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The capability of plasma current control by the second harmonic electron cyclotron current drive in the quasi-
axisymmetric stellarator CFQS is investigated. We used the ray-tracing code TRAVIS to evaluate the electron
cyclotron (EC) wave power deposition and driven current. In the standard magnetic field configuration of CFQS,
the poloidal distribution of the magnetic field is nearly axisymmetric, i.e., equivalent at all toroidal positions as
tokamaks. In the calculation, a flat electron density profile at the core region with ne0 = 1 × 1019 m−3 and a
center-peaked electron temperature profile with Te0 = 3.5 keV are assumed. The EC wave beam direction is
scanned mainly in the toroidal direction, aiming at the plasma axis. The vertical injection angle of the beam and
magnetic field strength are varied and optimized to keep on-axis power deposition to maximize driven current
at each toroidal direction of the EC wave beam. According to the calculation, the maximum driven current at
optimum beam direction, with an expected maximum EC wave power of 400 kW, is approximately 80 kA. Mean-
while, approximately 26 kA of bootstrap current in CFQS with the volume-averaged β value of 1.2% is estimated
using the BOOTSJ code. Hence, sufficient on-axis EC-driven current can be expected for compensation of the
possible bootstrap current, although the current profiles are different. Moreover, a driven current of over 30 kA
can be expected even in extreme cases where the magnetic field on-axis has ripples by modified modular coil
currents by 20%. The possibility of compensation of bootstrap current in total amount and current profile is also
discussed.
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1. Introduction
A quasiaxisymmetric (QAS) stellarator CFQS [1] is

under construction on a campus of Southwest Jiaotong
University (SWJTU), China, as a joint project between
SWJTU and National Institute for Fusion Science (NIFS),
Japan. The project aims to prove the concept and advan-
tages of QAS as a plasma confinement device. The CFQS
will be the world’s first realized QAS device. Because
of the QAS configuration generated by external coils, fa-
vorable plasma confinement as tokamaks from the view-
point of neoclassical theory and stable plasma sustainment
as stellarators will be simultaneously performed. Specific
parameters of the CFQS device are the major radius of
1 m, magnetic field strength of 1 T, aspect ratio of 4, and
toroidal periodic number of 2. The magnetic field coil
system consists of 16 (4 types× 4 sections) modular coils
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(Fig. 1), 12 toroidal field coils, and four poloidal field coils.
As the heating devices for the CFQS, using a
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Fig. 1 Side view of the CFQS vacuum vessel with modular
coils. A round port assigned for ECH power injection
is seen at the center in this view.
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54.5 GHz gyrotron (max. pulse length of 100 ms, max.
output power of 450 kW) [2] for electron cyclotron heat-
ing and current drive (ECH and ECCD) and neutral beam
injection system, which were formerly used for Compact
Helical System (CHS) [3] experiments at NIFS, is planned.

Although QAS devices do not require plasma cur-
rent, current control will be a beneficial tool for improving
plasma confinement through the modification of profiles of
plasma current and rotational transform or maintaining the
designed magnetic configuration. Therefore, this study in-
vestigates the capability of current control by electron cy-
clotron (EC) waves in the CFQS device. The remainder of
the paper is organized as follows. Section 2 describes the
setup of the calculation using ray-tracing code. Section 3
presents calculation results. Finally, Section 4 presents the
conclusion.

2. Setup of Calculation
The EC wave power injection system in CFQS is

planned as follows. The power source will be a 54.5 GHz
gyrotron, which has been used for CHS device in NIFS
formerly. The EC wave generated by the gyrotron will be
transmitted through a corrugated waveguide transmission
line to the CFQS vacuum vessel and then injected into plas-
mas by the EC wave antenna system. Figure 2 shows the
present design of the antenna. The antenna consists of four
mirrors: two focusing mirrors, one fixed plane mirror, and
one two-dimensional (2D) steerable plane mirror to control
the EC wave beam direction. The center position of the
steerable mirror is (R, T , Z) = (1.694, 0, 0.085 m). Here
R, T , and Z denote coordinates in a major radial direction,
toroidal direction, and vertical direction, respectively. The
beam is formed as a circular Gaussian profile focused at
the plasma center with a 30 mm waist radius. The beam
direction is defined by the parameters Tf and Zf , describ-
ing the position of the beam center on a virtual plane target
placed at R = 1.2 m. The positive direction of T and Tf is
a right side looking from the outside of the device.

