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An energetic-particle (EP)-driven “off-axis-fishbone-like mode (OFM)” often triggers a resistive
wall mode (RWM) in JT-60U and DIII-D devices, preventing long-duration high-f discharges. In
these experiments, the EPs are energetic ions (70-85 keV) injected by neutral beams to produce
high-pressure plasmas. EP-driven bursting events reduce the EP density and the plasma rotation
simultaneously. These changes are significant in high-fy\ low-rotation plasmas, where the RWM
stability is predicted to be strongly influenced by the EP precession drift resonance and by the
plasma rotation near the ¢ = 2 surface (kinetic effects). Analysis of these effects on stability with a
self-consistent perturbation to the mode structure using the MARS-K code showed that the impact
of EP losses and rotation drop is sufficient to destabilize the RWM in low-rotation plasmas, when
the plasma rotation normalized by Alfvén frequency is only a few tenths of a percent near the
q = 2 surface. The OFM characteristics are very similar in JT-60U and DIII-D, including nonlinear
mode evolution. The modes grow initially like a classical fishbone, and then the mode structure
becomes strongly distorted. The dynamic response of the OFM to an applied n = 1 external field
indicates that the mode retains its external kink character. These comparative studies suggest that
an energetic particle-driven ‘“off-axis-fishbone-like mode” is a new EP-driven branch of the
external kink mode in wall-stabilized plasmas, analogous to the relationship of the classical

fishbone branch to the internal kink mode. © 2011 American Institute of Physics.

[doi:10.1063/1.3575159]

. INTRODUCTION

The steady-state advanced tokamak (AT) regime is con-
sidered to be one of the most attractive candidates for fusion
energy production. It has been predicted that high plasma
pressure with high-f can sustain the plasma discharge by
self-generating confining currents.' Here, the normalized
beta, fiy, is a plasma stability index (Troyon parameter)
defined as fiy / (Ip / aBT), where plasma beta fi; is repre-
sented as the ratio of volume-average plasma pressure p to
the externally applied magnetic field pressure B% / 2uy. Br is
the vacuum toroidal magnetic field, /; is the plasma current,
and « is the plasma minor radius at the midplane.

To achieve high plasma pressure, there exist several crit-
ical challenges in terms of MHD stability. The ideal external
kink mode and its associated resistive wall mode (RWM) is
one of them.”” Once the plasma pressure exceeds a certain
threshold, the ideal MHD no-wall limit, a low toroidal num-
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ber n = 1 kink mode becomes unstable. If a perfectly con-
ducting wall is located close to the plasma surface, the kink
mode can be fully suppressed due to the eddy currents
instantaneously induced on the wall when the mode is about
to become unstable. In actual devices, finite wall resistivity
allows the mode to grow more slowly. This mode is the
RWM. Although the RWM growth rate is in the order of the
inverse of the wall characteristic time 1/tw, the RWM
growth must be suppressed, since the existence of a finite
amplitude RWM induces various undesirable consequences
such as magnetic island formation and plasma pressure col-
lapse. The time constant 7y, is often estimated by pyad/n,,,
where a, 0, and 7, are the minor radius, the thickness of the
resistive wall and the wall resistivity, respectively. The rela-
tion between the external kink and the RWM with finite wall
resistivity is reviewed in Ref. 4.

RWDM-stable plasma operation well above the no-wall
limit was demonstrated by the JT-60U and DIII-D teams.”™®
The stable window in plasma rotation was found to be
broader than anticipated according to the criterion based on
the original fluid MHD theory.” Significant stabilization by

© 2011 American Institute of Physics
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kinetic effects was predicted by Hu er al.,'" taking into
account the finite orbit effects of superthermal and thermal
ions. In low-rotation plasmas, where the plasma rotation nor-
malized by Alfvén frequency is only a few tenths of a per-
cent near the ¢ =2 surface, RWM stabilization can be
provided by the mode-particle resonance with the precession
drift of trapped thermal ions and/or energetic particles (EPs)
with RWM."'""!® Thus, a large EP population has been con-
sidered as highly desirable. In the experiments described
here, the energetic particles are high-energy ions (70-85
keV) injected by neutral beams to achieve high-pressure
plasmas.

Although the high-f regime is achievable with heating
by high power neutral beam injection (NBI), it is difficult to
sustain high f discharges due to various types of MHD activ-
ity. During operation with high-f and the central safety fac-
tor ¢(0) well above unity in JT-60U and DIII-D, the RWMs
triggered by the EP-driven mode have been discovered to
be one of the key challenges to discharge sustainment.'*'> In
JT-60U, frequent excitation of the EP-driven mode in the
early phase of the discharge was a roadblock to reproducible
achievement of long-pulse steady-state high-fy dis-
charges.'*'®!” This EP-driven mode is named the “energetic-
particle-driven wall mode (EWM)” in JT-60U emphasizing
their observation in the wall-stabilized high-fy plasmas, while
in DIII-D the term “off-axis-fishbone-driven” RWM is used,
since the mode has frequency chirping, similar to the classical
fishbone even with ¢(0) well above unity."” Herein, we use
the terminology “off-axis-fishbone-like mode (OFM)” or sim-
ply “off-axis-fishbone” describing these bursting modes.

It has been observed at each EP-driven MHD event in
DIII-D, that the plasma rotation was reduced simultaneously
with the rapid decrease of neutron emission rate, based on
the fast sampling of charge exchange recombination (CER)
light measurement. The strong correlation between the rota-
tion reduction and neutron emission drop implies that the
rotation reduction is a consequence of a complex EP trans-
port process.

There are two important aspects of the off-axis-fish-
bone-mode events: one is the off-axis-fishbone instability
itself and the other is the RWM destabilization through
bursting OFM events. From the view of the mode character-
istics, a question arises as to whether the off-axis-fishbone-
like mode is a new branch or not. A unique characteristic of
OFM that occurs in the middle of the burst is a nonlinear
mode distortion, which was observed both in the JT 60U and
the DIII-D devices. The increase of EP losses during a burst
coincided with the increase of mode distortion.

A schematic of the relationship between the RWM
stability and EP-driven mode is illustrated in Fig. 1, using a
paradigm of internal kink and classical fishbone.'® For the
low-frequency MHD mode with f* < firec (fprec s the preces-
sion frequency of EPs), a finite EP population can provide
MHD stabilization,19’20 as was observed, for example, in the
long sawtooth-free operation in JET.?! On the other hand,
with high power nearly perpendicular neutral beam injection
experiments, large m/n = 1/1 bursting “classical fishbone”
mode can be excited, reducing the EP population.'® (m is the
poloidal mode number and # is the toroidal mode number.)

