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In order to clarify the mechanism responsible for slowing down the precursor of an instability in Large
Helical Device (LHD), whose behavior is similar to the locked mode instability in tokamaks, the spatial structure
of the precursor of the locked-mode-like instability, and the relationship between the rotation of the precursor and
the E x B rotation were experimentally investigated. The precursor rotates together with the E X B rotation at the
resonant surface, and the precursor rotation slows down because of a decrease of the E X B rotation. The multi-
channel fluctuation measurement of the precursor suggests that the precursor has a magnetic island, which may
be related to the decrease of the E X B rotation. In addition, the reason for the appearance of the precursor with a
magnetic island is discussed. The precursor appears when a magnetic island grows initially without rotation but

then shrinks and begins to rotate.
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1. Introduction

MHD stabilities in Large Helical Device (LHD) de-
pend upon the magnetic configuration. In the standard
LHD configuration, core MHD modes are stabilized by
a magnetic well, and edge MHD modes are stabilized by
high magnetic shear. Therefore, the reactor-relevant beta
value of 5% as the volume averaged beta value has been
achieved [1]. In such high-beta discharges, low-order ro-
tating modes are excited at rational surfaces in the edge
plasma region where the pressure gradient that drives the
instability is steep, while the modes have little effect on
plasma confinement[2]. Early experimental studies of
the onset condition and the parameter dependence of the
modes suggest that the low-order rotating modes are resis-
tive interchange instabilities [3,4].

Conversely, in discharges with low magnetic shear
over the entire plasma region because of high aspect ra-
tio configurations and/or a finite toroidal plasma current, a
non-rotating m/n = 1/1 mode appears that has a magnetic
island. Here, m and n are the poloidal and the toroidal
mode number, respectively. After the non-rotating mode
is excited, the flat region in the pressure profile near the
resonant surface expands and the core pressure rapidly
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drops, resulting in serious degradation of plasma confine-
ment [5, 6]. In some discharges with non-rotating modes,
the rotating m/n = 1/1 mode appears as a precursor, and its
frequency decreases before the non-rotating mode grows
larger. Such instabilities are called locked-mode-like insta-
bilities [7]. It is important to study the driving mechanisms
for the locked-mode-like instability in order to clarify the
effects of magnetic shear on plasma confinement through
MHD instabilities. Studies of the driving mechanisms may
also be useful in evaluating the confinement performance
of devices with low magnetic shear configurations, such
as Wendelstein 7-X [8], and to clarify the physical mecha-
nism of the locked mode instability in tokamaks.

Previous work [7] has shown that the locked-mode-
like instability typically behaves as follows. First, when
the precursor is excited, its amplitude and frequency are
stationary. Second, after the magnetic shear decreases
due to increasing plasma current, the amplitude increases,
whereas the frequency decreases. Third, when the fre-
quency becomes almost zero, i.e., when the rotation of the
precursor stops, a non-rotating mode that has a magnetic
island rapidly grows. The phase at which the rotation of
the precursor stops, and the location at which the ampli-
tude of the non-rotating mode is maximum, depend upon
the amplitude of the external resonant magnetic perturba-
tion (RMP) [7]. If the external RMP has a large amplitude,
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the O-point of the non-rotating mode is located near that
of the m/n = 1/1 magnetic island produced by the ex-
ternal RMP. Conversely, if the external RMP has a small
amplitude, the O-point of the non-rotating mode is located
anywhere.

It is not yet clear what mechanism are responsible for
slowing down the rotation of MHD instabilities in heli-
cal and tokamak devices. For the locked mode instabil-
ity in tokamaks, before its magnetic island grows rapidly,
the amplitude of the MHD mode that is a precursor of
the locked mode instability increases, while the frequency
decreases [9, 10]. This behavior is similar to that of the
locked-mode-like instability in LHD. The locked mode in-
stability is a major cause of disruptions in tokamaks and is
one of the critical issues for future machines such as ITER
[11,12]. In tokamaks, it is believed that electro-magnetic
torques occurs because of interactions between the exter-
nal RMP like an error field and the rotating magnetic island
caused by the instability. This torque is a strong candidate
for the slowing-down mechanism [13]. In this model, a
precursor with a magnetic island is key for slowing down
the rotation. Therefore, for the locked-mode-like instabil-
ity in LHD, it is important whether or not the precursor has
a magnetic island. Note that the interchange mode, which
is the most unstable mode in LHD, does not have a mean-
ingful magnetic island, according to linear MHD theory
[14]. Moreover, during the slowing-down of the precur-
sor for the locked mode instability in tokamaks, the MHD
modes rotate together with the plasma. However, during
the braking of the precursor for the locked-mode-like in-
stability in LHD, the relationship between the plasma flow
and the rotation of the precursor is unclear.

