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It is observed that the magnitude of the toroidal rotation speed is reduced by the central electron

cyclotron resonance heating (ECRH) regardless of the direction of the toroidal rotation. The magneto-

hydrodynamics activities generally appear with the rotation change due to ECRH. It is shown that

the internal kink mode is induced by the central ECRH and breaks the toroidal symmetry. When the

magnetohydrodynamics activities are present, the toroidal plasma viscosity is not negligible. The

observed effects of ECRH on the toroidal plasma rotation are explained by the neoclassical toroidal

viscosity in this Letter. It is found that the neoclassical toroidal viscosity torque caused by the internal

kink mode damps the toroidal rotation.
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Toroidal plasma rotation in a tokamak has attracted a
great deal of interest because of its effect on plasma
stability and confinement. Toroidal rotation without exter-
nal torques has been measured in many tokamaks [1].
Recently, the torque balance between various sources and
sinks has been studied theoretically with relevant boundary
conditions [2].

Toroidal rotation changes due to electron cyclotron
resonance heating have been measured in many devices.
However, there is no widely accepted explanation for the
effects of electron cyclotron resonance heating (ECRH) on
the toroidal rotation. In this Letter, we introduce the results
of the KSTAR tokamak [3] on the toroidal rotation changes
induced by the central electron cyclotron resonance heat-
ing, which is used for many purposes such as heating,
current drive, and sawtooth control [4–7]. In KSTAR, the
central heating is more efficient on the rotation change than
heating on the outer region of the plasmas. Toroidal rota-
tion changes are generally larger in the core plasmas. The
toroidal rotation is reduced indicating that countercurrent
directed torque is generated by electron cyclotron reso-
nance heating in the cocurrent directed rotating plasmas.
On the other hand, the toroidal rotation in the counter-
current directed rotating plasmas changes in the opposite
way showing that electron cyclotron resonance heating
causes the cocurrent directed torque. Both in the cocurrent
and the countercurrent directed rotating plasmas, the mag-
nitude of the toroidal rotation is reduced when electron
cyclotron resonance heating is applied. In addition, mag-
netohydrodynamics (MHD) activities appear very often
with the rotation changes. Similar phenomena with the

KSTAR results have also been observed in other devices
such as DIII-D [8–10], JT-60U [11,12], ASDEX-Upgrade
[13], and TEXTOR [14].
Previously,m ¼ 1, n ¼ 1mode has been observed when

the central ECRH was injected in DIII-D [15], HL-1M
[16], and ASDEX Upgrade [13]. In the KSTAR tokamak,
internal kink modes generally appear with the central
ECRH injection. When MHD activities are present in the
tokamak, the toroidal symmetry is broken. In this case, the
neoclassical toroidal viscosity (NTV) is not negligible any
more [17]. The toroidal flow damping rate can be enhanced
significantly by the neoclassical toroidal viscosity caused
by MHD activities. Thus, the neoclassical toroidal viscos-
ity needs to be considered when the effects of ECRH on the
toroidal rotation is investigated. In this research, it is shown
that the effects of ECRH on the toroidal rotation can be
explained by the toroidal flow damping caused by the
neoclassical toroidal viscosity. The magnetic field pertur-
bation �B caused by ECRH-induced internal kink modes is
estimated from the measured plasma displacement profile.
The NTV torque density is estimated using �B to give a
comparison with the neutral beam injection (NBI) torque
density when the toroidal rotation evolution goes to the
steady state.
The experiment is conducted both in NBI heated plas-

mas and Ohmic heated plasmas. The microwave beam is
injected perpendicularly for on-axis ECRH during the flat-
top phase in both cases. The argon impurity toroidal rota-
tion is measured via an x-ray imaging crystal spectrometer
(XCS) and the carbon impurity rotation by charge ex-
change spectroscopy (CES). The core toroidal rotation
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measurement by XCS and CES agrees well with the MHD
frequency measurement of the sawtooth precursors located
inside the inversion radius. In the KSTAR tokamak, the
Ohmic heated plasmas without external torques generally
rotate in the countercurrent direction. The magnitude of the
toroidal rotation is reduced when ECRH is injected
in the Ohmic heated plasmas (R ¼ 1:8 m, a ¼ 0:5 m,
� ¼ 1:15, q95 ¼ 6:0, Ip ¼ 0:6 MA, Bt ¼ 1:96 T) while

