on the current profile can be exploited in aenglobal way as it
has been done at JT-60U for g-profile tailoring, as describted in detail. The absence of a
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g = m/n surface obviously avoids the excitation of a (m/n)-NTM. Newesults from JT-60U
even show the suppression of existing (2/1)-NTMs [26].

3.4. External coils for repositioning of locked modes

If an NTM, in particular a (2/1)-NTM, grows to a sufficientlgiige size, it eventually locks to
the intrinsic error field in a characteristic postion. Inlsacsituation the mode stops rotating
and remains in a fixed position and eventually stops theesptasma rotation. The plasma
can no longer be described as a 2d equilibrium, but has teebeett as a full 3d equilibrium
containing the (2/1) locked mode as a perturbation. Esfheéia low ggs this situation often
leads to a disruption (see figure 9a).

Applying ECCD on the resonant surface with a locked mode, issmomplicated. The
ECCD deposition spots have to be aligned with the O-point. Hngsément of the deposition
above and below the midplane allows for some adjustmentideg not in general assure pure
current drive in the O-point. The proper alignment betwden@®-point of the island and the
ECCD deposition can be analyzed via a mapping with the helpeopldisma equilibrium, as
indicated in figure 4.

A possible way to resolve this problem lies in the modificaid the locking position of
the mode itself. This can be achieved by controlling thenstc error field of the experiment.
At DIII-D the total error field can be modified by additionaténnal coils [49]. This system
can generate a static or a rotating error field with a toraladle number oh < 3. JET has
n < 2 error field correction. ASDEX Upgrade has started opegadim set of internal coils in
2011 withn < 2, which will be extended in the 2012 campaigmtg 4 [50, 51, 52]. With such
artificial internal perturbation at DIII-D the locking padisin of a mode could be controlled.

3.5. Relevant measurements for detecting NTMs

All of the described tools are actuators for an integratedNebntroller. Such a controller,
however, must get information from the plasma about theexce, the poloidal and toroidal
mode numbem andn and in particular the radial location of the mode with resgedhe
minor radius. For modulated injection in the O-point of thkaind, also the phase of the mode
is required. It has to be noted, that obviously all theseagghave to be provided in realtime
and communicated to the control system, on which the NTMrodlet is running on.

For the detection of the existence of NTMs, most importatitly (3/2) and the (2/1)
NTM, magnetic pick-up coils are being most widely used asthaous choices. A integrated
and weighted sum of Mirnov coilBg-measurement) provides, depending on the weights,
most easily signals for the magnetic perturbation ampditatithe plasma edge of a mode
with a specificm andn number (spatial Fourier filtering). Applying a set of threkis on
this signal gives the information when a certain (m/n)-NTégexcited and when it has been
successfully removed again.

The radial localization of the mode with respect to the flukae is most easily and
directly possible with a local temperature measuremertt wie ECE diagnostic [53, 54].
The FFT amplitude and phase profile reveal the mode localizgphase jump oft at the
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resonant surface) and the island width directly. At varieMperiments also a correlation
analysis within the ECE data alone and in connection with tlagmetic signal has been
suggested and implemented [55, 56, 57, 58] and refereneesiih The ECE diagnostic also
provides a direct measurement of the deposition of the ECRH# itsing power modulation.

This might remove the requirement of a raytracing code ¢afityy the ECCD deposition in

realtime.

For a proper mapping of the measurements from the ECE a rlaid well defined
equilibrium is needed (for example in [59]) Ideally this vidioe based on a direct current
density measurement. The Motional Stark Effect (MSE) mesmsant at least provides
directly measured pitch angles of the local magnetic fiedd ékample in [60]), which helps
to constrain the equilibrium reconstruction.

For calculating the expected deposition of the ECRH / ECCD systeaytracing code
has to be operated in realtime. For this also electron deasil temperature profiles have
to be available. Such systems are presently indeed awithinultiple experiments. As
soon as the ECCD is really switched on, the ECE measurementpsoa complementary
information, which might also serve as a correction for thiewulated values of the deposition.

A possible way around the mapping procedures is the soecadkine (or oblique or
line-of-sight) ECE. In this case an additional ECE diagnastembedded in the mirror system
measuring the emitted light from the plasma in the vicinityhee deposition location of the
ECRH system directly. Any mapping between the different disgje system via the plasma
equilibrium becomes unnecessary. Such a system has beé&miernged and successfully
used for mode stabilization at TEXTOR [61, 62] and DIII-D [40

In the future also a soft X-ray (SXR) diagnostic may provideiadnal information
on the radial mode localization. However, this is more cooaped, as the SXR diagnostic
measures integrated line of sight measurements from rfaultipmeras. Even without a
full tomography, a correlation analysis with the magnetieasurements might provide
complementary information to the NTM controller.

4. Stabilization of excited NTMs

Over the last years on many experiments, which have an ECRH / E@&Bns available,
experiments have been performed, which have shown tha{®&hand (2/1)-NTMs in high
Bn discharges can be reliably removed. In this section an @wref these experiments will
be given.