Phys. Plasmas 18, 056112 (2011)
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FIG. 1. (Color online) Schematics of EP-driven off-axis-fishbone-like mode
and RWM stability showing growth rate vs energetic particle density. (a)
The internal kink and classical fishbone and (b) the RWM branch and EP-
driven branch. See text for explanation of the paradigm.

For the RWM, an external kink with resistive wall, its rela-
tion to the EP branch can be hypothesized as similar to that
of the internal kink branch to the classical fishbone. This hy-
pothesis implies that the EP-driven branch should behave as
a classical fishbone, but with external kink character. With
the EP losses due to OFM, the RWM becomes less stable.
Furthermore, the rotation drop resulting from the EP trans-
port losses can also decrease the RWM stability. Comparison
of the MARS-K analysis'' with experimental observation
showed that these EP losses and rotation drop are sufficient
to destabilize the RWM in low-rotation plasmas, where the
plasma rotation normalized by Alfvén frequency is only a
few tenths of a percent near the ¢ = 2 surface.

We will discuss the analysis results with these two view
points mentioned above, namely the OFM characteristics
and the impact on the RWM stabilization. The commonality
of the EP-driven modes observed in JT-60U and DIII-D is
extremely helpful to clarify the fundamentals of EP-driven
mode physics. Neutron reduction and rotation drop have not
been clearly observed in the JT-60U experiments, so the dis-
cussion related on the neutron emission reduction and
plasma rotation drop is based on the DIII-D results.

In Sec. II, we discuss the hardware and the experimental
parameters of DIII-D and JT-60U. In Sec. III, the initial fre-
quency and the neutron emission rate are presented in anal-
ogy to the “classical fishbone.” The nonlinear distortion of
EP driven mode is discussed in Sec. IV. The response to an
applied n =1 external field is presented in Sec. V. The
MARS-K stability analysis is presented in Sec. VI. The dis-
cussions are presented in Sec. VIIL.

Il. EXPERIMENTAL ARRANGEMENT

The experiments in JT-60U and DIII-D devices were
carried out in a lower single null divertor configuration (Fig.
2). This configuration has been often used for high-fy explo-
ration in both devices.'*'> For both devices, the g-profile
was relatively flat near the magnetic axis with the central
q(0) well above unity.

In JT-60U, co-NBI ~12 MW and counter-NBI ~2 MW
based on the positive ion sources were used for this experi-
ment. In addition, the negative ion based tangential neutral
beam injection of ~3 MW with ~350 keV beam energy was
useful for heating without torque input. The JT-60U experi-
ments explored high-fy values close to the ideal wall limit,
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FIG. 2. JT-60U (left) and DIII-D (right) configurations and g-profiles.

Cp = 0.8, by lowering the toroidal field to 1.5 T with
I, ~0.9 MA. Here Cy is a measure of the gain in beta over
the no-wall limit: Cﬂ = (ﬁ - ﬁnofwall)/(ﬁidealfwall - ﬂnofwall)’
where the no-wall limit and ideal-wall limit are calculated
with stability codes for the experimental condition. With this
definition, Cg = O represents beta at the no-wall limit, and
Cp = 1 represents beta at the ideal-wall limit. The stability
limit was calculated using MARD2D?** in JT-60U and
GATO* and DCON** in DIII-D.

In DIII-D, co-NBI < 15 MW and counter-NBI < 5 MW
were used for this experiment. Most of the discharges from
DIII-D discussed in this paper were carried out by applying
electron cyclotron current drive (ECCD) power of 3 MW for
preemptive neoclassical tearing mode (NTM) avoidance.
This constrained the toroidal field to 1.6-1.7 T with [, ~1
MA for producing ¢ =2 around p = 0.6. In the present
experiments, the Cy was ~0.4. This fixed toroidal field also
limited the radial coverage of electron cyclotron emission
(ECE) diagnostics. The plasma parameters for JT-60U and
DIII-D are listed in Table I. The estimate of the wall time
constant t,, for the JT-60U using the skin time pad/n,, is
~10 ms.® The decay time for the DIII-D estimated using the

Off-axis fishbone-like instability and excitation of resistive wall modes
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TABLE 1. Typical JT-60U and DIII-D plasma parameters where EP modes
were observed. (For DIII-D, the parameters used for the MARS-K analysis.)
The estimate for the JT-60U was with 7y, = uydd/n, (Ref. 6). The decay
time for the DIII-D was estimated using VALEN code (Ref. 25).

JT-60U DIII-D
P no-wall 24 2.1
P ideal-wall 32 2.6
Pt (exp) 3.0 2.3
Cp 0.8 0.4
By(T) 1.5-1.7 1.7
I,(MA) 0.9 1.1
Ro(m) 3.6 1.7
q(0) 1.5 1.6
q9s ~3.3 4.6
Qi (0)/Qa <1% 4%
Quo(at g =2)/Qa ~0.2% 0.6%
ngp/ne(at g = 2) 10% ~5%
Pgp/Pc(at g = 2) 60% ~35%
7e (m™3) 2 x 10" 3 x 10"
Ty (Ms) ~10 2-5

VALEN code® is 2-5 ms for the slowest nonaxisymmetric
eigenvalue of the DIII-D vacuum vessel structure.

In DII-D, the RWM feedback system is also used to
examine the mode character by the response to the applied
external field. The feedback hardware used was a standard
feedback hardware arrangement.”® The two arrays of six
feedback I-coils are located inside the vacuum vessel above
and below the midplane. The connection of the upper/lower
coils was optimized for producing the m/n = 3/1 mode pat-
tern. The feedback n =1 signal was prepared using the
poloidal magnetic field probes located at the midplane. More
details about the hardware are found in Ref. 26. The experi-
mental results reported here were carried out without feed-
back applied except for those in Sec. V.

lll. OFF-AXIS FISHBONE AND RWM ONSET

Typical example of n =1 RWM excitation in the JT-
60U and the DIII-D are shown in Fig. 3. As shown in Figs.
3(a) and 3(e), in both devices, series of bursting modes were
observed by the 0T.-ECE measurement, finally leading to

434 o FIG. 3. (Color online) The EP-driven mode and
gm < the excitation of RWM of JT-60U (left) and
g 07" DIHI-D (right). The figures of (a)—(d) are for the
0 ) JT-60U, #E049518, while those of (e)-(h) are
& A0 for DIII-D discharge, #141069. For JT-60U, (a)
a 0 4=/ %5 0 : the 0T.-ECE fluctuation is shown over the T,-
o RWM Onset-—: 40F ECE contour, (b) the n = 1 component of inte-
=108 ., . \ . grated saddle loop signals at four toroidal loca-
z 4o ' ' ' @ 200[@ tions, (c) dBp/dt signal and (d) the
_t_,‘ 2 Aﬂn o ,\ﬂﬂ I\ N AAM T E‘ 0 instantaneous mode frequency of magnetic
i‘" | \I\ Ve “VW” “‘.‘W{ i iﬁ__ - dBp/dt probe signal. For DIII-D, (e) the 6T,-
oS -4} . . . ° ECE fluctuation is shown over the T.-ECE con-
T 0 resvor oo v 1§ o T . (0 the n =1 component of incarcd
= Sa = E oloidal magnetic probe signals at four toroidal
§ 2 — ‘hﬁ Chi \': 7 § 4 E Focations, (gg) dBp /I;'t signi (h) the instantane-
= 0—_ L |re‘qlfer‘\c.y ) _Ir")"Tg; s | < 0 \J 3 ous mode frequency of magnetic dBp/dt probe

6755 6760 6765 6770 1510 1520 1530 1540 signal.

