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Abstract. On ASDEX Upgrade a concept for real-time stabilization of NTMs has been realized and successfully
applied to (3,2)- and (2,1)-NTMs. Since most of the work has meanwhile been published elsewhere, a short
summary with the appropriate references is given. Limitations, deficits and future extensions of the system are
discussed. In a second part the recent work on using modulated ECCD for NTM stabilisation is described in
some detail. In these experiments ECCD power is modulated according to a magnetic footprint of the rotating
NTM. In agreement with earlier results it could be shown that O-point heating reduces the necessary average
power for stabilisation whereas X-point heating hampers stabilisation. Although this modulated scheme is
not relevant for routine NTM stabilisation on ASDEX Upgrade it may be mandatory for ITER or DEMO. On
ASDEX Upgrade it has been re-developed to demonstrate the usage of a FAst DIrectional Switch to continously
heat the O-point of the rotating island with only one gyrotron switching between two launchers which target
the mode at locations separated in phase by 180 degrees as described in [1].

1 Introduction

Neoclassical-Tearing-Modes (NTMs) are helical struc-
tures in a toroidal equilibrium. They exist on surfaces with
rational q-values where they form islands which short-cut
the thermal insulation. These modes are characterised by
a marginal island width below which the mode disappears
on its own and above which it grows with a rise time of
the order of τE until it reaches the saturated island width
which characterises the detrimental effect of the fully de-
veloped island. Driving terms are the pressure gradient
and the magnetic shear at the resonant surface. The mode
can be removed (stabilised) by driving a current inside the
island or its appearance can be completely avoided by pre-
emptive current drive. Since a finite island size is needed
for the mode to grow, the mode does not reappear immedi-
ately after stabilisation when switching off the ECCD. The
balance between stabilizing and driving terms determines
how large a seed island is necessary. For strong driving
terms and correspondingly small initial island sizes, per-
manent preemption will become more economical than in-
termittent stabilisation, since less current drive is needed
for preemption (the current on the flux surface is only en-
forced, it is not necessary to over-compensate a helical
hole in the current profile) as has been demonstrated the-
oretically and experimentally. Still the stabilisation of an
existing NTM is initially the easier task since the NTM
spinning toroidally with the plasma leads to characteristic
disturbance of radially resolved electron temperature pro-
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files, thereby revealing where to drive the additional cur-
rent. For preemption the position of the resonant surface
has to be deduced from the magnetic equilibrium only.

The saturated island width can have a radial width of
10-20% of the minor radius, the marginal width is a few
%. In order to drive the majority of the current inside an
island close to the marginal width, the width of the driven
current profile should be of similar size or smaller. Such
localised currents can so far only be driven using ECCD.
For ITER the request on the ECCD width may be ful-
filled only marginally especially when taking into account
a potential broadening of the beam due to density fluctua-
tions [2]. Under these circumstances the amount of current
driven outside the island must be minimised by modula-
tion of the beam with respect to the O-point of the rotating
island.

This contribution consists of two main parts. First we
summarize the status of the real-time NTM-stabilisation
project on ASDEX Upgrade which has been a long-
standing topic in the past workshops of this series. The
successful application of the feedback-control and its com

-ponents has been described in several conference contri-
butions and journal papers. This has been a major part of
the poster at the workshop but is here only shortly sum-
marized in section 2 in order to minimize repetitions from
other sources which the interested reader has to read any-
way to get a detailed picture. In the second part we ad-
dress the issue of O-point heating with a modulated beam,
which is not necessary for regular NTM-control on AUG
since the ECCD width is sufficiently small but may be
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Figure 1. Schematic overview of the real-time MHD-control frame work set up at AUG. Green boxes correspond to real-time data
evaluation with different levels of complexity. All except the MHD-controller use the rt-diagnostic concept [3, 4], i.e. they run as
autonomous units exchanging input and output with the discharge control system (DCS) and other rt-diagnostics via a rt-data network.
This network operates in an asynchronous mode and is mainly limited by 1GB/s Ethernet-switches. All data are transfered with a time
stamp. The MHD-controller itself is part of the DCS. The yellow frame around MSX visualizes the fact that the MSE-system is not yet
a reliably working rt-system.