To evaluate EC-driven currents in CFQS, the ray-
tracing code TRAVIS [4] is used with the flat electron den-
sity profile at the core region with ne0 = 1 × 1019 m−3

and center-peaked electron temperature profile with Te0 =

3.5 keV, as shown in Fig. 3. The injected EC wave power is
set to 400 kW in extraordinary mode. This plasma param-
eter set would be achievable in CFQS though it is at the
slightly outer edge of CHS plasma parameter space, be-
cause of the improved confinement which will be realized
in CFQS than that of CHS.

Applying the parameters of the EC wave beam and
plasma described above, scanning the beam direction
mainly in toroidal direction Tf with adjusting the beam
direction in vertical direction Zf to follow the vertical dis-
placement of the magnetic axis, and adjusting the magnetic
field to assure the Doppler-shifted on-axis resonance con-
dition, on-axis EC-driven currents are calculated in three

Zf

Tf

R
=1

.2
m

Fig. 2 Present design of EC wave beam injection antenna sys-
tem consisting of four mirrors. The EC wave is trans-
mitted through corrugated waveguide transmission line
and injected into plasmas as a circularly focused Gaus-
sian beam. In this figure, the beam direction setting pa-
rameters Tf and Zf are set as 0 m.
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Fig. 3 Electron density (black) and temperature (red) profiles
assumed in the TRAVIS calculation. ne0 = 1 × 1019 m−3

and Te0 = 3.5 keV.

types of magnetic configurations of CFQS.

3. Results of the Driven Current
Calculation

3.1 Standard magnetic configuration
First, a typical magnetic field configuration of CFQS,

standard (STD) configuration, is investigated. In the STD
configuration, the coil currents in all four types of modu-
lar coils, M1, M2, M3, and M4 (Fig. 1), are equivalent, and
the poloidal distribution of magnetic field strength is nearly
constant in toroidal direction, that is, quasiaxisymmetric as
shown in Fig. 4 (a) for magnetic axis. The EC wave injec-
tion is assigned at a port allocated at the toroidal angle ϕ
of 90◦. Toroidal current is driven by toroidally oblique in-
jection of EC wave beam characterized with the toroidal
beam direction parameter Tf . In the TRAVIS calcula-
tions of EC-driven current, Tf is scanned, adjusting mag-
netic field strength represented by the on-axis strength at
ϕ = 90◦, B90, and Zf to maintain on-axis heating condition

2402039-2



Plasma and Fusion Research: Regular Articles Volume 17, 2402039 (2022)

-100

-50

0

50

100

-0.2 -0.1 0 0.1 0.2

-20 -15 -10 -5 0 5 10 15 20

EC
-d

riv
en

 c
ur

re
nt

 (k
A

)
ab

s. 
po

w
er

 to
 p

as
si

ng
 e

le
ct

ro
ns

 (%
)

Tf (m)

toroidal injection angle  (deg)

(b) 

(a) 

Fig. 4 (a) Toroidal distribution of the magnetic field on-axis in
the STD configuration in the case of B90 = 0.93 T. (b) EC-
driven currents (red open squares) and absorbed power
ratios to passing electrons (blue open squares) in the STD
configuration against toroidal beam direction parameter
Tf and toroidal beam injection angle α.

and maximize driven current, for example, when Tf = 0 m,
B90 = 0.98 T, and Zf = 0 m, and when Tf = +0.2 m,
B90 = 0.9 T, and Zf = 0.07 m.

