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Abstract. Neoclassically driven tearing modes (NTM) are a major problem for tokamaks
operating in a conventional ELMy H-mode scenario. Depending on the mode numbers
these pressure driven perturbations cause a mild reductionof the maximum achievableβN =

βt/(
Ip

aBt
) before the onset of the NTM, or can even lead to disruptions atlow edge safety

factor,q95. A control of this type of modes in highβN plasmas is therefore of vital interest for
magnetically confined fusion plasmas. The control consistsof two major approaches, namely
the control of the excitation of these modes and the removal,or at least mitigation, of these
modes, once an excitation could not be avoided. For both routes examples will be given and
the applicability of these approaches to ITER will be discussed.

1. Introduction

In terms of overall performance, neoclassical tearing modes (NTMs) are limiting the
maximum achievable toroidal normalized pressureβt = 〈p〉/(B2

t /2µ0) (see footnote to
equation (1)) and hence also the global normalizedβN = βt/(Ip/aBt). HereIp denotes the
plasma current in MA,Bt the vacuum toroidal field in T,a the minor radius of the plasma in
m and〈p〉 the volume averaged total pressure. The onset of an NTM leadsto a significant
degradation in confinement, but does not have a hard limit inβN, as one would expect for an
ideal MHD-limit. (3/2)-NTMs with poloidal and toroidal mode number of m=3 and n=2 lead
to a confinement loss of up to 20%. Especially at lowq95 (2/1)-NTMs lead to an even greater
loss in confinement and ultimately can lead to disruptions. The role of low collisionality
ν̄ii for an increased propability for (2/1)-NTMs and disruptions is rather complicated and
multiple explanations are discussed in literature. The achievableβN at the mode’s onset can
be increased by optimizing the discharge scenario, as for example shown in [1, 2]. The most
commonly applied theory describing the behaviour of the NTMs is based on a generalized
Rutherford equation including the additional neoclassicalterm, which drives the island. This
main driving force originates the local bootstrap currentjbs(rres) at the resonant surface. It is
governed by the local pressure gradient∇p, which is mainly proportional to the local poloidal
normalized pressureβp(rres) = 〈p(rres)〉/(〈Bp(rres)

2〉/2µ0) (see footnote to equation (1)) at
the resonant surface of the mode.

Based on this theory a stabilization or removal of an excited NTM is possible by local
current drive and heating at the resonant surface. This has been shown experimentally on
various experiments and will a major part of this paper. After a brief description of the
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underlying physics for NTM removal and avoidance, a discussion of the available tools for
this target is followed by an overview over the most important experimental steps for the
stabilization of NTMs and their overall avoidance. If the modes can be neither avoided nor
suppressed, the question, if one could mitigate or live withexisting NTMs while maintaining
good plasma performance is addressed. Finally, a discussion of the transferability and
applicability for ITER will be discussed, which is followedby 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 terms due to the neoclassical driving
term, the polarization current term and theχ⊥/χ‖-term provides a widely accepted description
of neoclassically driven tearing modes [3, 4] ‡
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Besides the classical tearing mode stability parameter∆′ resulting from the equilibrium
current gradient at the resonant surfacerres [5], additional destabilizing and stabilizing terms
are included. The terms with the coefficientsa2,a3,a4 describe the neoclassical bootstrap
drive with the finite perpendicular to parallel heat conductivity correction (χ⊥/χ‖-correction),
which is included inW0 [6], the stabilizing Glasser term introduced by the helicalcomponent
of Pfirsch-Schl̈uter currents induced by toroidicity and shaping of the poloidal cross-section
[7, 8, 9, 10] and the stabilizing polarization currents induced by the island rotation within the
background ion fluid [11]. The gradient length for all quantities is calculated according to
Lα = α/∇α, with ∇ = d

dr , wherer measured in meters is the minor radius of the flux surface
on the low field side of the plasma. Hence, in this approximation the gradients are described
in 1/m and[Lα] = m holds. The local poloidal ion gyro radiusρ∗

pi at the resonant surface is

defined asρ∗
pi(rres) = ρpi/a=

√
2mikTi(rres)

e〈Bp(rres)〉 /a, wherea is the minor radius of the plasma in the

‡ rres: minor radius of the resonant surface of the considered mode(distance from the magnetic axis to the
intersection of a horizontal line from the axis to the low field side with the flux surface),τres: resistive time scale
on resonant surface;Lp,Lq: pressure gradient andq-gradient scale length;ai : numerical constants of the order of
unity;W: island width;ε = rres/R0: inverse aspect ratio of the resonant surface;R0: major radius of the geometric
axis of the resonant surface;ρpi: poloidal ion gyro radius at the resonant surface;βp(rres) = 〈p(rres)〉

〈Bp(rres)2〉/2µ0
: flux

surface averaged poloidalβp; βt = 〈p〉
B2

t /(2µ0)
volume averaged toroidalβ, with Bt being the vacuum toroidal

magnetic field;ddep: deposition width at 1/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 magnetic field 〈Bp(rres)〉 is defined as the
averaged poloidal fieldBp(rres,θ) on the resonant surface.

In the above shown form of the generalized Rutherford equation (1) the polarization
current term (a4-term) diverges forW → 0. A full kinetic treatment [12, 13, 14] shows
that finite-orbit effects weaken the impact of the polarization current on the island stability,
although a complete description of the related physics is still lacking. As done in equation (1)
in [4], the divergence of the polarization contribution canbe removed in the corresponding
term by changing∼ 1/W3 into a term of the form∼W/(W4 +W4

d,pol).
It is important to note, that the density gradient∇n and the temperature gradient∇T

have a differently weighted impact on the variation of the local bootstrap currentjbs(rres), as
applied in [15]. The corrected pressure gradient length according to [3] results in

1
Lcorr

p
≈ 1

1+α
· ( 1

LT
+α · 1

Ln
), with: α = 2.5. (2)

The weighting factorα = 2.5 has been experimentally fitted. TheT ·∇n term thus contributes
stronger to the bootstrap current than then·∇T term. As shown in [16], the onset and marginal
β scalings and the time history of an NTM could only be achievedby including this distinction
between the influence from the temperature and the density gradient.
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Figure 1. (a) Stability diagram for a naturally occurring NTM in termsof the island growth
ratedW/dt as function of the island widthW. Characteristic points in terms ofβp andW
are marked. (b) Corresponding time traces of a natural NTM with the important time points
marked. In the modified stability diagram (c) the effect of the application of additional current
drive at the resonant surface is shown and (d) shows the corresponding time trace for a removal
with additional Electron Cyclotron Current Drive (ECCD, see the text for more details).