4.1. Removal of rotating (3/2) and (2/1)-NTMs

First experiments for a removal of rotating (3/2)-NTMs weerformed with a modulated
injection, targeting for the O-point [63] (figure 5). A vatian of the relative phases between
O-point and X-point showed, that only with O-point phasingeduction of the island size
by 40% is possible with 4%-8% additional ECCD power comparethéobackground NBI
power. The radial location of the ECCD deposition has beemglamn a shot-to-shot basis by
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Figure 5. First clear reduction of an (3/2)-NTM with modulated ECCDhiegh becomes
unmodulated at sufficiently small island sizes, due to aifaibf the trigger system for the
modulation. (figure 2 from [63] The unmodulated phase, wlsdechnically much easier to
handle, is almost as effective.

varying the main toroidal fiel@;. About 5% of3y could be recovered for the first time by
such a scheme. In these initial attempts it turned out, thietadulated co-ECCD was almost
as efficient as modulated ECCD. Most of the following experitadave been performed only
with unmodulated ECCD. This could be done, as for most of the®x@nts a deposition

width 2dgep, smaller than the marginal island widWiharg could be easily achieved. The
different behaviour for O and X-point phasing could be weltlarstood with the help of an

MHD code which includes self-consistently the local baatstcurrent [64, 65, 66].
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Figure 6. Complete stabilization of a (3/2)-NTM (black traces in box #12257) in
comparison with a discharge without the excitation of an N{Diwy traces in box 2, #12255),
due to a missing sawtooth trigger. The sginevalues could be reached after the NTM removal
compared to the reference case. (adapted figure 1 from [67])

Later experiments with an increased amount of unmodulatde@CD power showed for
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the first time the possibility of a complete removal of a (3IN)M [67]. With typically 10%
additional co-ECCD power it is possible to recover the disgbaturing a pre-programmed
magnetic field ramp, finally reaching3g, which is identical to a discharge without any NTMs
(figure 6). The globaBy in these experiments slowly decreases due to the appliedetiag
field ramp.

Consequently the next step is the stabilization of the morgel@us (2/1)-NTM. The
complete stabilization of a (2/1)-NTM has been achievedther first time at DIII-D [27].
In these experiments both feedforward programmed ramgsedabroidal fieldB (figure 7),
as well as the SEARCH-AND-SUPPRESS algorithm [55] has been wibdthe toroidal
magnetic field as actuator to hit the resonant surface Asdossthe size of the NTM the
amplitude of an integrated Mirnov coif(jdit@dt) has been used.

L Pyg (MW)

wo = N w s
T T T

Pec (MW)
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Figure 7. Complete stabilization of a (2/1)-NTM at DIII-D (figure 9 fro[27]). The boxes
show the applied NBI powe\g, the achieve@y, the applied ECCD powe?sc, then=1
magnetic field perturbation from the NTM, the line averagedsityne and the magnetic field

B;. The dashed traces represent a discharge with constanetiafigld, where the ECCD was
not hitting theq = 2 surface and the NTM could not be removed. The solid traga®sent

a discharge, where the magnetic fi@ldhas been used as an actuator from the control system
for depositing the ECCD on the = 2 surface. In this case the NTM could be completely
removed in less than a second.

At ASDEX Upgrade, the (2/1)-NTM has been stabilized withimedback control, again
with a feedforward programmed magnetic field ramp [68]. TBEP was in this case applied
to a locked (2/1)-NTM, which foggs > 3.3 typically does not lead to disruptions [69]. The
phasing could not be actively controlled with respect toltoking position of the mode, as
ASDEX Upgrade at that time was not equipped with internadlsdoir generating a dedicated
perturbation field. The gyrotron system and the mirror pasitvas located in a position,
where the typical locking position allowed to hit the O-ptoin

In COMPASS-D a complete stabilization of a (2/1)-NTM with LHC1as been shown
[47, 48]. As mentioned above, the main effect for the staaiion of the (2/1)-NTM was
done via the current gradient at the resonant surface, iredwction of theeA'(W)-term.
Roughly 10% additional LHCD power was needed to achieve thisoval. Experiments
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at JT-60U were performed from a very early stage on with meichtly steerable launcher
mirrors [37] and a feedback control to keep the depositidh@atesonant surface [38].

4.2. Experiments steering the ECCD phase in the islands Q-poin

It has been experimentally shown at ASDEX Upgrade, that wihersland becomes norrower
than the ECCD deposition width, unmodulated ECCD is not abledoae the island bellow
its marginal widthWharg and hence not able to completely remove the island for theesam
ECCD power applied (see for example figure 8a taken from figurem {32]) [32, 63]. The
ECCD has been deliberately made broader compared to thed¢atbonstraints by increasing
the toroidal launching angle. The ECCD has been modulatedryingethe emitted gyrotron
power by using am = 2 filtered Mirnov coil @Bg/dt,—2) signal for the modulation control.
With an additional voltage comparator, which has been implated in the hardware, a binary
signal has been generated for that purpose. With such aaetlihe correct phasing with the
ECCD in the O-point, the mode could again be completely remagaih (see figure 8 b). A
dedicated phase scan of the deposition has shown, that gaénXiocalized injection is only
slightly worse compared to the unmodulated case.