In this paper, the radial profile of the plasma flow and
the precursor of the locked-mode-like instability were ex-
perimentally investigated in order to clarify the physical
mechanism responsible for slowing down the mode rota-
tion, which is key for the growth of the non-rotating mode.
This study is important because experimental results for
the locked-mode-like instability in LHD may also be use-
ful for understanding the locked mode instability of toka-
maks.

This paper is organized as follows. In Sec. 2, the ex-
perimental setup for measuring the radial profile of the
E x B rotation and the precursor is explained. In Sec. 3, the
radial profile of the m/n = 1/1 electron temperature fluctu-
ations, and the relationship between the precursor rotation
frequency and the E X B rotation frequency, are shown. In
Sec. 4, the reason why the precursor with a magnetic is-
land appears is discussed, and the paper is summarized in
Sec. 5.

2. Experimental Setup

The poloidal magnetic fluctuations associated with
the precursor of the locked-mode-like instability was mea-
sured using toroidal (poloidal) arrays of magnetic probes

[15]. The slowly evolving radial magnetic fluctuation as-
sociated with the non-rotating mode was measured using
two poloidal arrays of saddle-loop coils [15]. The radial
structure of the plasma flow was measured using charge
exchange spectroscopy (CXS). The evaluation method of
the E x B rotation frequency from the carbon flow mea-
sured by the CXS is discussed in [16]. The CXS requires
the vertical injection of a neutral beam (NB). The internal
radial profile of the precursor was measured using a multi-
channel electron cyclotron emission (ECE) measurement
system. The ECE signal is proportional to the electron
temperature in the optically thick plasmas in the present
LHD experiments. The operational toroidal magnetic field
B; was set at —1.375T in order to measure the ECE fluc-
tuations near the rational surface of the precursor. This
is because a measurable region of the ECE measurement
system depends on the B;. The radial structure of the elec-
tron pressure was measured using a Thomson scattering
system. The precursor is typically observed in discharges
with a volume-averaged beta value of 1% and a low line-
averaged electron density of ~1 x 10" m~ in configura-
tions with low magnetic shear. To achieve low magnetic
shear, the magnetic configuration is set at a high aspect ra-
tio, and the toroidal plasma current in the co-direction is
driven by tangential neutral beam injection (NBI). Here,
the toroidal current in co- (cntr-) direction leads to an in-
crease (decrease) of the rotational transform. Ne gas is in-
troduced at the beginning of the discharge to induce a high
plasma current. The locked-mode-like instability is clearly
observed when the intrinsic error field is canceled by the
RMP coils. Therefore, the external RMP is applied to can-
cellation of the intrinsic error field. The reason why the
locked-mode-like instabilities are clearly observed in the
discharge without the intrinsic error field is still not clear.

3. Radial Profile of Plasma Rota-
tion and Precursor during Slowing-

down

Figure 1 shows the time evolution of the plasma pa-
rameters in a discharge where the locked-mode-like insta-
bility appears. Figures 1 (a)-(c) show the volume-averaged
beta value, the line-averaged electron density, and the
toroidal plasma current normalized by By, respectively.
Here, a positive value in Fig. 1 (c) indicates the current in
the co-direction. The solid lines in Figs. 1 (d) and (e) are
the amplitude of the poloidal component of the m/n = 1/1
magnetic fluctuation and the frequency of that fluctuation.
The filled circles in Fig. 1 (e) are the E X B rotation fre-
quency at the ¢/2r = 1 rational surface. Figure 1 (f)
shows the amplitude of the slowly evolving radial com-
ponent of the m/n = 1/1 magnetic fluctuation. Figure 1 (g)
is a contour plot showing the time evolution of the radial
profile of the E x B rotation frequency. The blue (red)
region is the E X B rotation frequency in the ion (elec-
tron) diamagnetic direction. The filled circles show the
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Fig. 1 Waveform of a typical discharge exhibiting the slowing-
down phenomenon. (a) Volume-averaged beta value. (b)
Line-averaged electron density. (c) Plasma current. (d)
Amplitude of the poloidal component of the m/n = 1/1
magnetic fluctuation. (e) Frequency of the m/n = 1/1
magnetic fluctuation (solid line) and the E X B rota-
tion frequency (filled circles with error bars). (f) Am-
plitude of the slowly evolving radial component of the
magnetic fluctuation. (g) Contours of the radial profile of
the E x B rotation frequency and the (/27 = 1 rational
surface (filled circles). The three vertical dashed lines in-
dicate the times corresponding to the radial profiles of the
m/n = 1/1 mode shown in Fig. 3.