In figure 1 the characteristic values of an NTM are indicated (a) in the stability diagram
and (b) the time traces of an experiment measuring the so-called marginalβp,marg of the mode.
The stability diagram represents the solution of equation (1) for different values of the plasma
pressure represented by the localβp(rres). At the maximumβp = βp,onsettwo solutions of the
equation withdW/dt = 0 exist. The right solution represents the saturated islandsizeWsat

and the left solution minimal seed island sizeWseed. For an NTM to get excited, thisWseedhas
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to be provided on the resonant surface by an external perturbation, such as a sawtooth (point
1 in figure 1 (a) and (b)). The flattening of the pressure profileover this initial island reduces
the bootstrap current locally within this so-called seed island. For conventional monotonic
q-profiles, this defect current acts as the major drive of theNTM. During the subsequent
growth of the NTM to its saturated sizeWsat(βp,sat), the mode degrades the confinement.
The normalized pressure drops until a new equilibrium is reached at a lowerβp,sat (point
2 in figure 1). At the highestβp values a (3/2)-NTM can occur as so-called FIR-NTM,
described in the next paragraph. When the external heating power is continuously reduced,
the island sizeWsat(βp) follows mainly the local Lq

Lcorr
p

βp values [4, 16] (Wsat(βp) ∼ Lq
Lcorr

p
βp)

and continuously shrinks (points 2,3,4 in figure 1 (a) and (b)). This can be approximated with
Wsat(βp) ∼ 1

Lcorr
p

βp ∼ βp. The value ofβp, for which Wsat andWseed become one identical

solution, is defined as the marginalβp, i.e. βp,marg. This single solution is defined as the
marginal island widthWmarg := Wsat(βp,marg) = Wseed(βp,marg). Whenβp is reduced below
βp,marg the island decays away (dW/dt < 0 for all βp < βp,marg, at point 5 in figure 1 (a)
and (b)). The dependenceWsat(βp) ∼ βp no longer holds forβp < βp,marg. When the NTM
has disappeared,βp can rise again due to the recovered confinement. It can even exceed
againβp,marg until the next external trigger may excite again a new NTM. Inthe shown
exampleβp even rises while the heating power is still ramped down. Exact formulas for
these characteristic quantities can be found in [17], [18],[4] and [19]. In [19] the quantities
are used in a way that they can be applied directly for predictions towards ITER and the the
NTM stabilization there. The stabilization process by local Electron Cyclotron Current Drive
(ECCD) in figure 1 (c) and (d) will be explained in the next section.

For higher localβp-values, just after the onset of the (3/2)-NTM, a phase with frequent
interruptions of the (3/2)-NTM growth can be observed, which is caused by nonlinear
coupling to a (4/3) and a (1/1)-mode. This behaviour can not be described with equation
(1), but requires additional non-linear calculations [20]. This coupling reduces the (3/2)-NTM
amplitude on a very short time scale. Thus for a repetition time of these rapid amplitude drops
smaller than the NTM growth time (τFIR−drop < τgrowth), the average island widthW gets
reduced and does no longer follow the localβp-values, as shown in [4, 16]. This behaviour
is described asFrequentlyInteruptedRegime, FIR-NTM [21, 22, 20]. At lowerβp values
the (4/3) mode bursts remain stable, i.e. the FIR phase disappears and the (3/2) mode follows
the localβp values. The threshold for this FIR behaviour is described byan empirically
determined criticalβN at the mode’s onset,βN,onset≥ βN,FIR = 2.3.

2.2. Stabilization of excited NTMs

The dominant driving term for the NTM is the lack of the bootstrap current within the island,
as the pressure profile is flattened and therefore the bootstrap current is reduced. For the
unperturbed bootstrap currentjbs ∼ ∇p/〈Bp〉 holds. This opens the possibility to directly
remove an NTM by locally replacing the missing current [23, 18]. by external means, such as
local Electron Cyclotron Current Drive (ECCD, see chapter 3). Inthe stability diagram and
the time traces this process is illustrated in figure 1 (c) and(d). The external local current
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drive is turned on, while the plasma is in a stationary equilibrium atβp,sat with an island size
of Wsat(βp,sat) (point 2 in figure 1 (c) and (d)). The additional ECCD term (cstab-term) in
the generalized Rutherford equation (1) now shifts the stability curve, while keeping the high
βp,sat, to a lower a value indW/dt. Within thecstab-term,ddep denotes the deposition width
at 1/e of the maximum of the Gaussian radial profile of the externally driven ECCD current
jECCD(r) = jECCD,0 ·e−((r−rdep)/(2ddep))

2
. Throughout this paper always this definition has been

used. The right solutionWsat is reduced and the island shrinks with increasing size of thecstab-
term (points 2, 3 and 4 in figure 1 (c) and (d)). Having reachedWsat(βp,sat,ECCD) = Wmarg,
the island decays away, as in the previous case whenβp had been reduced (point 5 in figure 1
(a) and (b)). In the example shown in figure 1 (d) the magnetic field is slowly varied until the
resonant surface is hit correctly. This variation is slowlyincreasing thecstab-term. After the
removal of the NTM,β rises again, as desired.

As done in [24], the additional term with the factorcstab describing the effect of local
current drive with Electron Cyclotron Current Drive (ECCD) at the resonant surface has
been included. The remaining ECCD independent terms have beensummarized in only
one experimentally fitted parametercsat. With this simplification of the Rutherford equation
ASDEX Upgrade and JT-60U data of stabilization experimentshave been used to calculate
a these fit parameters tocsat = 0.81±0.13 andcstab= 0.68±0.22 (as used in equation (1)).
The resulting predictions for ITER will discussed in section 8.

A crucial quantity for the stabilization is the ratio between the maximum externally
driven current densityjcd,max at the start of the stabilization process and the defect current
density of the missing bootstrap current at the saturated phase ηNTM := jcd/ jbs. The
requirement for ITER has been estimated based on experimental data both for the (3/2) and
the (2/1)-NTM toηNTM ≥ 1.2 for largeβ at the onset compared to the marginalβmarg, i.e.
βN >> βN,marg [25]. This translates for the island sizeW into Wsat ≈ Wonset >> Wmarg.
From JT-60U and DIII-D different requirements onηNTM for ITER have been reported
based on experimental data [26, 27, 28]. The smaller requirement on ηNTM might be
due to the consideration of an island size just above the marginal island size, i.e. only
Wonset> Wmargholds. Only an moderately higherβ aboveβmarg has been applied at the modes
onset. Also depending on the full deposition width 2ddep compared to the marginal island
width Wmarg, a variation of the requirements might be needed [29, 30, 19]

Recent works have derived an analytical expression forηNTM without the need for
empirically fitted coefficients in the generalized Rutherford equation [31]. This calculation
takes advantage of the fact, that most of the terms included in ηNTM originate from the same
generic term for a helical current perturbation. The two cases of a dominating transport term
(χ‖/χ⊥-term) or for a dominating polarization current term are included by distinct formulas

for ηtra
NTM andηpol

NTM. The remaining experimentally free parameters are the saturated island
sizeWsat and the marginal island sizeWmarg. The classical tearing mode stability parameter∆′

has been approximated in terms of the fully saturated islandsizeWsat without any additional
ECRH or ECCD applied (cstab-term = 0, jECCD = 0) as∆′ := −∆′

BS(W = Wsat). For this
determination alsodW/dt = 0 has been used (stationary, i.e. saturated island). The remaining
terms have been taken as∆′

BS(W = Wsat) and have been calculated from the profiles. Both
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the island size and the deposition width of the ECCD have been normalized to the physically
relevant marginal island sizeWmarg, i.e. W̄ := W/Wmarg andW̄dep := (2ddep)/Wmarg Also
these results will be discussed in section 8 for a predictionfor ITER.

