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Coupling the magnetic diagnostics and a 3D MHD equilibrium calculation code, the magnetic island is

studied in the Large Helical Device (LHD) experiment. In an experiment, the collapse in the plasma core was

observed in a configuration, which has large magnetic island produced by external perturbation coils. At the

collapse, the temperatur profile was flattened. This suggests the magnetic island evolved. The magnetic island
was observed by the magnetic diagnostics. The magnetic diagnostics also suggests evolving the magnetic island.
A 3D MHD equilibrium is caluclated by the 3D MHD equilibrium code then signals of the magnetic diagnostics
are simulated. Since the comparison of observed and calculated signals is comparable, the magnetic island in

calculated equilibrium is similar to one of the experiment.
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1. Introduction

The study of the magnetic island is an important is-
sue because the generation of the magnetic island leads the
degradation of the confinement due to flattering of the tem-
perature. In tokamaks, the magnetic island is generated by
the resistive MHD instability like the tearing mode [1] at
many cases. Especially, the study of the neoclassical tear-
ing mode (NTM) [2] is an important and critical issue. On
the other hand, in stellarator/heliotron plasmas, the gener-
ation of the magnetic island is observed due to the MHD
instability [3,4]. In addition, the evolution and suppression
of the magnetic island are also observed without the MHD
instability [5]. In such cases, the magnetic island is driven
by the equilibrium response [6-8]. Since the magnetic is-
land driven by the equilibrium response is not rotating and
appeared in the quasi steady-state, it is good target to mea-
sure the magnetic island.

To observe the magnetic island, the profile measure-
ment is widely used. Flattening of the electron temperature
and density indicate the existence of the magnetic island.
However, if the O-point of magnetic islands does not lo-
cate on the line of sight, the profile measurement cannot
identify the magnetic island. On the other hand, the mag-
netic diagnostics directly observe the plasma response and
it does not depend on the location of the O-point. The mag-
netic diagnostics observes total plasma response in the out-
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side of the plasma. Thus, to identify modes of the plasma
response, the mode analysis is done. In the LHD experi-
ments, the mode analysis assuming the current filament is
used [9] but this analysis can not model the magnetic field
structure. To model the magnetic field more physically,
coupling with the numerical simulation is necessary.

An advantage of the LHD device to study the mag-
netic island is superposing of the resonant perturbation
field (RMP) by external coils. These coils are called to the
LID coils, which were prepared for the operation of the Lo-
cal Island Divertor (LID) [10]. Since these coils can gener-
ate the low-n magnetic island for the vacuum, we can study
only the effect of the plasma response on the magnetic is-
land. Many experiments were done to study the plasma
response [5, 11-13]. In those studies, the spontaneous evo-
lution and suppression of the island were observed without
the MHD instability. This suggests a possibility the mag-
netic island changes spontaneously due to the equilibrium
response. This also suggests 3D MHD equilibrium analy-
sis can be used to study the magnetic island.

In this study, we study the magnetic island in a low
magnetic shear configuration in the LHD. We propose
studies of the magnetic island by coupling the magnetic
diagnostics and a 3D MHD equilibrium calculation code
without assumption of nested flux surfaces. In the next
section, we show an experimental result, which is an obser-
vation of the perturbation driven by the plasma response.
The perturbed field is observed by the magnetic diagnos-
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tics. In Sec. 3, we show a demonstration of our method by
coupling the magnetic diagnostics and the 3D MHD equi-
librium code. Finally, we discuss and conclude this study.

2. Experimental Results

The LHD is an L/M = 2/10 heliotron. Here L and M
are the pole number of helical coil winding and toroidal
field period. In this study, we did an experiment with n/m
= 1/1 magnetic island, where n and m are toroidal and
poloidal mode numbers, respectively. As mentioned in the
introduction, the LHD device can produce low-n magnetic
islands by the LID coils. The LID coils produce the dipole
field to produce n/m = 1/1 field. The plasma response
on low-n magnetic islands is observed by the magnetic
diagnostics, which are two poloidal arrays of flux loops,
“Loopl1” and “Loop2”. Figure 1 shows a schematic view of
poloidal arrays of flux loops. One array consists of twelve
flux loops. These arrays measure the perturbed field pro-
duce by the parallel current jj. In the LHD experiments,
Jji is the Pfirsh-Schliiter (P-S) current. If there is no low-n
perturbed field smaller than the toroidal field period, two
arrays observe same signals. However, appearing low-n
perturbation (n < 10), the difference between two arrays
appears. From the difference, we can decide the perturbed
field B,, mode numbers n/m and phase of the magnetic is-
land @igiand-

