PRL 100, 045003 (2008)

PHYSICAL REVIEW LETTERS

week ending
1 FEBRUARY 2008

Bifurcation Phenomena of a Magnetic Island at a Rational Surface
in a Magnetic-Shear Control Experiment
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Three states of a magnetic island are observed when the magnetic shear at the rational surface is
modified using inductive current associated with the neutral beam current drive in the Large Helical
Device. One state is the healed magnetic island with a zero island width. The second state is the saturated
magnetic island with partial flattening of the T, profile. The third state is characterized by the global
flattening of the T, profile in the core region. As the plasma assumes each of the three states consecutively
through a bifurcation process a clear hysteresis in the relation between the size of the magnetic island and

the magnetic shear is observed.
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Studies of the neoclassical tearing mode in tokamak
plasmas have been made in various experimental devices
because of its importance to predict the performance of
confinement [1-4], and stabilization of this mode by elec-
tron cychlotron current drive has been demonstrated in
tokamaks [5—7]. Although the influence of magnetic shear
on MHD activity is important in addition to its influence on
transport, an experimental study based on the actual mea-
sured magnetic shear has not been made in a helical
system. This is because the magnetic shear originally
produced by the external coil currents is large enough to
shrink the magnetic island even if there is some residual
error magnetic field [8,9] and comparison with theoretical
model was reported [10]. It has been pointed out that the
global stochastization of the magnetic surfaces is induced
when the width of the island exceeds a threshold in toroidal
plasmas [11]. Therefore the effect of the magnetic shear on
the formation of a magnetic island, on the stochastization
of magnetic surfaces, and on MHD instabilities such as the
tearing mode and the interchange mode [12] has been
considered to be a very important issue in tokamak and
stellarator plasmas. This study is very important in the
plasma with a low shear configuration because the MHD
activity is sensitive to the magnetic shear at the rational
surface. Although the plasma current in a helical system is
a relatively small fraction of the equivalent plasma current,
the magnetic shear near the plasma center can be con-
trolled by driving a current at the magnetic axis. Neutral
beam current drive (NBCD) is one of the useful tools to
drive the toroidal current; however, the current drive by
NBCD has not been studied much because of the difficulty
of measurement of the pitch angle of the magnetic field in a
stellarator.

The Large Helical Device (LHD) is a heliotron-type
device which has three tangential neutral beams, and two
beams are used to drive the plasma current in the direction
parallel (coinjection) or antiparallel (counterinjection) to
the equivalent plasma current, while one beam is always
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PACS numbers: 52.55.Hc, 52.30.Cv, 52.35.Vd

used as a probe beam of the motional Stark effect (MSE)
spectroscopy [13]. The radial profiles of the rotational
transform (¢) are derived from the polarization angle mea-
sured with MSE spectroscopy using an equilibrium code.
The electron temperature (7,) is measured with an electron
cyclotron emission (ECE) radiometer [14]. In this experi-
ment the magnetic field, B, is 2.75 T, and the major and
minor radius of the plasma R and a is 3.6 m and 0.6 m,
respectively, where the magnetic shear is negative (stan-
dard stellarator shear) with a magnetic hill configuration.
The direction of the neutral beam is switched at the middle
of the discharge with a relatively low density of 1 X
10" m~3.