2.3. Avoidance of the excitation of NTMs

In order to avoid the excitation of NTMs in the first place, there are different options,
which are implemented in present day devices. Considering the main drive of the NTM,
the missing bootstrap current, a local reduction of the unperturbed equilibrium bootstrap
current jbs(q = m/n) should reduce the maximum reachable island size and in particular
the excitability of the mode. Considering the different influence of the density gradient and
the temperature gradient on the bootstrap current, a reduction of the local density gradient
∇ne(q = m/n) at the resonant surface reduces the propability for an NTM excitation. This
can be done without any local current drive, as it relies on the profiles, which can be achieved
within the considered discharge scenario.

The second approach for avoiding NTMs, lies in the avoidanceof MHD, which provided
the trigger for NTMs, i.e. avoid the seed island. This concentrates mainly on the avoidance
of sawteeth and fishbones at theq = 1 surface. A variation of the stability of the m=1/n=1
activity at the q=1 surface is the key for this task.

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

3. Relevant systems for controlling and detecting NTMs

Both for the stabilization of existing NTMs, as well as for their avoidance a local modification
of MHD stability is required. Replacing the missing bootstrap current at a specific resonant
surface is one possibility. The most widely used tool at present experiments is the Electron
Cyclotron Resonance Heating (ECRH) and in particular the Electron Cyclotron Current Drive
(ECCD).

3.1. Electron Cyclotron Resonance Heating and Current Drive (ECRH / ECCD)

The key advantages of this technique are narrow localization in the order of centimetres in the
radial direction, which typically is smaller than the saturated island widthWsat of a (3/2)-NTM
and a (2/1)-NTM. In the vertical direction the deposition width is defined by the focus of the
propagating beam, which is of the same order. Moreover, the deposition radius of ECRH and
ECCD in terms of the minor radius can be easily controlled with asteerable mirror system.
Via a modulation of the gyrotron voltage the emitted power can be modulated in the range of
the rotation frequency of an NTM, i.e. in the 10 kHz to 20 kHz range in present experiments.
For ITER, this frequency is expected to be in the order of 2 - 3 kHz, due to the lower expected
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Figure 2. Scheme for controlling the ECRH/ECCD deposition for a stabilization of a (3/2)-
NTMs. The localization of the ECCD is primarily governed by the total magnetic field|B|,
which can be approximated by the main toroidal fieldBt . The detailed localization is governed
by the poloidal angle of the ECRH/ECCD launching mirror.

plasma rotation. The modulation is mandatory, when the fullECCD deposition width 2ddep

is larger than the marginal island widthWmarg [32].

3.1.1. Control of the ECCD deposition on a resonant surfaceThe deposition location of the
ECRH wave propagating through the plasma (see figure 2) is mainly governed by the total

magnetic fieldB =
√

B2
t +B2

r +B2
θ, including the response of the plasma itself. As this field

is dominated by the toroidal field componentBt , the deposition is mainly occurring at a fixed
major radiusR, asBt ≈ B0 · R0

R holds. When the beam propagates perpendicular to a density
gradient, the beam propagation is modified and typically bent away from the region of high
density. Therefore, in general the deposition has to be calculated by a beam/ray-tracing code,
such as TORBEAM [33, 34, 35] or TORRAY-GA [36]. The deposition on aspecific resonant
surface, such as theq= 3/2,2/1,4/3 surface, can be achieved with a variation of the poloidal
angle of the launching mirror. The toroidal angle (perpendicular to the drawing plane in figure
2) to lowest order controls the amount of driven current.

Before dynamically steerable mirrors were available, the global plasma position (e.g. at
DIII-D) or the magnetic fieldBt has been controlled (e.g. at ASDEX Upgrade and JT-60U),
in order to ensure the ECCD deposition hits the relevant resonant surface. For the first time, a
direct control of the ECRH mirror [37] and a feedback control [38] has been used at JT-60U.

3.1.2. Control of the ECCD phase in O-point of the NTMThe above consideration assumed
a rotating island with an island widthW larger than the deposition width 2ddep of the ECCD
(W > 2ddep). When the island becomes smaller during the stabilization process, it eventually
gets smaller than the deposition (W < 2ddep). An increasing amount of current is driven
outside the islands separatrix and the efficiency of the stabilization is reduced. When the
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Figure 3. Sketch of a (3/2) island propagating in front of one gyrotronlaunchers for full
period of the mode. The deposition phase is indicated by the shaded area. From top to
bottom: Narrow deposition 2ddep compared to the island widthW (W/2ddep > 1), broad
deposition (W/2ddep< 1), favourable broad deposition with ECCD modulation in theO-point,
unfavourable broad deposition with ECCD modulation in the X-point.

marginal island sizeWmarg is also smaller than the deposition width (W = Wmarg< 2ddep), the
mode can no longer be stabilized [39, 32]. In this case the ECCD needs to be modulated to
deposit power only inside the island’s separatrix close to the O-point, as it has been shown
theoretically and experimentally [32, 40]. These situations are indicated in figure 3.

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

Both for simple modulation and for the use of multiple beam paths the phase of the
ECCD deposition location and the phase of the island have to be carefully mapped onto each
other via an equilibrium reconstruction, as indicated in figure 4.

3.2. Ion Cyclotron Resonance Heating (ICRH)

In principle also ICRH has the capability of driving current ina plasma. Due to the applied
frequencies and hence wavelengths and the size of the antennas of such systems, a narrow
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Figure 4. Localization of the ECCD depositions (tilted crosses) withrespect to the magnetic
field lines of the X (dashed lines) and the O-point (solid lines) on the resonant surface
according to an equilibrium reconstruction (adapted figure5 from [32]). Individual magnetic
pickup (crosses) coils in this example are located close thedeposition location in 3d space,
which has been calculated with TORBEAM. The ECE diagnostic measurement position is
also marked as a reference point for the mode detection.

localization, comparable to the ECRH systems, is not possible. The deposition widths inR
andZ direction are much larger and the resonant surfaces could not be hit locally enough
in experiments at JET. Due to the deposition distribution atexperiments at JET it was not
possible to perform such experiments, as a significant powerfraction would have reached the
first wall [44].

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

3.3. Lower hybrid current drive (LHCD)

At COMPASS-D successful stabilization of NTMs with Lower Hybrid Current Drive (LHCD)
could be achieved [47, 48]. In these experiments it is reported, that the main effect for the
stabilization of a (2/1)-NTM comes from the variation of thecurrent gradient at the resonant
surface, i.e. a reduction of therres∆′(W)-term with roughly 10% additional LHCD power
compared to the background heating.

At JET a range of experiments has been performed with LHCD. In these experiments
no successful removal of an existing NTM could be achieved. The radial localization of the
driven current could not a priori be controlled and was typically too broad for this purpose.