Time (ms) Time (ms)
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the onset of a RWM. The 6T.-ECE signals [Figs. 3(a) and
3(e)] show that the mode excitation took place with the peak
located around r/a = 0.5-0.6 in JT-60U (r/a is defined as
volume-averaged radius) and p = 0.5-0.6 in DIII-D (p is
defined with normalized toroidal flux). These bursting modes
observed by magnetic probes as shown in Figs. 3(c) and
3(g), in JT-60U, the repetition rate of modes is rather fast
(every 4-5 ms). In DIII-D, the repetition period was longer
~20 ms. The difference of the repetition rate may be attribut-
able to the higher fast-ion pressure in JT-60U compared with
in DIII-D.

The initial mode frequencies of bursting modes were ~3
kHz in the JT-60U and ~7 kHz in the DIII-D, respectively
[Figs. 3(d) and 3(h)]. These are close to the precession fre-
quencies of trapped EPs in both devices. The precession fre-
quency of 3 kHz (JT-60U) and 6 kHz (DII-D) were
calculated with the orbit-following-Monte—Carlo code.”” The
frequency chirped down by Af ~1 kHz (JT-60U) and ~5 kHz
(DHI-D). After the chirping, the final frequency became com-
parable to the plasma rotation frequency of ~1 kHz near
g = 2 before the RWM became unstable. The relation to the
plasma rotation profile was discussed in detail in Refs. 14 and
15. The RWM growth is shown in Figs. 3(b) and 3(f). In JT-
60U, the n = 1 growth was monitored with n = 1 component
of saddle magnetic loops toroidally distributed inside the vac-
uum vessel. As shown with four n = 1 sensor signals, the
n =1 RWM grew rapidly near the end of EP-driven mode,
and then grew in a slowly rotating manner (a couple of hun-
dred hertz) with the n = 1 amplitude reaching B, = 5 G. In
DIII-D, the n = 1 RWM was monitored using poloidal mag-
netic probes toroidally distributed at eight different locations.
As shown in Fig. 3(f), the bursting mode in DIII-D developed
into a n = 1 RWM of 6B, = 20-30 G without much subse-
quent increase in amplitude, in contrast to JT-60U. In both
devices, the onset of RWM caused mini-collapse in pressure,
as seen in T, contour plots shown in Figs. 3(a) and 3(e). In
both devices, the mode amplitude was maximum around
q = 2 (details in Sec. IV). The growth time in JT-60U was 1—
2 ms with 200-300 Hz oscillatory behavior. In DIII-D, how-
ever, the initial growth may be marginally unstable judging
from quasistationary behavior before it became nonlinearly
leading to the mini-collapse. The difference in these growth
rates may be related to the plasma condition. Further system-
atic scans are needed to compare the details of growth time
characteristics in both devices.

The onset of RWM-driven by the EP mode takes place
near the operational limit previously observed. In Fig. 4,
RWM onsets previously reported in Ref. 5 are shown with
time trajectories in the domain of normalized Cy and normal-
ized rotation Qt,. The trajectories obtained in the previous
experiments are shown with gray color and the onset of RWM
is marked with square symbol. It should be noted that in this
marginal domain in the plasma rotation and Cg diagram, not
only the RWM, but also the NTM caused beta collapse in the
DIII-D as reported in Ref. 15. This coincidence of the various
stability limit domains is similar to the behavior in JT—6OU,14
which showed the onset of EP-driven RWM and other MHD,
including the NTM that took place in a very similar parameter
range of the plasma rotation and Cy diagram.

Phys. Plasmas 18, 056112 (2011)
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FIG. 4. (Color online) A trajectory of the DIII-D plasma shown in Fig 3.
(#141069) in the domain of normalized fy limit Cg vs. normalized plasma
rotation in comparison with operational limit previously reported in Ref. 8.
Trajectories with “gray color” are several discharges terminated by a RWM
and the onset of RWM is marked with square box (from Fig. 4 in Ref. 8).
Marked with a “star” on the solid line are the OFM events in the plasma
shown in Fig. 3. The last event took place with Cy ~0.4 and normalized
rotation = 0.2%—0.3% (marked with dashed circle) (DIII-D).

A typical trajectory of EP-driven mode and the follow-
ing onset of RWM (#141069) is shown with blue curve.
Above Cp ~0.2, EP-driven modes were excited (marked
with “star””) when the plasma rotation was reduced by lower-
ing the NBI injected torque. The last event took place with
Cp ~0.4 and normalized rotation ~0.2%-0.3% (marked
with dashed circle). The fact that the RWM onset in the pres-
ence of the EP-driven mode belongs to the domain previ-
ously documented implies that the characteristics of EP-
driven mode at low rotation and its RWM onset will provide
the fundamental information of RWM onset mechanism.

