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Abstract. The results of stabilizing neoclassical tearing modes (NTMs) with electron
cyclotron current drive (ECCD) in JT-60U are described with the emphasis on the
effectiveness of the stabilization. The range of the minimum EC wave power needed
for complete stabilization of an m/n = 2/1 NTM was experimentally identified for
two regimes using unmodulated ECCD to clarify the NTM behaviors with different
plasma parameters: 0.2 < jpc/js < 0.4 for Waa/dec ~ 3 and Weat/Warg ~ 2,
and 0.35 < jrc/jBs < 0.46 for Waae/drc ~ 1.5 and Waat/Wmarg ~ 2. Here, m and
n are the poloidal and toroidal mode numbers; jgc and jgs the EC-driven current
density and bootstrap current density at the mode rational surface; Weat, Wiarg and
dgc the full island width at saturation, marginal island width and full width at the

half maximum of the ECCD deposition profile, respectively. Stabilization of a 2/1



NTM using modulated ECCD synchronized with a mode rotation of about 5 kHz was
performed, in which it was found that the stabilization effect degrades when the phase
of the modulation deviates from that of the ECCD at the island O-point. The decay
time of magnetic perturbation amplitude due to the ECCD increases by 50% with a
phase shift of £50° from the O-point ECCD, thus revealing the importance of the
phasing of modulated ECCD. For near X-point ECCD, the NTM amplitude increases,
revealing a destabilization effect. It was also found that modulated ECCD at the
island O-point has a stronger stabilization effect than unmodulated ECCD by a factor

of more than 2.

PACS number: 52.35.Py, 52.55.Tn, 52.55.Wq, 52.55.Fa



1. Introduction

To sustain a high-beta plasma with positive magnetic shear, such as that in the Inductive
and Hybrid operations in ITER [1], controlling neoclassical tearing modes (NTMs) is
essential since they degrade plasma performance and sometimes cause disruption. NTMs
with the poloidal mode number m = 2 and toroidal mode number n = 1 in particular
need to be suppressed as they can seriously affect the plasma: as shown later, the
degradation of the beta value is typically 30-50% in JT-60U experiments.

Two NTM suppression scenarios have been developed in JT-60U, the first being
NTM avoidance where the onset of NTM is avoided by optimizing the current and
pressure profiles. In previous JT-60U experiments, the long-duration sustainment of a
high-beta plasma was demonstrated [2,3]. Although this scenario has the advantage of
only requiring neutral beams (NBs), the optimization is not necessarily consistent with
other factors such as the current drive. Similar demonstrations of stationary sustainment
of high-performance plasmas have been also performed in other devices such as ASDEX-
U, DIII-D and JET [4-6]. Cross-machine comparisons toward the development of the
ITER Hybrid Scenario have also been performed [7].

The second scenario for NTM suppression is active stabilization using localized
current drive. NTM stabilization using electron cyclotron (EC) wave is considered to
be the most promising due to the ability of highly localized current drive. Experiments
on the stabilization of m/n = 3/2 and 2/1 NTMs using electron cyclotron current
drive (ECCD) have been performed in JT-60U since the first gyrotron was installed in
1999, with several new stabilization techniques being demonstrated such as stabilization

through the real-time steering of the EC mirror [8] and preemptive stabilization [9].



