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Abstract The modification of the stability and the behaviour of core MHD with local electron cyclotron
current drive (ECCD) is presented. Starting from the inner most resonant surface, the ¢ = 1 surface, the
stability and hence the repetition rate and size of sawteeth is controlled with local on/off-axis co/counter-
ECCD. The sawteeth themself can serve as a trigger for neoclassical tearing modes (NTM) and therefore
the excitation of NTMs can be influenced. Once these NTMs get excited they can be fully stabilised
at high By with co-ECCD at the resonant surface. Detailed experiments on the dependence of the sta-
bilisation on the ECCD deposition width and the total driven current have been shown to improve the
stabilisation efficiency both for the (3/2) and the (2/1)-NTM significantly. In the presence of (3/2)-NTMs
the impact on the confinement can be reduced by triggering the so-called frequently interrupted regime
(FIR-NTM) with current drive in the vicinity of the (4/3) surface leading also to clearer understanding of
the FIR-NTM.

1. Introduction

Core MHD activity is of general interest for the overall performance of fusion experiments and
in particular for ITER or a later fusion reactor. On the one hand sawteeth with a moderate size
are beneficial to control the helium ash removal from the plasma and to avoid central impurity
accumulation. On the other hand large sawteeth with a low repetition frequency can trigger
so-called neoclassical tearing modes (NTMs). An external control of the sawtooth size and
repetition rate (T, = time between two subsequent sawteeth) is therefore highly desired.

NTMs appear only in discharges with high normalised pressure By = B;/(I,/aB;). The flat-
tening of the pressure profile over the island (due to high parallel heat transport, 3 >> 1)
leads to a hole in the bootstrap current profile, which is the main drive for an NTM. The (3/2)-
NTM reduces the achievable [ at least in the order of 10%-20%. Since for the fusion power
Ppys o< [32 holds, this loss is significant for a fusion reactor. A (2/1)-NTM leads to an even larger
loss in confinement and the possible mode locking may even cause disruptions for low ggs val-
ues. Therefore the control of core MHD with the ability to trigger or suppress NTMs and the
removal or, if this is not possible, mitigation of the confinement reduction is very important.
Ideally this should all be done automatically by the tokamak control system. The ECCD is well
suited for this purpose due to its narrow deposition and the possibility to exactly control of the
deposition radius.

2. Sawtooth tailoring

2.1. Sawtooth de / stabilisation with ECCD Sawteeth play a significant role for the central
particle and energy confinement in two different aspects. The presence, size, repetition rate or
absence of sawteeth modify the central confinement and play a crucial role for the core helium
ash removal. On the other hand sawteeth can create a seed-island for the excitation of NTMs.
By reducing the size of the sawteeth (destabilisation of sawteeth, reduction of T ) or suppressing
them totally (stabilisation of sawteeth, increase of Ty, — o) the excitation of an NTM can be
avoided on ASDEX Upgrade. One way to modify Ty, is the use of different NBI sources with
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different tangency radius and hence deposition profile leading also to a flattening of the g-profile
[1,2]. A variation in the distribution of fast particles should also play a role here.

The influence of co-current drive (co-ECCD), counter-current drive (counter-ECCD) and pure
ECRH heating on the sawtooth repetition rate Ty has been investigated in detail. By a variation
of the toroidal launching angle of the ECCD antennas pure heating, counter- and co-ECCD can
be achieved. Conventional H-mode discharges in deuterium with low triangularity 8, monotonic
g-profiles with I, = 0.8MA and densities in the order of 77, ~ 6 - 109773 have been used. Only
5 MW of NBI heating power have been applied, in order to keep By low and to avoid triggering
NTMs by sawteeth. In these discharges the magnetic field has been ramped within individual
shots and on a shot to shot base in a range from B; ~ —2.65T up to B; ~ —2.05T . This results
in a variation of the ECRH deposition from p,,; & —0.6 (p o < 0 for the high field side (HFS)
of the plasma) up to p o = 0.3 (ppos > O for the low field side (LFS)). The second harmonic
X-mode resonance is located in the plasma centre for —2.57. The ECRH and ECCD power of
Prcu =~ 0.8MW is typically 15% of the NBI power. The deposition radius of the ECRH and
ECCD is calculated with the TORBEAM beam tracing code [3].