A. Initial frequency

The EP precession role for the bursting MHD is clearly
observable in the initial mode frequency dependence on the
plasma rotation. Figure 5 shows a plot of the observed initial
frequencies of DIII-D and JT-60U vs. the plasma rotation

0

{ g
oDikD | | &
st OJT-60U ! @O ]
|
»
ly /
~ 6 7 7 J
E ,/ : ,/
u= 4t £ D‘%i' ]
! Ve
| 7.
I
2} , -
71
a
0 . 1 P " 1

frot g2 (kH2)

FIG. 5. (Color online) Initial frequency of the OFM vs. plasma rotation
frequency, fior around ¢ = 2 surface. The horizontal bar indicates the preces-
sion drift frequency for JT-60U and DIII D calculated by orbit-following-
Monte—Carlo code (Ref. 27)
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around the ¢ = 2 surface before the mode onset. The range
of rotation in each device where this mode was observed was
rather narrow. However, the dependence in both devices
shows a clear off-set linear relationship between the initial
frequency fin; and the plasma rotation frequency f;o at ¢ = 2,

ﬁni :fprec +fr0t- (1)

The carbon impurity rotation velocity measured by the
charge exchange recombination spectroscopy was used to
measure the plasma rotation frequency fi. The results
showed that the initial frequency was Doppler-shifted by the
plasma rotation. The precession frequency fp. of trapped
EPs is ~3 kHz with 85 keV NBI ions in JT-60U and ~6 kHz
with 70 keV NBI ions in DIII-D according to the orbit-fol-
lowing-Monte—Carlo code. This indicates that these modes
were driven by the trapped EPs resonance with the injected
ions of the initial beam energy. These observations are
consistent with a hypothesis that the EP-driven modes are
excited in a mechanism similar to the one in the classical
fishbone in the initial stage of mode growth.28 However,
JT-60U results (dotted line) show the off-set somewhat
different from the estimated precession frequency. One pos-
sibility is that the precession frequency of EPs is not sharp
due to its slowing-down process. Thus, driving source of EPs
broadly exists in the kilohertz-range. Another possibility is that
the mode frequency is influenced by the stable external kink-
ballooning branch rather than by the EP- precession frequency.
An interpretation of the dependence of the initial frequency
and plasma rotation needs further experimental studies.

B. Energetic ion loss

In the early stage of bursting, another comparison of the
off-axis fishbone-like mode to the classical fishbone is made
by observing the neutron emission dependence on the mode
amplitude. The neutron emission rate provides the time
evolution of EP density. According to TRANSP analysis of
discharges in DIII-D, 73% of neutron production is by beam-
plasma, 20% by thermonuclear, and 7% by beam-beam.
Based on these analyses, we conclude that the ratio of the
incremental change of EP density to the incremental change
of neutron emission rate is near unity. Thus, the time evolu-
tion of the neutron emission can be interpreted as the time
evolution of EP density. Figure 6 shows the maximum value
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FIG. 6. (Color online) Peak rate of change in neutron emission
—dlney /dt/Iney (1/ms) vs. peak magnetic dBp/dt probe amplitude in DIII-D.
The curves shown here are three possible fits: (1) linear, (2) off-set linear,
and (3) quadratic.
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of the neutron loss rate evaluated by the instantaneous rate of
change of the neutron emission, —dlyey/dt/Iney, vs. the peak
magnetic probe amplitude in DIII-D. For this analysis, the
periodic behavior of the neutron emission was eliminated by
smoothing. The rate of change in the neutron emission is
strongly correlated with the peak magnetic probe amplitude.
The curves shown here are three possible fits: quadratic, off-
set linear, and linear. Approximately, these scalings corre-
spond to: diffusion, threshold of some nonlinear process
(perhaps associated with island overlap), and pure convec-
tive transport, respectively. These possible processes were
discussed in detail in Ref. 29. The classic fishbone agreed
well with linear dependence as described by “mode-particle
pumping.”*° The data fit off-set linear (12% error) and quad-
ratic (16% error) better than linear scaling, but the scatter is
too large to draw a definitive conclusion.

C. Rotation reduction with OFM

Figure 7 shows the reduction in toroidal rotation fre-
quency at the fishbone burst in DIII-D. Here, the average
was taken for eight reproducible bursting modes with similar
parameters and CER data acquired with sampling time inter-
val of 0.5 ms. Figures 7(a) and 7(b) show the instantaneous
change in neutron emission —dlye,/dt/Iney and the toroidal
velocity at ¢ = 2. The radial profile of incremental rotation
reduction around g = 2 surface is given in Fig. 7(c), where
the error bars are from the standard deviations of the eight
off-axis-fishbones. The decrease of 10 km/s in the outer
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FIG. 7. (Color online) Relationship of the rotation reduction with rate of
change in neutron emission, based on eight reproducible shots in DIII-D. (a)
The instantaneous rate of change in neutron emission, —dlney/dt/Iney. (b)
The toroidal plasma rotation around ¢ = 2, and (c) the reduction of plasma
rotation vs. major radius.
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FIG. 8. (Color) Time evolution of rotation near ¢ = 2 vs. time evolution of
neutron emission after bursting events took place. This includes over 40
OFM events during 500 ms of two shots (#141086, #141092, 1500-2000
ms) in DIII-D discharges.

radius is attributable to the torque impulse associated with
nonambipolar transport of the fast-ions at the fishbone burst
as discussed below. If we interpret this change as being
caused by a change in E;, then the precession frequency
should drop by ~0.7 kHz. In experiments, the observed
mode frequency drops 2.5 kHz. Thus, the change in E; can
account for a portion of the frequency chirp but not the entire
chirp. Assuming that the mode is an EP-driven mode, the
additional frequency sweep is probably caused by preferen-
tial loss of high-energy fast-ions that have large values of
f prec-

The incremental change of plasma rotation AV(#) from
the onset of the burst is correlated with the incremental
change of neutron emission rate from the onset of the burst,
Al,eu (1) as shown in Fig. 8. The parametric dependence in
the domain of negative quadrant shows the rotation drops in
a monotonical manner with the decrease of neutron emission
rate.

These time traces are over 0.5 s of two shots, including
more than 40 events of EP-driven modes. In the present
experiment, the NBI power was modulated to maintain a
nearly constant normalized beta of around 2.4. The power
modulation was *2-3 MW over the total injected power
~12 MW by switching on/off several NB sources with a
switching interval of 10-15 ms, compensating the stored
energy loss presumably due to the OFM. However, the NBI
power was modulated without precise correlation to the tim-
ing of OFM onset, causing the large scatter in the parametric
dependence in Fig. 8.

In these shots, the initial rotation before the EP-driven
mode event was kept high enough to avoid the RWM onset.
Occasionally, the rotation drop reached 15 km/s, but typi-
cally the value was ~10 km/s with 7%—-10% neutron drop.
The 10% neutron drop corresponded to ~10% of EP losses
based on the TRANSP analysis as discussed before.

These observed correlations suggest EP losses during
fast-ion loss are responsible for the rotation reduction. One
possible mechanism is nonambipolar radial electric field
buildup.

The toroidal angular momentum balance can be given
by Ref. 31,

Mimd(RoV), [dr = (1), 6)
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where M; is the ion mass, n; is the ion density, Ry is the
major radius, J; is the ion polarization current responding to
the EP loss, and  is the poloidal flux function. Since the EP
losses take place much faster than the scattering time of the
perpendicular energetic ion and the average slowing-down
time of the energetic ion, it is possible to neglect the momen-
tum viscosity properties in Eq. (2), allowing to estimate the
relationship between the momentum input and the change of
radial electric field.

