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The effect of toroidal current on the rotational transform was investigated in Heliotron J by measuring mag-
netohydrodynamic (MHD) activities at two configurations with a rotational transform (¢/27) close to 0.5. The
resonant m/n = 2/1 mode was observed in an ECH + co-NBI plasma in the configuration with ¢/2r = 0.48 at
p = 0.7. Here, m and n are the poloidal and toroidal mode numbers, respectively. p is the normalized minor ra-
dius. The rotational transform is increased presumably due to the toroidal current. The location of the ¢/27r = 0.50
rational surface was determined to be p = 0.8-0.9 by soft X-ray (SX) fluctuations related to the MHD mode. An
equilibrium calculation considering the toroidal current showed that the increase in the rotational transform due
to the toroidal current was consistent with experimental results. The resonant mode structure was also investi-
gated in an ECH + counter-NBI plasma at the ¢/27 = 0.50 configuration. The location of the /27 = 0.50 rational
surface, as determined by SX signals, did not change significantly compared with that obtained under a vacuum
configuration. There is no significant difference between the rotational transform profile that considers toroidal
currents by equilibrium calculation and that of the vacuum configuration. These results suggest that the change
in the rotational transform profile caused by the toroidal current was small, owing to the balance between the
bootstrap current and counter-flowing NB driven current.
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1. Introduction

Suppression of magnetohydrodynamic (MHD) insta-
bility is important for achieving high-performance plas-
mas. In helical plasmas, stabilization of pressure-driven
modes, such as ideal and/or resistive interchange modes, is
a critical issue for a high-8 plasma. Heliotron J is a low
magnetic shear helical-axis heliotron device with a mag-
netic well, which is expected to help avoid or minimize
MHD instability [1]. However, MHD instabilities have
been experimentally observed in plasmas heated by elec-
tron cyclotron heating (ECH) and neutral beam injection
(NBI) [2]. The m/n = 2/1 MHD instability, exhibiting in-
tense magnetic fluctuations and a frequency of f < 10kHz,
has been observed in plasmas with a rotational transform
(¢/2m) close to 0.5, where m and n are the poloidal and
toroidal mode numbers, respectively. The equilibrium con-
figuration is changed by the toroidal current and plasma
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pressure, and a low-order resonant rational surface can ap-
pear in the plasma. Toroidal currents, such as the bootstrap
current, electron cyclotron (EC) driven current, and neu-
tral beam (NB) driven current, have been examined in He-
liotron J [3,4]. Such currents can modify the MHD equi-
librium and stability due to the change in the rotational
transform profile. The effects of the toroidal current on
MHD modes have been investigated in CHS [5] and W7-
AS [6]. In Heliotron J, the approach to the transition to
an improved confinement mode has been investigated [7].
The transition in NBI-only plasma has been recently inves-
tigated. The experiments show that the transition occurs
at a certain value of the toroidal current [8]. The modi-
fication of the rotational transform by the toroidal current
may induce a spontaneous transition. The objective of the
present paper is to study the effect of toroidal current on
the rotational transform by measuring MHD activities in
Heliotron J.
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The organization of the rest of the paper is as follows.
The experimental setup is described in Section 2. In Sec-
tion 3, the experimental results for the resonant m/n = 2/1
mode in ECH + NBI plasmas are discussed. In addition,
separation of the bootstrap current and the NB driven cur-
rent is also presented. In Section 4, we discuss the effect of
toroidal current on the rotational transform by equilibrium
calculations. We present the conclusions in Section 5.