#20942, DC-ECCD > #20951, O-point modulated ECCD
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Figure 8. Comparison between two identical discharges with unmaedlé) and modulated
(b) broad ECCD deposition. Only thB;-ramp has been slightly adapted to match the
resonance condition between ECCD and the mode. The vedasdled lines indicate the
time when the resonance is reached and the minimum islaed&iz is reached. Only in
the modulated cas@min gets reduced below the marginal island si¥garg and the mode
disappears (figure 4 from [32]

At DIII-D at this point another trigger scheme has been ugi].[ An oblique ECE
diagnostic embedded in the mirror system of the ECRH heatistesy has been used to
provide a trigger signal for the modulation of the ECCD itsélhis has the advantage, that
no 3 dimensional mapping of the problem, as indicated in &guis needed. The increased
efficiency has been quantified by a reduction of 10% of the p€2®D power and a reduction
of 30% of the time averaged ECCD power to completely removesiaadl.

Subsequent experiments at JT-60U also performed a modutbilization of the more
dangerous (2/1)-NTM [26]. The source for the modulationhese experiments was also a
magnetic pickup coil. It could be shown, that the island geede of the (2/1)-NTM is about
1/3 faster compared to the unmodulated case. A dedicatedofdhe relative phase clearly
shows the advantageous effect of deposition in the O-plmraddition, the detrimental effect
of modulated deposition in the X-point could be shown.
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4.3. Locked (2/1)-NTMs before disruptions - disruption daoice

Typically at lowqgs and at low collisionality;; [70] (2/1)-NTMs get excited. However, the
role of the collisionality is rather complex. The polaripatcurrent term in equation (1) is one
possible candidate. The interplay betwerrand Te-profile and its impact on the bootstrap
current (see equation (2)) and hence the NTM drive is angibssible explanation. The

particle transport, which is obviously influenced by thdis@nality, might create a modified

overall presssure and g-profiles at low collisionality. Wicls plasma conditions, a (2/1)-NTM
can lead to mode locking, which eventually stops the entasrpa rotation. The perturbation
field of the mode interacts with the vessel wall or with insimerror fields and brakes the
plasma rotation. Finally this situation can lead to a difup as shown in the example in
figure 9a.
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Figure9. (a) HighBn discharge with lowges = 3.8 resulting in a disruption due to the locking
of a (2/1)-NTM. From top to bottom the plasma currgnand the injected beam powBg;,
the achieve@y and the ideal limit 4, thedBy /dt(n = 2) signal of a set of Mirnov coils, the
dBpol/dt(n = 1) signal of a set of Mirnov coils and the locked mode signal vitshtrigger
threshold is shown. The locked mode signal is clearly abbeepreprogrammed trigger
threshold for ECRH application. (b) In an identical disgethe trigger has been used to
switch on the ECRH twice for a preprogrammed phase of 1s. ZH3-NTM unlocks several
times due to its reduction in size and does no longer lead fsragtion. (adapted figure 1
from [71])

Experiments on ASDEX Upgrade have shown, that local heatirte vicinity of the
resonang = 2 surface, is able to unlock the (2/1)-NTM and avoid the gisan (figure 9b)
[72, 71]. Surprisingly pure heating with ECRH has been an asfleragnitude more effective
compared to the application of ECCD in recent experimentd-DExperiments on the other
hand have shown a clear beneficial effect of ECCD over pure ECRHBJOFrom the usual
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understanding one would expect, that current drive, sucBR@&GSD, should be even more
effective compared to pure heating.

In the DIII-D experiments additionally a variation of thegsing between the applied
ECCD and the phase of the island has been performed. In thisfif experiment a clear
beneficial effect of the deposition in the O-point has beeseoled. Only in this case the
locked mode could be removed completely removed while reimgiin the locked position.
The X-point phasing is comparable to the case without apgl{iCRH or ECCD at all. In
both cases, natural unmitigated disruption and X-poinspd&CCD, the discharge disrupts
approximately at the same time. The locking position of tleelenhas been controlled by an
externally applied artificial error field [73, 74].

The disagreement on the effect of ECCD versus ECRH is an issuadledls to be
addressed in the future, and could possibly be explainedhdyaict that the toroidal phase
of locking position was controlled by an auxiliary error éieh the DIII-D experiments. This
allowed the ECCD current to be driven deliberately in the Oapavhere it is known to have
the most stabilizing effect. At ASDEX Upgrade such a contfdhe mode position is planed
in the future. At present the phasing of the ECCD relative tontloele position could not be
controlled at ASDEX Upgrade.