Tf is scanned in the range of −0.2 to +0.2 m, corre-
sponding to the toroidal cross-sections at ϕ = 76.4◦ to
103.4◦, where most wave powers are absorbed. Addition-
ally, the range of Tf = −0.2 to +0.2 m corresponds to the
range of −22◦ to +22◦ of beam injection angle α measured
from the plane of T = 0 m. Figure 4 (b) shows the calcu-
lated results. The EC wave power absorption efficiency is
almost 100%, and almost all power is absorbed by pass-
ing electrons regardless of Tf value, except for Tf = 0 m.
However, for EC-driven current, with the variation of Tf

from 0 m, the absolute value of the driven current increases
to approximately 80 kA and then saturates at more than
±0.1 m. Thus, if the injected EC wave power of 400 kW
is assumed, the EC-driven current up to 80 kA can be ex-
pected. Here, the current is nonzero at Tf = 0 m because
of the up-shifted beam start point (center position of the
steerable plane mirror) and the three-dimensional magnetic

axis of CFQS. According to the BOOTSJ code [5], ap-
proximately 26 kA of bootstrap current in the CFQS STD
configuration with the volume-averaged β value of approx-
imately 1.2% is estimated [6]. The β of approximately
1.2% would be maximum with planned total heating power
for CFQS. The β corresponds to ne0 = 1 × 1019 m−3,
Te0 = 3.5 keV, and Ti0 = 2.6 keV. Then, sufficient on-
axis EC-driven current can be expected for compensation
of the possible bootstrap current, ignoring the matching of
current profiles. Because of the pressure gradient-driven
nature of bootstrap current, bootstrap current profile tends
to be hollow, whereas ECCD is the most effective at the
center of plasma volume.

By changing the sign of Tf , the co- and counter-ECCD
or making the rotational transform increase and decrease,
at the plasma core region will be available.

In the above discussion, Te0 = 3.5 keV is assumed.
Te0 is one of the key parameters that determine the driven
current. If Te0 is assumed to be 3, 2, and 1 keV with the
same ne0 of 1 × 1019 m−3, the highest driven current varies
as ∼65, ∼35, and ∼10 kA, respectively. Then, the statement
of the discussion is valid for a wide range of Te0.

The capability of off-axis ECCD is also investigated.
When EC wave beam direction is tilted vertically with
ne0 = 1 × 1019 m−3, Te0 = 3.5 keV, and Tf = −0.15 m,
the peak position of the power deposition shifts to ρ = 0.2,
0.4, 0.6, and 0.8, and the driven current varies as ∼60, ∼37,
∼18, and ∼9 kA, respectively, because of the decrease in
electron temperature and the increase in magnetic ripple
along the magnetic field lines. In all cases, the radial dis-
tributions of driven currents are peaked and localized as
Δρ < 0.2.

3.2 Coil currents +20% configuration
As an extreme case, ECCD property in a configuration

with magnetic ripples by setting currents of coils M3 and
M4 increase by +20% from the STD configuration is inves-
tigated. In this case, heating positions are nearly at the bot-
tom of the magnetic ripple, as shown in Fig. 5 (a), so that
the EC-driven current is reduced because of the mirror ef-
fect. The calculated results summarized in Fig. 5 (b) show
that although the absorbed power ratio to passing electrons
is not reduced so much, the EC-driven current in the +20%
configuration reduced significantly by ∼60%. The mir-
ror reflection caused by the ripple-bottom heating and re-
duced toroidal velocity of passing electrons contribute to
the significant reduction of the EC-driven current. How-
ever, more than 30 kA of EC-driven current, which is larger
than the bootstrap current in the STD configuration, will be
generated by 400 kW injection power, even in the +20%
configuration.

