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Abstract

The change in the toroidal rotation of plasma caused by electron cyclotron wave (ECW) injection
has been observed in EAST. It is found that the response of the rotation is similar for all possible
ECW toroidal injection angles. The core toroidal rotation velocity increases in the co-current
direction along with a rise in the plasma temperature and stored energy. The proﬁle of the
electron temperature, ion temperature and toroidal rotation velocity gradually become peaked.
The change in toroidal rotation in the core increases with the ECW injection power. Different
behavior is observed when the ECWs are injected into low hybrid current drive (LHCD) target
plasmas, where the electron temperature and rotation proﬁle become peaked, while the ion
temperature proﬁle ﬂattens after ECW injection, suggesting different transport characteristics in
energy and momentum.
Keywords: ECW, plasma toroidal rotation, LHCD, x-ray crystal spectrometer
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

spontaneous rotation with little or low external toroidal
momentum input is one promising way. Radio frequency
waves, such as the low hybrid current drive (LHCD), the ion
cyclotron range of frequency waves (ICRF) and the electron
cyclotron wave (ECW), as an alternative method, cannot only
heat plasmas and control the current density proﬁle, but also
drive plasma rotation without direct external momentum input
when interacting with the plasma.
The effect of the electron cyclotron wave on toroidal
rotation has been observed in DIII-D, JT-60U, AUG and

Toroidal rotation velocity and its shear play an important role
in the control of conﬁnement [1, 2] and stability [3, 4] in
tokamaks. In present tokamak devices, neutral beam injection
(NBI) is generally used as the main external momentum input
source to drive and control plasma rotation. However, for
ITER and future fusion reactors, the NBI torque is insufﬁcient
to make the plasma rotate rapidly. Therefore it is important to
develop other actuators to drive plasma rotation. The study of
1009-0630/17/105101+06$33.00
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KSTAR [5–10]. In DIII-D, it was observed that the rotation
driven by ECW is in the counter-current direction in the
central region and in the co-current direction in the outer
region for ECW-heated H-mode plasmas [5]. The effect of
ECW and residual stress resulting from the ion temperature
gradient (ITG) was also identiﬁed [11]. Similarly, in AUG
and KSTAR, the rotation proﬁles, which are centrally peaked
in the NBI-heated phase, become hollow when the ECW is
injected, while the edge proﬁles remain unchanged. Here the
mechanism causing rotation change is considered to be due to
the turbulence regime changing from ITG mode to trapped
electron mode (TEM) [7, 9, 10]. However, in JT-60U and
KSTAR, the response of the toroidal rotation velocity to the
pure ECW injection is still towards the co-current direction in
the L-mode plasma [6, 8].
Recently, ECWs were commissioned in EAST to further
extend the operation regime and control of magnetohydrodynamic (MHD) instabilities [12]. Toroidal rotation response
is observed when the ECW is injected. In the EAST ohmic
mode discharges, the toroidal rotation velocity increases in
the co-current direction when the ECW is injected in the cocurrent direction, counter-current direction or perpendicularly,
following an increase of electron temperature and ion temperature. Here, a study has been carried out to investigate the
rotation response to ECWs in EAST for the ﬁrst time.
This paper is organized as follows: the experimental
setup is described in section 2, including the ECW heating
system and the diagnostic system; the experiments of the
effect of ECWs on the toroidal rotation are presented in
section 3; the summary is given in section 4.

Figure 1. The time traces of (a) ECW injection power, (b) the central
line-averaged electron density (pink) and stored energy (red), (c) the
loop voltage (navy) and internal inductance (purple), (d) the electron
temperature by ECE (blue) and ion temperature (black), and (e) the
core toroidal rotation velocity.