The possibility of a complete disruption avoidance withdo&CCD / ECRH, in
particular in highpn-discharges, is very important for safe tokamak operatiwvithin a
global control scheme the ECCD/ECRH based disruption avoidaricplay an important
role, as it is not only restricted to higBy scenarios. For most disruption types a locking
(2/1) mode occurs, which is often a classically driven tgnnode. For other disruptive
paths alternative avoidance or at least mitigation schewikisave to be included in a control
system. This discussion however goes beyond the scope pfeélent paper.

5. Avoidance of the excitation of NTMs

5.1. Preemptive ECCD at resonant surface(s)

At JT-60U local ECCD has been applied at the resonant surfdoecbiine onset of a (3/2)-
NTM [75, 76]. In these experiments the onset of the (3/2)-N€buld be significantly
delayed. For the same amount of applied ECCD power before ttitagan of the mode,
the saturated island size remained smaller compared tcagewhen the ECCD is applied
after the mode has reached its naturally saturated sizedfitfuand left part of figure 11).
The accuracy requirements on the exact radial localizatfdhe ECCD with respect of the
resonant surfacg= m/n are identical as in the usual application of the ECCD after thiN
onset (right part of figure 11). The (3/2)-NTM could be reljahbvoided, if the variation of
the deposition radiuArgep was in the order of the half width of the deposition widitye,
itself (Argep~ 2dgep). The radial deposition has been controlled during the Nifliine via
a realtime controlled steering of the launching mirror eyst while the starting value was
based on experience from previous discharges.

At DIII-D similar experiments could completely avoid theagation of a (3/2)-NTM
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Figure 11. Laft part: For early ECCD the maximum island size remainsenban a factor of
2 smaller. Right part: The radial localization remains di@al issue, both for early and late
ECCD application (taken from figure 2a, 3a from [75]).

by preemptive ECCD at the resonant surface. As shown in figureh&2excitation could
be completely avoided whilBy is ramped up to 4, the assumed ideal limit. Sawteeth and
fishbones occur, which would normally trigger an NTM [77] tihese experiments the ECCD
deposition has been controlled also via the launching meystem using a full realtime
equilibrium reconstruction for estimating the resonamfezre before the mode excitation.

For the (2/1)-NTM a complete avoidance of the mode could blsachieved in the
presence of an already excited (3/2)-NTM [78], as shown iar&gl3. In this experiment
instead of moving the mirrors the toroidal magnetic fiBldhas been used as the actuator
from the control system.
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5.2. Profile tailoring with wave heating

As indicated above the main drive for an NTM is the pressuadignt at the resonant surface.
In particular, the dominant part of the pressure gradiettiedocal density gradient [3, 79].
A local reduction of the density gradiedte/dr should therefore be beneficial for a reduced
saturated island siA&s,. The excitation of an NTM by a large enough trigger shoulddss |
likely.

With a centrally flattened, profile and hence reduced bootstrap drive the excitation of
NTMs could be avoided entirely [80, 15]. In figure 14 an exaanigl shown, where in the
presence of central ICRH the excitation of a (3/2)-NTM appeaaessignificantly higheBy.



Control of NTMs 19

#15355 P oy BT o #15656 Py H Pe0)
3

i;’?.zsm #15355

Figure 14. Two otherwise identical discharges without (left) and wadntral (right) electron
heating via ICRH are compared. From top to bottom the appiesting power, the achieved
Bn, the even magnetic amplitudd,o (N = 2)/dt, the total corrected pressure gradient and its
parts fromCne andOTe are shown. At the bottom th® andT, profiles at the indicated time
points are shown for the two cases.

With central electron heating, in this case via ICRH, an ineeeeoutward particle transport
can be observed depending on the value of the collisiondlitis can be understood in terms
of an interplay between Trapped Electron Modes (TEM) andlemperature Gradient driven
modes (ITG), which is theoretically described [81] and ekpentally observed [82].

However, as already indicated such approaches are onlybfwo$s the appropriate
collisionality range (see [81] for details). The centraatton heating in a fusion reactor will
be supplied by the-particle heating. Whether the appropriate collisionaityge is reached
for such an effect, is an open question and has to be showmrimegueally in the future.
The available electron heating by ECRH might be insufficiengwercome the dominant self
heating provided by the plasma, in order to make this a plessimtrol tool. A dedicated
reduction of the peaking of the central density might alsalégimental for fusion power
generation in a later fusion device.