The bulk ion polarization current responds to the EP
loss by maintaining the total radial current nearly zero.

(i V) = =({Jep - V¥), 3)
<JEP . le> = €I’lEPVEpRBP, (4)

where the momentum drop is approximated using the ener-
getic particle density ngp and the energetic particle radial
drift velocity Vgp.

By integrating Eq. (2) over the bursting time period, the
rotation drop AV, can be expressed by

I'EP shift = JdtVEP7 )

AV(?’ = — (Al’lEp/I’li) (eBp /Mi)rEP,shiftv (6)

where rgpghire 1s the effective radial shift of the EP which
produces the radial EP current and Angp is the drop of EP
density before and after the OFM event. Here, in the polar-
ization current buildup process, it is assumed that the elec-
trons are tied to the magnetic surface.

For the parameter set of experimental condition,
ngp/ni = 5%, Angp/ngp = 10%, the required size of the EP
shift rgp shifi is ~15 cm. This size is comparable to the size of
the radial mode structure as discussed in Sec. IV B.

IV. MODE DISTORTION

The magnetic probe signals in both JT-60U and DIII-D
show two distinctive features compared with the classical
fishbone. One is the nonlinear mode distortion around the
mode maximum amplitude and the other is the mode decay
time. Typical examples are shown in Fig. 9. On the midplane
magnetic probe signals [Figs. 9(a) and 9(d)], the mode am-
plitude asymmetry became visible after the mode reached
maximum amplitude. On the off-midplane probes the distor-
tion was clearly observable in both devices as shown in Figs.
9(b) and 9(e) and with the expanded time scale in Figs. 9(c)
and 9(f). The poloidal location of off-midplane probes are
chosen near the poloidal angle 6 = *+60° for detecting
m = 3 component for both devices.

Before the mode distortion occurs, the waveform of the
upper/lower magnetic probe is in phase, consistent with a
shift of one wavelength as expected for m = 3 component.
(However, it has to be noted that since the mode amplitude
at the high field side is smaller than that at the low field side,
the poloidal mode structure is not a simple m = 3 structure.
The m-number should be interpreted as “local m number” at
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the outboard side.) Once the mode amplitude becomes
larger, the distortion grows much faster than the fundamental
m = 3 structure in both devices. After the mode distortion
decays away, the mode recovers its dominantly m = 3 com-
ponent character in both devices. It is to be noted that the
distortion is not the same in the upper and lower magnetic
signals. Details will be discussed later in this section.

The mode decay time seems complex as seen in Figs.
9(a) and 9(d). The decay rate in both JT-60U and DIII-D is
rather short compared with the classical fishbone where the
decay time is much longer than the initial growth time.
Mode distortion could occur due to the existence of a nonaxi-
symmetric magnetic field (error magnetic field). This possi-
bility is ruled out since the distorted mode rotates uniformly
in the toroidal direction; thus, it is not likely that the distor-
tion is due to a local uncorrected error field. We discuss next
the correlation of EP loss to the mode distortion, the distor-
tion radial and poloidal structure.

A. Correlation of EP loss and mode distortion

A unique feature of the OFM in contrast to the classical
fishbone is nonlinear mode distortion as observed in both
DIII-D and JT-60U. In DIII-D, the increase of EP loss rate
observed by the beam-ion loss detector (BILD)*? coincided

T (@) EPloss (BILD) i
0 va\/\kw

-(b) dBY/dt(T}/ \ ;Mode distortion}

2320

2317 2318 2319

Time (ms)

FIG. 10. (Color online) The increase in the EP loss coincides with the
increase of mode distortion in DIII-D (#141089). (a) Beam-ion loss detector,
(b) the toroidal magnetic probe signal, and (c) the harmonic content in one
cycle period. The harmonics correspond to the toroidal n number. The color
bar (0,1) represents the harmonics amplitude of magnetic probe signal nor-
malized by the maximum value at t = 2318.8 ms.

with the increase of the mode distortion, as shown in Fig. 10.
The magnitude of distortion is shown by Fourier decompos-
ing the magnetic fluctuation in one cycle, assuming that the
mode rotates toroidally as a rigid structure and the distortion
takes place slowly compared with the toroidal rotation. The
harmonics can be interpreted as the contribution of higher to-
roidal-n components. When the mode distortion is smaller,
the mode is dominantly composed of the n = 1 fundamental.
The amplitude of mode numbers n = 3 and 4 increased just
before the maximum of fast-ion loss occurred.

In JT-60U, synchronized signals with OFM were
observed by measurements in the scrape-off layer (SOL).
Figure 11 shows floating potential measured by Langmuir
probes on divertor targets at the high field side in the divertor
chamber and the magnetic fluctuation signals at upper and
lower location of the outer midplane monitoring the mode
distortion. (The details of the poloidal magnetic probe sig-
nals are given in the Sec. IV C.) Usually, floating potential at
the divertor target detects the global SOL behavior since the
potential is constant along magnetic field lines. Positive
spikes up to ~100 V were observed, which coincided with
higher mode distortion. We interpret the SOL potential
increase as increased positive charge due to enhanced ion
transport to SOL. Although this is not direct measurement of
EP, the positive sharp spikes are consistent with EP losses to
SOL region.

100f V. o (V): floating potential

Lower magnetic probe

dBpldt (T/s)
o

751 Upper magnetic probe |
5.966 _ 5968
Time (s)

FIG. 11. (Color online) Time evolution of the floating potential and mag-
netic probe signals during OFM in JT-60U (E049825). (a) Floating potential
measured by Langmuir probes on divertor targets at HFS and (b) magnetic
probe signals at upper and lower location of the outer midplane. The upper
probe is located at 0 = +68.0° and lower probe is at 0 = —53.21° .
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FIG. 12. (Color) Mode radial structure. (a) DIII-D
(#141069) mode radial profile 07.-ECE/VT, and the
correlation between the magnetic probe and doT./dt,

(b) JT-60U (#E049524) mode radial profile dT./VT.,

(c) DIII-D comparison of dBp/dt magnetic probe signal
with the time derivative of 0T.-ECE at p = 0.54 near
q =2, and (d) DIII-D doT. /dt signals (black lines) and
contours of the time derivative of 07.-ECE vs. p.
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These results in both DIII-D and JT-60U indicate that
the increase of mode distortion took place simultaneously
with an increase of the EP loss.

