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Abstract. We report the first observation of the magnetic island formed before the appearance
of the mode locking in helical plasma. New analysis and observation techniques applied to the
ECE signal and poloidal flow in LHD experiments show the following results. (i) The
magnetic island structure is present and rotating in the end of the rotating phase. (i1) The
rotation speed of the island is not uniform in space and time. The rotation of the island
changes significantly at the end of the rotating phase, and the deformation increases until the
mode is locked.

1. Introduction

The study of the locked mode in some tokamak and RFP devices has been long history [1-4],
because it is important in sometimes terminating discharges such as disruption. It is found that
the instability of the tearing mode is a key physics and the formed magnetic island changes
from the rotating phase to the locked phase. In the Large Helical Device (LHD), a rotating
and/or non-rotating m/n=1/1 mode instability has been observed, and the former was
identified as the resistive interchange mode [5-9]. In the case of non-rotating mode appeared
discharge, the plasma show the following changes that at first the mode is oscillating and the
magnetic fluctuation frequency shows a finite value (stationary rotating phase), then the
frequency decreases and damps to zero (slowing down phase in rotating phase), finally the
mode is locked and rapidly grows and leads a minor collapse (locked phase). It was found that
the flattening of the electron temperature profile appears at the corresponding #/2n=1 surface
and the rotation speed of the mode responds to the plasma flow. These phenomena have a
similarity with the tokamak locked mode and for the moment we call these phenomena as
locked mode like phenomena [10]. In the analogy of the tokamak locked tearing mode, the
magnetic island existence has been implicated. The magnetic island itself has been studied
and observed theoretically [11-13] and experimentally [14-16] in LHD. In the linear theory
the interchange mode does not form the magnetic island, nonlinear interaction of the
interchange mode and/or other physics might be affected in this phenomena. Therefore, the



observation of magnetic island structure during the precursor phase of this mode locking
plasma is now a crucial issue.

In this paper, we report the first observation of the magnetic island formed before the
appearance of the mode lock in the LHD plasma. From the point of view of identification of
the island structure, the observations of spatial structure are important. These observations are
presented in section 2.1. The interesting phenomena of the temporal behavior of the rotating
magnetic island are described in 2.2 and 2.3. A summary are presented in section 3.

2. Experimental results

2.1. Identification of magnetic island structure

The LHD is a superconducting heliotron device with a major radius of 3.9 m and an averaged
minor radius of 0.65 m [17]. In this experiment, the mode locking phenomena is observed
under the condition that the magnetic axis position in the vacuum field is R,x = 3.60 m, the
magnetic field strength is B; = 1.375 T, the helical coil pitch parameter y = 1.1739, and the
ratio of the quadrature field By = 100 %. The resonant magnetic perturbation coils (RMP
coils) are used for cancellation of the error magnetic field. The magnetic field strength (1.375
T) is set for the availability of the electron cyclotron emission (ECE) measurements. The
plasma is initiated and sustained by the electron cyclotron heating (ECH) and the neutral
beam injection (NBI).

Figure 1 shows the typical time trace of the attending mode locking discharge. The plasma
current and the line-averaged electron density gradually increase until # = 5.2 s. During the
continuous NBI heating, the rotating m/n=1/1 magnetic fluctuation appears at around ¢ = 4.5
s. The volume-averaged beta value <Bg4,> gradually decreases from ¢ = 4.8 s and abruptly
dropped at ¢t = 5.2 s. The frequency of the magnetic fluctuation gradually decreases after
around ¢ = 4.8 s and then reaches almost zero at = 5.2 s as shown in Fig. 1(g) (the end of the
rotating phase). Just at this time the strong m/n=1/1 component of the radial magnetic field
measured by the saddle loop array [18] rises rapidly as shown in Fig. 1(d) and the minor
collapse occurs (locked phase).