Another approach lies in the combined tailoring of the gfig@nd the overall pressure
profile, which has been performed at JT-60U [83]. The curpeofile has been modified by
LHCD in combination with off axis NBI heating, in such a way thmdth theq = 3/2 and
theq = 2/1 are radially located in a region with an reduced pressuadignt. Atggs = 4.5
a stationary highgy ~ 2.4 could be achieved for a duration of 5.83 2.5tg). An extension
of this profile tailoring was leading to a scenario with erigdy low (o5 ~ 2.2 at By ~ 3
stationary forx 6s (see figure 15). By drastically reducing the plasma crossosestill at
full plasma current, and toroidal fieldB;, an extremely lowges ~ 2.2 could be achieved.
Both theq = 3/2 andq = 2 surface have been shifted into region with, > 0.7, where
Ppol = \/(LLI— Waxis)/ (Wseparatrix— Waxis) denotes the normalized poloidal flux as radial
coordinate. Due to the off-axis NBI heating a broad pressuoél@ has been established,
such that the relevant resonant surfaces are in a regionredtced pressure. The central
g-profile becomes flat and no sawteeth or fishbones are olseémeno triggering MHD is
available. All these ingredients are considered to couteilbo this NTM free discharge.
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Figure 15. Time traces of the achieved stationgdy and the applied heating powers (a) for
a high By, low gos discharge at JT-60U (Reprint with permission from figure @nfr[83],
Copyright 2005, American Institute of Physics.). Tipg (b) is lower by a shrinking of the
plasma cross section (d). During the lays ~ 2.2 phase no MHD is observed (c). The
pressure and g-profiles are adjusted in a way thatithe3/2 andq = 2 surface are located
radially in a region 0 > 0.7) with reduced pressure (e,f).

5.3. Current profile control with LHCD with excited NTM

At JT-60U experiments with LHCD were performed with an emyiifferent approach. The
LHCD was used to establish a current profile, which does ngp@tigthe excitation of an
NTM at all [84]. Obviously the absence of a certain resonarfese withq = m/n, removes
the possibility for a (m/n)-NTM to occur at all. In the repedtexperiments the minimat
value,gmin has been controlled via off-axis LHCD in feedback operatiberahe NTM onset.

As soon agjmin rises above = 2/1, the existing (2/1)-NTM disappears and the now removed
confinement degradation allows for a recoverqf(see figure 16).

5.4. Avoidance of NTM triggering MHD

Another actively investigated approach for the NTM avowkgnis the removal of MHD
instabilities in the plasma, which typically trigger NTMs.

At JET experiments with ICRH and ICCD around thhe- 1 surface have been performed
[1]. It is possible to stabilize sawteeth, i.e. create laage less frequent sawteeth (large
Tst between two subsequent sawteeth), as well to destabileza #nd create smaller and
more frequent sawteeth (smal). With largets; and large sawtooth crashes NTMs could
be triggered at very lovBy values, whereas for small; and small sawteeth NTMs could
be avoided almost reaching the ideal limit before trigggr@m NTM during a ramp of the
external NBI heating power. These experiments have beerpieted later in more detail in
terms of interaction between fast ion population and thaligeernal kink mode at thg =1
surface [45] and are supported by recent experimental dataJET [46].

At TCV experiments with local ECRH and co and counter-ECCD have peeformed
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Figure 16. Removal of a still rotating (2/1)-NTM through current prefitontrol via off-axis
LHCD (figure 6 from [84]). The additional LHCD heating (a), ish is feedback controlled,
increases th@min (b) until it greater than 2. As soon a@m,, > 2 holds, the (2/1)-NTM
disappears (d) and the stored energy (c) can recover.

in order to modify the sawtooth period and hence the sizee€thshes. Both experimentally
and in particular theoretically the effect of heating andrent drive could be disentangled.
The importance of the magnetic shear aroundgthel surface has been shown [85]. These
considerations have been performed in terms of the linesdstivee stability threshold of the
internal kink.

Based on a complete radial scan of the deposition of pure ECRithgeeo-ECCD and
counter-ECCD on a shot-by-shot basis, a clear charactenizafi the sawtooth behaviour
as function of the deposition radius has been achieved atESDpgrade [86, 87]. The
local current drive around thg= 1 surface leads to a variation of theprofile and hence the
gradientq(q = 1) at the resonant surface. The co-ECCD with its accompanyingcest
resistivity due to the heating effect has been most effe¢tere. Pure ECRH heating showed
similar results, whereas the counter-ECCD case was lesdiedfed-or current drive with
ECCD the heating effect is always present, which has a sinfiiecteas co-ECCD due to the
increased inductively driven current when the plasma besolocally hotter. The variation
of the sawtooth stability could be explained in terms of a géabilization of sawteeth by
an increase / decrease @ifat theq = 1 surface. Both a decrease of the sawtooth size with
decreasingsg;, as well as an increase of the sawtooth size with increasigven up to
a complete avoidance of sawteeth could be achieved by aivariaf . This scheme has
been used to avoid sawtooth triggered NTMs in a Hghdischarge during the full pulse
length of the co-ECCD [88]. Only after the ECCD around the 1 surface was switched
off, the sawteeth revert back to their normal size and a {R/EW is promptly triggered. This
scheme for sawtooth tailoring needs an exact control of #position with respect to the
g = 1 surface. Therefore a feedback controlled ECCD depositionaisdatory, but not as
critical as for the NTM removal itself.
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Recent TCV [89] and modeling results [90] have shown two newagighes, namely
sawtooth pacing and locking respectively. A combinatiors@aiitooth detection via central
Soft X-ray measurements and realtime control of the feddbantrolled ECCD power in the
vicinity of theq = 1 surface allows a control of the occurrence of the next sathtorash, i.e.
apply sawtooth pacing [89]. Such a scheme significantlycedthe required ECCD power, as
the power is no longer required continuously. New simutatiesults propose a new scheme,
sawtooth locking, where the sawtooth cycle could be phadeetbto an externally applied
modulated ECCD deposition [90]. In this case no feedback obistrequired. Note that the
latter has been confirmed and demonstrated in TCV [91]. Fdr &pproaches models have
been discussed explaining the observed behaviour of thieetiw