t/2n = 1 rational surfaces evaluated from the flattening re-
gion of the electron temperature profile. In this discharge,
aplasma With a beta value of 1% and an electron density of
1 ~ 2x10" m™3 is produced and maintained by the tangen-
tial NBI (Figs. 1 (a) and (b)). The plasma current in the co-
direction increases during the discharge (Fig. 1(c)). The
I,/ B; value of ~50kA corresponds to an increment of 10%
from the edge rotational transform without the plasma cur-
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Fig. 2 The radial profile of the E X B rotation frequency at
4.94 s (open circles) in the first part of the slowing-down
phase and at 5.14 s (filled circles) in the second part of
the slowing-down phase. Open and filled arrows show
the position of the rational surfaces at 4.94s and 5.14 s,
respectively.

rent. From Figs. 1 (d) and (e), the m/n = 1/1 mode rotating
in the electron diamagnetic direction is excited. After ex-
citation of the precursor, the amplitude and the frequency
of the fluctuation are stationary. This is called the station-
ary rotating phase. After 4.76s, the fluctuation amplitude
grows, whereas the fluctuation frequency decreases. This
is called the slowing-down phase. When the frequency is
almost zero at 5.18 s, the non-rotating mode grows rapidly
(Fig. 1 (£).

In order to clarify the relationship between the plasma
flow and the fluctuation frequency in the slowing-down
phase, the fluctuation frequency is compared with the
E x B rotation frequency at the resonant surface. Ac-
cording to Fig. 1 (e), the both frequencies are almost the
same. Therefore, the precursor rotates together with the
plasma during the stationary rotating phase and during the
slowing-down phase. From Fig. 1 (g), the decrease in the
fluctuation frequency during the slowing-down phase is di-
vided into two parts (4.76 ~ 4.94 s and 4.94 ~ 5.18 s). Fig-
ure 2 shows the radial profile of the E X B rotation fre-
quency at the resonant surface at 4.94 and 5.14s. The ar-
rows in the figure correspond to the locations of the reso-
nant surface. In the initial part of the slowing-down phase,
the resonant surface moves toward the core region due to
the increasing co-current. The E X B rotation frequency
in the core region is smaller than that in the outer region
as shown in Fig.2. The E X B rotation frequency at the
resonant surface decreases. In the last part of the slowing-
down phase, the resonant surface does not move signifi-
cantly. On the contrary, the E X B rotation frequency at
the resonant surface decreases. Therefore, the movement
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Fig. 3 Radial profiles of the m/n = 1/1 ECE fluctuations at 4.44,
4.70, and 4.90 s. Filled (open) circles show the amplitude
(phase) of the ECE fluctuations. Open triangles show the
electron temperature profile obtained from the Thomson
scattering system. The gray shaded region denotes the
flattening region in the electron temperature profile.

of the resonant surface plays an important role in the de-
crease of the fluctuation frequency in the initial part of the
slowing-down phase, whereas the decrease of the E x B
rotation frequency at the resonant surface plays an impor-
tant role in the decrease of the fluctuation frequency during
the last part.

In order to clarify whether or not the precursor has
a magnetic island, the radial profile of the precursor was
investigated. Figure 3 shows the radial profile of the
m/n = 1/1 ECE fluctuations correlated with the precur-
sor. Figures 3 (a) and (b) show the ECE fluctuation pro-
file in the stationary rotating phase, while Fig. 3 (c) shows
the profile in the slowing-down phase. The vertical lines
in Fig. 1 indicate the times corresponding to Figs. 3 (a)-(c).