and angles bigger than 180° will drive the co-current (coECCD). Hence, the ECW system in EAST is very ﬂexible in
terms of controlling the launching direction and power
deposition location by adjusting Bt, j and ψ.
The electron temperature, ion temperature and toroidal
rotation velocity of the ECW plasmas are mainly measured
via a tangential x-ray crystal spectrometer (TXCS), which is a
passive diagnostic that makes use of the satellite spectra of
helium-like and hydrogen-like argon XVII in EAST [13–17].
According to the neoclassical theory, the difference between
the toroidal rotation of argon and the main ions is about
0.5 km s−1 in the core region in the following discharges [18],
so the toroidal rotation velocity of the main ions can be
estimated using that of the argon ions, because both of them
can be regarded as the same in the core region [19, 20]. Due
to lack of absolute wavelength calibration, the measured
rotation velocity is the relative change to the chosen time. The
positive sign of rotation velocity means that the rotation
increases in the co-current direction, while the negative sign
means the opposite change. In some discharges, lock-mode
can be used to calibrate TXCS.

2. Description of experiments
The experiment results presented in this paper were obtained
in the EAST tokamak (major radius R=1.89 m; minor radius
a=0.45 m). The main plasma parameters are plasma current,
Ip∼400 kA, toroidal magnetic ﬁeld, Bt∼−2.5 T and central
electron density, ne0∼2.2×1019 m−3. The negative sign of
Bt indicates that the magnetic ﬁeld is in the clockwise
direction as seen from the top of the machine. The discharges
were all lower single null (LSN) with an elongation, κ∼1.6
and triangularity, δ∼0.6. 140 GHz. The ECW was launched
from the location R=3 m and Z=−30 cm in the poloidal
coordinate [12]. The power deposition location is determined
by the toroidal magnetic ﬁeld Bt and the poloidal injection
angle j. When j is ﬁxed, the power deposition location
moves outwards when Bt increases. j can be controlled from
65° to 90° by tuning the mirror in the launcher. When Bt is
about 2.5 T, the setup with j=75° corresponds to on-axis
heating. In general, the power deposition location can be
changed from a normalized minor radius ρ=0 to 0.7.
According to the toroidal injection angle ψ, an electron
cyclotron current drive (ECCD) can be realized, with a range
of ψ from 160° to 205°, where the case of ψ=180° is
perpendicular to the magnetic ﬁeld and ECW is in pure
heating mode. When ψ is smaller than 180°, the current driven by ECW is opposite to the plasma current (ctr-ECCD),

3. Experimental results of ECWs on ohmic plasmas
The successful commission of the ﬁrst ECRH system in
EAST saw effective heating and MHD control capability even
at limited injection power [12]. Additionally, toroidal rotation
was also seen to be altered as on other devices. Here, the ﬁrst
observations of rotation change driven by ECW in EAST are
reported. Figure 1 shows a discharge in which the ECW was
injected into an ohmic plasma (Ip∼400 kA). Here, about
400 kW ECW, with an injection angle of (200°, 75°)—
namely the co-current direction and on-axis deposition—was
2
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Figure 2. Time traces of (a) the ion temperature, (b) the electron

temperature, (c) the toroidal rotation velocity and (d) the ECW
injection power at different ρ.