4

In addition, simulation of an NTM evolution using TOPICS-IB code has been also
performed [10-12], and island evolution reproduced by determining the undetermined
coefficients using experimental data. Stabilization of an NTM using ECCD has been
also performed in ASDEX-U and DIII-D. In both devices, m/n=3/2 and 2/1 NTMs
have been successfully stabilized. In ASDEX-U, a 3/2 NTM was completely stabilized
by modulating the EC wave in synchronization with the NTM rotation [13]. In DIII-
D, the onset of a 2/1 NTM was suppressed to the no-wall beta limit through real-
time equilibrium reconstruction and optimizing the ECCD location with a change in
the toroidal field or plasma position [14]. However, detailed research on effective
stabilization of an m/n = 2/1 NTM, such as what the minimum required EC wave
power is for complete stabilization and whether modulated ECCD is actually superior
to unmodulated ECCD, remained as future work. Since this is an important issue also
in ITER, experimental demonstration and verification is considered to be valuable.
This paper describes the results of active control of an m/n = 2/1 NTM using
localized ECCD at the mode location in JT-60U. In Section 2, the results of identifying
the minimum EC wave power necessary to completely stabilize a 2/1 NTM is described.
In the experiments, the range of the minimum power in two regimes with toroidal
magnetic fields of 3.7 T and 1.7 T was determined. In Section 3, the results of NTM
stabilization using modulated ECCD is described. EC wave power was modulated in
synchronization with the mode rotation frequency (~ 5 kHz). The effect of the phase
difference between magnetic perturbations and modulated EC wave power was then
investigated, and a comparison with unmodulated ECCD also made. A summary of

this paper is then described in Section 4.



2. Minimum EC Wave Power for Complete Stabilization

As mentioned in the previous section, NTM stabilization using ECCD has been
extensively preformed in JT-60U. However, as in other devices, the NTMs were
overstabilized in most cases, and the EC wave power was larger than the minimum
required power. Although NTMs should be stabilized with less EC wave power in
ITER, it remains uncertain how much EC wave power is required as the minimum, thus
making identification of the minimum required EC wave power an important issue. To
clarify the minimum required power, stabilization of an m/n = 2/1 NTM with reduced
EC wave power was performed.

Experiments were performed in two regimes of the different toroidal fields at
3.7 T and 1.7 T, which will be referred to as Case 1 and Case 2, respectively. The
typical discharge in the high field (Case 1) is shown in figure 1, where plasma current
I, = 1.5 MA, toroidal field By = 3.7 T and safety factor at 95% flux surface gg5 = 4.1,
major radius R = 3.18 m, minor radius a = 0.80 m, triangularity at the separatrix
0 = 0.20. The toroidal field was fixed in time throughout this and all other discharges. In
the series of discharges, neutral beams of about 25 MW were injected and the normalized
beta fy increased to about 2. An NTM with m/n = 2/1 appeared at t ~ 5.7 s, and the
value of By decreased to about 1.4. Since the mode locked soon after onset, the behavior
is unclear in the frequency spectrum shown in figure 1(c). At ¢ = 7 s, the NB power
was decreased and the direction of the tangential NBs changed from balanced injection
to counter injection to raise the mode frequency. The 2/1 NTM started to rotate in the
counter direction at ¢t = 7.5 s, and the mode frequency became almost constant at about

4-5 kHz, as shown in figure 1(c). Fundamental O-mode EC waves with a frequency of
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110 GHz were injected at t = 9.5 s by up to 3 gyrotrons. Changing the power and
combination of the gyrotrons enables a variety of injection powers. The direction of
the ECCD is the same as the plasma current, i.e. co-direction in all discharges in this
paper. The injection angle of the EC wave, i.e. ECCD location, was fixed throughout
the ECCD for all discharges after the optimum injection angle was determined. The
temporal evolution of the structure of the magnetic island measured with an electron
cyclotron emission (ECE) radiometer with a channel separation of about 2 cm, which
corresponds to ~0.02 in the volume-averaged normalized minor radius (p), is shown in
figure 1(d). Here, p = r,/a, with r, = \/V/272R, a, being the volume-averaged plasma
minor radius and V' the plasma volume inside the flux surface. The two bright peaks
correspond to the separatrix of the island while the dark region between the two peaks
corresponds to the center of the island. In this discharge, the major radius was shifted
inward by 4 cm at ¢t = 8.0-8.5 s. The change in the island location due to this shift can
be clearly seen in the contour plot. As shown in this figure, the center position of the
magnetic island remained unchanged during the ECCD, with the shot-to-shot difference
of the island center being less than the channel separation of the ECE radiometer. This
type of high-resolution measurement was important in the experiments because the
stabilization effect strongly depends on the ECCD location. The mode location, ps,
was about 0.6, and the full island width before ECCD, Wy, 0.12 (The normalized
value using the volume-averaged plasma minor radius.). After the ECCD, the distance
between the two peaks shown in figure 1(d), which corresponds to the full island width,
decreased, and the 2/1 NTM was completely stabilized at ¢t = 12.0 s. An ELMy H-mode

plasma was sustained during the NB phase.