In these figures, the filled (open) circles are the amplitude
(phase) of ECE fluctuations and the open triangles are the
radial profiles of the electron temperature obtained from
the Thomson scattering system. The grey shaded regions
in these figures denote the flattening region of the elec-
tron temperature profile, which corresponds to the reso-
nant surface. At 4.44 s, just after the precursor is excited,
the radial structure of the amplitude of ECE fluctuations
has two peaks near the resonant surface, and the phase dif-
ference between these peaks is almost inverted, as shown
in Fig. 3 (a). Such structure is called an odd function struc-
ture. At4.70 s in the stationary rotating phase and at 4.90 s
in the slowing-down phase, the precursor with the odd
function structure is also excited (Figs. 3 (b) and (c)). This
behavior of the amplitude and the phase difference sug-
gests that the precursor has a magnetic island. Note in case
of resistive interchange instabilities, the radial structure of
the amplitude has a peak near the resonant surface and the
phase difference near the peak is almost same, i.e. an even
function, according to the linear MHD theory.

It is noteworthy that the poloidal velocity of the
plasma flow measured by microwave Doppler reflectom-
etry is synchronized with the precursor, and that the veloc-
ity varies between zero and finite values. This result also
suggests the existence of a rotating magnetic island [17].

4. Discussion of Precursor with Mag-
netic Island

In this section, the reason why the precursor with
a magnetic island for the locked-mode-like instability in
LHD is discussed. Figures 4 (a) and (b) show the time
evolution of the poloidal and the radial components of the
m/n = 1/1 magnetic fluctuation, respectively. Figures 4 (c)
and (d) show the same information as Figs. 4 (a) and (b), re-
spectively, except on an expanded timescale. The poloidal
component grows rapidly at 4.46s in Figs.4 (a) and (b),
which means the precursor is excited. Before the precur-
sor appears, the radial component suddenly grows at 4.36s,
becomes the maximum value of 17 x 107> Wb/T at 4.44 s,
and then decreases to 13 x 107> Wb/T. The radial com-
ponent is synchronized with the poloidal component, as
shown in Figs.4 (c) and (d). These results suggest that
the non-rotating mode grows suddenly and then reduces in
amplitude before starting to rotate. The reduction in ampli-
tude following the sudden growth of the non-rotating mode
is thought to play key role in the appearance of the precur-
sor with a magnetic island.

In order to investigate the reason why the non-rotating
mode begins to rotate, a discharge with a precursor, in
which the non-rotating mode starts to rotate, is compared
with a discharge without a precursor, in which the non-
rotating mode continues not to rotate. The experimental
conditions in both discharges are almost the same. Fig-
ures 5 (a)-(f) show the port-through power of the tangen-
tial NB, the toroidal plasma current normalized by By,
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Fig. 4 (a) The poloidal component of the m/n = 1/1 magnetic
fluctuation around the time when the precursor appears.
(b) The slowly evolving radial component of the mag-
netic fluctuation. Panels (c) and (d) show the same infor-
mation as panels (a) and (b), respectively, but on an ex-
panded timescale. The vertical solid lines show the time
when the precursor appears. The vertical dashed lines in
Figs.4 (c) and (d) correspond to the local maximum val-
ues of the poloidal component.

the volume-averaged beta value, the line-averaged electron
density, the poloidal component of the m/n = 1/1 mag-
netic fluctuation measured by the magnetic probe, and the
radial component of the m/n = 1/1 magnetic fluctuation
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Fig.5 Waveform in discharges with and without a precursor.
(a) The port-through power of the tangential NBI. (b)
The plasma current (positive current corresponds to an
increase of the rotational transform). (c) The volume-
averaged beta value. (d) The line-averaged electron den-
sity. (e) The poloidal component of the magnetic fluctu-
ation (the upper half panel corresponds to the discharge
with a precursor, while the lower half panel denotes the
discharge without a precursor). (f) The amplitude of the
slowly evolving radial component of the magnetic fluc-
tuation. The vertical dashed line denotes the time corre-
sponding to the radial profile shown in Fig. 6.

obtained using the saddle-loop coils, respectively. The am-
plitude of the non-rotating radial component of the mag-
netic fluctuation starts to increase at 4.36s in both dis-
charges, as shown in Fig.5 (f). The amplitude decreases
at 4.45 s in the discharge with a precursor. Conversely, the
amplitude continues to increase in the discharge without a
precursor. The plasma terminates at 4.68 s due to break-
down of the NBI in the discharge without a precursor. At
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Fig. 6 The radial profiles of the E X B rotation frequency at
4.34 s in the discharges where the non-rotating mode does
and does not start to rotate. The downward-pointing ar-
row shows the location of the rational surface.