necessary for ITER or even more for DEMO. The main
motivation to take the O-point modulation up again is the
FAst DIrectional Switch (FADIS) installed in the AUG-
ECRH-System. By fast frequency tuning of the gyrotron
this microwave interferometer allows to switch the beam
between two launchers [5]. Especially if a device has more
launchers than gyrotrons (such as ITER) a FADIS allows
to switch the power of one gyrotron between two launch-
ers aimed such that they hit the O-point of the mode with
a phase difference close to 180 degree. This would al-
low to make most efficient use of the ECCD for NTM-
stabilisation. In section 3 the on/off-modulation with one
gyrotron and one launcher is described in some detail.
Even with the rather narrow beam a beneficial effect of
O-point modulation is observed. The FADIS experiments
are described in [1].

2 Feedback controlled NTM-stabilisation

The concept, realization and feedforward-testing of the
separate components of the NTM-stabilisation system
have been described at the two previous work shops of this
series [6, 7] and references therein. In the following this is
summarized including more recent references. For illus-
tration a schematic overview is given in figure 1. Reliable
mode detection and identification is achieved by a linear
combination of Mirnov-pick-up-coils to generate a spe-
cific |Ḃ| signal for a specific low-order (m, n)-combination.

If the amplitude of the signal for any of the implemented
m,n combinations exceeds a certain threshold the respec-
tive mode is considered to be present in the plasma. By
correlating all fast ECE channels separately with this char-
acteristic signal the mode related content of the Te fluctu-
ations is extracted and the expected radial phase jump in
these fluctuations can be determined and is assigned to the
mode position [8]. Initially the result is a fractional ECE-
channel-number which can be translated into a rho-value
using the real-time equilibrium [9] and the ECE-optics.
Since the ECE-antenna is located at the outboard mid-
plane and the optical axis is almost perpendicular to the
flux surfaces (at least up to half radius where the NTMs
are located) we neglect (so far) any bending of the ECE-
viewing-geometry by density gradients. This detection is
robust unless the mode width is too small, which in our
applications so far is typically smaller than the marginal
island width. Alternatively the respective resonant flux-
surface can be determined directly from the equilibrium
searching for the respective q = m/n. Unfortunately both
results are in practical applications not necessarily identi-
cal. The location of a rational surface depends crucially
on the profile of the plasma current. Therefore the reli-
able determination of the resonant flux surface from the
equilibrium reconstruction can either be achieved using
sufficiently accurate diagnostics of the current profile (mo-
tional Stark effect or polarimetry) or by optimizing the bias
current profile of the reconstruction for the plasma under
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study, for example in a sequence of discharges where the
mode position was determined by ECE.

The fundamental task of the feedback control is to ad-
just the ECRH launchers such that the maximum of the
driven current lies on the same flux surface where the
mode has been located. To do so the control system has
to know the actual position of the driven current in ρ as
a function of the actual launcher angle α of the ECCD
and its rate of change as α is changed, i.e. dρ/dα. Due
to the cylindrical shape of the resonance and the toroidal
shape of the flux surfaces with variable elongation the re-
lationship is not necessarily trivial. ρ(α) and its derivative
are calculated via ray tracing using a simplified version
of the TORBEAM-code [10] neglecting beam broaden-
ing and current drive. Implicitly we assume here that the
maximum of the driven current is sufficiently close to the
maximum of the heating determined by the single-ray real-
time version. This has been verified for the experimental
scenario under study comparing with results from the full-
beam version of TORBEAM. The derivative is obtained
from three runs with slightly different values of α. In AUG
we use for these experiments up to 4 ECRH Launchers
with different geometries in the sense that separate ρ(α)
relations have to be determined for each launcher. There-
fore we calculate in parallel 12 rays on a common equilib-
rium within 30 ms. The TORBEAM calculation requires
a sufficiently accurate density profile which is obtained in
real-time from 5 interferometer channels and their paths
lengths through the plasma. The latter are determined
from the equilibrium supplied by the real-time equilibrium
solver [9, 11]. Initially an alternative method to determine
the ECCD deposition was envisaged by modulation of the
ECCD power and a correlation of the power signal with
ECE. During off-line testing it became obvious that this
concept was not feasible with the necessary resolution in
space and time as indicated by the dashed arrow in fig-
ure 1.