2. Experimental Setup

Heliotron J is a medium-sized plasma experimental
device. Figure 1 shows the top-view of the Heliotron J de-
vice. The device parameters are as follows: plasma major
radius R = 1.2 m, averaged minor radius a = 0.1-0.2 m, ro-
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Fig. 1 Top view of Heliotron J device. The positions of the heat-
ing systems and some diagnostics are shown. Equivalent
current is counterclockwise direction by vacuum poloidal
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tational transform ¢/27 = 0.3-0.8, and the maximum mag-
netic field strength on the magnetic axis By = 1.5T. The
coil system is composed of a helical coil with L = 1 and
M = 4, two types of toroidal coils, and three pairs of ver-
tical coils. Here, L is the pole number of the helical coil,
and M is the pitch number of the field along the toroidal
direction. A wide variety of magnetic configurations can
be produced on the Heliotron J by controlling each current
flowing in these coils. In this study, two configurations
with the rotational transform close to 0.5 were selected,
namely, ¢/27 = 0.48 and 0.50 at p = 0.7 under vacuum con-
ditions, while the major Fourier components in the Boozer
coordinates of the confinement field were kept almost con-
stant. Here, p is the normalized minor radius. In Fig.2(a),
the poloidal cross section of toroidal angle ¢ = 45° for the
t/2n = 0.48 configuration is shown, where the soft X-ray
(S§X) detector is located. Figure 2(b) shows the rotational
transform profiles in the vacuum configuration. The total
toroidal current is measured using Rogowski coils wound
on the inner wall of the poloidal cross sections at two dif-
ferent toroidal angles. We define the positive toroidal cur-
rent as co-direction and the negative current as counter-
direction. Here, “co-"" means the toroidal current increases
the vacuum rotational transform, and “counter-" means the
toroidal current decreases the vacuum rotational transform.
To produce the plasma, NB was injected into the ECH
plasma (ECH + NBI plasma). Here, NB was injected in the
counter-direction in the case of the normal magnetic field.
When the magnetic field is reversed, NB was injected in
the co-direction. For determining the geometric structure
of magnetic fluctuations accurately, four Mirnov coils are
installed in the toroidal direction and 14 mirnov coils are
set poloidally on one poloidal cross-section. The magnetic
probes have a frequency response of up to 500kHz. A SX
diode array has 20 vertical viewing chords. Figure 2(a)
shows the lines of sight of the SX array.
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Fig. 2 (a) Magnetic flux surface and 20 lines of sight in the SX array. (b) Radial profiles of the rotational transform under vacuum

conditions.
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Fig. 3 Time evolution of an ECH + co-NBI plasma. The (a)
NBI and ECH, (b) stored energy, (c) plasma current, (d)
Mirnov signal, (e) Magnetic fluctuation of m/n = 2/1
mode, and (f) SX signal.

3. Experimental Results

3.1 ECH + co-NBI plasma

Figure 3 shows a discharge with ECH + co-NBI for
the ¢/2m = 0.48 configuration. An ECH power of 208 kW
is injected from 165 to 265 ms. An NB port-through power
of 573 kW is injected from 175 to 265 ms. The net toroidal
current is increased up to 2.5kA in the co-direction. The
magnitude fluctuation of m/n = 2/1 mode with a fre-
quency of 3kHz is observed from 225 to 245ms. The
m/n = 2/1 mode rotates in the electron diamagnetic direc-
tion. The fluctuation of the SX signal also appears simulta-
neously, as shown in Fig. 3(f). Figure 4(a) shows the rela-
tive amplitude of the fluctuations §/sx, observed in the SX
signal. Peaks are observed at #5 (p = 0.90), #15 (p = 0.45),
and #18 (p = 0.80). Figure 4(b) shows the phase differ-
ence between the SX channels for the mode. The derived
phase relation indicates the “even” or “odd” character of
the m number: the phase difference between the SX chan-
nels is ~27 (~m) for an even (odd) m number. The phases
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Fig. 4 Radial profile of (a) SX fluctuation amplitude and (b)
phase difference between SX channels in ECH + co-NBI
plasma.