the plasma is still rotating in the countercurrent direction
as shown in Fig. 1. Figure 1 shows that the toroidal rotation
is reduced during ECRH injection and recovered when
ECRH is turned off. The NBI heated plasmas in the
KSTAR tokamak rotate in the cocurrent direction because
of a strong cocurrent directed momentum source from
NBI. As it is shown in Fig. 2, the ECRH injection reduces
the toroidal rotation of the NBI heated plasmas (R ¼
1:81 m, a ¼ 0:48 m, � ¼ 1:81, q95 ¼ 6:5, Ip ¼ 0:6 MA,

Bt ¼ 1:96 T). The toroidal rotation reduction starts inside
the sawtooth inversion radius in the beginning. On the
other hand, the toroidal rotation increases outside the
sawtooth inversion radius at the same time. The toroidal
rotation decreases gradually until t ¼ 3:935 and goes to
the steady state. Figures 1 and 2 clearly show that the
central ECRH reduces the magnitude of the toroidal
rotation regardless of the rotation direction rather than
cocurrent or countercurrent directed torques.

The kinklike modes are observed inside the inversion
radius in almost all discharges when ECRH is injected in
the core. As shown in Fig. 3, the internal kink mode
appears with the central injection of ECRH. The electron
temperature profiles are obtained from the high field side
electron cyclotron emission (ECE) measurement. The in-
ternal kink boundary coincides with the sawtooth inversion
radius, which can be considered as an approximate q ¼ 1

surface. It seems that the kink mode driven by ECRH is due
to interactions between energetic electrons generated by
ECRH and an m ¼ 1, n ¼ 1 mode [15,16]. The kink
instabilities appear only when ECRH is turned on and
disappear when ECRH is turned off. Note that the kink
instabilities are generally accompanied by the sawtooth
oscillations. However, the internal kink modes appear right
after the sawtooth collapse and stay until the next sawtooth
collapse. It implies that the internal kink mode resides for
most of the time period in which ECRH is injected, while
the kink-tearing mode for the typical sawtooth collapse
resides only for a relatively short time. In recent theoretical
study [18], it has been shown that energetic ions can
destabilize the kink mode even when the safety factor q
is slightly larger than 1. Energetic electrons may also be
able to destabilize the internal kink mode near q ¼ 1
surface. The magnetic field perturbation due to the internal
kink mode can induce the parallel viscosity in the toroidal
direction. Finally, the toroidal rotation can be damped
toward the steady state toroidal rotation [17].
Recently, the NTV theory has been developed by solving

the drift kinetic equation in the different collisionality
regimes [19–21]. An approximate analytic expression con-
necting the formula in different collisionality regimes has
been obtained by rational approximation [22]. Another

FIG. 1 (color online). (a) The line integrated plasma densities
( �ne) for Ohmic heated discharges with (solid line) and without
(dashed line) ECRH. (b) The time traces of the core toroidal
rotation speed (VT) for Ohmic heated discharges with (square)
and without (circle) ECRH, measured by XCS. 400 kW on-axis
ECRH is injected at t ¼ 2:5–3:5 s for shot 5779.

FIG. 2 (color online). (a) Toroidal rotation profiles for shot
5737 measured by CES. 350 kW on-axis ECRH injection at
t ¼ 3:84–4:3 s in the NBI heated plasma rotating in the cocur-
rent direction. The onset of the internal kink mode is at t �
3:85 s. The rotation profiles are presented with a 20 ms time
intervals during ECRH injection while with an 80 ms time
interval before ECRH injection. (b) The time trace of the core
toroidal rotation speed for shot 5737 measured by XCS.
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treatment has been introduced by using the Krook collision
operator to obtain a generalized analytic solution [23]. The
NTV has been calculated also by numerical calculation
[24,25]. Experimental observations have validated the

