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Identification of the magnetic island structure
in the HL-2A tokamak*
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The identification of the magnetic island structure in the HL-2A tokamak is presented. First, the perturbation

current as a source for the perturbation flux can be determined by using Mirnov probe measurements. By superposing

the perturbation flux and the equilibrium flux reconnected by equilibrium fitting, the structure and the width of the

magnetic islands can be estimated. The method has been used in the HL-2A experiments.
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1. Introduction

Magnetohydrodynamic ~ (MHD)

which can lead to confinement degeneration and even

instabilities,

discharge disruption, play an important role in toka-
maks. When MHD instabilities occur in the plasma,
they usually bring a change to the magnetic topol-
ogy, such as tearing modes. At rational surfaces, the
magnetic field lines break and reconnect to form mag-
netic islands.!' 3! Identification of the magnetic island
structure is important for understanding the MHD in-
stability phenomena and for their control. In many
fusion experiments, the MHD instabilities are inves-
tigated by using electron cyclotron emission (ECE)
imaging!* and soft X-ray tomographic imaging.[® The
Mirnov probe recording the accompanying magnetic
perturbation field is another important diagnostic tool
for the analysis of MHD instability.

In the HL-2A tokamak, MHD instabilities, espe-
cially the tearing modes, are investigated using Mirnov
probes. Based on the experimental measurements, the
frequencies and the amplitudes of the modes can be in-
vestigated. The mode numbers can also be determined
easily.[®l However, the width of the magnetic island not
only depends on the amplitude of the signal measured
by the Mirnov probes, but id also affected by the dis-
tance between the g resonant surface and the probes,
the magnetic shear at the rational surface, and so on,
where ¢ = m/n, m and n are the poloidal and the
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toroidal mode numbers, respectively. So it is difficult
to estimate the mode structure and the island width
directly with Mirnov probes. The spatial resolutions
of the soft X-ray and the ECE diagnostics are not
good enough to measure the island in the HL-2A. In
order to analyse the structure of the magnetic island,
an identification method of the magnetic island has
been developed for the HL-2A.["1 With the help of a
simulation of the perturbation field and a comparison
with the Mirnov measurements, the structure and the
width of the magnetic islands can be estimated. The
results indicate that the width of the magnetic island
is in good agreement with the theoretical prediction.
The method is reliable for analysing the structure of
the magnetic island. For convenience, some approx-
imations, such as the cylindrical approximation and
the simplified case of the vacuum field response, were
used in that work. In addition, the equilibrium flux
was calculated with an assumed plasma current pro-
file. So the plasma displacement and the Shafranov
shift affected the calculation accuracy. Moreover, the
method can be used only for the limiter discharge.
In this paper, using the MHD equilibrium!® recon-
structed by using the equilibrium fit (EFIT) code,
these problems will be addressed.

The rest of the present paper is organized as fol-
lows. The experimental setup is described in Section
2. In Section 3, the method is presented in detail. Dis-
cussion and a conclusion are given in the last section.
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2. Experimental setup

The HL-2A tokamak[®! (with major radius Ry =
1.65 m and minor radius @ = 0.4 m) has an axisym-
metric single-null divertor. A set of Mirnov probes
is equipped on the HL-2A. A poloidal array of 18
pick-up coils is used to determine the poloidal mode
number. The distance between two adjacent probes
in the poloidal direction is about 10.5°, as shown in
Fig. 1. They can be used to determine the poloidal
mode number of m < 17. Ten Mirnov coils arranged
along the toroidal direction are employed to detect the
toroidal mode. The toroidal Mirnov coils can be used
to recognize n < 4 mode. Based on the experimen-
tal data, the mode frequency and the mode amplitude
are investigated. In addition, the mode number (m,
n) can be determined by the correlation analysis of
the measurements from the Mirnov probes.

0.8

Fig. 1.
probes and MHD equilibrium reconstructed by EFIT in
the HL-2A.