The effect of LHCD on the current profile can be exploited in a more global way as it
has been done at JT-60U for q-profile tailoring, as describedlater in detail. The absence of a
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q= m/n surface obviously avoids the excitation of a (m/n)-NTM. Newer results 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 sufficiently large size, it eventually locks to
the intrinsic error field in a characteristic postion. In such a situation the mode stops rotating
and remains in a fixed position and eventually stops the entire plasma rotation. The plasma
can no longer be described as a 2d equilibrium, but has to be treated as a full 3d equilibrium
containing the (2/1) locked mode as a perturbation. Especially for low q95 this situation often
leads to a disruption (see figure 9a).

Applying ECCD on the resonant surface with a locked mode, is more complicated. The
ECCD deposition spots have to be aligned with the O-point. The adjustment of the deposition
above and below the midplane allows for some adjustment, butdoes not in general assure pure
current drive in the O-point. The proper alignment between the O-point of the island and the
ECCD deposition can be analyzed via a mapping with the help of the plasma equilibrium, as
indicated in figure 4.

A possible way to resolve this problem lies in the modification of the locking position of
the mode itself. This can be achieved by controlling the intrinsic error field of the experiment.
At DIII-D the total error field can be modified by additional internal coils [49]. This system
can generate a static or a rotating error field with a toroidalmode number ofn≤ 3. JET has
n≤ 2 error field correction. ASDEX Upgrade has started operating an set of internal coils in
2011 withn≤ 2, which will be extended in the 2012 campaign ton≤ 4 [50, 51, 52]. With such
artificial internal perturbation at DIII-D the locking position of a mode could be controlled.

3.5. Relevant measurements for detecting NTMs

All of the described tools are actuators for an integrated NTM controller. Such a controller,
however, must get information from the plasma about the existence, the poloidal and toroidal
mode numberm andn and in particular the radial location of the mode with respect to the
minor radius. For modulated injection in the O-point of the island, also the phase of the mode
is required. It has to be noted, that obviously all these signals have to be provided in realtime
and communicated to the control system, on which the NTM controller is running on.

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

The radial localization of the mode with respect to the flux surface is most easily and
directly possible with a local temperature measurement with the ECE diagnostic [53, 54].
The FFT amplitude and phase profile reveal the mode localization (phase jump ofπ at the
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resonant surface) and the island width directly. At variousexperiments also a correlation
analysis within the ECE data alone and in connection with the magnetic signal has been
suggested and implemented [55, 56, 57, 58] and references therein. The ECE diagnostic also
provides a direct measurement of the deposition of the ECRH itself using power modulation.
This might remove the requirement of a raytracing code calculating the ECCD deposition in
realtime.

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

For calculating the expected deposition of the ECRH / ECCD systema raytracing code
has to be operated in realtime. For this also electron density and temperature profiles have
to be available. Such systems are presently indeed available at multiple experiments. As
soon as the ECCD is really switched on, the ECE measurement provides a complementary
information, which might also serve as a correction for the calculated values of the deposition.

A possible way around the mapping procedures is the so-called in-line (or oblique or
line-of-sight) ECE. In this case an additional ECE diagnosticis embedded in the mirror system
measuring the emitted light from the plasma in the vicinity of the deposition location of the
ECRH system directly. Any mapping between the different diagnostic system via the plasma
equilibrium becomes unnecessary. Such a system has been implemented 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 provide additional information
on the radial mode localization. However, this is more complicated, as the SXR diagnostic
measures integrated line of sight measurements from multiple cameras. Even without a
full tomography, a correlation analysis with the magnetic measurements might provide
complementary information to the NTM controller.

4. Stabilization of excited NTMs

Over the last years on many experiments, which have an ECRH / ECCD system available,
experiments have been performed, which have shown that both(3/2) and (2/1)-NTMs in high
βN discharges can be reliably removed. In this section an overview of 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 wereperformed with a modulated
injection, targeting for the O-point [63] (figure 5). A variation of the relative phases between
O-point and X-point showed, that only with O-point phasing areduction of the island size
by 40% is possible with 4%-8% additional ECCD power compared tothe background NBI
power. The radial location of the ECCD deposition has been varied on a shot-to-shot basis by



Control of NTMs 12

Figure 5. First clear reduction of an (3/2)-NTM with modulated ECCD, which becomes
unmodulated at sufficiently small island sizes, due to a failure of the trigger system for the
modulation. (figure 2 from [63] The unmodulated phase, whichis technically much easier to
handle, is almost as effective.

varying the main toroidal fieldBt . About 5% ofβN could be recovered for the first time by
such a scheme. In these initial attempts it turned out, that unmodulated co-ECCD was almost
as efficient as modulated ECCD. Most of the following experiments have been performed only
with unmodulated ECCD. This could be done, as for most of the experiments a deposition
width 2ddep smaller than the marginal island widthWmarg could be easily achieved. The
different behaviour for O and X-point phasing could be well understood with the help of an
MHD code which includes self-consistently the local bootstrap current [64, 65, 66].

n=2, Mirnov Signal
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Figure 6. Complete stabilization of a (3/2)-NTM (black traces in box 2, #12257) in
comparison with a discharge without the excitation of an NTM(grey traces in box 2, #12255),
due to a missing sawtooth trigger. The sameβN values could be reached after the NTM removal
compared to the reference case. (adapted figure 1 from [67])

Later experiments with an increased amount of unmodulated co-ECCD power showed for
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the first time the possibility of a complete removal of a (3/2)-NTM [67]. With typically 10%
additional co-ECCD power it is possible to recover the discharge during a pre-programmed
magnetic field ramp, finally reaching aβN, which is identical to a discharge without any NTMs
(figure 6). The globalβN in these experiments slowly decreases due to the applied magnetic
field ramp.

Consequently the next step is the stabilization of the more dangerous (2/1)-NTM. The
complete stabilization of a (2/1)-NTM has been achieved forthe first time at DIII-D [27].
In these experiments both feedforward programmed ramps of the toroidal fieldBt (figure 7),
as well as the SEARCH-AND-SUPPRESS algorithm [55] has been usedwith the toroidal
magnetic field as actuator to hit the resonant surface As sensor for the size of the NTM the
amplitude of an integrated Mirnov coil (

R dBΘ
dt dt) has been used.
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Figure 7. Complete stabilization of a (2/1)-NTM at DIII-D (figure 9 from [27]). The boxes
show the applied NBI powerPNB, the achievedβN, the applied ECCD powerPEC, then = 1
magnetic field perturbation from the NTM, the line averaged densityn̄e and the magnetic field
Bt . The dashed traces represent a discharge with constant magnetic field, where the ECCD was
not hitting theq = 2 surface and the NTM could not be removed. The solid traces represent
a discharge, where the magnetic fieldBt has been used as an actuator from the control system
for depositing the ECCD on theq = 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 withoutfeedback control, again
with a feedforward programmed magnetic field ramp [68]. The ECCD was in this case applied
to a locked (2/1)-NTM, which forq95 ≥ 3.3 typically does not lead to disruptions [69]. The
phasing could not be actively controlled with respect to thelocking position of the mode, as
ASDEX Upgrade at that time was not equipped with internal coils for generating a dedicated
perturbation field. The gyrotron system and the mirror position was located in a position,
where the typical locking position allowed to hit the O-point.