4.30s, just before the amplitude of the radial component
starts to grow, the port-through power of the tangential NB
is slightly larger and the plasma current in the co-direction
is also slightly higher in the discharge without a precur-
sor, as shown in Figs. 5 (a) and (b). The volume-averaged
beta value and the line-averaged electron density are al-
most the same, as shown in Figs. 5 (c) and (d). Figure 6
shows the radial profile of the E x B rotation frequency
at 4.34 s just before the amplitude of the radial component
starts to increase. The downward-pointing arrow indicates
the position of the resonant surface in the discharge with a
precursor. The E X B rotation frequency near the rational
surface in the discharge with a precursor is higher than that
in the discharge without a precursor. This suggests that the
plasma flow affects the threshold at which the non-rotating
mode begins to rotate.

Figure 7 shows the E x B rotation frequency at the ra-
tional surface as a function of the amplitude of the radial
component of the m/n = 1/1 magnetic fluctuation in the
two types of discharges. In the discharge with a precursor,
the E x B rotation frequency is plotted at the point where
the non-rotating mode starts to rotate. For the discharge
without a precursor, the E X B rotation frequency is plotted
at 0.1s after the growth of the non-rotating mode begins.
The E X B rotation frequency near the rational surface is
almost zero in the discharge without the precursor, but it is
higher than 0.3 kHz in the discharge with a precursor. For
the discharges with a precursor, the radial magnetic fluctu-
ation amplitude is larger in the discharge where the E x B
rotation frequency is higher. It is worth noting that the ra-
dial magnetic fluctuation amplitude of ~10 x 107> Wb/T

& Wwith precursor
X without precursor
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Fig. 7 The E x B rotation frequency as a function of the ra-
dial magnetic fluctuation amplitude in the two types of
discharges with and without a precursor. The filled cir-
cles denotes the E X B rotation frequency at the stage
where the non-rotating mode starts to rotate in the dis-
charge with a precursor. Crosses denote the E X B ro-
tation frequency at 0.1s after the start of growth of the
non-rotating mode in the discharge without a precursor.

corresponds to the magnetic island width normalized by
the minor radius of 5%.

5. Summary

The aim of this paper is to clarify the slowing-down
mechanism of the precursor of the locked-mode-like in-
stability observed in low magnetic shear plasmas in LHD.
The internal structure of the precursor and the relationship
between the precursor rotation and the E x B rotation were
experimentally investigated.

A comparison between the precursor rotation and the
E x B rotation shows that the precursor rotates together
with the E X B rotation at the resonant surface during the
slowing-down of the precursor. The decrease of the E x B
rotation at the resonant surface occurs as follows. First, the
resonant surface moves into a region with slower E x B
rotation. Second, the E X B rotation itself decreases near
the resonant surface. Observations of the radial profile of
the electron temperature fluctuation show that the precur-
sor does have a magnetic island, which is known to be re-
lated to the slowing-down of the precursor to the locked
mode instability in tokamaks. The slowing-down mecha-
nism of the precursor to the locked-mode-like instability in
LHD may contribute to the interaction between the rotating
magnetic island and the RMP like an error field as may also
be the case for the locked mode instability in tokamaks.

In addition, the reason why the precursor has a mag-
netic island was discussed. A comparison between dis-
charges with and without a precursor to the locked-mode-
like instability suggests that the precursor appears only if
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the magnetic island starts to shrink and rotate after the non-
rotating mode grows suddenly. The onset of rotation of the
non-rotating mode requires a relatively large E X B rota-
tion near the resonant surface.

For the locked-mode-like insatiability in LHD, it is
not yet clear why the E X B rotation is significantly re-
duced in the last part of the slowing-down phase. For
the locked mode instability in tokamaks, the decrease of
plasma rotation is believed to be caused by the electro-
magnetic torque exerted by the magnetic island during the
entire slowing-down phase. For the locked-mode-like in-
stability, the precursor has a magnetic island which would
expect also to exert the electro-magnetic torque during the
whole slowing-down phase. However, no apparent reduc-
tion of the E X B rotation was observed in the beginning of
the slowing-down phase. In order to understand the brak-
ing mechanism of the precursor to the locked-mode-like in-
stability more thoroughly, the electro-magnetic torque dur-
ing the whole slowing-down phase will be investigated in
future work.
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