(colour online) Locations of poloidal Mirnov

3. Method

Figure 2 displays the scenario of shot No. 10049.
Figures 2(a) and 2(b) show the raw data from the 13-
th probe located in the midplane on the low field side
and its spectrogram, respectively. Figure 2(b) shows
the dominant mode (m = 2), the second and the third
harmonics of the dominant mode, other modes and
the fixed noise supplied by the ohmic coil current. An
ideal filter, which is based on the fast Fourier trans-
form (FFT), is used to extract the perturbation field
of the dominant mode. Figures 2(c) and 2(d) show
the perturbation field of the dominant mode (m = 2)

B,,—2 and its spectrogram, respectively.
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Fig. 2. Measurements of the Mirnov probe and the per-
turbation field of the m = 2 mode extracted from the
raw signal. (a) and (b) are the raw data from the 13-th
probe and its spectrogram, respectively. (c¢) and (d) show
respectively the perturbation field and its spectrogram of
the m = 2 mode extracted from raw data using an ideal
filter method.

In this paper, the equilibrium flux is recon-
structed by using the EFIT code, which was origi-
nally created by Lao et al. for the doublet ITI.[10:11]
The purpose of the EFIT code is to obtain a solu-
tion to the equation for the equilibrium force balance
in the tokamak plasma that is consistent with exper-
imental measurements. It is currently used in many
tokamaks all over the world, such as the TFTR, the
JET, the D-IIID, the JT-60 and the TEXTOR. It has
been also successfully applied to the HL-2A.1'2 As
shown in Fig. 1, the equilibrium configuration of Shot
No0.10049 is rebuilt by using the EFIT (for plasma
current I, = 168 kA, toroidal field By = 1.33 T and
t = 500 ms). From the EFIT, the profile of safety
factor ¢(r) and the position of the ¢ = m/n resonant
surface can also be determined. The ¢ profile is im-
portant for the identification of the magnetic island
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in our method. The position of the ¢ = 1 surface es-
timated through soft X-ray diagnostics is used as the
benchmark for the EFIT results.

In the calculation, the perturbation currents as
the source of the perturbation flux mainly flow in the
vicinity of the corresponding resonant surface. To
simplify the calculation of the perturbation flux, it is
assumed that the perturbation currents concentrate
on the corresponding resonant surface and flow in a
force-free manner along the equilibrium field lines of
that surface. As force-free currents do not change the
plasma equilibrium, the perturbation field is not in-
fluenced by the surrounding plasma.

Considering that the perturbation current on the
rational surface ¢ forms a helix, we can write the per-
turbation current distribution ;' as

7 (R, Z) = jicos (md +np+wt+AP), (1)

where ¥ and ¢ are the poloidal and the toroidal an-
gles, ¥ = 0 is in the midplane on the low field side, w
is the rotating rate and A® is the initial phase of the
perturbation current distribution.

The toroidal curvature can be described in the
first order of the inverse aspect ratio by a transforma-
tion from ¥ to ¥*, namely,

9 =9 — Asin®.
The Shafranov approximation leads to

li
)\:(ﬂp+2—|—1>€,

where values of poloidal beta (3,, internal inductance
l; and inverse aspect ratio e = r/Ry are those of
the rational surfaces under consideration. To sim-
plify the three-dimensional (3D) problem into a two-
dimensional (2D) one, the toroidal component of the

current is considered as
Jo (R, Z) = jgcos {m {19 - <ﬁp + % + 1) 6sin19]
+ A@}. (2)

The parameters of the perturbation current, jj, A, and
A®, can be determined by a least-square fitting to the
poloidal Mirnov measurements. A function is set as

62 = i (Bi - Bi0>27 (3)

i=1

where B, is the i-th Mirnov coil perturbation mag-
netic field calculated by using the perturbation cur-