In COMPASS-D a complete stabilization of a (2/1)-NTM with LHCDhas been shown
[47, 48]. As mentioned above, the main effect for the stabilization of the (2/1)-NTM was
done via the current gradient at the resonant surface, i.e. areduction of therres∆′(W)-term.
Roughly 10% additional LHCD power was needed to achieve this removal. Experiments
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at JT-60U were performed from a very early stage on with mechanically steerable launcher
mirrors [37] and a feedback control to keep the deposition atthe resonant surface [38].

4.2. Experiments steering the ECCD phase in the islands O-point

It has been experimentally shown at ASDEX Upgrade, that whenthe island becomes norrower
than the ECCD deposition width, unmodulated ECCD is not able to reduce the island bellow
its marginal widthWmarg and hence not able to completely remove the island for the same
ECCD power applied (see for example figure 8a taken from figure 4 from [32]) [32, 63]. The
ECCD has been deliberately made broader compared to the technical constraints by increasing
the toroidal launching angle. The ECCD has been modulated by varying the emitted gyrotron
power by using ann = 2 filtered Mirnov coil (dBθ/dtn=2) signal for the modulation control.
With an additional voltage comparator, which has been implemented in the hardware, a binary
signal has been generated for that purpose. With such a setupand the correct phasing with the
ECCD in the O-point, the mode could again be completely removedagain (see figure 8 b). A
dedicated phase scan of the deposition has shown, that the X-point localized injection is only
slightly worse compared to the unmodulated case.
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Figure 8. Comparison between two identical discharges with unmodulated (a) and modulated
(b) broad ECCD deposition. Only theBt-ramp has been slightly adapted to match the
resonance condition between ECCD and the mode. The verticaldashed lines indicate the
time when the resonance is reached and the minimum island size Wmin is reached. Only in
the modulated caseWmin gets reduced below the marginal island sizeWmarg and the mode
disappears (figure 4 from [32]

At DIII-D at this point another trigger scheme has been used [40]. An oblique ECE
diagnostic embedded in the mirror system of the ECRH heating system has been used to
provide a trigger signal for the modulation of the ECCD itself.This has the advantage, that
no 3 dimensional mapping of the problem, as indicated in figure 4 is needed. The increased
efficiency has been quantified by a reduction of 10% of the peakECCD power and a reduction
of 30% of the time averaged ECCD power to completely remove the island.

Subsequent experiments at JT-60U also performed a modulated stabilization of the more
dangerous (2/1)-NTM [26]. The source for the modulation in these experiments was also a
magnetic pickup coil. It could be shown, that the island decay rate of the (2/1)-NTM is about
1/3 faster compared to the unmodulated case. A dedicated scan of the relative phase clearly
shows the advantageous effect of deposition in the O-point.In addition, 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 avoidance

Typically at lowq95 and at low collisionalityν̄ii [70] (2/1)-NTMs get excited. However, the
role of the collisionality is rather complex. The polarization current term in equation (1) is one
possible candidate. The interplay betweenne andTe-profile and its impact on the bootstrap
current (see equation (2)) and hence the NTM drive is anotherpossible explanation. The
particle transport, which is obviously influenced by the collisionality, might create a modified
overall presssure and q-profiles at low collisionality. In such plasma conditions, a (2/1)-NTM
can lead to mode locking, which eventually stops the entire plasma rotation. The perturbation
field of the mode interacts with the vessel wall or with intrinsic error fields and brakes the
plasma rotation. Finally this situation can lead to a disruption, as shown in the example in
figure 9a.
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Figure 9. (a) HighβN discharge with lowq95 = 3.8 resulting in a disruption due to the locking
of a (2/1)-NTM. From top to bottom the plasma currentIp and the injected beam powerPNBI,
the achievedβN and the ideal limit 4l i , thedBpol/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 withits trigger
threshold is shown. The locked mode signal is clearly above the preprogrammed trigger
threshold for ECRH application. (b) In an identical discharge the trigger has been used to
switch on the ECRH twice for a preprogrammed phase of 1s. The (2/1)-NTM unlocks several
times due to its reduction in size and does no longer lead to a disruption. (adapted figure 1
from [71])

Experiments on ASDEX Upgrade have shown, that local heatingin the vicinity of the
resonantq = 2 surface, is able to unlock the (2/1)-NTM and avoid the disruption (figure 9b)
[72, 71]. Surprisingly pure heating with ECRH has been an orderof magnitude more effective
compared to the application of ECCD in recent experiments. DIII-D experiments on the other
hand have shown a clear beneficial effect of ECCD over pure ECRH [40, 73]. From the usual
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understanding one would expect, that current drive, such asECCD, should be even more
effective compared to pure heating.

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

The disagreement on the effect of ECCD versus ECRH is an issue thatneeds to be
addressed in the future, and could possibly be explained by the fact that the toroidal phase
of locking position was controlled by an auxiliary error field in the DIII-D experiments. This
allowed the ECCD current to be driven deliberately in the O-point, where it is known to have
the most stabilizing effect. At ASDEX Upgrade such a controlof the mode position is planed
in the future. At present the phasing of the ECCD relative to themode position could not be
controlled at ASDEX Upgrade.

The possibility of a complete disruption avoidance with local ECCD / ECRH, in
particular in highβN-discharges, is very important for safe tokamak operation.Within a
global control scheme the ECCD/ECRH based disruption avoidancewill play an important
role, as it is not only restricted to highβN scenarios. For most disruption types a locking
(2/1) mode occurs, which is often a classically driven tearing mode. For other disruptive
paths alternative avoidance or at least mitigation schemeswill have to be included in a control
system. This discussion however goes beyond the scope of thepresent 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 surface before the onset of a (3/2)-
NTM [75, 76]. In these experiments the onset of the (3/2)-NTMcould be significantly
delayed. For the same amount of applied ECCD power before the excitation of the mode,
the saturated island size remained smaller compared to the case when the ECCD is applied
after the mode has reached its naturally saturated size (figure 10 and left part of figure 11).
The accuracy requirements on the exact radial localizationof the ECCD with respect of the
resonant surfaceq= m/n are identical as in the usual application of the ECCD after the NTM
onset (right part of figure 11). The (3/2)-NTM could be reliably avoided, if the variation of
the deposition radius∆rdep was in the order of the half width of the deposition width 2ddep

itself (∆rdep≈ 2ddep). The radial deposition has been controlled during the NTM lifetime via
a realtime controlled steering of the launching mirror system, while the starting value was
based on experience from previous discharges.

At DIII-D similar experiments could completely avoid the excitation of a (3/2)-NTM
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early injection

late injection

Figure 10. Time traces for a comparison between early and late ECCD injection from JT-60U
(taken from figure 1 from [75]). With early ECCD (before modesonset) the saturated island
size never becomes as large as in the late ECCD case. In this case the ECCD deposition is
kept fixed at the pre-calculatedq = 3/2 surface. In the case of late ECCD the deposition is
controlled via a steerable mirror on the resonant surface, where the mode is located.

late injection

early injection

island centre

Figure 11. Laft part: For early ECCD the maximum island size remains more than a factor of
2 smaller. Right part: The radial localization remains a critical 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 figure 12, the excitation could
be completely avoided whileβN is ramped up to 4l i , the assumed ideal limit. Sawteeth and
fishbones occur, which would normally trigger an NTM [77]. Inthese experiments the ECCD
deposition has been controlled also via the launching mirror system using a full realtime
equilibrium reconstruction for estimating the resonant surface before the mode excitation.