Figures 1(a) and 1(b) show the time evolution of ¢ at
various radii and total plasma current. The direction of the
injected neutral beam switches from parallel (codirection)
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FIG. 1 (color online). Time evolution of rotational transform
(¢) at various plasma radii and total plasma current in the plasma
with the neutral beam injection (a) from coinjection to counter-
injection and (b) from the counterinjection to coinjection.
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to antiparallel (counterdirection) to the equivalent plasma
current or vice versa at t = 4.3 sec. Although the change
in ¢ near the plasma edge (p = 0.83) is due to the neutral
beam current drive and consistent with that of total plasma
current, the change in rotational transform at the plasma
core region (p < 0.5) is opposite to that at the plasma edge.
The total plasma current driven by the neutral beam is in
the range of —100 kA (counterdirection) to 50 kA (co-
direction), which is only 3%—6% of equivalent plasma
current (1.8 MA) produced by the external helical coils.
The change in ¢ in the core region is due to the inductive
current compensating the toroidal current driven by the
neutral beam. Although the time scale in the change of
total current is longer than the beam pulse (4 sec each), the
time scale of the change in ¢ and the magnetic shear due to
the inductive current is only a half second. It should be
noted that the ¢« and magnetic shear in the plasma core at
t = 5.5 sec in the discharge with coinjection (co) to coun-
terinjection (ctr) [in Fig. 1(b)] and 7 = 7.5 sec in the
discharge with ctr to co [in Fig. 1(a)] are quite different,
although the total plasma current is zero for both dis-
charges. This experiment demonstrates that the toroidal
current driven by the neutral beam has a significant effect
on the magnetic shear because of the inductive current
associated with the injection of the neutral beam.

As seen in Fig. 2, the ¢ in the core region increases and
reaches up to 0.5 and the magnetic shear in the core region
(p < 0.4) becomes close to zero after the switching of the
beam from co to ctr. In contrast, the radial profile of the ¢ in
the discharge where the beam switches from ctr to co has
strong magnetic shear at the rational surface of ¢ = 0.5
because the central ¢ drops after the switch of the beam
from ctr to co. A flattening of 7, is observed when the
magnetic shear at the rational surface is small as seen in
Fig. 2. In general, heat transport inside a magnetic island
with nested magnetic flux surfaces is significantly reduced
to a level much smaller than that outside the magnetic
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FIG. 2 (color online). Radial profile of rotational transform (¢)
and electron temperature in the plasma with weak magnetic
shear (at t = 5 sec in the discharge with co to ctr in Fig. 1(a)]
and a strong magnetic shear (at t = 5 sec in the discharge with
ctr to co in Fig. 1(b)].

island. The flattening of 7, inside the m = 1 magnetic
island with nested magnetic flux surfaces is due to the
lack of heating power not due to the increase of heat
diffusivity [15]. However, in this experiment, there is a
significant fraction of the heat deposition power (32% of
the total deposition power) inside the flattened region (p <
0.4). The effective thermal diffusivity, simply evaluated
from the power balance at p = 0.3 = 0.1, y, > 10> m?/s
for the discharge with co to ctr and 3 m?/s for the dis-
charge with ctr to co. Therefore the flattening of 7', is not
due to the lack of heating power but due to the stochastic
magnetic island at ¢ = 0.5 [11].

Figure 3 shows the time evolution of the 7, gradient and
magnetic shear at ¢« = 0.5 averaged over Ap = *=0.1 for
the discharge with co to ctr and ctr and co. In the discharge
with co to ctr, the magnetic shear decreases gradually from
0.8 to O after the switch of the beam at t = 4.3 sec because
the ¢ near the edge decreases due to the toroidal current
driven by the neutral beam and because the rotational
transform near the core increases due to the inductive
current. Although the change in magnetic shear is gradual,
the change in the 7, gradient is abrupt. (The jump of
dT,/dp is faster than 0.25 sec, which is the time resolution
of MSE measurements.) The 7, gradient suddenly de-
creases when the magnetic shear decreases below 0.15
without significant fluctuations in 7, measured with
ECE. The flattening of T, profiles extends up to 0.46 as
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FIG. 3 (color online). Time evolution temperature gradient and
magnetic shear averaged over Ap = 0.1 at the rational surface
of ¢ = 0.5 and temperature fluctuations in the frequency range of
0.8—1.2 kHz. The radial profiles of electron temperature in the
temperature flattening phase with and without MHD instability
and in the peaked profile phase are also indicated.
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seen in phases B and C in Fig. 3. The location of the ¢ of 0.5 3.5 @ T
moves outward in time and reaches to the boundary of the 3.0 v/ o, =107 10 ]