#5 and #18, are almost the same, and they are consistent
with m = 2, which is determined using the magnetic probe
arrays. Therefore, they correspond to the location of the
resonant surface of the m/n = 2/1 mode. The intensity
of #15 is high. The phase difference between #15 and #5
(#18) is ~m. However, the details remain unclear. In the
vacuum magnetic surface of the (/27 = 0.48 configuration,
there is no rational surface of the m/n = 2/1; however, the
rotational transform is affected by the plasma pressure and
co-flowing toroidal current, resulting in crossing of the ra-
tional surface of the m/n = 2/1 mode. The movement of
the peak position of dlsx is not observed. The m/n = 2/1
mode is not observed after 245ms. The rational surface
of m/n = 2/1 may disappear due to the decrease in rota-
tional transform induced by the slight reduction of toroidal
current.

3.2 ECH + counter-NBI plasma

Figure 5 shows a discharge in ECH + counter-NBI
with the ¢/2m = 0.50 configuration. An ECH pulse with
a power of 312kW is injected from 165 to 290 ms. The
NB with a port-through power of 561 kW is injected from
170 to 290 ms. The net toroidal current is increased up to
1 kA in the co-direction. The total toroidal current during
counter-NBI injection is smaller than that during co-NBI
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Fig. 5 Time evolution of an ECH + counter-NBI plasma. The
(a) NBI and ECH, (b) stored energy, (c) plasma current,
(d) Mirnov signal, (e) Magnetic fluctuation of m/n = 2/1
mode, and (f) SX signal.

injection, since the NB driven current flows in the counter-
direction against the bootstrap current. The m/n = 2/1
mode with a frequency of 5kHz is observed from 165 to
280 ms. The mode rotates in the electron diamagnetic di-
rection. The fluctuation in the SX signal also appears si-
multaneously, as shown Fig. 5(f). Figure 6 shows the rela-
tive amplitude of the fluctuations observed in the SX signal
at 287-288 ms, when the m/n = 2/1 mode is the strongest.
The peak is observed at 3 and 19ch. The phases of 3
and 19 ch are almost the same, which is consistent with
m = 2, which is identified by magnetic probes. No shift of
the peak has been observed, similar to the case of ECH +
co-NBI plasma. The positions are almost identical to the
rational surface of 0.5 in the vacuum configuration. This
suggests that the position of the rational surface does not
move, even though the finite net current exists.

3.3 Separation of the bootstrap current and
NB driven current
In ECH + NBI plasmas, the toroidal current is com-

posed of the bootstrap current and the NB driven current.
These currents can be evaluated by comparing the exper-
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Fig. 6 Radial profile of (a) SX fluctuation amplitude and (b)
phase difference between SX channels in ECH + counter-
NBI plasma.

imental results obtained for the normal and the reversed
magnetic fields, since the direction of the bootstrap current
flows in co-direction for both cases, whereas the direction
of the NB driven current is associated with the injected
direction. Under the experimental conditions used in this
study, the effect of the EC driven current is weak. The
toroidal current for normal magnetic field ;°™ is given by

norm counter
o™ = Ips + I, M

where Igg is the bootstrap current, and I;"g‘“‘er is the
counter-flowing NB driven current. The toroidal current
for reversed magnetic field /7 is given by

I;ev = IBS + IIC\I%, (2)

where I{j; is the co-flowing NB driven current.
If we assume that I&‘g’mer = —I§}, we obtain the boot-

strap current and NB driven current using Egs. (1) and (2).

norm Tev
Ip + Ip

Igs = 2 , (3)
norm __ yrev
Ilc\l(gmler — p p ) (4)

2

We confirmed that the stored energies of the normal and
reversed magnetic fields were almost identical. However,
we should note that the absorption rate of NB is affected
by the direction of the magnetic field, due to the change

S1067-4



Plasma and Fusion Research: Regular Articles

Volume 3, S1067 (2008)

in the loss rate of high energy ions. Figure 7 shows ap-
proximate evaluations of the bootstrap and NB driven cur-
rents. The bootstrap current is 1.5 = 0.2 kA for ¢/27 = 0.48
and 1.8 + 0.3KkA for ¢/27 = 0.50, whereas the co-flowing
(counter-flowing) NB driven current is 1.0 (—1.0) £0.2 kA
for ¢/2x = 0.48 and 0.8 (—-0.8) + 0.3 kA for ¢/27 = 0.50.