NTV braking effect due to applied nonaxisymmetric mag-
netic fields [26,27] and MHD instabilities [28]. In this
Letter, we calculate the NTV due to internal kink modes
by using the methods introduced in Refs. [17,19]. The
magnetic field strength in the presence of MHD activities
can be expressed as

B ¼ B0ð1� � cos�Þ � B0

X

n

½Anð�Þ cosðn�0Þ

þ Bnð�Þ sinðn�0Þ�; (1)

where B0 is the magnetic field strength on the magnetic
axis, � ’ r=R, � is the poloidal angle, � is the toroidal
angle, �0 ¼ q�� � , q is the safety factor, n is the toroidal
mode number, and Anð�Þ and Bnð�Þ are the amplitudes of
the cosðn�0Þ and sinðn�0Þ, respectively. When a large radial
electric field is present, 1=� regime or

ffiffiffi
�

p
regime is domi-

nant depending on �E ¼ ð�=�Þ=q!E, where !E ¼ Er=rBt

is the E�B drift frequency. The collision frequency � is

defined as �i ¼
ffiffiffi
2

p
�Nie

4
i ln�=ðM1=2

i T3=2
i Þ for ions, and

�e ¼
ffiffiffi
2

p
�Nie

2
i e

2
e ln�=ðM1=2

e T3=2
e Þ for electrons, where

ln� is the Coulomb logarithm, N is the plasma density
of species, T is the plasma temperature of species,M is the
mass, and ea is the charge of the species a. When �E < 1 or
�E > 1, the plasma is in the

ffiffiffi
�

p
regime or the 1=� regime,

respectively. The ion viscosity is larger than the electron

viscosity by a factor of the order of ðMi=MeÞ1=2 when the
plasma is in the 1=� regime. Ignoring the electron plasma
viscosity, the NTV torque density in the 1=� regime can be
written as [17]

T1=� ’ 6:1NiMiv
2
ti

�3=2

�i

n2
�
A2
n þ B2

n

B2
0

�

�
�
V� � q

�
V� þ 2:367

1

erB0

@Ti

@r

��
; (2)

where vti is the thermal speed of ion, and V� ¼ V � r� ,
V� ¼ V � r�. When ions are slightly in the

ffiffiffi
�

p
regime and

electrons are well in the 1=� regime, the ion viscosity is
still much larger than the electron viscosity. The NTV
torque density in the

ffiffiffi
�

p
regime can be written as [19]

T ffiffiffi
�

p ’ 0:09NiMiv
2
ti

ffiffiffi
�

p ffiffiffiffiffiffi
�E

p flnð8= ffiffiffiffiffiffiffi
�Ei
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�
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�
V� þ 0:356

1
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@Ti

@r

��
=q!Ei; (3)

where �Ei � �i=�
q!E

. Figure 3 indicates that the plasma inside

the sawtooth inversion radius shifts radially during ECRH
injection. The plasma displacement � is obtained from the
electron temperature profiles at two different times sepa-
rated by half the period of the internal kink mode (shown in
Fig. 3). The plasma displacement � by the kink mode is
used to estimate the modification on B. For m ¼ 1, n ¼ 1

mode, ð�B=BÞ ¼ ðA2
1 þ B2

1Þ1=2=B0 � ð�=2Þð1=B0Þ@B=@r.
For the NBI-heated plasma discharge in the KSTAR

FIG. 3 (color online). (a) Electron temperature profiles from
the ECE measurements when the internal kink mode occurs for
shot 5737 at t ¼ 3970:35 ms and 3970.40 ms, separated by half
the period. The electron temperature profile shifts only inside the
sawtooth inversion radius. (b) Time trace of an ECE channel for
shot 5779. (c) Electron cyclotron emission imaging data at
t ¼ 3:00 068 s [indicated by the dashed line in (b)] show the
internal kink mode for shot 5779. Here, hTei denotes a time
average and �Te � Te � hTei.
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tokamak, the modification on B is of the order of �B=B�
5� 10�3 as shown in Fig. 4. Finally, the toroidal plasma
viscosity can be calculated using the magnetic field
strength perturbation profile. The toroidal rotation in the
presence of the MHD activities can be determined by the
toroidal momentum balance equation [17]:

@hNMBt � Vi
@t

¼ �X

j

hBt � r � �ji þ SM; (4)

whereBt is the toroidal component ofB, hBt � r � �i is the
toroidal component of the plasma viscosity, and SM is the
momentum sources or sinks. When the momentum sources
are negligible, the toroidal flow is determined by

X

j¼i;e

hBt � r � �ji ¼ 0 (5)

in the steady state. The toroidal flow determined by Eq. (5)
is the so-called steady state toroidal flow [17,29]. When the
momentum sources are present, the NTV damps the toroi-
dal flow until the NTV torque density is balanced with the
toroidal torque sources. Equations (2) and (3) indicate that
the magnitude of the NTV torque density generally de-
creases as the toroidal flow speed decreases, i.e., the NTV
damps the toroidal rotation and decreases itself as well.
After all, the toroidal flow speed is determined by
�TNTV þ Storque ¼ 0 in the steady state when the momen-

tum sources or sinks are present, where TNTV is the NTV
torque density and Storque is the torque sources or sinks.

Figure 5 clearly shows that the NTV torque caused by
the internal kink mode occurs inside the sawtooth inversion
radius, which agrees with the toroidal flow evolution
shown in Fig. 2. The NTV torque density profile can
account for the toroidal rotation reduction in the core.
The NTV torque density profile may also explain the
temporal rotation increase outside the sawtooth inversion
radius. The reduced toroidal momentum from the inside
q ¼ 1 surface can appear to the outside q ¼ 1 surface
temporally, which can go to the coils in the end. It is

notable that the NTV torque density has its peak around
	t ¼ 0:2–0:3. It also shows that the magnitude of the NTV
torque density is similar to that of the NBI torque density in
the core during the ECRH injection when the toroidal flow
profile is saturated. In the steady state, the NTV torque
density balances out the other momentum sources includ-
ing the NBI torque. In the Ohmic heated discharges, the
NTV torque also occurs inside the sawtooth inversion
radius but in the cocurrent direction as shown in Fig. 5(b).
The sign change of the NTV torque is due to the sign
change of V� in Eq. (2) or (3). It seems that the NTV

torque, which is much smaller than the NBI torque, balan-
ces with the intrinsic momentum sources. Here, the NTV
torque density is calculated using Eq. (2) since both ions
and electrons are in the 1=� regime for the radial positions
where � � 0.
In summary, toroidal rotation measurements in this

study clearly show that the magnitude of the toroidal
rotation is reduced both in the cocurrent and the counter-
current directed rotating plasmas when electron cyclotron
resonance heating is injected in the core region. It is found
that the internal kink mode appears with the central ECRH.
The internal kink mode induced by ECRH results in the
breaking of the toroidal symmetry and the corresponding
NTV damping. Analysis shows that the the countercurrent
directed NTV torque by the internal kink mode occurs in
the cocurrent directed rotating plasmas, and vice versa. It
also shows that the NTV torque is of the same order of
magnitude with the NBI torque in the steady state. These
agreements strongly suggest that the effects of the central
ECRH on the toroidal rotation observed in many tokamaks

FIG. 4 (color online). Modification on B by the internal kink
mode for shot 5737 at t ¼ 3:970–3:980 s.

FIG. 5 (color online). (a) NBI torque density profiles (blue
dashed line, black line) calculated by NUBEAM [30] and the
NTV torque density profile calculated from the plasma displace-
ment (red) when ECRH is injected in the NBI-heated H-mode
plasma rotating in the cocurrent direction. Experimental profiles
for shot 5737 at t ¼ 3:975 s, are used to calculate the torque
density profiles. (b) NTV torque density profile for shot 5779
when ECRH is injected in the Ohmic-heated plasma rotating in
the countercurrent direction.
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so far can be explained by the NTV damping caused by the
internal kink mode.

The first two authors contributed equally to this work.
This work was carried out within the framework of the
KSTAR research project.
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