At the beginning of the rotating phase, the clear indication of the magnetic island is
obtained by ECE radiometer [19] as shown in Figs. 2(a) and (b). The rotating m/n=1/1 mode
component included in the fluctuation amplitude and the phase difference of ECE intensity
can be extracted by the digital filtering. The odd radial structure, which is an indication of the
magnetic island structure, can be obtained. The flattened electron temperature 7. profile
clearly appears as shown in Fig. 2(c). It is also found that the inverse position is nearly the
same as the #2n=1 surface. This structure is maintained during the rotating phase and the
flattened region of the electron temperature profile increasingly expands until the locked
phase. Therefore, we can find the magnetic island structure exists in the plasma before the
appearance of the mode lock. This result means that the observation of the magnetic
oscillation is caused by the rotating m/n=1/1 magnetic island.

Next, the rotating magnetic island phenomena in the rotating phase are expressed from the
point of view of the flow velocity observation.

2.2. Observation of non-rigid rotating magnetic island



The magnetic island is well known to relate with the radial electric field and flow velocity. In
the past LHD experiments with the enlarged static island by RMP coils, the measurement of
the poloidal flow velocity was conducted [20]. This showed that the poloidal velocity is
almost 0 km/s in the magnetic island and the large velocity shear is formed around the
magnetic island. This result was obtained in the static magnetic island experiment. If the
spontaneous rotation of magnetic island occurs, what will happen to the flow velocity? This
time, we have tried to observe the flow velocity at the separated two toroidal positions by
newly installed toroidally correlated microwave Doppler reflectometers [21, 22]. In addition,
a poloidal flow against a toroidal flow is relatively important in this study.

Doppler reflectometer gives the temporal behaviour of perpendicular velocity V,. The
perpendicular velocity includes mainly the poloidal flow component rather than the radial
component, and here we use this 7/, value as the indicator of poloidal flow velocity. In the
rotating phase, 7, at the toroidal position of ¢= -72 degrees is oscillating at the same
frequency as the magnetic fluctuation as shown in Fig. 1(e) and (f). Looking closely, the value
of ¥, changes back and forth from around -10 to 0 km/s during the rotating phase as shown in
Fig. 3(b). As mentioned above, the poloidal flow velocity is close to 0 km/s in the static
magnetic island. Using this information, the observing two values change could be explained
as follows. ¥, ~ 0 km/s means that the O-point of the rotating magnetic island comes to the
observation region. On the other hand, when the O-point of the magnetic island is absent in
the observation point, the value of ¥, is the background flow velocity. Then, the signal
oscillates between two values. In addition, Fig. 3(a) shows the radial component of m/n=1/1
magnetic flux. It should be noted that the toroidal location of the magnetic flux is different
with both of reflectometers. The temporal change of radial profile of the ¥, are obtained by
the multi channel Doppler reflectometer at the toroidal position of ¢= +72 degrees shown in
Fig. 4(b). Periodically ¥, ~ 0 appears widely in the plasma edge region near the end of the
rotating phase.

Regarding waveforms, two waveforms of time trace of ¥/, shown in Figs. 3(b) and 4(a) are
different. Each signal is observed at two toroidally separated locations as shown in Fig. 5(c).
For the clarification of the waveform difference, the phase averaged calculation [23] is
applied. Figure 5(b) shows the time evolutions of phase averaged ¥, in one oscillating period.
Here, the horizontal axis represents one period of fluctuation at = 5.10 — 5.15 s. The ‘sojourn
time’ corresponding to the staying time of the O-point of the rotating magnetic island in the
observation region (torus outer region) is different in the different toroidal locations. This
suggests that the island structure is not steady because if the rotation is rigid and the shape is
constant, the sojourn time must be the same at two positions. The sojourn time is considered

to relate with the magnetic island width which is estimated by(Aq)lr1 )0'5 (l—cos 6’). Here,

A®1,is the m/n=1/1 component of the radial magnetic flux. Figure 6 shows the relationship
between the sojourn time and the estimated island width. It is found that the sojourn time
seems to be proportional to the width of the estimated magnetic island within the error bar and
the difference of the two sojourn times is caused by the non-constant magnetic island
structure in one oscillation period. Also, we found this structure changes with time. This is
described in next section.