7

Similar experiments were carried out in lower field (Case 2) with the second
harmonic X-mode ECCD, as shown in figure 2. The typical plasma parameters were as
follows: I, = 0.85 MA, B, =1.7T, R =3.38m, a = 0.88 m, g¢95 = 3.5 and J = 0.37,
with the discharge scenario being similar to that in the Case 1. An m/n = 2/1 NTM
was first destabilized with NBs of about 20 MW, and after the mode onset the power
was stepped down to about 9 MW. The value of Oy and the mode frequency were kept
almost constant at 1.5 and 2-3 kHz, respectively. The values of ps and Wy, just before
ECCD were ~ 0.7 and 0.15, respectively. In this discharge, the 2/1 NTM was completely
stabilized at ¢t ~ 9 s.

The plasma configurations of the two discharge regimes are shown in figures 3(a)
and 3(b). The cold resonance surfaces of a 110 GHz EC wave with the fundamental O-
mode and the second harmonic X-mode were located at 3.02 and 2.95 m, respectively. By
injecting the EC wave nearly tangentially to the flux surface, a narrow ECCD deposition
width was obtained because the width of the absorption layer extended by the Doppler
shift along the ray path (typically ~ 20 cm) can be reduced in the p space. The poloidal
injection angles for Cases 1 and 2 were 16° and 13°, respectively (Angle defined as the
depression angles). The toroidal injection angle was ~ 22° in both configurations. The
profile and amount of EC-driven current were calculated using EC-Hamamatsu code [15],
in which the ray trajectory of the EC wave is calculated by the ray-tracing method, and
the EC-driven current is calculated by the relativistic Fokker-Planck equation. The full-
width at half maximum (FWHM) of the ECCD deposition width, dgc, was 0.08 with
Case 1 and 0.05 with Case 2.

Figure 4 shows the temporal evolution of the magnetic perturbation amplitude, B,
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near the minimum EC wave power for complete stabilization. With Case 1, while the
2/1 mode was completely stabilized for EC wave power Pgc = 1.3 MW, it was not
completely stabilized for Pgc = 1.0 MW. And hence the minimum EC wave power was
located between 1.0 and 1.3 MW in this experiment. With Case 2, the stabilization
effect weakened with decreasing EC wave power, and complete stabilization was not
achieved for Pgc = 0.3 MW, thus revealing that the minimum EC wave power was
located between 0.3 and 0.5 MW.

Both experimental regimes had similar island evolutions: the island first quickly
decayed, then slowed down, and finally quickly decayed again. This behavior is
consistent with the description provided by the modified Rutherford equation, and was
also observed in previous NTM experiments [12]. The width at which the final rapid
decay begins is referred to as the marginal island width (hereinafter the full width of
the marginal island width will be referred to as Wiare). In figure 4, the B reaching the
marginal island width corresponds to ~ 0.6 in Case 1 and ~ 0.9 in Case 2, respectively
corresponding to Wy,are = 0.06 and 0.08. The marginal island width can also be roughly
estimated by stepping down the NB power and investigating the beta value at which
the NTM spontaneous decays. With Cases 1 and 2, the marginal Oy value, 33"®, was
0.4 and 0.8, respectively. And assuming the island width to be proportional to the beta
value, which is a reasonable assumption for the NTM, the result is roughly consistent
with the result of the above marginal island width.