For co-ECCD at p,,; = —0.42 (HFS) the longest sawtooth repetition rate Ty ~ 320ms can be
observed, whereas for depositions inside the sawtooth inversion radius a reduction to Ts = 50ms
can be measured. During power scans from OMW to 0.8MW of co-ECCD inside the inversion
radius a clear decrease of T, with the power could be observed. With the B; field corresponding
to a deposition at p,,; = —0.42 a complete sawtooth stabilisation for the maximal ECRH pulse
of 2s could be achieved. During this phase fishbone activity appears. The driven co-current
inside / outside the inversion radius typically steepens / flattens the g-profile in the vicinity
of ¢ = 1 and hence increases / decreases g/ [4]. The increase / decrease of ¢/ is expected to
destabilise / stabilise sawteeth, leading to a decrease / increase of Ty and decrease / increase of
the sawtooth size, estimated by the variation of T,, consistently with the observations.

For counter-ECCD the magnetic field scan shows a different picture. Inside the inversion ra-
dius and in the centre a broad range with stabilisation is observed, reaching T, ~ 800ms. For
central deposition with fixed field a complete stabilisation is observed. With central counter-
ECCD a power threshold for complete sawtooth suppression is observed below which Ty re-
mains nearly constant (Ts ~ 60ms...90ms). Above this threshold a clear continuous (1/1) mode
without fishbones is present, while the sawteeth are fully suppressed. In the phase before the
suppression of the sawteeth, the size of the (1/1) activity increases continuously with power.
This (1/1) mode causes an increased continuous transport, so that no impurity accumulation in
this phase is observed (constant level of soft X-ray radiation from the centre). This (1/1) activ-
ity is a clear difference between off-axis co-ECCD and on-axis counter-ECCD for the sawtooth
suppression. For further off-axis counter-ECCD power, Peccp =~ 1.7MW, Ty could be reduced
to values from 110ms to 70ms. It can be concluded, that the combination of the destabilisation
of the (1/1) mode together with a minimum ¢ of unity with reversed shear and g-profile can lead
to the observed sawtooth suppression here.

In order to achieve identical deposition profiles for the pure heating case we did not use
0° launching angle for the ECRH, but 50% co-ECCD and 50% counter-ECCD at £15° has
been used at the same time. The heating itself leads to an additional small co-current due to
the increased conductivity of the heating. The behaviour of Ty as a function of the resulting
deposition radius is very similar, but less pronounced as for the co-ECCD case. For p,, ~
—0.45 a maximum Ty = 240ms can be reached.

The described possibilities for tailoring the size and repetition rate of sawteeth are very in-
teresting in itself, but also open the possibility to avoid the sawteeth as the main trigger for
NTMs at all or destabilise them and get small high frequent sawteeth which are no longer able
to trigger NTMs.
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2.2. Avoidance of NTMs by sawtooth control The schemes described above for control-
ling sawteeth have been applied to discharges with significantly higher beam heating power
Pypr = 12.5MW, reaching high By values, with Pgccp = 1.8MW, which are vulnerable for
NTMs [1]. Discharges with off-axis co-ECCD and on-axis counter-ECCD have been performed
in order to fully suppress sawteeth. Both for co- and counter-ECCD sawtooth-free phases are
achieved, accompanied by fishbone activity. The fishbone activity can be attributed to an in-
creased fast particle content due to the higher NBI power (fig. 1). The sawtooth behaviour is
also modified by the increased NBI heating power and the effects of the ECCD as described
above are less pronounced. For the on-axis counter-ECCD case the suppression is not complete
and some sawteeth with a very low frequency appear. A magnetic field ramp has been applied
to get a resonance of the ECCD at the (1/1) surface. In order to compensate for the Shafranov
shift during the field ramp a B-feedback keeps By = 2.8 constant. Only in the off-axis co-ECCD
case the triggering of an NTM could be avoided for the entire ECCD pulse length of 2 seconds.
In the counter-ECCD phase an NTM is triggered by a fishbone during the ECCD pulse. After
switching off the co-ECCD immediately an NTM appears triggered by the first sawteeth. In
summary, the off-axis co-ECCD scenario seems to be more reliable in suppressing sawteeth as
the NTM trigger at high By values. At JET similar experiments with ICCD have demonstrated
successfully the avoidance of NTMs by sawtooth suppression [5].
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Figure 1: Avoidance of NTM triggering sawteeth for off-axis co-ECCD and on-axis counter-
ECCD. During the entire co-ECCD pulse sawtooth could be avoided and no NTM has been
triggered. For the the counter-ECCD case an NTM has been triggered during the ECCD pulse
by a large fishbone.