The feedback control experiments in the last 2 years
optimized the control of the ECCD launchers to adjust the
ECCD profile on the resonant surface. By doing so (3,2)-
and (2,1)-NTMs were stabilized within a few energy con-
finement times τE [12]. The major principal difficulties
arise from flux surface mapping (the ECE measures at the
outboard mid-plane, the ECCD position is at the top or
bottom of the flux surface) and uncertainties in the density
profile and consequently in the ECCD deposition. These
effects may lead to an offset between the mode- and the
ECCD-location of up to 2 cm which is in the order of the
beam width of approx 3 cm such that the modes are not
always fully stabilized. Unfortunately there has so far no
systematics been detected in the offset. In such a situation
one needs refined strategies to achieve a full stabilisation.
On AUG an offset can be included into the control. This
offset (which is assumed to be constant for all launchers)
can be adjusted in real-time minimizing the mode ampli-
tude. With this scheme, complete stabilisation has been
achieved [13], but the statistics (i.e. number of tests) is
still low. Further refinements are tested in the ongoing
campaign. The mode signal is not launcher-specific such

that separate offset-corrections for each launcher were not
attempted yet. As an alternative the applicability of in-line
ECE is studied [14] on AUG which would ideally allow
a launcher specific fine adjustment on the position of the
phase jump.

As mentioned above preemptive ECCD may be the
best choice for frequently reappearing NTMs. First ex-
periments [9] demonstrated successful preemption, but not
with sufficient reliability, mainly due to uncertainties in the
current profile as discussed above, since the MSE-system
on AUG does not yet deliver reliable real-time data. Fur-
ther experiments using an improved bias of the current
profile and a refined mirror control are part of the ongo-
ing AUG campaign.

3 NTM stabilisation with modulated ECCD

The use of mode-locked power modulation in case the
ECCD profiles are significantly broader than the marginal
island width has been pioneered in AUG [15]. It was
shown that widening of a cw-beam hampered full sta-
bilisation of the NTM, which could be regained using
O-point modulation (roughly 50% duty cycle). X-point
modulation was less stabilizing (in terms of the minimum
achieved mode-amplitude) than cw.

In these old experiments ECCD was driven at the high
field side (HFS) of the resonant flux surface where ~k is al-
most perpendicular to the flux surface. Beam broadening
was achieved by varying the toroidal inclination. Due to
the corresponding Doppler broadening the deposition pro-
file was broadened in the direction of ρ. ECCD widths
of ∆ρ ≈ 0.2 have been obtained. Since 2007 AUG oper-
ates with W-covered plasma facing components. Typically
the scenarios which develop NTMs (H-modes with moder-
ate density and moderate q95) are prone to detrimental W-
accumulation in the plasma center unless significant elec-
tron heating is applied in the plasma center. Most effective
is central ECRH with the resonance close to the axis. This
means that the same frequency cannot be used for NTM
stabilisation on the HFS, but the NTM has to be stabilized
at R = R0 at the top or bottom of the flux surface. In
[6, 16] this has been discussed in detail. The consequence
with respect to experiments with modulated ECRH is that
beam broadening can no longer be generated by increasing
the toroidal inclination since the Doppler shift now broad-
ens the deposition tangentially to the flux surface such that
there is essentially no broadening in ρ. Similar widths as
in the old experiments cannot be obtained anymore. Mod-
ifications of the launcher-mirror surfaces to defocus the
beam are a possibility to continue in this direction, but this
would obviously influence a whole campaign. For this rea-
son NTM stabilisation with modulated ECCD was some-
what out of focus at AUG in the last years.