The ratio of EC-driven current density (jgc) to bootstrap current density (jps)

at the mode rational surface is an important parameter to evaluate the efficiency of

the NTM stabilization. In addition, the ECCD deposition width with respect to the
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marginal island width is another important parameter because the EC-driven current
inside the island O-point decreases as the NTM is stabilized if the ECCD deposition
width is comparable or wider than the marginal island width, which is the case with
most of the experimental conditions in JT-60U and also ITER. According to the results
of ACCOME [16] and EC-Hamamatsu code calculations, the range of the threshold
value is 0.35 < jgc/js < 0.46 for Case 1 and 0.2 < jgc/jps < 0.4 for Case 2. Here,
in the ACCOME code, the bootstrap current is calculated based on the Hirshman-
Sigmar model [17]. Also, in this paper, the difference in the harmonics of the EC wave
is considered only in the calculation of the EC-driven current. In previous JT-60U
experiments, an m/n = 2/1 NTM was completely stabilized at jgc/jps = 0.5 with
fundamental O-mode ECCD, however, the minimum value of the required EC-driven
current could not be identified [12]. The previous results proved consistent with the
above new results. The parameters in the two regimes are summarized in Table 1,

where the misalignment of the ECCD location, Apy,;s, is also shown.

3. Stabilization of 2/1 NTM by Modulated ECCD

Stabilizing NTMs using modulated ECCD is thought to be more effective than with
unmodulated ECCD. Stabilizing an m/n = 3/2 NTM experimentally using modulated
second harmonic X-mode EC wave was previously performed in ASDEX-U [13,18]. Since
adding the ability to modulate the EC wave power at several kHz significantly changes
the design of gyrotrons, it is important to stabilize the more dangerous 2/1 NTM and
clarify whether the modulated ECCD is actually more effective and if so by how much.

In addition, issues in performing the modulated ECCD need clarifying in order to make
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the NTM stabilization in ITER more reliable.

In JT-60U experiments, power modulation at several tens of Hz had been done to
investigate heat wave propagation since the initial phase of first gyrotron operation [19].
Although the modulation frequency was increased every year, it was still rather low
for NTM stabilization experiments, where a modulation frequency of about 5 kHz is
required. In 2008, the high-voltage circuits of gyrotrons was modified to achieve the
higher modulation frequency of up to ~ 7 kHz [20,21]. Magnetic probe signals are
sent to the gyrotron control system to monitor NTM rotation. The magnetic probe
is located 13.5° below the horizontal midplane and 87° from the EC antenna in the
toroidal direction. The toroidal angle between the magnetic probe and the intersection
of the EC ray trajectory and the cold resonance surface is about 80°.

In the experiments, the mode frequency as well as the mode location stayed almost
constant in the steady state phase (¢ ~ 9 s with this discharge condition; refer to
figure 1). However, in general, mode frequency changes over time. To synchronize the
modulated EC wave with the NTM, a system of generating the trigger signal for power
modulation using the magnetic perturbation signal was newly developed, where mode
frequency is monitored in real time and the trigger signal generated in accordance [21].
Effectiveness was experimentally demonstrated and is shown in figure 5, and where
the plasma configuration and discharge scenario are the same as in figure 1. In this
discharge the mode frequency was changed from 4.3 to 6.1 kHz during ECCD. As can
be seen in figure 5, the trigger signal was successfully generated in synchronization with
the magnetic perturbations. Note that in the modulation system the trigger signal is

generated taking the delay time of the actual power down from trigger into account. In
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this discharge the 2/1 NTM was completely stabilized at ¢t = 10.4 s.

The phase difference between a modulated EC wave and the magnetic perturbation
signal is an important parameter for modulated ECCD. The stabilization effect reaches
maximum when the phase difference corresponds to the O-point ECCD, and the
stabilization effect weakens even becoming negative (i.e. destabilization), as the phase
difference increases. And although numerical models can be used to calculate the
stabilization effect, experimental verification is essential to validate the model and
make better predictions of NTM stabilization in ITER. In investigating the phase effect
on NTM stabilization, the phase of the modulated EC wave power with respect to
magnetic perturbation was scanned. Figure 6 shows the temporal evolution of magnetic
perturbation amplitude for phase differences of 0°, 90° and 180°. Note that the value
of the phase difference is simply defined as the phase difference between raw signals.
The injected power of the EC waves from gyrotrons #3 and #2 was 0.6 MW each. The
power was modulated from 0-100% for #3 and 20-100% for #2 with respect to peak
power. The duty cycle of the modulated ECCD was 50%, that is, 50% on-time and 50%
off-time, as shown in the figure. The stabilization effect was observed during ECCD in
the 0° case, with the magnetic perturbation amplitude increasing after turnoff of EC
wave injection. No clear ECCD effect was observed in the 90° case. As shown in the
expanded waveforms of the magnetic perturbation and EC wave power, the modulation
phase was shifted as expected. With the 180° case the magnetic perturbation amplitude
slightly increased, and then decreased after turnoff of EC wave injection, showing a
destabilization effect.