3. Stabilisation of NTMs with local co-current drive by ECCD

Not in all cases the excitation of NTMs can be avoided by suppressing its triggering seed-
island such as sawteeth. For example, at higher By, also fishbones may trigger NTMs. It
is therefore highly desirable to develop schemes for stabilising an existing NTM by external
means. By replacing the missing equilibrium bootstrap current jps within the islands O-point,
which is the drive for the NTM, by externally driven localised current, it is possible to stabilise
both a (3/2)-NTM [6,7], as well as a (2/1)-NTM [8] in ASDEX Upgrade (see fig. 2).

Up to now all NTM stabilisation experiments are done in low triangularity discharges with
I, = 0.8MA and Bt ~ —2.05 for the (3/2)-NTM or —1.85T for the (2/1)-NTM and conventional
monotonic g-profiles in H-mode. The stabilisation experiment is done, after a short high power
phase (Pypr =~ 15MW or 10MW for a (2/1) or (3/2)-NTM) to reliably trigger an NTM, during
a 3s phase with reduced NBI power. For the (2/1)-NTM this reduction of Pyp; is required due
to the finite available power in the ECCD. For the (3/2)-NTM the available Prccp is sufficient
to always stabilise the (3/2)-NTM. Due to the hysteresis in 3, of NTMs, they persist with the
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reduced heating power. The ECCD antennas are used with a toroidal launching angle of —15°
for co-ECCD at the corresponding resonant surface with a typical deposition width of ~ 4 —5S5cm
(full Gaussian width of jgccep, see fig. 3). In order to deposit the ECCD at the resonant surface,
a magnetic field ramp of 4+0.37 is included, corresponding to a scan of ~ 19.8c¢m on the high
field side. It typically takes several 100ms to stabilise a (3/2) mode during the B;-ramp. In
discharges with a constant optimised magnetic field derived from the B;-scans the stabilisation
typically takes less than 100ms.

With this scenario the (3/2)-NTM could be stabilised at a maximal By ~ 2.6 with Pyp; =
10MW . For the (2/1)-NTM a maximal By ~ 1.9 with Pyp; = 6.25 and Peccp = 1.9MW could
be achieved. The significantly higher required ECCD power for the (2/1)-NTM, together with
the lower achievable By, can be explained by the reduced ECCD current drive efficiency at
lower temperatures 7, and the reduced B?arg compared to the (3/2)-NTM [9,10].

The (2/1)-NTM is created in non-rotating locked state (grey shaded area in fig. 2). Before the
stabilisation the mode must start rotating again or the ECCD power must be deposited in the
islands O-point in its locked position. By the reduced NBI power the local 3, is reduced and,
since for a saturated NTM Wy, ~ B, holds, this reduces the island size and the mode rotates
again. This unlocking happens faster in the presence of the ECCD already in this phase. This
shows that the possibility to unlock a mode with ECCD, if the alignment is adjusted such, that
power is deposited in the O-point of the island.
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Figure 2: Stabilisation of a (3/2) (left figure) and a (2/1)-NTM (right figure) at high By by
co-ECCD at the corresponding resonant surface. Note that the (2/1)-NTM is preceeded by a
phase (grey shaded) where the mode is locked to the vacuum vessel leeding to a larger loss in
confinement.