B. Radial structure of mode distortion

The mode structure is located with a maximum peak
around ¢ = 2 both in JT-60U and DIII-D as shown in Fig.
12. The mode profile 6T, /VT, in DIII-D [Fig. 12(a)] seems
to be a little wider, compared to the structure in JT-60U [Fig.
12(b)]. (The DII-D radial coverage of ECE [Fig. 12(a)] is
limited due to the choice of the toroidal field strength
adjusted for NTM preemptive suppression). The radial
extension of the mode distortion is shown by taking the time
derivative of ECE electron temperature and then by compar-
ing the B probe (dB,, / dr) signal as shown in Fig. 12(c). The
ECE signal with the time derivative near the ¢ = 2 matches
well with the magnetic signals, by taking into account the
relative toroidal location difference of 13° between two sys-
tems. The evolution of the radial profile distortion is shown
by the contour of time derivative of ¢6T.-ECE signal in Fig.
12(d). The maximum correlation between magnetic probe
signal and the time derivative of 6T.-ECE was calculated at
t = 1461.3 ms by allowing the phase shift over one cycle
time period, since the two systems are slightly separated as
discussed previously. The maximum correlation is above 0.9

near ¢ = 2 and remains high like ~0.8 [Fig. 12(a)], with the
half-width of the maximum correlation, Ap ~0.25 (corre-
sponding to 0.15-0.2 m) in DIII-D. The half-width in JT-
60U is Ap ~0.15. This suggests that the mode structure
including the mode distortion behaves like one rigid body. In
this analysis, the phase shift in the radial direction was not
determined, since we allowed the phase shift over one cycle
time period, and due to the toroidal angle separation between
two systems.

C. Poloidal structure of mode distortion

In the beginning of this section, we discussed the upper/
lower magnetic probe asymmetry. Here, we discuss the
mode distortion over about one poloidal wavelength using
poloidal magnetic probe array. In DIII-D, about a dozen of
magnetic probe sensors are located with nearly-equal poloi-
dal separation on the outboard side, covering about one and
half of wavelength of m = 3 component as shown in Fig. 13.
The m = 3 component, before the mode distortion started,
provides the geometrical relationship of the poloidal mag-
netic probe arrays signal to magnetic pitch angle of ¢ = 3.
Once the projection of the m = 3 angle to the poloidal array
signal is given as shown in Fig. 13(a), we can determine the
mode distortion peaking character.

=150 -
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5 0 Mode Distortion Model
o - .
2 Lower magnetic loop - oB ! Sf;ﬁzlan
1672.0 16730 [N 16740 gype (mg) 16750 FIG. 13. (Color) Poloidal mode structure contour cov-
\ ~. ering over one poloidal wavelength of m =3 compo-

nent in DIII-D (#141086). (a) Upper/lower magnetic
' probe signals and (b) poloidal structure before the mode
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distortion. On the contour of dBp/dt signal magnitude,
the magnetic probe signals are superimposed. The
dashed line is for m =3 pitch angle and the thicker
dashed line is for ¢ = 2 pitch angle, (c) poloidal struc-
ture during the mode distortion, (d) the distortion model
Vel with Gaussian profile (red curve) and m = 3 component
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dBp/dt probe signals at various poloidal location.
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By assuming the mode remains rigid while it rotates tor-
oidally, the dominantly m = 3 oscillation signal and mode
distortion are modeled with a sinusoidal oscillation, 0Bp;
[Fig. 13(d)],

5Bm:3,i = Am:?:,i Sin[d)([) - ¢m:3.0(6i)]’ (7)

and a localized pulse representing the mode distortion 0Byg;
with a Gaussian profile,

0Bgi = Agiexp {—[p(1) — ¢a(0:)]/Ada(0:)}.  (8)

The total waveform is 0Bp; = 0Bm—3i + 0Bq;, where 0 is the
poloidal angle, the subscript i is for the poloidal array identi-
fication index, ¢4(0;) is the phase of the center of the local-
ized pulse at poloidal angle 0 = 0;, and A¢4(0;) is the width
of the pulse at poloidal angle 0 = 0;. With the assumption of
the rigid body rotation, the time is translated to the toroidal
phase ¢, t = 1/ (27m), where 1, is one oscillation time pe-
riod. The result shows that the phase of the center of the
localized pulse ¢q(0;) follows the ¢ = 2 pitch and the width
of the pulse A¢; at midplane ~30° from the maximum of
m = 3 component. The result that the phase of the center of
the mode distortion ¢4(0;) follows ¢ = 2 pitch implies some
resonance should take place around ¢ = 2 area.

In the JT-60U, a similar poloidal mode structure was
observed. However, limited locations of poloidal probes
made it impossible to distinguish the m = 2, 3 components
in a quantitative manner.

D. Spatial structure of EP loss

Comparison of the EP diagnostic signals with a magnetic
probe provides the phase of the EP losses during an OFM
event. Several EP diagnostics detectors have been installed at
various toroidal and poloidal locations in DII-D. These EP
diagnostics include ion cyclotron emission (ICE), beam-ion
loss detector (BILD), neutral particle analyzers (NPA), Lang-
muir probe ion saturation current (ISAT), fast-ion D-alpha
light (FDIA), and a fast-ion loss detector (FILD). The details
of some of these diagnostics are discussed in Refs. 32-35.

All of these loss diagnostics observe coherent bursts of
fast-ion loss that are synchronized with the magnetic oscilla-
tions. For every diagnostic, the phase of the burst relative to
the magnetic dBp/dt probe signal is virtually identical on ev-
ery cycle. For most of the loss diagnostics, the largest bursts
occur after the mode has reached its maximum amplitude, as
illustrated in Fig. 10(a) for the beam-ion loss detector.

Toroidally separated loss diagnostics that measure the
same physical quantity (e.g., two toroidally separated FIDA
detectors) observe an n = 1 structure to the losses. The phase
difference between different diagnostics requires more
complicated geometrical consideration as well as individual
diagnostic subtleties. Further discussion of the loss measure-
ments appears in Ref. 36.

V. RESPONSE TO APPLIED n = 1 EXTERNAL FIELD

A question arises as to whether the off-axis-fishbone-
like mode has the characteristics of external kink. One

Off-axis fishbone-like instability and excitation of resistive wall modes
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approach to answer this issue is to examine whether the
mode can respond to an applied n = 1 external field. If the
n = 1 external field interacts with the mode, it suggests that
the mode has the external kink character. Here, the RWM
feedback system is used for applying the n = 1 external field.
The advantage of using feedback is that the process adjusts
itself to the most sensitive frequency, the effective external
field pattern as well as its magnitude, compared with simply
applying a predetermined perturbed field. The feedback used
here was with a standard feedback hardware setup. The two
sets of six feedback I-coils are located inside the vacuum
vessel above and below the midplane. The connection of
upper/lower coils was optimized for producing the m/n
=3/1 mode pattern. The feedback n =1 signal was pre-
pared using the poloidal magnetic field probes located at the
midplane. More detail can be found in Ref. 26

Without feedback, the OFM activity showed the down-
ward frequency chirping, forming a nearly steady-state n = 1
mode of ~30 G as shown in the left column of Fig. 14. With
feedback (right column), the coil current ~500 A was
requested and the measured magnetic perturbation amplitude
was reduced to 1015 G. Feedback did not completely sup-
press the mode. After the feedback process reduced the am-
plitude, the mode became a slowly rotating mode with
frequency ~500 Hz. Although the feedback was not success-
ful, the reduction of amplitude indicates that the applied
n =1 field was well coupled to the mode, supporting the
presence of the external kink character. The extremely low
frequency and the sensitivity to external fields in the wall sup-
port that the mode at low frequency belongs to RWM.