flattening region at t = 6 sec; then the MHD instability
appears as seen in the fluctuation of 7, in the frequency
range of 0.8—1.2 kHz. The MHD instability is localized at
¢ = 0.5 and considered to be an interchange mode [12]. In
this phase, the 7, gradient near the core (p < 0.3) recovers
to the level of 0.6 keV/m (@p = 0.2), which corresponds
to x. = 5 m?/s, but the flattening of the T, profile still
remains as seen in phase C. Associated with the disappear-
ance of MHD fluctuations at t = 7.4 sec, the flattening of
T, disappears and the T, gradient recovers to the level
before the beam switch. In the discharge with ctr to co,
the magnetic shear at ¢ = 0.5 gradually increases from 0.7
to 1.2, and the magnetic shear is considered to be large
enough to eliminate MHD activity. The disappearance of
the pressure gradient in a wide range of radius (phase B)
suggests the onset of global stochastization there. The
sharp rise of the T, fluctuation 67, at t = 5.985 sec sug-
gests a sudden recovery of the pressure gradient (within
At = 20 ms) at the location where the 67, is observed,
because the pressure gradient is the necessary condition for
MHD instability. The very abrupt on-and-off stochastiza-
tion at the threshold is seen in the time evolution of the T,
gradient. The primary mode number of the interchange
mode, m/n, is 2/1, and a low-n ideal mode calculation
[16] predicts that this mode spreads in a wide region of the
plasma [17] (p = 0.26-0.58) around the ¢ = (.5 surface.
In experiments, 7, fluctuations are observed in the region
of p = 0.41-0.58 with a FWHM of 0.17, which is located
at a different flux surface from the 2/1 magnetic island
indicated by the flat region of T, of p = 0.34-0.43.

As seen in Fig. 4, the T, gradient drops at the magnetic
shear of (.15, while it recovers at a relatively strong
magnetic shear of 0.45. The interchange mode appears at
a low magnetic field shear of 0.45 with a finite 7, gradient,
of 0.5-1.0 keV, where the growth rate of low-n ideal mode
v/ws (w4 = v4/R, where vy, is Alfvén velocity) at the
¢ = 0.5 rational surface exceeds 1073, It is interesting that
there is no interchange mode observed during the drop in
the 7, gradient due to the magnetic island formation,
although the magnetic field shear is low enough to expect
the appearance of the interchange mode. When the mag-
netic shear is large enough (>0.5), there is no temperature
flattening and the 7, gradient tends to increase as the
magnetic shear is increased from 0.5 to 1.2. This depen-
dence is considered to be due to the change in transport,
which has a relatively weak dependence on magnetic shear.
When the perturbation of the radial magnetic field is
constant, the size of the magnetic island is expected to be
proportional to the inverse of the magnetic shear. However,
the magnetic island is healed at higher magnetic shear and
suddenly grows as the magnetic shear drops below the
critical value of 0.15. The size of the magnetic island is
even larger than that expected from the error field (dotted
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FIG. 4 (color online). (a) Electron temperature (7,) gradient
averaged over Ap = *0.1 around the ¢ = 0.5 rational surface
and (b) size of the magnetic island as a function of magnetic
shear at the ¢« = 0.5 rational surface.

line in Fig. 4(b), which is proportional to the inverse of the
magnetic shear) because of the stochastization of the mag-
netic island. The growth of this stochastic magnetic island
is within 50 ms without a significant fluctuation in 7, and
this time scale is much shorter than the time scale of
change in magnetic shear and the size of the magnetic
island decreases as the magnetic shear increases. When
the magnetic shear reaches 0.45, the size of the magnetic
island decreases and finally disappears (magnetic island
healing). The healing of the magnetic island occurs gradu-
ally in a time scale of Ar = 1.2 sec. However, the re-
sponse of dT/dp indicates that the termination of the
island occurs, at the end (phase D), in a short time scale
of =50 ms. It should be noted that interchange-type MHD
fluctuations are observed during this healing phase.
Figure 4 illuminates two characteristic features of the
response of the magnetic island. First, there is hysteresis;
i.e., the two states (with and without islands) are self-
sustained. Second, the jump between them takes place
much faster than the resistive diffusion time, which is
characteristic of the change of the magnetic shear. These
two essential features are understood by considering the
evolution of the (stable) neoclassical tearing mode in the
presence of drive by the external helical field, as is ex-
plained as follows. In the Rutherford regime of the island