3.1. Influence of the ECCD deposition width on the stabilisation The experiments de-
scribed above were done with a deposition width d smaller than the marginal island size W;4¢
(d < W = Ware) below which the island decays away independently of f3,,. If the island size
W is smaller than the ECCD deposition width d while still being larger than the marginal is-
land size Wyqre (W < d and still W > W), theory predicts that the required power can be
substantially higher. As for ITER W, might be smaller compared to present experiments,
this situation might occur and must be tested by artificially achieving W < d. If this is the case,
theory predicts that a modulation of the ECCD will be required in order to deposit ECCD power
only in the O-point of the island [11].

The suppression efficiency as a function of the ratio between W and a modified deposition
width d has been investigated both numerically and experimentally for non-modulated ECCD.
Toroidal launching angles of the ECRH antennas between 0° (pure heating) and 25° have been
used to vary the amount of the driven current /. For larger angles the current drive efficiency is
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increasing, whereas the deposition width d is also increasing. ECCD current is driven outside
the separatrix of the island for d > W. This current is lost for the stabilisation of the mode and
only I- W /d contributes. This leads to the definition of the figure of merrit //d [12].

In the third part of fig. 3 (blue curve) the achievable reduction of the island size due to
the ECCD as a function of the toroidal launching angle is shown. The island size reduction
is normalised to the island size before applying the ECCD, i.e. Wy = Wiin /Wm,,mECCD.
The red curve of the third part of fig. 3 shows the calculated driven current normalised to the
deposition width, //d. For small angles ~ —5° a clear maximum in //d is predicted from these
TORBEAM calculations corresponding to the highest current density, although the total driven
current increases with angle (see fig. 3). For angles < —15° (broader deposition, reduced 1/d)
only partial stabilisation is observed. Consistently, angles between —15° and 0° (pure heating)
show a complete stabilisation (Wi, /Wsar = 0), both for 1.0MW and 1.4MW of ECCD power.
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Figure 3: TORBEAM calculations of the localisation, the radial deposition width and the total
driven current for different launching angles. The first figure shows the deposition area in
a poloidal cross section from ASDEX Upgrade, the second figure the deposition profile for
—15°,—10°,—5°,—2.5° toroidal launching angle for constant B,. The ratio //d as function of
the launching angle (red curve) [12] is shown in the third figure together with the experimentally
achieved reduction of the island normalised to the size without co-ECCD (blue curve).

Based on these experiments, the stabilisation scheme has been adopted towards smaller
toroidal launching angles with an increased driven current density //d at the resonant surface.
The highest values in achievable By and background NBI power shown in fig. 2 were performed
with ~ —5.0° launching angle. Again a magnetic field scan has been included to target the res-
onant surface. For the (3/2)-NTM, By = 2.6 at Pyg; = 12.5MW and Pgccp = 1.0MW has been
obtained. This increases the achievable ratio between By and the Pgccp for the (3/2)-NTM to
Bn/Peccp = 2.6MW~". For the (2/1)-NTM stabilisation with increased current density 1/d,
By could be raised from By = 1.9 with Pyg; = 6.25MW to By = 2.3 with Pyg; = 10MW and a
reduction of the required ECCD power from Prccp = 1.9MW to Peccp = 1.4MW. This results
for the (2/1)-NTM in By /Prccp = 1.64MW ~! compared to originally By /Prccp = 1.0MW !

A further increase of the NBI heating power after the removal of the NTM leads to even higher
By values as long as the ECCD is preventing another excitation. A new NTM gets excited when
the ECCD is switched off. Due to the changed Shafranov shift and the resulting misalignment
of the ECCD with the resonant surface, a new NTM can get excited at higher By.