Figure 3. A comparison of the effect of (a) different ECW toroidal

applied from 3.5 s to 4.5 s. As shown in ﬁgure 1(b), the
plasma-stored energy changes from 41 kJ to 67 kJ with the
electron density kept almost constant using feedback control.
At the same time, the electron temperature in the core starts to
increase from ∼1.0 keV to ∼2.0 keV immediately and the ion
temperature rises from 0.75 keV to 0.9 keV afterwards, indicating good electron heating. In addition, ﬁgure 1(c) shows
that the loop voltage decreases from 0.8 V to 0.4 V together
with the increase of internal inductance. The ECCD was
estimated to be small and the drop in the loop voltage might
have been caused by the temperature increase. The toroidal
rotation velocity in the core changes for ∼14 km s−1 in the
co-current direction after the ECW injection in ﬁgure 1(e),
which evolves on a much longer timescale than the electron
temperature.
Figure 2 shows the time traces of the plasma parameters
at different locations (ρ∼0.08, 0.33 and 0.44), respectively.
The spatial range of plasma which TXCS can cover is mainly
governed by the plasma temperature and the quantity of argon
injected into it. Usually, the spatial range can reach about
ρ = 0.5. In ﬁgure 2(a), it can be seen that the ion temperature
increases by about 0.1 keV along with the ECW injection at
the three positions, while the electron temperature increases
by 0.8 keV, 0.6 keV and 0.5 keV from the core to the outside,
respectively, as shown in ﬁgure 2(b). It is clear that the ion
temperature proﬁle and electron temperature become peaked
due to the ECW injection, and the change of electron temperature is much greater than that of the ion temperature.
Although the change of toroidal rotation velocity is the
toward the co-current direction, as shown in ﬁgure 2(c), the
magnitude varies with position. It can be seen that the toroidal
rotation velocity increases by 7 km s−1 and 5 km s−1 at
ρ=0.08 and ρ=0.33 respectively, while the toroidal rotation velocity at ρ=0.44 almost remains unchanged during
the ECW injection. The closer the position is to the core, the
more the toroidal velocity increases, indicating a peaked
toroidal rotation velocity proﬁle. The change of toroidal

rotation velocity in the co-current direction is similar to the
phenomena observed in ohmic plasma on KSTAR, where this
kind of change is due to the kink mode excited by the
interaction between energetic electrons and an m/n=1/1
mode [8]. At the same time, it is observed that the sawtooth
period decreases from ∼0.015 s to ∼0.01 s after the injection
of ECW, inducing some observable effects on the q-proﬁle. It
is well known that the current-drive scheme that changes the
magnetic shear can modify and even reverse the intrinsic
torque through residual stress [21]. Another possible mechanism is that the energetic electron generated by ECW can
induce a positive radial electric ﬁeld, which results in a cocurrent directed force and then makes the plasma rotate in the
co-current direction.
The effect of different ECW toroidal injection angles is
shown in ﬁgure 3. In this set of experiments, Ip and Bt are
400 kA and −2.5 T, with a line-averaged electron density of
about 2.2×1019 m−3 and a poloidal injection angle j of 75°
for on-axis heating. The ECW toroidal injection angles are
160° (ctr-ECCD), 180° and 200° (co-ECCD) with the same
power of 320 kW, as shown in ﬁgure 3(a). Although the
toroidal injection angles are different in these cases, the ion
temperature and electron temperature all increase and the
changes of each of them are almost the same as shown in
ﬁgures 3(b) and (c). However, the increase of electron
temperature is much greater than that of ion temperature,
which is probably due to the fact that the change in electron
temperature is from direct heating while the change in ion
temperature is mainly due to the collision between ions and
electrons. On the other hand, the response of core toroidal
rotation is toward the co-current direction during ECW
injection with the same level of change ∼10 km s−1 under
different ECW toroidal injection angles, as shown in
ﬁgure 3(d).

injection angles with the same power, (b) the ion temperature, (c) the
electron temperature and (d) the toroidal rotation velocity.

3

Plasma Sci. Technol. 19 (2017) 105101

J Chen et al

Figure 5. Time traces of (a) the RF power, (b) the electron density,
(c) the stored energy, (d) the electron temperature (red line) and ion
temperature (black line) and (e) the core toroidal rotation velocity.

Figure 4. The evolution of the core rotation velocity change due to

ECW injection with ECW power. All data is at a ﬁxed plasma
current of 400 kA. The red circles, blue squares and green triangle
represent the injection mode of ECRH, co-ECCD and ctr-ECCD,
respectively.