For the (2/1)-NTM a complete avoidance of the mode could alsobe achieved in the
presence of an already excited (3/2)-NTM [78], as shown in figure 13. In this experiment
instead of moving the mirrors the toroidal magnetic fieldBt has been used as the actuator
from the control system.
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Figure 12. Complete prevention of the excitation of a (3/2)-NTM in the presence of
preemptive ECCD at theq = 3/2 surface (taken from figure 2 from [77]). During the
preemptive ECCD phase only sawteeth and fishbones are observed, which would typically
trigger a (3/2)-NTM in such a scenario.

Figure 13. Prevention of the additional excitation of a (2/1)-NTM in the presence of an already
excited (3/2)-NTM in the presence of preemptive ECCD at theq = 2 surface (adapted figure 5
from [78]). The mode location has been tracked via a realtimeequilibrium information. The
actuator for controlling the radial position has been the main toroidal magnetic fieldBt .

5.2. Profile tailoring with wave heating

As indicated above the main drive for an NTM is the pressure gradient at the resonant surface.
In particular, the dominant part of the pressure gradient isthe local density gradient [3, 79].
A local reduction of the density gradientdne/dr should therefore be beneficial for a reduced
saturated island sizeWsat. The excitation of an NTM by a large enough trigger should be less
likely.

With a centrally flattenedne profile and hence reduced bootstrap drive the excitation of
NTMs could be avoided entirely [80, 15]. In figure 14 an example is shown, where in the
presence of central ICRH the excitation of a (3/2)-NTM appearsat a significantly higherβN.
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Figure 14. Two otherwise identical discharges without (left) and withcentral (right) electron
heating via ICRH are compared. From top to bottom the appliedheating power, the achieved
βN, the even magnetic amplitudedBpol(n= 2)/dt, the total corrected pressure gradient and its
parts from∇ne and∇Te are shown. At the bottom thene andTe profiles at the indicated time
points are shown for the two cases.

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

However, as already indicated such approaches are only possible in the appropriate
collisionality range (see [81] for details). The central electron heating in a fusion reactor will
be supplied by theα-particle heating. Whether the appropriate collisionalityrange is reached
for such an effect, is an open question and has to be shown experimentally in the future.
The available electron heating by ECRH might be insufficient, to overcome the dominant self
heating provided by the plasma, in order to make this a possible control tool. A dedicated
reduction of the peaking of the central density might also bedetrimental for fusion power
generation in a later fusion device.

Another approach lies in the combined tailoring of the q-profile and the overall pressure
profile, which has been performed at JT-60U [83]. The currentprofile has been modified by
LHCD in combination with off axis NBI heating, in such a way thatboth theq = 3/2 and
theq = 2/1 are radially located in a region with an reduced pressure gradient. Atq95 = 4.5
a stationary highβN ≈ 2.4 could be achieved for a duration of 5.8s (≈ 2.5τR). An extension
of this profile tailoring was leading to a scenario with extremely low q95 ≈ 2.2 at βN ≈ 3
stationary for≈ 6s (see figure 15). By drastically reducing the plasma cross section still at
full plasma currentIp and toroidal fieldBt , an extremely lowq95 ≈ 2.2 could be achieved.
Both theq = 3/2 andq = 2 surface have been shifted into region withρpol ≥ 0.7, where
ρpol =

√

(ψ−ψaxis)/(ψseparatrix−ψaxis) denotes the normalized poloidal fluxψ as radial
coordinate. Due to the off-axis NBI heating a broad pressure profile has been established,
such that the relevant resonant surfaces are in a region withreduced pressure. The central
q-profile becomes flat and no sawteeth or fishbones are observed, i.e. no triggering MHD is
available. All these ingredients are considered to contribute to this NTM free discharge.
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Figure 15. Time traces of the achieved stationaryβN and the applied heating powers (a) for
a high βN, low q95 discharge at JT-60U (Reprint with permission from figure 5 from [83],
Copyright 2005, American Institute of Physics.). Theq95 (b) is lower by a shrinking of the
plasma cross section (d). During the lowq95 ≈ 2.2 phase no MHD is observed (c). The
pressure and q-profiles are adjusted in a way that theq = 3/2 andq = 2 surface are located
radially in a region (ρpol ≥ 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 entirely different approach. The
LHCD was used to establish a current profile, which does not support the excitation of an
NTM at all [84]. Obviously the absence of a certain resonant surface withq = m/n, removes
the possibility for a (m/n)-NTM to occur at all. In the reported experiments the minimalq-
value,qmin has been controlled via off-axis LHCD in feedback operation after the NTM onset.
As soon asqmin rises aboveq= 2/1, the existing (2/1)-NTM disappears and the now removed
confinement degradation allows for a recovery ofβN (see figure 16).

5.4. Avoidance of NTM triggering MHD

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

At JET experiments with ICRH and ICCD around theq= 1 surface have been performed
[1]. It is possible to stabilize sawteeth, i.e. create largeand less frequent sawteeth (large
τst between two subsequent sawteeth), as well to destabilize them and create smaller and
more frequent sawteeth (smallτst). With largeτst and large sawtooth crashes NTMs could
be triggered at very lowβN values, whereas for smallτst and small sawteeth NTMs could
be avoided almost reaching the ideal limit before triggering an NTM during a ramp of the
external NBI heating power. These experiments have been interpreted later in more detail in
terms of interaction between fast ion population and the ideal internal kink mode at theq = 1
surface [45] and are supported by recent experimental data from JET [46].

At TCV experiments with local ECRH and co and counter-ECCD have been performed
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Figure 16. Removal of a still rotating (2/1)-NTM through current profile control via off-axis
LHCD (figure 6 from [84]). The additional LHCD heating (a), which is feedback controlled,
increases theqmin (b) until it greater than 2. As soon asqmin > 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 size of the crashes. Both experimentally
and in particular theoretically the effect of heating and current drive could be disentangled.
The importance of the magnetic shear around theq = 1 surface has been shown [85]. These
considerations have been performed in terms of the linear resistive stability threshold of the
internal kink.