The presently installed ECRH launchers with a fixed frequency of 140 GHz allow no feed-
back controlled NTM-stabilisation. An upgrade of the ECRH system with higher power and
multifrequency gyrotrons is in progress [11]. Additionally a new set of mirrors is installed with
the possibility of a feedback control of the poloidal launching angle during the discharge. With
this flexibility, experiments with a feedback for the resonant surface of the NTM are planed in
the next year. In preliminary experiments for the feedback control, the radial location of the
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NTM as well as the ECCD deposition have been detected simultaneously with ECE measure-
ments [13]. For the localisation of the ECCD the power has been modulated with 90% duty
cycle at low frequencies of frccp =~ 40— 100Hz. The ECE measurement then also provides the
localisation of the deposition.

With this scheme at hand the stabilisation of NTMs in arbitrarily shaped discharges with dif-
ferent go5 values is possible and will be addressed in the near future. These technical improve-
ments will also be used for the sawtooth tailoring in the vicinity of the g = 1 surface. Especially
the ITER hybrid scenario and the improved H-mode are of special interest in this context.

4. Frequently Interrupted Regime NTMs, FIR-NTMs

In the presence of NTMs at high By values (By > 2.3) a modified NTM behaviour, the
frequently interrupted regime (FIR), has been found and theoretically explained at ASDEX
Upgrade and later at JET [14,15]. Due to a non-linear three wave coupling between the
(3/2)-NTM, a (1/1) mode and a bursty (4/3) mode the amplitude of the NTM is abruptly re-
duced [16,17,15]. The amplitude drops only appear, if the three modes are phase locked.
This indicates that a three-wave coupling is required for the amplitude drops. For repeti-
tion times of these amplitude drops higher than the growth time of the NTM, the average is-
land size never reaches its saturated size W,,. The resulting confinement degradation com-
pared to a saturated NTM is therefore reduced. A significant recovery of the confinement
quality Hog, for By > 2.3 could be established at ASDEX Upgrade and JET (see fig. 4).
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Figure 4: Confinement degradation (loss in plasma
energy AW normalised to plasma energy at the on-
set W) of saturated NTMs (circles) and FIR-NTMs 4-1. The physics and triggel‘ing of
(diamonds) for ASDEX Upgrade (open symbols) and FIR-NTMs The short growth time
JET (full symbols) [15] as function of By gnser. Good ©Of the (4/3) mode, typically less than
agreement for the FIR-NTM regime for By > 2.3 is 200us, its duration of lms and the re-

seen. For JET the effect of ELMs is ignored. quired high pressure suggests this mode
to be an ideal mode close to its marginal

limit. Detailed stability calculations for

this type of ideal (4/3) mode show a clear destabilisation with increasing pressure gradient

dp/dr and with decreasing local shear dq/dr-r/q at the (4/3) surface [15]. Such a behaviour

is described for the so-called infernal mode [18], and appears normally in internal transport
barriers, where it is driven by the large pressure gradient at the location of the barrier.

Local current drive close to the (4/3) surface reduces the local shear and should therefore

destabilise this type of mode. In discharges with By ~ 2.4 without an NTM it has been shown
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that ideal (4/3) modes with co-ECCD just outside the (4/3) surface can be triggered. A resulting
reduction of the local shear by the co-ECCD is thought to be responsible for triggering this
mode. Combined TORBEAM and ASTRA calculation give a reduction in the local shear within
the ECCD deposition of 0.15-0.3. The fast growth and decay time of this mode is consistent with
its ideal character. In addition, for a constant monotonic current profile and hence a constant
shear, the required high pressure for achieving a FIR-NTM, reflected by the requirement By >
2.3, can be explained by these requirements for the existence of the (4/3) mode.
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Figure 5: Left figure: Time traces of Pyp;, Peccp, Br, Py and the (3/2) amplitude from
magnetics with co- and counter-ECCD (#17950, black and #17949, grey). The toroidal field
scan give the optimal magnetic field B, for triggering a FIR-NTM in the co-ECCD case. For
counter-ECCD no FIR behaviour could be observed. Right figure: With the optimal field of
B; = —2.19 T only in the co-ECCD case (#17955, black) a FIR-NTM could be triggered. In the
counter-ECCD case (#17956, grey) the FIR-behaviour disappears with the application of the
ECCD. The FIR-behaviour is more pronounced with co-ECCD at constant magnetic field.