injection of LHW and continues to increase to 114 kJ with the
injection of ECW. As shown in ﬁgure 5(d), the electron
temperature doubles, increasing from 1.2 keV to 2.0 keV with
LHW and further to 2.4 keV when the ECW was injected.
The ion temperature remained almost constant when compared with the electron temperature. Different from previous
results, the response of toroidal rotation due to ECW was
more signiﬁcant as shown in ﬁgure 5(e). Compared to LHCD,
there was only a ∼5 km s−1 increase when 1.2 MW LHW was
injected and ECWs at ∼400 kW were able to change the
rotation up to 10 km s−1 in the core.
The proﬁles of plasma temperature, density and rotation
were also plotted in ﬁgure 6 before and after ECW injection.
It can be seen that the effect of ECW on plasma temperature is
mainly localized within the region of ρ<0.2, which is
expected for on-axis ECW heating. More notably, the electron
temperature proﬁle becomes peaked with ECW injection,
while the ion temperature proﬁle ﬂattens in the core, which is
different from the effect of pure ECW heating. The change of
ion temperature is likely due to the destabilization of the ITG
mode that causes the increase of ion heat transport [23].
Different from the core-localized change in plasma
temperature, the rotation proﬁle was modiﬁed towards a much
larger minor radius, which increased in the co-current direction inside ρ=0.5 and almost remained unchanged in other
regions after the injection of ECW into an LHCD plasma.
Compared to the effect on ohmic plasmas, ECWs were able to
induce a larger rotation change in the core and the change was
also over a much wider plasma region. LHCD target plasmas
typically present a broader current density proﬁle than ohmic
shots due to the off-axis current drive. The effect of current
proﬁle on plasma rotation was investigated on Alcator C-Mod
[24]. The toroidal rotation changes in the LHCD plasma are in
the co-current direction and also localized in a limited region
when the safety factor q0 is above unity.

The relationship between the core rotation change in the
core and the ECW power is shown in ﬁgure 4. This dataset is
collected at a ﬁxed plasma current of 400 kA. The range of
ECW injection power is small because the maximum ECW
injection power only reaches up to 500 kW. It is found that
the toroidal rotation velocity in the core increases with the
ECW power, which is similar to the Rice scaling in other
devices [22]. Here, ECWs were also injected with a varied
toroidal direction. From the linear correlation, it can be concluded that the effect of toroidal injection angles on the
rotation is negligible.

4. Effect of ECWs on toroidal rotation in LHCD
plasmas
In EAST, LHW was routinely applied for the current drive
through Landau damping. The current density proﬁle was
altered towards a broader one, providing a different target
plasma condition for the rotation drive studies with ECWs.
Different rotation behavior is expected to be present with
ECW injection, since ECW and LHCD both operate on
electrons. In this section, the rotation characteristics under the
combined heating of ECW and 4.6 GHz LHW were
investigated.
In the experiment, Ip and Bt were set to 500 kA and
−2.5 T, respectively. ECWs were typically injected into the
LSN plasmas with the injection angle set at 180° and 75°,
which means on-axis heating. Figure 5 shows the experimental results for a discharge with ∼400 kW ECWs injected
into an LHCD plasma (PLHW∼1200 kW). The line-averaged
electron density is about 2.5×1019 m−3 and increases
slightly with the ECW injection. The plasma-stored energy
shown in ﬁgure 5(c) changes from 47 kJ to 94 kJ after the
4
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Figure 6. The plasma proﬁles without (4.15 s) and with (5.75 s) ECWs; (a) the electron temperature, (b) the ion temperature, (c) the electron
density and (d) the toroidal rotation velocity.

5. Summary

Program of Development Foundation of Hefei Center for
Physical Science and Technology (2016FXZY008) and the
Natural Science Research Key Project of the Education
Department of Anhui Province under grant No. KJ2016A434.

The effects of ECW on the toroidal rotation in pure ECW
heating and the combined heating of ECW and LHCD were
observed in EAST. In both cases, the toroidal rotation velocity increase in the co-current direction after the ECW
injection, and the electron temperature proﬁle becomes
peaked. However, the ion temperature proﬁle changes in the
opposite way. The ion temperature proﬁle becomes peaked in
pure ECW heating, but it ﬂattens after the ECW is injected
into the LHCD plasma. The changes in the toroidal rotation
velocity increase with the ECW injection power. Although
the mechanism of the effect of ECW on toroidal rotation is
still unclear, some possible reasons, such as the positive
electric ﬁeld, pressure gradient and residual stress, which may
result in the co-current direction change, are discussed.
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