Figure 7 shows the dependence of initial decay time, Tgecay, On the phase difference
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around 0°. Tgecay Was obtained by fitting the magnetic perturbation amplitude to the
exponential function of exp(—t/Tgecay) using the initial 300 ms data from the start of
modulation in order to see the ECCD effect alone. As shown in the figure, the decay
time reached a minimum at about —10°, which can be assumed to be O-point ECCD.
The offset of the minimum phase difference can be roughly explained by the difference
in the toroidal and poloidal angles between location of the ECCD and the magnetic
probe. The curve is nearly symmetrical with respect to the minimum point. The results
shown in figure 7 reveals that the phase error from O-point ECCD needs to be small to
obtain a better stabilization effect. For example, to lower the degradation of the decay
time to less than 50%, the phase error needs to be less than £50°.

For unmodulated ECCD with the same peak power, the decay time was about 4 s,
which is about 3 times longer than that for O-point ECCD, thus revealing the superiority
of modulated ECCD at (or near) the island O-point. A similar example revealing the
superiority of O-point ECCD is shown in figure 8. In this discharge, modulated ECCD
of 0.6 MW with one gyrotron was followed by unmodulated ECCD of 1 MW with two
gyrotrons. The phase difference of the modulated ECCD was about —65°. Decay time
for the modulated ECCD and unmodulated ECCD was 1.9 s and 1.5 s, respectively. As
shown in the figure, the mode amplitude during ECCD was similar, even with rather
large phase error and smaller EC wave power, revealing the stronger stabilization effect
of modulated ECCD.

As a theoretical model the stabilization efficiency can be described by integrating

the current profile on the island flux surface [22-24]. Efficiency ngc is defined as follows:

me= [ mm%m / | deet@ac, 1)
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where jpc is the flux surface average of EC-driven current, and the profile is assumed
to be a Gaussian in real space. In these equations, a = 0° and +180° correspond to
the O-point and the X-point of the magnetic island, and {2 = —1 and 1 correspond to
the center and separatrix of the island, respectively. The island structure and ECCD
deposition profile are schematically shown in figure 9. In the calculations, values for
the full island width, FWHM of ECCD deposition width and misalignment were set at
0.12, 0.08 and 0.02 in p, based on those in the JT-60U experiments. The duty ratio
of the modulation was set at 50%. And although the EC-driven current is turned on
and off without any time delay in this model, it is not always a good assumption with
high modulation frequency in particular [24], thus, making experimental comparison
important. The value of 1/ngc is equivalent to the above-defined decay time. Figure 10
plots 1/ngc as a function of the center phase of modulation «.. As shown in this figure,
1/ngc increases as it deviates from the O-point ECCD, that is, the stabilization effect
decreases. The criteria for the 50% degradation corresponds to a phase error of about
60°, which is similar to the above experimental observations.