rents (Eq. (2)), Bjp is the measurement of the i-th

Mirnov probe, k is the number of Mirnov probes and
k = 18 in the HL-2A. The minimization of §2 result
in suitable parameters for the perturbation current.
Figure 3 shows the comparison of the pertur-
bation magnetic field of the Mirnov probes between
measurement Bio and simulation Bi. The coefficients
of the perturbation current, jj, A and A, for Shot
No. 10049 at t = 490 ms (Fig. 3) are 9240, 0.1 and
2, respectively. Here A ranges from 0.2 to 0.4 for the
usual ohmic heated plasma in the HL-2A, which can
be estimated by using the equilibrium fitting codes,
such as the EFIT and the CF codes. The difference in
A between the simulation and the estimation is caused
by the plasma horizontal displacement. Obviously, the
simulation is in good agreement with the measure-
ment. So, the perturbation currents are reliable to
denote the dominant mode (m = 2) magnetic pertur-
bation in the plasma. The perturbation flux produced
by the perturbation current is demonstrated in Fig. 4.
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Fig. 3. Comparison of perturbation field between mea-
surement and simulation for Shot No. 10049 at ¢t = 490 ms.
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Fig. 4. (colour online) Perturbation flux calculated from
the perturbation current, which is determined by the
Mirnov measurements for Shot No. 10049 at t = 490 ms.
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To identify the magnetic island structure, an ar-
tificial equilibrium flux ¥, is created as

1
Wh = WO - wq:const = WO - 6@07 (4)

where ¥, and &g are the poloidal and the toroidal equi-
librium flux functions, respectively.l'>14 A zero shear
field Wy—const (g=const. in each surface) is subtracted
from the equilibrium field. According to the definition
of ¢ (¢ = d®/d¥), the flux function ¥y_const = ¢~ Po.
Since ¥, and @y are constant in the initial flux sur-
faces, the resulting helical flux function ¥ has the
same contour lines.

Unlike equilibrium flux functions ¥, and &g, each
of which is a monotonic function in the radial direc-
tion and has an extremum at the magnetic axis, the
helical flux ¥, has an additional extremum on the
surface with safety factor q. Superposing the heli-
cal equilibrium flux ¥, and the perturbation flux, the
equilibrium flux near the resonant surface ¢ = 2/1 is
modulated by the perturbation flux. The perturbation
field changes the magnetic topology and the magnetic
field lines break and reconnect to form the magnetic
islands. As shown in Fig. 5, the magnetic island is
reconstructed. The X points of the resulting islands
are at the minima of the perturbation flux and the O
points are at the maxima. The width of the magnetic
island can be calculated to be w = 0.065 m.
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Fig. 5.
tion and the helical equilibrium flux. The magnetic island

(colour online) Superposition of the perturba-

structure is identified to be m = 2 mode. The positions of
the X and O points and the width of the magnetic island
can be obtained.

Using the method described above, the widths of
the magnetic islands corresponding to different ampli-
tudes of the perturbation field measured by the 13-th
Mirnov probe can be calculated. The non-linear re-
lationship between the amplitude of the perturbation
field B,,—» and the width of the magnetic island is
shown in Fig. 6 (denoted with star). The function
w = 0.0256 X (Bp—2)'/? (the dashed line in Fig. 6)
is shown to be the relationship between Bm:2 and w.
This is in good agreement with the theoretical predic-
tion, which is

- 1/2
rqB, rq \'"?
w=4 - =4 . X
mq’' By mq' By s

S

where r and By are the minor radius and the poloidal
magnetic field of the rational surface, respectively, and
B, denotes the radial field perturbation and depends
linearly on By,—s.
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Fig. 6. Non-linear relationship between the amplitude of
perturbation field Bm—2 and the width of the magnetic
island w. The Bng is measured by the 13-th Mirnov
probe.

4. Discussion and conclusion

It is well known that the tearing modes in plasma
Although the
amplitudes of the Mirnov signals can partially rep-

can be measured by Mirnov probes.

resent the intensity of the MHD instability, they are
affected by the equilibrium configuration, such as the
distance between the ¢ surface and the Mirnov probe,
and the magnetic shear near the corresponding sur-
face. So, it is impossible to evaluate the width of the
magnetic island directly. In this paper, the identifica-
tion of the magnetic island structure in the HL-2A is
described. With the help of a simulation of the pertur-
bation current in the rational surface ¢ and a compar-
ison with the Mirnov measurements, the perturbation

095205-4



Chin. Phys. B Vol. 20, No. 9 (2011) 095205

flux can be calculated. By superposing the pertur-

bation and the equilibrium (reconstructed by EFIT)

flux, the structure of the magnetic island can be iden-

tified. The width of the magnetic island can also be
estimated. This method has been used to identify the
m/n = 2/1 mode in the HL-2A. In addition, it is use-
ful for the investigation of MHD instability behaviour

and its control.
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