The modest performance of feedback can be attributable
to several factors. One possibility of this marginal perform-
ance is related to the nature of off-axis fishbone-driven
RWM. As shown in Fig. 14, the initial mode frequency was
too high so that the actuator power supply voltage was not
sufficient enough to provide the requested current (inductive
load limit). That is likely the reason why the coil current
started with less than 100 A at the initial stage of feedback
with above 5 kHz. Later, the coil current was increased to
~500 A after the frequency was reduced to ~1-2 kHz. The
estimated peak magnetic field with 500 A coil currents is ~7
G on the plasma surface, which is comparable to the mode
amplitude. Thus, the feedback field is expected to vary the
mode character. Another factor is the low gain. As observed,
the mode became oscillatory with ~500 Hz. This type of ex-
citation with low-frequency oscillatory was attributable to
the low gain operation with proportional gain as was
observed in other current-driven-RWM experiments with
low gain operation.'>’

VI. ANALYSIS WITH MARS-K

The rapid drop of EP losses and plasma rotation provides
a unique approach for the assessment of the RWM kinetic sta-
bility. The experimental results of DIII-D RWM onset condi-
tion have been analyzed with the MARS-K code,”® using
both perturbative and self-consistent approaches.

The perturbative approach determines the growth rate
with a first order approximation using the eigenfunction
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shown with equal space vertical off-set for visibility.
The scale of the coil current is illustrated at the right
hand side.
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from a linear ideal MHD stability code. Here, we use the
eigenfunction computed with the MARS-K ideal-MHD
option at zero rotation. The self-consistent approach is to
find the eigenvalue and the eigenfunction without imposing
any constraint on the eigenfunction. The kinetic contribu-
tions of both thermal (ions and electrons) and energetic ions
are included by considering the precession drift resonances
between the trapped particles and the mode. The equilibrium
distribution function of the thermal particles is specified as
Maxwellian, whereas the hot ions are specified by an iso-
tropic (in particle pitch angle) slowing-down (in particle ki-
netic energy) distribution. This is a crude approximation for
the beam energetic ions. A more detailed description of the
MARS-K EP model is found in Ref. 39.

The equilibrium used in this analysis is reconstructed
from the DIII-D shot #141069 at 1495 ms. The time traces for
this shot are shown in Fig. 2 and the plasma parameters are
listed in Table 1. Figures 15(a)-15(d) show the equilibrium
density, pressure, safety factor, and toroidal E; X B, rotation
profiles. The reconstruction finds ¢(0) = 1.55 and g95 = 4.60.

1854

In this calculation, observed rotation profile with CER is
assumed to be same as the toroidal rotation profile. The nor-
malized pressure fy is 2.31, and the experimental central
plasma rotation speed is about 4% of the toroidal Alfvén
speed. The ideal-MHD computations using MARS-K, by scal-
ing the plasma pressure, give a no-wall fy limit of 2.14 and
its ideal-wall limit of 2.60 (with the DIII-D wall shape). Thus,
the RWM should be unstable for this DIII-D plasma, if no ki-
netic or rotational damping effects are taken into account.

Figure 15(e) shows the density and pressure profiles of
the hot ions, normalized by the thermal density and pressure,
respectively. In the plasma core, the hot ion density is about
10% of the total electron density, and the hot ion pressure is
about 40% of the pressure for this DIII-D plasma. These hot
ion profiles are computed from the experimental measure-
ments and used as inputs to the MARS-K computations.

Figure 15(f) shows the radial profiles of the dominant
poloidal harmonics of the normal displacement for the mode
eigenfunction, in a PEST-like straight-field-line coordinate
system. The mode has a large m = 2 component, in contrast
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FIG. 15. (Color online) Equilibrium profiles vs. square
root of poloidal flux in MARS-K analysis. (a) Density
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to the classical fishbone mode that is dominated by m = 1
(Ref. 20). The eigenfunction generally has a global radial
structure, with finite, but somewhat small displacement near
the plasma edge. We also note that the m = 3 component is
not small. This component is likely to contribute to the
m = 3 mode pattern observed in these experiments.

We scale the plasma rotation amplitude from the experi-
mental value down to zero, while fixing the shape of rotation
profile to that shown in Fig. 15(d). We find that the perturba-
tive approach predicts full stabilization of the RWM with the
thermal particle contribution without hot ion kinetic contribu-
tion. Adding the hot ion kinetic contribution does not make a
qualitative difference. In fact, hot ions only bring slight addi-
tional stabilization to the mode, at sufficiently fast plasma
rotation. The strong drift kinetic stabilization of the mode,
predicted by the perturbative approach, is due to the fact that
the computed drift kinetic energy perturbation is much larger
than the ideal MHD fluid energy perturbation. Much less sta-
bilization is found by the self-consistent computations. Figure
16 shows the self-consistently computed stability boundary in
a 2D plane, where we scale both the plasma central rotation
amplitude, and a numerical parameter oy, acting as a multi-
plier to the total perturbed kinetic energy

Wi = o (SWi therm + OWicep ). )

Thus, ogc = 0 means no kinetic contribution is included, and
ox = 1 corresponds to full kinetic inclusion. Without the EP
contribution, the thermal particles alone (dashed curve) can-
not stabilize the RWM near the experimental condition
before the off-axis fishbone event. With the inclusion of the
EP contribution (solid curve), the RWM is predicted to be
stable before the fishbone event. In fact the marginal bound-
ary was reduced substantially by the hot ion contribution at
higher plasma rotation. The stability boundary shown in Fig.