4. Discussions

To determine the effect of the toroidal current on the
equilibrium, fixed boundary VMEC calculations consider-
ing the toroidal current were carried out [9]. The elec-
tron density is given by n. = 2 x 10°(1 — %) m~3,
and the electron and ion temperatures are given by 7. =
0.45x (1 = s)*’keV and T; = 0.15 x (1 — 5)*> keV, respec-
tively. Here, s denotes the normalized toroidal flux, and the
relationship s = p* holds. We assume these profiles, since
the pressure profile has not been obtained yet. Figure 8(a)
shows the bootstrap current and NB driven current profiles.
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Fig. 7 Estimated bootstrap current and NB driven current.
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We assumed that the bootstrap current density is given by
j = jo(s — s%) since the bootstrap current may flow at off-
axis, where the plasma pressure gradient is large. The NB
driven current is given by j = jo(1 — 5)2, since the depo-
sition of NB may be on-axis. Each value of the bootstrap
and NB driven current was estimated using Egs. (3) and
(4). Figure 8(b) shows the radial profile of the rotational
transform calculated using the VMEC code with toroidal
current in ECH + co-NBI plasma. When a bootstrap cur-
rent of 1.5 kA and an NB driven current of 1 kA flow in the
co-direction, the rotational transform profile has the ratio-
nal surface of the m/n = 2/1 mode around p = 0.8. The
calculated location of the rational surface of the m/n = 2/1
is consistent with that obtained from the SX signals.

The VMEC calculations were also performed in ECH
+ counter-NBI plasma. The profiles of toroidal currents
and plasma pressure were similar to those of ECH + co-
NBI plasma. Figure 9 shows the calculated rotational
transform profile with toroidal current. There is no sig-
nificant difference between the rotational transform profile
that considers the toroidal currents and that of the vacuum
configuration, when compared with the ECH + co-NBI
plasma. These results suggest that the change in the ro-
tational transform profile induced by the toroidal current is
small, owing to the balance between the bootstrap current
and counter-flowing NB driven current.

5. Conclusion

The effect of toroidal current on the rotational trans-
form was studied in Heliotron J by measuring MHD ac-
tivities. In an ECH + co-NBI plasma with (/27 = 0.48
configuration, the m/n = 2/1 mode with frequency of
f = 3kHz was observed when the co-flowing toroidal cur-
rent was increased to 2.5 kA. The rotational transform pre-
sumably increased due to the toroidal current, resulting in
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Fig. 8 (a) Toroidal current profile and (b) radial profile of rotational transform determined by VMEC calculation with the effect of toroidal
current and plasma pressure in ECH + co-NBI plasma.
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Fig. 9 (a) Toroidal current profile and (b) radial profile of rotational transform deduced from VMEC calculation with the effect of toroidal

current and plasma pressure in ECH + counter-NBI plasma.

crossing of the rational surface of (/27 = 1/2. Measure-
ment of the mode structure using a 20-channel SX detector
array showed that the rational surface was located around
p = 0.8-0.9. The increase of the rotational transform by
the toroidal current is consistent with the equilibrium cal-
culations. The m/n = 2/1 mode was also observed in the
ECH + counter-NBI plasma with ¢/27 = 0.50 configura-
tion. By an SX measurement, the position of the ratio-
nal surface was determined to be unchanged from that of
the vacuum configuration. Equilibrium calculations also
showed that there is no significant change in the rotational
transform profile due to the toroidal current. These re-
sults suggest that the change in the rotational transform
profile induced by the assumed current profiles is small
in the ECH + counter-NBI plasma, because the counter-
flowing NB driven current density decreases the rotational

transform. The assumed bootstrap current and NB driven
current profiles are considered to be valid. However, we
will discuss the effect of some current density profiles on
the rotational transform in the future.
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