Based on a complete radial scan of the deposition of pure ECRH heating, co-ECCD and
counter-ECCD on a shot-by-shot basis, a clear characterization of the sawtooth behaviour
as function of the deposition radius has been achieved at ASDEX Upgrade [86, 87]. The
local current drive around theq = 1 surface leads to a variation of theq-profile and hence the
gradient∇q(q = 1) at the resonant surface. The co-ECCD with its accompanying reduced
resistivity due to the heating effect has been most effective here. Pure ECRH heating showed
similar results, whereas the counter-ECCD case was less effective. For current drive with
ECCD the heating effect is always present, which has a similar effect as co-ECCD due to the
increased inductively driven current when the plasma becomes locally hotter. The variation
of the sawtooth stability could be explained in terms of a de /stabilization of sawteeth by
an increase / decrease ofq′ at theq = 1 surface. Both a decrease of the sawtooth size with
decreasingτst, as well as an increase of the sawtooth size with increasingτst, even up to
a complete avoidance of sawteeth could be achieved by a variation of q′. This scheme has
been used to avoid sawtooth triggered NTMs in a highβN discharge during the full pulse
length of the co-ECCD [88]. Only after the ECCD around theq = 1 surface was switched
off, the sawteeth revert back to their normal size and a (3/2)-NTM is promptly triggered. This
scheme for sawtooth tailoring needs an exact control of the deposition with respect to the
q = 1 surface. Therefore a feedback controlled ECCD deposition ismandatory, but not as
critical as for the NTM removal itself.
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Recent TCV [89] and modeling results [90] have shown two new approaches, namely
sawtooth pacing and locking respectively. A combination ofsawtooth detection via central
Soft X-ray measurements and realtime control of the feedback controlled ECCD power in the
vicinity of theq = 1 surface allows a control of the occurrence of the next sawtooth crash, i.e.
apply sawtooth pacing [89]. Such a scheme significantly reduces the required ECCD power, as
the power is no longer required continuously. New simulation results propose a new scheme,
sawtooth locking, where the sawtooth cycle could be phase locked to an externally applied
modulated ECCD deposition [90]. In this case no feedback control is required. Note that the
latter has been confirmed and demonstrated in TCV [91]. For both approaches models have
been discussed explaining the observed behaviour of the sawteeth.

At ASDEX Upgrade a comparison between different NBI sources with different injection
angles and deposition profiles has been done. A significant variation of the individual
sawtooth size and the sawtooth period have been observed [87]. For the most tangential and
off-axis deposition large sawteeth with largeτst (stabilization) has been observed, whereas
for more radial and central injection small sawteeth with small τst (destabilization) has been
observed. More recent experiments have used a control of thedepositions radius of an
individual NBI source for producing large sawteeth in combination with ICRH heating [92].
The detailed distribution of NBI generated fast ions around the closeq = 1 surface plays a
crucial role there. The application of ECCD is able to destabilize these artificially stabilized
large sawteeth again and consequently remove the large sawteeth, which potentially trigger
NTMs [93]. An comprehensive overview over the control of sawteeth is given in [94].

It must be noted however, that in the absence of sawteeth and fishbones NTMs can be
triggered at higherβN values also by other MHD events, such as ELMs at the plasma edge. At
even higher values ofβN, NTMs can also be initiated without any obvious trigger, andgrow
”out of the noise” at an early state of the discharge. For these consideration the following
inequality holdsβonset(sawtooth) < βonset(fishbone) < βonset(ELM) < βonset(trigger-less)
[95].

6. Effect and mitigation of unavoidable NTMs

There might be cases when neither avoidance nor stabilization of excited NTMs is possible.
This might be due to a lack of available ECRH power for avoidanceor complete removal. The
question arises, whether it is still possible to partially recover the confinement loss due to the
NTM or whether it is possible to design scenarios where the NTM induced confinement loss
is tolerable.

6.1. Triggering the FIR regime

As described in section 2.1, for high enoughβN,onset≥ 2.3 the FIR regime with a nonlinear
coupling between a (3/2)-NTM, an ideal, so called (4/3) infernal mode and a (1/1) mode can
be reached. In this FIR regime the confinement loss due to a (3/2)-NTM is reduced from the
usually expected 20% down to a level of≈ 10% (see figure 17) [21, 22, 20].
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Figure 17. Confinement loss∆W/Wonset due to an existing (3/2)-NTM as function of theβN

value at the NTM onset for a combined data set from ASDEX Upgrade and JET. (adapted
figure 4 from [20]). Open symbols denote ASDEX Upgrade data, full symbols JET data.
The circles below the critical thresholdβN ≈ 2.3 represent the conventional occurrence of
NTMs, whereas the diamonds aboveβN ≈ 2.3 represent the FIR regime, with a reduced loss
∆W/Wonset.

With the application of co-ECCD or counter-ECCD, for this purpose at theq = 4/3
surface, it is possible to destabilize or stabilize the (4/3)-mode externally (see figure 18).
With the stabilization, the entry into this beneficial regime can be suppressed, whereas with
destabilization of the (4/3)-mode, access can be gained already at lowerβN values (see figure
8 and 9 in [20] and figure 18). Although higher confinement values are accessable with such a
modification of the NTM behaviour, the applicability for a reactor is not straight forward. The
complete removal of a (3/2)-NTM and in particular of a (2/1)-NTM is still the most attractive
approach, as it promises the largest gain in confinement andβN. However, the access to the
FIR-regime should be considered as a possible mitigation choice.

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

In the conventional ELMy H-mode with a monotonic q-profile and q0 < 1, (3/2)-NTMs
generate the confinement loss discussed above. However, in the so-called improved H-mode
or hybrid scenario the presence of a (4/3)-NTM or a (3/2)-NTMonly has negligible impact
on the confinement [96, 97, 98]. In this scenario one typically reaches a flat central q-profile
with q0 ≈ 1. This current profile is clamped by the presence of these modes. Alternatively,
stationary (1/1)-fishbone activity can occur, which also maintains a rather flat current profile.
For the hybrid scenario at DIII-D [99, 100, 101] and JET [102]findings are fully consistent
with this picture. Similar MHD behaviour and impact on the confinement is reported. It has
been shown, that also in such scenarios a complete stabilization of (3/2)-NTMs is possible
together with an improvement in confinement [103]. The ultimate limiting MHD phenomenon
for the improved H-mode or hybrid scenario is the excitationof (2/1)-NTMs. The formation
of such scenarios is left to references, as this goes beyond the scope of this paper.
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20% in βN can be achieved in comparison to the non FIR-regime with counter-ECCD (grey
traces) (t ≈ 2.3s−2.8s in 3rd and the 5th box, the relevant time interval is indicated for the
co-ECCD traces; adapted figure 8 from [20]).

7. Combining the sensors and actuators into a control scheme

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

These approaches contain tailoring of theq-profile, the jbs-profiles and hence mainly the
ne-profiles, in order to remove the relevant resonant surface or the generic drive for NTMs,
respectively. However, this might be impossible under the constraints of an energy producing
high performance plasma, as a high central pressure is needed for a high fusion power output.
Avoidance of the triggering MHD is a possibility, which mainly consists of the control of (1/1)
activity at theq = 1 surface. For both avoidance schemes central or slightly off-axis current
drive is the appropriate method.

For removal of unavoidable NTMs the local current drive withECCD seems to be an
appropriate choice. For small islands the current has to be modulated, in order to deposit only
power in the O-point. In this approach at least two independent current drive tools, such two
gyrotrons and two mirrors, for the (3/2) and the (2/1)-NTM respectively, have to be in stand-
by and aim at the resonant surfaces without firing. As soon as an NTMs appears they have to
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fire until the NTM gets stabilized again, while tracking and correcting for the radial location
of the mode.

The analysis and the decision process for this has to be implemented as a real-time
algorithm dealing with fast realtime signals and has to control actions of the external heating
systems. Presently such kind of algorithms are being implemented or are already in parts
in operation on multiple experiments. However, most of these approaches presently do not
contain the complete set of actions in a fully automatic way.Such a complete integration is
still an important task for the future, in order to gain operation experience for ITER.