Applying co or counter-ECCD in the vicinity of or just outside the (4/3) surface, a triggering
or suppression of a FIR-NTM is possible destabilising or stabilising the (4/3) mode. With a
decrease / increase of the shear just outside the resonant surface by co / counter-ECCD the (4/3)
mode can be triggered or suppressed and the FIR-NTM can be artificially induced or suppressed
(see fig. 5). For a reliable modification of the shear in one discharge again a toroidal field ramp
towards higher fields has been used. For this experiment the starting field is slightly increased
in order to start depositing inside the (3/2) surface on the high field side and hit the (4/3) surface
during the scan. As expected for co-ECCD the FIR-NTM can be triggered and the for counter-
ECCD no FIR-behaviour is observed. Using a constant optimal field of Br = —2.19T taken
from these discharges (see the left part of fig. 5) the effect is even more pronounced. The
amplitude drops of the (3/2)-NTM are much stronger for a decrease of the shear. The FIR-
behaviour is suppressed for an increase of the shear for similar By-values.

4.2. FIR-NTMs in ITER relevant scenarios The consideration of the local shear in the
previous section can be extended to a more global consideration of the global shear in the
plasma centre. The so-called improved H-mode at ASDEX Upgrade as well as the ITER hybrid
scenario has a flat central shear with g ~ 1 in the plasma centre. At ASDEX Upgrade the flat
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shear is achieved by early preheating with the NBI during the current rise phase. At JET the
hybrid scenario is achieved by applying lower hybrid current drive during this phase. The flat
shear region makes it easier to trigger in both scenarios the required (4/3) mode for the transition
of an NTM to a FIR-NTM. At JET for low gos ~ 3.5 (I, = 1.0MA, B; = 1.2T) a clear FIR-NTM
can be observed together with high 5 = 3.3 and good confinement (Hog, = 1.4). By avoiding a
q = 1 surface (higher B; and ggs) a modification with a continuous (4/3) mode can be achieved.
Both the (3/2)-NTM and the (4/3) mode have small amplitudes in this scenario and one can
reach good confinement (Hog, = 1.5) and high pressure (By = 2.9).

The natural low global shear or artifically ECCD triggered low local shear show a route how to
optimise scenarios to reach high By values in the presence of NTMs, if they can not be avoided
or suppressed by external means. The local ECCD plays a central role in this context.

5. Summary and conclusions

In ASDEX Upgrade the repetition rate and size of sawteeth has been modified by local co and
counter-ECCD. Full suppression of sawteeth has been proven for the maximum ECCD duration
of 2 seconds for on-axis counter ECCD and off-axis co-ECCD. The sawteeth behaviour can be
explained with the variation of the ¢/ at the ¢ = 1 surface. At higher By the excitation of NTMs
could be avoided with this sawteeth suppression scheme.

The stabilisation of NTMs by local current drive at the resonant surface with ECCD has been
extended at ASDEX Upgrade for (2/1)-NTMs. The achievable By for both types of NTMs has
been increased by optimising the deposition width and driven current. For the (3/2)-NTM the
achievable By = 2.6 at the stabilisation could be achieved with By /Pgccp = 2.6MW~!. The
(2/1)-NTM could be stabilised at By = 2.3 with By/Pgccp = 1.64MW 1,

With local co and counter current drive at the (4/3) surface the triggering of an ideal (4/3)
mode opens the possibility to trigger artificially at lower By or suppress at high By the so-called
FIR-NTM regime with a reduced confinement degradation. The analysis of these artificially
triggered FIR-NTMs provided the key understanding for this scenario.

For all three approaches (NTM avoidance by seed-island suppression, active NTM stabilisa-
tion, triggering of FIR-NTMs) the enhancements at ASDEX Upgrade and the ECRH system
provide central tools. The use of a feedback control system for the deposition of the ECCD by
steerable mirrors, combined with step tunable gyrotrons, will give much more flexibility.
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