At ASDEX Upgrade a comparison between different NBI sourciéls efferent injection
angles and deposition profiles has been done. A significamatian of the individual
sawtooth size and the sawtooth period have been observedH&7the most tangential and
off-axis deposition large sawteeth with largg (stabilization) has been observed, whereas
for more radial and central injection small sawteeth wittaBm; (destabilization) has been
observed. More recent experiments have used a control oflepesitions radius of an
individual NBI source for producing large sawteeth in conaltion with ICRH heating [92].
The detailed distribution of NBI generated fast ions arour& dloseq = 1 surface plays a
crucial role there. The application of ECCD is able to desitabihese artificially stabilized
large sawteeth again and consequently remove the largeetywivhich potentially trigger
NTMs [93]. An comprehensive overview over the control of szeth is given in [94].

It must be noted however, that in the absence of sawteeth simabfies NTMs can be
triggered at highefy values also by other MHD events, such as ELMs at the plasma édg
even higher values @y, NTMs can also be initiated without any obvious trigger, gnolw
"out of the noise” at an early state of the discharge. Fordlemsideration the following
inequality holdsBonsefSawtooth < Bonseffishbong < Bonsef ELM) < Bonseftrigger-less
[95].

6. Effect and mitigation of unavoidable NTMs

There might be cases when neither avoidance nor stabilizafiexcited NTMs is possible.
This might be due to a lack of available ECRH power for avoidamea@mmplete removal. The
guestion arises, whether it is still possible to partialgaver the confinement loss due to the
NTM or whether it is possible to design scenarios where th&NAduced confinement loss
is tolerable.

6.1. Triggering the FIR regime

As described in section 2.1, for high enouffionset> 2.3 the FIR regime with a nonlinear
coupling between a (3/2)-NTM, an ideal, so called (4/3)iné mode and a (1/1) mode can
be reached. In this FIR regime the confinement loss due t@®K8I'M is reduced from the
usually expected 20% down to a levelf10% (see figure 17) [21, 22, 20].
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Figure 17. Confinement losaW /Wosetdue to an existing (3/2)-NTM as function of tifg
value at the NTM onset for a combined data set from ASDEX Ughgrand JET. (adapted
figure 4 from [20]). Open symbols denote ASDEX Upgrade daidi,siymbols JET data.
The circles below the critical thresho[th ~ 2.3 represent the conventional occurrence of
NTMs, whereas the diamonds abd¥g ~ 2.3 represent the FIR regime, with a reduced loss
AW/V\/onset-

With the application of co-ECCD or counter-ECCD, for this pused theq = 4/3
surface, it is possible to destabilize or stabilize the Y4i®de externally (see figure 18).
With the stabilization, the entry into this beneficial regiman be suppressed, whereas with
destabilization of the (4/3)-mode, access can be gaineddyjrat loweBy values (see figure
8 and 9 in [20] and figure 18). Although higher confinement galare accessable with such a
modification of the NTM behaviour, the applicability for aactor is not straight forward. The
complete removal of a (3/2)-NTM and in particular of a (2K[)M is still the most attractive
approach, as it promises the largest gain in confinemenfigndHowever, the access to the
FIR-regime should be considered as a possible mitigatioiteho