Discussing the technical issues met in performing the modulated ECCD experiments
could prove useful. As shown above, the EC wave was modulated with reference to
the magnetic perturbation signal because in JT-60U the signal-to-noise ratio of the
magnetic perturbation signal is better than the ECE signal. In some of the NTM
experiments, instability other than the m/n = 2/1 mode was observed, such as the 3/2

mode. In addition, the plasma is usually in ELMy H-mode. An example in an NTM
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experiment is shown in figure 11. ELM crash occurs at ¢ = 10.1935 s [figure 11(a)],
and at the same time a sharp pulse corresponding to the ELM crash is observed in
the magnetic perturbation signal [figure 11(b)]. A trigger signal synchronized with the
2/1 NTM is not successfully generated by the ELM crash, as shown in figure 11(c).
Further expansion of the magnetic perturbation signals is shown in figure 11(d), with
the two major components of the signal with frequencies of 4.9 and 11.9 kHz, which
correspond to 2/1 and 3/2 NTMs, respectively, being shown in figure 11(e). As shown
in figure 11(a), even in this situation the trigger signal was generated as expected since
the amplitude of the 2/1 mode dominated the signal. Although the 3/2 mode was much
smaller than the 2/1 mode at the saturation phase, it cannot be considered negligible as
the 2/1 mode was stabilized by ECCD. In this situation the trigger signal may not have
been generated in synchronization with the 2/1 NTM. In addition sharp pulses due to
the ELM could have affected the magnetic probe signal. Perturbation caused by the
ELM was rather insignificant in the JT-60U NTM experiments because the 2/1 mode
frequency (~ 5 kHz) was much higher than the ELM frequency (several tens of Hz).
However, this kind of ELM effect may not be so insignificant in higher power regimes
where higher ELM frequencies can be expected. And hence for future experiments, the

development of a pre-processing scheme for the magnetic probe signals will be important.

4. Summary

The effect of localized ECCD on an m/n = 2/1 NTM has been performed with the
emphasis on the effectiveness of the stabilization in JT-60U. In this paper, two topics

which are important issues in ITER too have been described: minimum EC wave power
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for complete stabilization and stabilization with modulated ECCD.

The range of the minimum EC wave power was investigated at By = 3.7 T'and 1.7 T
using fundamental O-mode ECCD and second harmonic X-mode ECCD, respectively.
In the former case the minimum EC-driven current was located at jgc/jps = 0.35-0.46
with Wy = 0.12, Winare = 0.06 and dgc = 0.08. In the latter case the minimum EC-
driven current was located at jpc/jps = 0.2-0.4 with Wy = 0.15, Wipare = 0.08 and
drc = 0.05. In the experiments the gyrotron power was adjusted to make uncertainty in
the threshold power as small as possible. Although the uncertainty was 0.2-0.3 MW, it
is not small from the viewpoint of identifying the threshold power. Simulation using the
TOPICS-IB code will complement that uncertainty. Detailed comparison remains as
future work. In addition, comparison with other devices is important to extrapolate
to ITER. The value of jgc/jps ~ 2.8 required to suppress an m/n = 2/1 NTM
has been previously reported [25]. Although parameters other than jgc/jgs, such as
Wiarg, drc, affect the threshold value, it has yet to have been clarified what exactly
causes the difference. Cross-machine comparisons in the future will contribute to deeper
understanding of the physics of the threshold value.

Stabilization using modulated ECCD in synchronization with magnetic perturba-
tions was successfully performed. In the 2007-8 campaign, significant progress was
made in the JT-60U EC wave system. First, the ability to modulate injection power
was increased to ~7 kHz by modifying the high-voltage circuits of gyrotrons to realize
fast power downs [20]. Second, a new system to synchronize the modulated EC wave
with NTM rotation was developed, in which the phase of the modulated EC wave is