2.3. Observation of the changing structure of rotating magnetic island

Each sojourn time in one oscillation period is found to change not only in one oscillation
period but also in long time duration. Figure 7 shows the temporal change of the phase
averaged time evolution of ;. The sojourn time of the signal at the position of ¢=-72 degrees



enlarges. On the other hand, the sojourn time of the signal at the position of ¢= +72 degrees
becomes smaller. Also, the start timing of the sojourn time, which corresponds to the coming
time of O—point, is delayed. This delay is presented by the phase difference between two 7,
measurements, and is shown in Fig. 1(h). At first, the phase difference is steady and equal to
the separated toroidal angle of each diagnostics location. Then, after ¢+ = 5.12 s, the phase
difference starts to change significantly.

This phenomenon might be possible to explain by the following two reasons. One is the
shift of the start point in toroidal or poloidal space during the oscillation. The other is the
change of the rotation speed in one oscillation period. Figure 8 shows the time evolution of
the radial component of m/n=1/1 magnetic flux and the toroidal phase of O-point of the
rotating magnetic island. Here, the toroidal phase is estimated from the correlation analysis of
two saddle loop array signals. The start points of oscillation which is defined the timing of the

minimum value of A®j,every oscillation period are plotted by the green dots as shown in
Fig. 8(b). The location is almost steady at around 0 radian. The temporal behaviour of the O-
point moving toroidal location is plotted in Fig. 9. In this polar plot, one oscillation period at
around ¢ = 5.14 s is over plotted by the red square. The O-point location is rotating in a
counter clockwise direction that is the electron diamagnetic direction. It is found that when
the O-point locates at approximately 180 degrees, the amplitude of radial magnetic flux

component A®j,is large and almost constant. During the rotating phase, the amplitude

becomes enlarged at around 0 degrees. At around ¢= 180 degrees, the origin of the error field
of LHD magnetic coils is located [24]. In this experiment, the operation is carried out under
the cancelling error field condition. However, still the error field seems to be affected.
Therefore, the shift of the start point should be omitted from the causes. For considering
another candidate, the rotation speed is plotted with the amplitude of the radial magnetic flux
component A®j,in Fig. 10. They show the inverse relationship. When the rotation speed is
high (low), the amplitude is small (large). Also, it is clearly found that there is hysteresis in
one oscillation period and the shape of that hysteresis changes. This means that the rotation
speed of the rotating magnetic island is not constant and it can be led to the phase change of
the separate toroidal locations. In addition, this distortion of the rotation structure becomes
large just before the locked phase, and finally it leads to the damping of the rotation velocity
and the minor collapse.

3. Summary

This study found that for the stability of high performance plasma: (1) that the magnetic
island structure is present in the mode locking discharge in helical plasma; (2) and that the
island rotation speed is not toroidally uniform during the rotating phase. The non-uniformity
increases until the mode is locked.

These observation results are quite similar with the tokamak locked mode observations.
It will open the way to understand physical mechanics of locked mode in toroidal plasma
which are not only helicals but also tokamaks. In this sense, the study of the reason why and
what is the origin of the start of the rotating phase is important and must be understood in the
future.
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Fig. I Time evolutions of (a) volume-averaged [, (b) plasma current normalized to the toroidal field,
(c) line-averaged electron density, (d) m/n=1/1 component of the radial magnetic field, (e)
perpendicular velocity V| around r.y/as=0.9, (f) frequency spectrogram of V., (g) frequency of
m/n=1/1 magnetic fluctuation component, and (h) toroidal phase difference of V. oscillation
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Fig. 2 Radial profiles of (a) fluctuation amplitude of m/n = 1/1 component of ECE intensity, (b) the
phase difference, and (c) the flattened electron temperature measured by the Thomson
scattering method at t =4.8 s.
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