6.2. Beneficial effect of NTMs in improved H-mode / hybrid agen

In the conventional ELMy H-mode with a monotonic g-profiledagy < 1, (3/2)-NTMs
generate the confinement loss discussed above. Howevkge sotcalled improved H-mode
or hybrid scenario the presence of a (4/3)-NTM or a (3/2)-NéiMy has negligible impact
on the confinement [96, 97, 98]. In this scenario one typyaaaches a flat central g-profile
with go =~ 1. This current profile is clamped by the presence of theseesoAlternatively,
stationary (1/1)-fishbone activity can occur, which alsantaans a rather flat current profile.
For the hybrid scenario at DIII-D [99, 100, 101] and JET [1@8&}ings are fully consistent
with this picture. Similar MHD behaviour and impact on theninoement is reported. It has
been shown, that also in such scenarios a complete staioifizaf (3/2)-NTMs is possible
together with an improvement in confinement [103]. The utielimiting MHD phenomenon
for the improved H-mode or hybrid scenario is the excitatb(2/1)-NTMs. The formation
of such scenarios is left to references, as this goes beyestbpe of this paper.
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Figure 18. Artificial suppression or triggering of the FIR-regime bg#b counter (grey traces)
or co-ECCD (black traces) at tlie= 4/3 surface in two otherwise identical discharges. From
top to bottom the time traces show the identically applied Bifsl ECCD power, the applied
magnetic field ramp, the varyirfgy traces, the island width of the (3/2)-NTM in the non-FIR
and in the FIR case respectively. The appledamp is used to scan for the resonance with
the (4/3)-surface. In the presence of the (4/3)-mode therBtfine, with its characteristic
amplitude drops, is accessable in the case of co-ECCD (Iacks). An increase of almost
20% in BN can be achieved in comparison to the non FIR-regime with eotEECCD (grey
traces) ( ~ 2.3s— 2.8sin 39 and the 8 box, the relevant time interval is indicated for the
co-ECCD traces; adapted figure 8 from [20]).

7. Combining the sensors and actuatorsinto a control scheme

All the above described detection and intervention corgépive to be combined to an
integrated scheme for controlling the occurrence, thegatitbn or ultimately the removal
of NTMs.

These approaches contain tailoring of thprofile, thej,s-profiles and hence mainly the
ne-profiles, in order to remove the relevant resonant surfadeeogeneric drive for NTMs,
respectively. However, this might be impossible under thestraints of an energy producing
high performance plasma, as a high central pressure is déada high fusion power output.
Avoidance of the triggering MHD is a possibility, which mbirconsists of the control of (1/1)
activity at theq = 1 surface. For both avoidance schemes central or slighlgoas current
drive is the appropriate method.

For removal of unavoidable NTMs the local current drive w#8CD seems to be an
appropriate choice. For small islands the current has todmurated, in order to deposit only
power in the O-point. In this approach at least two indepanderrent drive tools, such two
gyrotrons and two mirrors, for the (3/2) and the (2/1)-NTMpectively, have to be in stand-
by and aim at the resonant surfaces without firing. As sooma&$TdMs appears they have to
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fire until the NTM gets stabilized again, while tracking amdrecting for the radial location
of the mode.

The analysis and the decision process for this has to be ingrited as a real-time
algorithm dealing with fast realtime signals and has to i@rctions of the external heating
systems. Presently such kind of algorithms are being imptded or are already in parts
in operation on multiple experiments. However, most of ¢hagproaches presently do not
contain the complete set of actions in a fully automatic waych a complete integration is
still an important task for the future, in order to gain openaexperience for ITER.

At DIII-D a sophisticated system is implemented, which wasng the so-called
SEARCH-AND-SUPPRESS algorithm [55]. This algorithm was oradly using the
magnetic field and the radial plasma position as the mainatmtu Later this scheme has
been adapted to also control the poloidal mirror positiothef ECRH launchers. One core
ingredient is the MSE supported equilibrium reconstruciooviding an estimation for the
localization of the resonant surfaces. At ASDEX Upgrade g generic integrated control
and realtime diagnostic system has been implemented [38, This system includes any
new measurement as a potential realtime diagnostic, wiainhaonounce new signals to the
system. This freely programable scheme allows for an flexapiplication of the system for
NTM control and eventually for disruption avoidance.

8. Implication and outlook for ITER

In a sequence of publications an attempt has been made ttifgubha impact of NTMs and
their stabilization schemes on the efficiency of energy pecaty tokamak, in particular for
ITER [105, 106, 19]. The efficiency of an energy releasindesysis defined through its gain
Q := Ptusion/Pnput- As outputPrysion=5- Py is taken, as the total fusion power distributed on
thea-particles Py = 0.2- Psysion) and the neutrong, = 0.8 Psysion) according to their mass
ratios. For the calculation® = 10, P, = 80MW, By = 1.8 in the ITER scenario 2 [107] has
been assumed. For the energy confinementithout an NTMtg = Hy - 3.7sandHy =1
has been usedly = Texp/Tscaling denotes the normalized energy confinement with respect to
the scaling law for the confinement time for a sawtoothing LM mode. In figure 19 the
resulting operation curves for constady-factors in the range from 0.75 to 1.25 is shown as
function of the additionally applied ECCD power and tQdactor.