EXPs
0.04 1 Therm.+hot
kinetic efore
0.03 Off-axis
fishbone
o)
~ 0.02
8 *
herm. (a)
etic only’
0.01 ,.'y
0.00
0 oy: Kinetic contribution b
No kinetic Full kinetic

FIG. 16. (Color online) Marginal condition of plasma rotation and kinetic
effect contribution (MARS-K analysis with self-consistent approach). The
vertical axis is the central frequency normalized by the Alfvén frequency,
®(0)/wa and the horizontal axis is the kinetic contribution factor [Eq. (9)]
with (a) thermal kinetic only, and (b) thermal and EP kinetic effect included.
A possible interpretation of OFM event is illustrated by the arrow; the transi-
tion from RWM stable to unstable state.
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16 is rather complex. Qualitatively, this stability diagram
can be explained as follows: with faster rotation, the EP pre-
cession can make a considerable contribution to Wy, in par-
ticular for the imaginary part which comes from the particle—
wave resonances. This is expected, since a better match of
frequencies occurs between the EP precession drifts and the
RWM rotation (in the plasma frame) with increasing wy.

According to these results, the present experimental
observations are interpreted in the following way: during the
OFM burst, the plasma rotation drop of 10-15 km/s (more
than 50%) from the initial rotation level and the EP losses
~10% leads to a less stable domain for the RWM from the
initial experimental condition as indicated schematically in
the figure. The self-consistent approach explains the experi-
mental observation. The perturbative approach seems inad-
equate to describe the present results, overestimating the
kinetic effects of thermal components.

Vil. DISCUSSION AND SUMMARY

In both JT-60U and DIII-D devices, the EP-driven off-
axis fishbone-like mode prevented long duration of high-fy
operation. This EP-driven mode was named as “energetic-
particle-driven wall mode (EWM)” in the JT-60U and “off-
axis-fishbone-driven” RWM in DIII-D. The observations in
both devices have a strong commonality in the mode charac-
teristics. In the following, we summarize separately the
mode characteristics and the impact on the RWM stabiliza-
tion. It is to be noted that since the neutron reduction and the
rotation drop have not been clearly observed in these JT-60U
experiments, the discussion related to the neutron and plasma
rotation are based on the DIII-D results.

A. Off-axis-fishbone characteristics

All the characteristics of the OFM we have observed
suggest the existence of a new EP-driven branch associated
with the external kink, analogous to the EP-driven classical
fishbone with the internal kink. First, the initial mode fre-
quency and the frequency chirping phenomena lead to the
conclusion that these modes can be categorized as EP preces-
sion-driven MHD modes. Second, the initial phase of OFM
behaves just like a classical fishbone. We observed that the
maximum neutron emission rate change vs. the maximum
magnetic probe amplitude is similar to classical fishbone.
Third, an external n = 1 field applied via feedback impacts
the mode growth in DIII-D. This suggests that the mode has
the external kink character when the frequency has chirped
down to 1-2 kHz. Here, the external magnetic feedback
served as an active tool for the mode identification. This sug-
gests that it may be possible to suppress the RWM onset by
impacting the transient process from the EP-driven mode to
the RWM character, if the feedback system is improved.

A unique feature of OFM in contrast to the classical fish-
bone is nonlinear mode distortion as observed in both DIII-D
and JT-60U. In DIII-D, the increase of EP loss rate observed
by BILD coincided with the increase of the mode distortion.
In JT-60U, the floating potential at the divertor target detect-
ing the global SOL was increased up to ~100 V with sharp
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positive spike with higher mode distortion, indicating EP
losses. The mode distortion may have impacted the mode
decay process. The evolution of the mode-decaying phase is
far from the monotonic decay of a classical fishbone. It is to
be noted that the plasma rotation drop is explainable with the
EP loss-induced nonambipolar transport. Thus, the entire
RWM stability process could be affected by the EP transport
process.

One possible mode distortion in high beta plasmas was
reported by Ref. 40 with n = 1 distortion in TFTR. As the
high beta plasma reaches the ideal mode limit, a low » mode
is first destabilized, and the plasma nonlinearly evolves as a
3D equilibrium containing a localized steep pressure gradi-
ent in the bad curvature region. This pressure gradient then
can drive a new toroidally localized high-n mode, producing
a local pressure bulge, which strongly pushes into the outer
region of the plasma. In this case the mode distortion was
localized on the steep pressure gradient. On the other hand,
as observed in the OFM case, the mode distortion was
extended over the entire mode structure as discussed in Sec.
IV. Thus, the ballooning effect is unlikely for the OFM
mode distortion. Further investigation of the entire time-evo-
lution process of off-axis-fishbone-like mode is needed and
will be useful to understand the EP stability and RWM sup-
pression in future devices like ITER or DEMO, including
alpha particles in burning plasmas.*”

B. Impact on the RWM stabilization

During an OFM burst, the simultaneous reduction of EP
density and the plasma rotation took place in DII-D. The
amounts of rotation reduction and EP losses are significant
for the RWM stability in low rotation plasmas, which heavily
relies on the kinetic effects, namely, on the EP density and
the plasma rotation near the ¢ = 2 surface. The rapid drop of
both EP density and plasma rotation provides a unique
approach for assessment of the RWM kinetic stability. The
MARS-K analysis with self-consistent approach indicates
that a possible reduction of the kinetic effect of the EP portion
plays a dominant role in the experimental conditions and that
the plasma rotation drop observed in the experiment can
change the marginal stability limit significantly.

One interesting aspect is that the amount of rotation
drop is consistent with the torque estimated to result from
the radial drift of energetic ions as they are lost. The rotation
drop can be considered as a byproduct of EP losses. Thus,
the EP loss is a key parameter that governs the entire RWM
stability in the low rotation regime.

There are several differences in DIII-D and JT-60U. In
JT-60U, the RWMs are sometimes excited even with finite
plasma rotation in contrast to near-zero rotation preference
in DII-D (Ref. 14). Furthermore, in JT-60U, EP-driven
mode can also trigger ELMs that are synchronized with the
EP-mode amplitude maximum.'” At present, it is not clear
whether these are significant differences or not. One possibil-
ity is that the anisotropy of EP distribution is much stronger
in JT-60U due to the NBI geometry and the higher fast-ion
density. Also, the EP-driven mode repetition frequency in
JT-60U is quite different from in DIII-D, perhaps due to the

Phys. Plasmas 18, 056112 (2011)

fact that the explored fy range in JT 60U is closer to the
ideal-wall limit than in DIII-D or due to higher fast-ion pres-
sure. Detailed analysis of JT-60U results with MARS-K is in
preparation for resolving these issues.

Another interesting observation is the feedback perform-
ance. In this experiment, the feedback was an active tool to
observe the impact of external magnetic fields on the mode,
supporting the premise that the mode at near-zero frequency
belongs to the RWM. The shift of mode behavior from near-
steady to oscillatory behavior with feedback is attributable to
the poor phase matching between the mode and the applied
field. This indicates that the standard technique of phase
adjustment in feedback logic could improve the feedback
performance.
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