adjusted in real time [21]. Using the EC wave system, phase scans were then successfully
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performed, and the effect of the phase shift of the modulated EC wave on stabilization
was investigated in detail, which is shown in figures 6 and 7. The result showed that
the stabilization effect weakens as the phase of the modulation deviates from that cor-
responding to O-point ECCD: Tyecay increases by ~ 50% with a phase shift of ~ £50°.
It was also demonstrated that modulated ECCD actually has a stronger effect on NTM
stabilization. The decay time for modulated O-point ECCD is less than 1/3 of that
for unmodulated ECCD. The superiority of modulated ECCD was also demonstrated
by comparing the stabilization effect for modulated ECCD with that for unmodulated
ECCD. Although the phase error was rather large, ~ —65°, similar decay of the mag-
netic perturbation amplitude was observed, even with ~ 40% smaller EC wave power
(figure 8). In addition to the stabilization effect, a destabilization effect was observed
with ECCD near the island X-point for the first time. Since a 2/1 NTM causes mode
locking if the destabilization is large, phasing is important. Comparison with a theoret-
ical model on ECCD efficiency was also made. It was found that the dependence of the
decay time on phase shift with respect to O-point ECCD is similar to that of the inverse
of the ECCD efficiency function. Similar experiments on m/n = 3/2 NTM stabiliza-
tion in ASDEX-U showed that the decrease of magnetic island width by about 30%,
which is comparable to that for unmodulated ECCD, was observed even with X-point
ECCD [13]. Cross-machine comparisons will clarify the stabilization effect of modulated

ECCD in more detail and allow better predictions for ITER NTM stabilization.
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Figure 1. Typical discharge of 2/1 NTM stabilization with ECCD for Case 1:
(a) injection power of NB (Pyp) and EC wave (Pgc), (b) Normalized beta (fx) and
intensity of Dy, line, (¢) frequency spectrum of magnetic perturbation, and (d) contour
plot of electron temperature perturbations. At ¢t = 9.5 s. the island center is located

at R~ 3.65m (p~ 0.6).
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Figure 2. Typical discharge of 2/1 NTM stabilization with ECCD for Case 2:
(a) injection power of NB (Pyp) and EC wave (Pgc), (b) Normalized beta (fx) and

intensity of D, line and (c) frequency spectrum of magnetic perturbation.
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Figure 3. Plasma cross section, ray trajectory of EC wave and cold resonance layer

for (a) Case 1 (By=3.7 T) and (b) Case 2 (B;=1.7 T). Contour is drawn every 0.1 in

p.
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Figure 4. Temporal evolution of magnetic perturbation amplitude near the threshold

EC wave power for (a) Case 1 and (b) Case 2.



Case 1 Case 2
I, [MA]/B, [T] | 1.5 /3.7 | 0.85 / 1.7
B 0.9 15
N e 0.4 0.8
Wat 0.12 0.15
Winarg 0.06 0.08
dgc 0.08 0.05
(jec/jBS)min | 0.35-0.46 | 0.2-0.4
Apmis 0.02 <0.01

are normalized to the volume-averaged plasma minor radius.
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Table 1. Parameters for the two configurations. The values of Wat, Winarg and dic
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Figure 5. Typical discharge of NTM stabilization with modulated ECCD. (a) Power
from gyrotron (Pgy,), (b) frequency spectrum of magnetic perturbations. Magnetic
probe signal (B), trigger signal at the gyrotron (Iig) and power from the gyrotron at
(c) t =9.65 s and (d) 10.2 s. Slow decay of the Pgy, signal at the turnoff is attributed
to impedance mismatching in the signal line, and does not reflect real power; EC wave

power is immediately shut down in reality.
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Figure 6. Temporal evolution of magnetic perturbation amplitude, EC wave power,
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differences.
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Figure 8. (a) Temporal evolution of magnetic perturbation amplitude for modulated

ECCD (#3) followed by unmodulated ECCD (#1+42), (b) magnetic perturbation

signal and gyrotron output power at t = 9.7 s.
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Figure 9. Schematics of island structure and ECCD profile. In this figure, full island
width, FWHM of ECCD deposition width and misalignment of ECCD location are
0.12, 0.08 and 0.02, respectively. All the values are normalized to the volume-averaged

plasma minor radius.
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Tduty are the ones in the JT-60U experiments.
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10.192

Time trace of (a) D, intensity, (b) magnetic perturbations and

(¢) gyrotron output power. Expanded figure of (d) magnetic perturbations and (e) two

major components of the perturbations obtained by Fourier transformation of the

magnetic perturbation signal. The larger-amplitude signal corresponds to 2/1 NTM,

while the smaller-amplitude signal corresponds to 3/2 NTM.