Figure 2 shows a discharge in a large plasma aspect
ratio configuration (A, = 8.3). In this experiments, the
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Fig. 1 The schematic view of poloidal arrays of flux loops. Two
arrays are installed at ¢ = 57 and 237 [deg]. One array
consists of twelve loops.

dipole field by LID coils was superposed to a configura-
tion, which is R,;x = 3.6 m and k ~ 1. The R, is the vac-
uum axis position and « is the averaged elongation of the
plasma. The dipole field resonates on ¢ = 1 surface, where
¢ is the rotational transform. The order of the perturbed
field B, is about O(10™*). The width of the island is about
Ap ~ 0.4, where p is the normalized minor radius. For A,
= 8.3 configuration, the rotational transform on the axis ¢
is larger than n/m = 2/3 and the rotational transform at the
plasma edge on ¢, is smaller than n/m = 3/2. This means
only n/m = 1/1 island appears in this configuration and it
can be considered. The magnetic shear on ¢ = 1 surface is
weaker than other configurations with small A,. Thus, we
can expect the equilibrium response will appear strongly.
In the figure, the volume averaged beta (8)4i,, the plasma
current /,/B,, signals @, at a poloidal angle and the dif-
ference A®, between two arrays at the poloidal angle are
plotted. A red line indicates the time appearing the mi-
nor collapse. Increasing A®;, (B)qi, slightly decreases. In
Fig. 3, profiles of the electron temperature 7, between the
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Fig.2 The volume averaged beta (B)4,, the plasma current
I,/ By, signals @, at a poloidal angle and the difference
A®, between two arrays at the poloidal angle are plotted.
The minor collapse apperas at the red line in the figure.
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Fig. 3 Profiles of the electron temperature T, are shown between
the minor collapse.
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Fig. 4 Measured flux from two poloidal arrays are shown be-
tween the collapse # = 0.65 and 0.86 [s]. Profiles are plot-
ted along the poloidal angle 6. Differences between Loop
1 and 2 are increased after the collapse.

collapse are plotted. After the collapse, T, decreases then
flattening T, increases. This suggests the magnetic island
with n/m = 1/1 evolves.

In Fig. 4, profiles of measured flux on loop arrays are
plotted along the poloidal angle 6. Profiles are shown at
t = 0.7 (before the collapse) and 0.86 (after the collapse).
After the collapse, the difference increases and signals of
the Loopl is sensitive. Although the signal of the Loop2
is almost same at different times, the signal of the Loopl
changes. This means the perturbation of the plasma re-
sponse is large under the Loopl.

In this experiment, we observe magnetic fluctuations
by magnetic probes. However, the low-n MHD instability
to produce the magnetic island was not observed strongly.
Thus, the perturbed field may be produced by the equilib-
rium response.

3. Comparison of Magnetic Diagnos-
tics and a 3D MHD Equilibrium

In this section, we study a 3D MHD equilibrium cal-

culation and it is compared with the magnetic diagnostics.

The magnetic diagnostics observes the perturbation of
the plasma response from the outside of the plasma. Ob-
served signals are total perturbations and its depend on the
internal distribution of the plasma current density. Thus,
to understand the magnetic field structure, other analyses
are necessary. A method is the mode analysis assuming
currents filaments in the plasma. In this method, the multi-
filament currents Iy = I, cos(mf — n¢ + @) are put on
the resonant surface, where I,,, and « are the maximum
filament current and the phase of the mode, respectively.
Symbols 6 and ¢ show poloidal and toroidal angles on the
Boozer coordinate system. The subscripts m and n indi-
cate the poloidal and toroidal mode numbers. The spatial
structure of the mode is identified through the compari-
son between observed perturbation and the calculated flux.
From these procedures, we can identify the mode and ap-
proximated location of the plasma response. Details are
shown in ref. [9]. However, in this analysis, the magnetic
field structure cannot be identified because filament cur-
rents are assumed. If we can get the internal distribution
of the plasma current density jpiasma, WE can reconstruct
the external perturbation from the internal jplasma distribu-
tion. A candidate to get jylasma i the information from
the 3D MHD equilibrium calculation if the magnetic is-
land is changed by the equilibrium response. The 3D MHD
equilibrium calculation gives the information of the mag-
netic field (jplasma). The DIAGNO [14], V3FIT [15] and
JDIA [16] codes were developed to couple a 3D MHD
equilibrium code, VMEC [17]. Using those codes, we
can compare observed signals and calculated perturbation
without the magnetic island because the VMEC assumes
perfectly nested flux surfaces. This means those code can-
not identify the magnetic island breaking nested flux sur-
faces. To identify the magnetic island, coupling the JDIA
and HINT?2 codes was proposed. The HINT2 is a 3D MHD
equilibrium calculation code without assumptions of per-
fectly nested flux surfaces [18].