Recently the topic has gained new interest in combi-
nation with the FAst DIrectional Switch (FADIS [1]). It
is proposed to use such a switch to make more effective
usage of the installed ECRH power in ITER in case mod-
ulated ECCD is necessary for NTM stabilisation. Since
ITER has more launchers than gyrotrons one could use one
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gyrotron with two launchers and point the launchers such
that the mode passes the two deposition regions ≈180 ◦

out of phase. Finally, using FADIS, the gyrotron power is
switched in phase with the mode between both launchers,
such that the power is always injected close to the O-point
(i.e. within [-90◦,+90◦]). As described in [1] a demonstra-
tion was attempted at AUG. In preparation, the locking of
the ECCD to the rotating mode in a well defined phase has
been reestablished and some stabilization tests have been
performed. Figure 2 shows that they were successful and
well in line with the previous results. The ECCD depo-
sition was scanned across the resonant surface twice by a
pre-programmed rotation sequence for one launcher axis.
For cw-operation and dominant O-point heating the mode
disappeared during the first crossing, roughly at the ρ-
value expected from RT-Torbeam, the ECE-NTM-location
and the estimated position of the (3,2)-surface. With dom-
inant X-point heating the mode was not fully stabilized.
In the latter case the mode amplitude has two minima in
the vicinity of the two expected crossings. CW-power is
700kW, the time-average power for O-point modulation is
410 kW. We did not do further study the minimum power
for complete stabilisation with cw and O-point modula-
tion. Since CW can be regarded as a mixture of X- and
O-point modulation it seems likely that the threshold for
the time averaged power should be somewhat lower for the
O-point modulation. As described in [1] the FADIS exper-
iments were so far hampered by difficulties in resonator
tuning and launcher setting and did not show complete
suppression although the average power was ≈500 kW.
Using the improved NTM-location algorithms and an op-
timized resonator tuning full NTM stabilisation with ’per-
manent O-point heating’ using FADIS may be demon-
strated later in the ongoing AUG-2014-campaign.

We end this section addressing some of the technical
issues related to the modulation in phase with the O-point.
As discussed already in [15, 17] there is an intrinsic phase
delay between the Mirnov signal and the ECCD modu-
lation due to two independent effects. The O-point corre-
sponds to the zero of ḂR where the sign of ḂR changes from
positive to negative, resulting in a phase difference of 90◦

between the maximum of Ḃ and the center of the ECRH-
on interval. An additional phase difference arises when
taking account of the different locations of ECCD and Ḃ
measurement on the flux surface as discussed in detail in
above mentioned references. Adding the two phases with
the correct signs results in a phase difference which has
to be technically realized with the gyrotron. On AUG one
period is ≈40-60 µs (15-25 kHz), an accuracy of 1 µs is re-
quired to achieve a phase match better than 10◦. The time
for Mirnov data acquisition, analogue linear combination
and transmission via 100 m of optical fibre is estimated to
be faster than 100 ns. The latter step consists of a voltage-
frequency converter (10 MHz ± 1 MHz corresponds to ±
10 V). The frequency is transmitted through the glass fi-
bre by light flashes and back converted to a voltage on the
other side. A transmission time below 100 ns has been
explicitly verified using two independent data loggers on
both ends of the optical fibre (analogue input versus ana-
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Figure 2. Comparison of three discharges with identical control
parameters, except the modulation scheme. The latter was 50%
duty cycle, close to O-point (#29917), 50% duty cycle, close
to X-point (#29918) and 100% duty cycle, i.e. CW (#29920).
The upper box shows the scenario (all time traces in this box
from #29917 as typical example): In the 1 MA discharge, a
(3,2) NTM is triggered by a fast increase of the NBI-heating to
12.5 MW. One axis of the EC-launcher is pre-programmed to
sweep the ECCD-deposition (here from real-time TORBEAM)
accross the resonant surface (here for the real-time equilibrium).
The box second from top shows the EC power. The modulation
phase is clearly seen. For the O-point case one of the underly-
ing centrally-heating CW-gyrotrons was lost at ≈ 3.5 s, but the
off-axis modulation worked as planned. The box second from
bottom shows the upper envelopes of the Ḃ signals of the Mirnov
coils. As described in the text, a linear combination of several
coils is used to represent as close as possible the even n, odd m
content. For the O-point and CW cases the mode is stabilized
close to the time point when the deposition crosses the resonant
surface. Also in the X-point case the mode amplitude is reduced
but the mode is not fully stablized. A second minimum of the
mode amplitude is observed at the second crossing of deposition
and resonant surface. At the bottom the stored energy is shown.
As expected it reaches higher values for the cases when te NTM
is fully stabilised. Note that the NBI heating in this phase of the
discharges has been reduced to 7.5 MW such that a full recovery
of the maximum stored energy cannot be expected.
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Figure 3. Time traces related to the mode locked injection of
ECCD (AUG discharge #29917 in fig. 2). Middle: zoom into the
top-traces (x 240). Zoomed time interval shaded in grey in top
part. Bottom: zoom into the middle traces (x6), zoomed interval
is shaded in middle part. The dashed vertical lines are added to
see the phase differences at two arbitrary time points. Each of
the three zoom-states consists of three time traces. Top (green):
Ḃ from Mirnov coils linearly combined to correspond to odd m,
even n. Middle (red): Output of the phase shifting unit. Bottom
(cyan, blue): Voltage at the directional coupler embedded in the
second phase correcting mirror M2 of the matching-optics unit.
Blue is a sliding box average over 10 ms.