045003-3



PRL 100, 045003 (2008)

PHYSICAL REVIEW LETTERS

week ending
1 FEBRUARY 2008

evolution, the equation that describes the evolution of the
resonant magnetic island is given as
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where 75 ( = uoa®/myc) is aresistive diffusion time, p,, is
an ion banana width, and A is a normalized amplitude of
the vector potential given by A.q>R/(Briql), where q(=
1/¢) is the safety factor and A, is the (m, n) Fourier
component of the helical vector potential perturbation at
the rational surface of r, [18]. Here, the time and the length
are normalized to a poloidal Alfvén transit time 74, =
gR/v, (v,s: Alfvén velocity) and r, respectively. The first
term on the right-hand side (RHS) of Eq. (1) stands for the
effect of the external resonant current (A{: the stabilizing
influence in the absence of the external current; &: the
width of an externally driven magnetic island in a sta-
tionary state [19]). Terms due to the bootstrap current
and the Glasser et al. effect [20] are neglected, because
the influence of these terms to the peak height of dA /ot is
small. The time scale of the bifurcation is mainly deter-
mined by the stabilizing influence of the ion polarization
current, the second term on the RHS of Eq. (1). The
coefficient a . is of the order of unity.

For the steady state solution (aA/ at = 0), Eq. (1) can
have 1 or 3 solutions of A, depending on the magnitude
of 8/p,. When the shear is strong and 8/p, is small
(<O(1)) the stabilizing effect of the polarization drift
dominates the dynamics and Eq. (1) has one solution of
A(=0). On the other hand, when the 8/p, is large,
(8/p, = 5 for present parameters) the effect of polariza-
tion drift becomes small and the magnetic island appears
and Eq. (1) has another solution of A(= 62/r2). When the
8/ py, has an intermediate value (=5), three solutions exist
in the plasma. In the present experiment, the initial state is
island-free (6 =~ 0), and the transition takes place at
8/p, = 5.3 (t =4.5 sec) in Fig. 4. Once the island is
generated it is self-sustained so that the width remains
finite although the shear becomes stronger. When §/p,
becomes as small as =2, the back transition takes place.
The other important issue is the rapidness of the jump of
the width. The characteristic time scale of the transition
can be derived from Eq. (1), and itis 7¢/(2|Ah|rgp; ). The
growth rate of the magnetic island is accelerated by
(2lAblrgpy ) = 10> compared with 7 (2-3 sec) in this
experiment. In this experiment the time scale of the growth
of the magnetic island is predicted to be a few tenth milli-
seconds and is consistent with the experimental observa-
tion. Thus, the essential hysteresis features of island
evolution are qualitatively understood from the dynamics
of Eq. (1).

Magnetic shear near the plasma core is controlled using
inductive current associated with the neutral beam current
drive in the LHD. This experiment demonstrates that the
saturated magnetic island can be healed (no magnetic
island) or can be stochastic (large magnetic island) depend-
ing on the magnitude of the magnetic shear. There are two
bifurcation phenomena observed in this experiment. One is
the bifurcation between the saturation and the healing of
the magnetic island (appearance and disappearance of
magnetic island), and the other is a bifurcation between
the saturation and the stochastization of the magnetic
island (appearance and disappearance of stochastization).
A clear hysteresis in the relation between the size of the
stochastic magnetic island and the magnetic shear is ob-
served. This result suggests the importance of the magnetic
shear to avoid the stochastic magnetic island at the rational
surface.
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