In Fig.5, flux surfaces including n = 1 island are
shown for the vacuum and a finite-3 equilibrium. The cal-
culation was done for Ry = 3.6m, Ap = 8.3, k ~ 1 cor-
responding to the experiment. These cross sections are
same at the poloidal section along the Thomson scatter-
ing system (the chord is along on Z = 0 const. plane).
The equilibrium calculation was done with the initial pres-
sure profile p = po(1 — s)(1 — s*), which s is the normal-
ized toroidal flux. A large n = 1 island appears for the
vacuum field. However, in spite of appearing the large is-
land, clear flux surfaces are kept in the inside and outside
of n = 1 island. For finite-8 ((8) ~ 1.5%), n = 1 island
evolves and the stochastization appears around the island.
Since the plasma pressure is flattering on the island, the
Pfirsh-Schliieter (P-S) current flow is distorted. This dis-
torted current flow generates additional perturbed field to
evolve or suppress the island. In addition, the pressure-
induced perturbation generates the higher-mode perturbed
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Fig. 5 Poincaré plots of magnetic field lines with n/m = 1/1
island are shown for the vacuum field and a finite-3 equi-
librium ({(8) ~ 1.5%). The configuration is an inward
shifted configuration (R,x = 3.6m, A, = 8.3, k = 1).
The color-bar indicates the connection length of magnetic
field lines.
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Fig. 6 Calculated flux on poloidal loop arrays are plotted corre-
sponding to Fig. 4.

field. The nonlinear coupling of those modes leads the
stochastization of field lines.

Figure 6 shows calculated flux of poloidal loop arrays
from HINT2 and JDIA corresponding to Fig. 4. The order
of the flux between the calculation and observation is com-
parable but the factor is different. The profile is similar in
both cases. Especially, the Loopl is sensitive in the cal-
culation and it corresponds to the experiment. From this
calculation, we can guess the magnetic field structure from
Fig.5. In Fig.3, the temperature collapse was observed
but that was not the collapse. According to Fig.5, n/m =
1/1 island evolved then the magnetic axis shifted upward.
Therefore, the electron temperature was observed on the
O-point of the magnetic island.

4. Discussion and Summary

We proposed the study of the magnetic island by cou-
pling the magnetic diagnostics and the HINT2 code. Ob-
served and calculated flux on poloidal loop arrays are com-
parable then the magnetic island evolves due to the equi-

librium response. However, the difference is found in the
comparison. The order of the flux is same but the factor is
a little bit different. In this study, we compare with only
one calculated equilibrium assuming a pressure profile and
zero net toroidal current. Since the poloidal loop array is
sensitive to the pressure profile, we need to compare with
other equilibria with different pressure profiles.

The net toroidal current is observed. Here, we dis-
cussed only the equilibrium response due to the distortion
of the P-S current flow. If the magnetic island appears or
changes, the distortion of the net toroidal currents, which
are the Ohmic, beam-driven and bootstrap currents as ex-
amples, along the magnetic island is not surprising. As
an example, a theory predicted the evolution and suppres-
sion of the magnetic island by the bootstrap current [19].
The consideration is analogy from the theory of the NTM.
In tokamaks, the bootstrap current always destabilizes the
tearing mode. However, in stellarator/heliotron, the mag-
netic shear is the reversed shear in tokamaks. Thus, the
bootstrap current will suppress the magnetic island. For
the real plasma in the experiment, the equilibrium response
is coupled the effect of the P-S and other currents nonlin-
early because the spontaneous evolution and suppression
of the island can not be explained by only the P-S current
in the experiment [5]. In that change, the magnetic island
spontaneously changes due to the plasma collisionality in a
discharge. To understand the equilibrium response includ-
ing othe currents, the extension of the HINT?2 code is nec-
essary. The HINT2 can treat only the net-toroidal current
prescribed by the function of the toroidal flux. In this treat-
ment, the vanishing of the bootstrap current in the island
cannot be represented. The extension is now doing. In-
cluding the neoclassical current self-consistently, the cou-
pling the HINT and transport codes is necessary. That is a
future subject.
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