At the onset the discharge sits on the curve with= 1 without any additional ECCD
power applied. After the NTM-ons&p and Hy drop significantly down taQ(3/2) = 6.9
andQ(2/1) = 4.7 and toHy (3/2) = 0.85 andHy (2/1) = 0.75 for a (3/2) and (2/1)-NTM
respectively (points A and B in figure 19). If the (2/1)-NTMcls the situation becomes
worse andHy (2/1) becomes even lower. Applying now additional 20 MW ECCD power fo
the removal of the corresponding modes, one gets back terellgy confinement time:,

i.e. Hy = 1, but now at loweQ-values. The additional ECCD power has to be included in
the energy balance. For 20 MW one arrives)at: 7, for the optimistic case with only 10
MW needed, one arrives @~ 8.5. Once the NTM has been stabilized, one can arrive along
theHy = 1 curve again toward® = 10, by switching off the gyrotrons. When the next NTM
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Figure 19. Energy gairmQ as function of the additionally required ECCD power for a pbete
or partial removal of an existing NTM (figure 1 taken from [L9]The curves indicate the
operational points for a fixedy-factor in the rangéd, = 0.75...1.25 in steps of 0.05.

gets triggered, this loop is followed again and the gyratrare applied.

An incomplete stabilization of the NTM with only a partial dmement recovery, i.e.
only a reduction in the island size, will result in a workingiqt in the range between the
broken curves. Triggering the FIR-regime would also be is tiniea of the diagram. A
continuously applied preemptive ECCD will reduce the aclh&®-value, correspondingly.

In ITER such a control scheme will have to be an integral pathe control system.
This part will mainly be responsible for the steering of thigrors and the deposited power
from the connected gyrotrons. The low field side equatoaahther (EL) is optimized
for central heating and current drive in a radial rang@gfi ~ 0...0.5, whereas the upper
launcher (UL) is optimized foppo ~ 0.3...0.9. The upper launcher is primarily designed
for the purpose of (3/2) and (2/1)-NTM control and sawtodatitoting. It consists of two
different designs for a set of upper steering mirrors (USM) a set of lower steering mirrors
(LSM). An comprehensive overview over the present desigyven in [108]. The system
has been optimized for a narrow deposition (targekjeg < Wmarg) With @ maximization of
NNTM = Jed/ jbs IN Order to avoid the need for a modulation of the gyrotroftge gyrotrons
provide an total power of 20 MW at 170 MHz. These optimizasi@ne a partially ongoing
process driven by new experimental and theoretical input.

From the combined ASDEX Upgrade and JT-60U data the follgwaredictions for
the required ECCD power and alignment have been made [24]. heolTER scenario 2
[107] and a deposition width of 3-4 cm with prefect alignmento the resonant surface,
an estimation for the required ECCD power for an unmodulatetlsamodulated case has
been given. For the (3/2)-NTM 10 MW and 7 MW, for the (2/1)-NTM MW and 9 MW
are predicted for a complete stabilization. A possible hgaaent is expressed in terms of
the deposition widthmis/ (2dgep). With the presently planed 20 MW of ECCD power, for the
(3/2)-NTM a misalignment otmis(3/2,unmod) /(2dgep) = 0.4 for the unmodulated case, and
Xmis(3/2,mod) /d4ep= 0.6 for the modulated case is possible while still stabilizing mode.
For the (2/1)-NTMxXmis(2.1,unmod)/(2dgep) = 0.5 andxmis(2/1,mod)/(2d4ep) = 0.8 has
been estimated. From this considerations, the ECCD systenldsbe able to fulfill its
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purpose.
In the more recent analytical approach ifigyTm also the ITER scenario 2 has been used
as reference [31]. A different criterion for the ECCD systera been derived

20dgep< 5 cm, and (2dgep) -NNTM > 5 Ccm 3)

Calculating with these constraints with the TORBEAM raytrgaiode the resulting needs on
the mirror system, a modification of the steering capabitityards a larger toroidal launching
angle is suggested. These modifications should result idwctien of the the needed ECCD
power of 25% for the lower steering mirror and 10% for the upgteering mirror.
The discussion on details of the ECCD system, in particulaughpger launcher is still

a field were new input might require some modifications. A gieshange however, should
be based only on the most reliably understood theoretiaadideration and experimentally
verified information.

9. Summary and conclusions

In this publication an attempt has been made to summarizerédsent status of experiments
on NTM control. This consists of two approaches, namely tloedance of NTMs at all, and
the stabilization or mitigation of unavoidable NTMs. Foetavoidance different schemes of
profiles tailoring (e, p, g-profile) and avoidance of MHD, which can trigger NTMs, haeeb
discussed. In the improved H-mode or hybrid scenario NTMseanly a reduced problem
and the usefulness of an NTM removal there needs to be furthestigated. A mitigation
by attempting a transition into the FIR-regime has been atdd. For all these avoidance,
stabilization or mitigation scenarios, the applicatiore@CD at different resonant surfaces
(0 <1, g~ 1 for sawtooth tailoringg = 4/3 for initiating the FIR-regimeq = 3/2 andq = 2
for NTM suppression and preemptive NTM avoidance) is an @gmjpate tool.

As the ITER design of the ECCD and their launcher system has deeen by the
ongoing work on NTM control in present devices and actuabtégcal work, ITER seems to
be well equipped for controlling NTMs. The available powE20 MW at 170 GHz should be
sufficient. Fine details on the upper launcher should bentakee of and possibly optimized
for reduced demands on the system.
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