At DIII-D a sophisticated system is implemented, which was using the so-called
SEARCH-AND-SUPPRESS algorithm [55]. This algorithm was originally using the
magnetic field and the radial plasma position as the main actuator. Later this scheme has
been adapted to also control the poloidal mirror position ofthe ECRH launchers. One core
ingredient is the MSE supported equilibrium reconstruction providing an estimation for the
localization of the resonant surfaces. At ASDEX Upgrade a very generic integrated control
and realtime diagnostic system has been implemented [58, 104]. This system includes any
new measurement as a potential realtime diagnostic, which can announce new signals to the
system. This freely programable scheme allows for an flexible application 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 to quantify the impact of NTMs and
their stabilization schemes on the efficiency of energy producing tokamak, in particular for
ITER [105, 106, 19]. The efficiency of an energy releasing system is defined through its gain
Q := Pf usion/Pinput. As outputPf usion= 5·Pα is taken, as the total fusion power distributed on
theα-particles (Pα = 0.2·Pf usion) and the neutrons (Pn = 0.8·Pf usion) according to their mass
ratios. For the calculationsQ = 10,Pα = 80MW, βN = 1.8 in the ITER scenario 2 [107] has
been assumed. For the energy confinementτE without an NTMτE = HH ·3.7s andHH = 1
has been used.HH = τexp/τscalingdenotes the normalized energy confinement with respect to
the scaling law for the confinement time for a sawtoothing ELMy H-mode. In figure 19 the
resulting operation curves for constantHH-factors in the range from 0.75 to 1.25 is shown as
function of the additionally applied ECCD power and theQ-factor.

At the onset the discharge sits on the curve withHH = 1 without any additional ECCD
power applied. After the NTM-onsetQ and HH drop significantly down toQ(3/2) = 6.9
andQ(2/1) = 4.7 and toHH(3/2) = 0.85 andHH(2/1) = 0.75 for a (3/2) and (2/1)-NTM
respectively (points A and B in figure 19). If the (2/1)-NTM locks the situation becomes
worse andHH(2/1) becomes even lower. Applying now additional 20 MW ECCD power for
the removal of the corresponding modes, one gets back to fullenergy confinement timeτE,
i.e. HH = 1, but now at lowerQ-values. The additional ECCD power has to be included in
the energy balance. For 20 MW one arrives atQ ≈ 7, for the optimistic case with only 10
MW needed, one arrives atQ≈ 8.5. Once the NTM has been stabilized, one can arrive along
theHH = 1 curve again towardsQ = 10, by switching off the gyrotrons. When the next NTM
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Figure 19. Energy gainQ as function of the additionally required ECCD power for a complete
or partial removal of an existing NTM (figure 1 taken from [19]). The curves indicate the
operational points for a fixedHH -factor in the rangeHH = 0.75...1.25 in steps of 0.05.

gets triggered, this loop is followed again and the gyrotrons are applied.
An incomplete stabilization of the NTM with only a partial confinement recovery, i.e.

only a reduction in the island size, will result in a working point in the range between the
broken curves. Triggering the FIR-regime would also be in this area of the diagram. A
continuously applied preemptive ECCD will reduce the achievableQ-value, correspondingly.

In ITER such a control scheme will have to be an integral part of the control system.
This part will mainly be responsible for the steering of the mirrors and the deposited power
from the connected gyrotrons. The low field side equatorial launcher (EL) is optimized
for central heating and current drive in a radial range ofρpol ≈ 0...0.5, whereas the upper
launcher (UL) is optimized forρpol ≈ 0.3...0.9. The upper launcher is primarily designed
for the purpose of (3/2) and (2/1)-NTM control and sawtooth tailoring. It consists of two
different designs for a set of upper steering mirrors (USM) and a set of lower steering mirrors
(LSM). An comprehensive overview over the present design isgiven in [108]. The system
has been optimized for a narrow deposition (target: 2ddep< Wmarg) with a maximization of
ηNTM = jcd/ jbs, in order to avoid the need for a modulation of the gyrotrons.The gyrotrons
provide an total power of 20 MW at 170 MHz. These optimizations are a partially ongoing
process driven by new experimental and theoretical input.

From the combined ASDEX Upgrade and JT-60U data the following predictions for
the required ECCD power and alignment have been made [24]. For the ITER scenario 2
[107] and a deposition width of 3-4 cm with prefect alignmentonto the resonant surface,
an estimation for the required ECCD power for an unmodulated and a modulated case has
been given. For the (3/2)-NTM 10 MW and 7 MW, for the (2/1)-NTM10 MW and 9 MW
are predicted for a complete stabilization. A possible misalignment is expressed in terms of
the deposition widthxmis/(2ddep). With the presently planed 20 MW of ECCD power, for the
(3/2)-NTM a misalignment ofxmis(3/2,unmod.)/(2ddep) = 0.4 for the unmodulated case, and
xmis(3/2,mod.)/ddep= 0.6 for the modulated case is possible while still stabilizingthe mode.
For the (2/1)-NTMxmis(2.1,unmod.)/(2ddep) = 0.5 andxmis(2/1,mod.)/(2ddep) = 0.8 has
been estimated. From this considerations, the ECCD system should be able to fulfill its
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purpose.
In the more recent analytical approach forηNTM also the ITER scenario 2 has been used

as reference [31]. A different criterion for the ECCD system has been derived

2ddep≤ 5 cm, and (2ddep) ·ηNTM ≥ 5 cm. (3)

Calculating with these constraints with the TORBEAM raytracing code the resulting needs on
the mirror system, a modification of the steering capabilitytowards a larger toroidal launching
angle is suggested. These modifications should result in a reduction of the the needed ECCD
power of 25% for the lower steering mirror and 10% for the upper steering mirror.

The discussion on details of the ECCD system, in particular theupper launcher is still
a field were new input might require some modifications. A design change however, should
be based only on the most reliably understood theoretical consideration and experimentally
verified information.

9. Summary and conclusions

In this publication an attempt has been made to summarize thepresent status of experiments
on NTM control. This consists of two approaches, namely the avoidance of NTMs at all, and
the stabilization or mitigation of unavoidable NTMs. For the avoidance different schemes of
profiles tailoring (ne, p,q-profile) and avoidance of MHD, which can trigger NTMs, have been
discussed. In the improved H-mode or hybrid scenario NTMs cause only a reduced problem
and the usefulness of an NTM removal there needs to be furtherinvestigated. A mitigation
by attempting a transition into the FIR-regime has been indicated. For all these avoidance,
stabilization or mitigation scenarios, the application ofECCD at different resonant surfaces
(q≤ 1, q≈ 1 for sawtooth tailoring,q = 4/3 for initiating the FIR-regime,q = 3/2 andq = 2
for NTM suppression and preemptive NTM avoidance) is an appropriate tool.

As the ITER design of the ECCD and their launcher system has beendriven by the
ongoing work on NTM control in present devices and actual theoretical work, ITER seems to
be well equipped for controlling NTMs. The available power of 20 MW at 170 GHz should be
sufficient. Fine details on the upper launcher should be taken care of and possibly optimized
for reduced demands on the system.
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