logue output), both triggered by the optical-fibre based
AUG trigger system. These small time-shifts are neglected
in the following. An FPGA-based phase shifter converts
the Mirnov-Signal into phase-shifted trigger-pulses for the
series-tube modulator. During the low-period of the trig-
ger the modulator reduces the acceleration voltage of the
electron beam in the gyrotron by a pre-set value. In the

case shown here from -41.5 kV to -28.5 kV (constant de-
pression +32 kV) resulting in a reduction of the power
from 700 kW to 130 kW. Data transmission to the series
modulator uses a digital optical transmission which intro-
duces a fixed delay of 18 µs. This results in an uncom-
fortable procedure to achieve the requested phase delay
between Mirnov-signal and ECCD: Based on the expected
frequency of the mode, the 18 µs are converted into a phase
difference which is subtracted from the requested phase
difference. The result is then set at the phase shifter (using
a potentiometer) with the help of a function generator and
an oscilloscope. Additionally the trigger level has to be
set at the phase shifter (with another potentiometer) in or-
der to prevent triggering on noise without losing too much
sensitivity on real modes. If the real frequency differs from
the expected frequency this leads to an improper phasing.
In the examples shown here a mode frequency of 22 kHz
was expected and the real frequency finally was 15 kHz
(during the experiments it was decided to use one NBI
source less). Therefore the center of the on-intervals are
in fact at 45◦ (O-point heating) and 225◦ (X-point heating)
with respect to the O-point, i.e. shifted by 45◦. In principle
such problems could be avoided by inclusion of the fixed
delay of 18 µs into a more complex FPGA program for
the phase shifter if such operational scenarios will be re-
quested more frequently. Figure 3 illustrates some of these
issues. At the top an overview over the whole discharge is
shown. The stabilisation of the NTM is seen in the upper
time trace. As the NTM is stabilized the amplitude be-
comes so small that the locking is lost. The box average
of the gyrotron power shows that during modulation the
duty cycle is ≈50 % changing to almost 100 % as noise
creates only occasional triggers 1. Further insight into the
triggering requires a strong zoom (middle). At this zoom
level it can be seen how other MHD disturbances (here
ELMs) affect the triggering. They can suppress the zero
crossings due to the NTM oscillation thereby blinding the
phase detection algorithm on the FPGA for some periods
resulting in a loss of ≈ 2% of the NTM oscillations for
these specific conditions. A further zoom allows to check
the phase shifts. As mentioned above, the shift between
the top (green) and middle (red) curve can be adjusted at
the phase shifter but the time shift between middle and
lower curve is fixed (18 µs).
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1The reason to have as a default ’full power’ lies in the technical real-
ization of the fast high-power modulation. The input power to the series
modulator does not vary, but all power which is not output to the gyrotron
during modulation is cooled away by the anode cooling of the modula-
tor tetrode. The default ’full power’ therefore protects the tetrode. In
principle DCS could request to fully switch off the gyrotron (i.e. to ap-
ply a blocking voltage to the tetrode control grids) after it has detected a
stabilisation of the mode, but this was not yet attempted.
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