3.3 Coil currents −20% configuration
As another extreme case, −20% configuration with

M3 and M4 coil currents reduced by 20% from the STD
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Fig. 5 (a) Example of the toroidal distribution of the magnetic
field on-axis in the +20% configuration (red). (b) EC-
driven currents (red closed circles) and absorbed power
ratios to passing electrons (blue closed circles) in the
+20% configuration. Data in the STD configuration are
also plotted for comparison.

configuration is addressed. In this case, heating positions
are nearly at the top of the magnetic ripple, as shown in
Fig. 6 (a). Near-ripple-top heating hardly affects the ab-
sorbed power ratio to passing electrons, and the property
of ECCD is not degraded so much from that in the STD
configuration; almost 80% of the driven current in the STD
case can be driven in the −20% configuration, as shown in
Fig. 6 (b).

3.4 Discussion on the driven current
distribution

All driven current calculations described above are
performed with the designed EC wave beam characteris-
tics; circular Gaussian profile focused at the plasma center
with a 30 mm waist radius. The narrow power deposition
due to the focused beam is advantageous for controlling lo-
calized power deposition and current drive and heat trans-
port analysis. However, as described in Subsection 3.1,
the driven current profile is too narrow to compensate for
the expected wide profile of the bootstrap current [6], as
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Fig. 6 (a) Example of the toroidal distribution of the magnetic
field on-axis in the −20% configuration (red). (b) EC-
driven currents (red closed circles) and absorbed power
ratios to passing electrons (blue closed circles) in the
−20% configuration. Data in the STD configuration are
also plotted for comparison.

shown in Fig. 7 (a). Here, the modification of the beam
profile to widen the driven current profile is investigated
by considering a 2D Gaussian beam with a 30 mm waist
radius in the toroidal direction and a 160 mm radius in the
vertical direction at the plasma center, aiming the beam
direction to make the peak position of the driven current
profile to be off-axis. The EC-driven current profile with
the modified beam is plotted in red in Fig. 7 (a), together
with the EC-driven current profile with the focused on-
axis beam in blue and the typical bootstrap current profile
in black. All current profiles are normalized at each max-
imum value. In the modified beam case, the amount of
driven current is 24.1 kA with the same plasma parameters
shown in Fig. 3. Figure 7 (b) shows the rotational trans-
form profiles of CFQS standard configuration in vacuum
(green), with the current of 24.1 kA driven by the modified
EC wave beam (red), and with the bootstrap current assum-
ing the amount of 24.1 kA (black). Here, the two kinds of
currents are in opposite directions. A rotational transform
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Fig. 7 (a) Normalized current density profiles in cases of boot-
strap current (black), ECCD by on-axis focused beam
(blue), and ECCD by off-axis broad beam (red). (b) Pro-
files of rotational transform in the cases of vacuum field
(green), with bootstrap current (black), ECCD by off axis
broad beam (red), and bootstrap current + ECCD (light
green).

profile with the bootstrap and modified EC-driven currents
is plotted in light green. Although the procedure of com-
pensation for the bootstrap current profile by the modified
EC wave beam is not optimized in this study, because of
the center-peaked beam power profile and degradation of
current drive efficiency at the outer plasma region, suffi-
cient compensations of the bootstrap current profile and the
resultant change in the rotational transform profile would
be difficult in the Gaussian beam optic framework. To per-

form sufficient compensation, a more sophisticated design
of EC wave beam power profile by a dedicated ECH sys-
tem is essential.

4. Conclusions
For the physics basis of the CFQS project, the prop-

erty of second harmonic ECCD using 54.5 GHz frequency
and 400 kW power is investigated for plasma control, such
as the control of plasma current, modification of rotational
transform, and compensation of bootstrap current. Accord-
ing to the calculations by the ray-tracing code TRAVIS,
where the flat electron density profile with ne0 = 1 ×
1019 m−3 and center-peaked electron temperature profile
with Te0 = 3.5 keV are assumed, EC-driven currents larger
than 30 kA can be expected in the standard QAS magnetic
field configuration and even in the extreme configurations
with±20% magnetic ripples. The BOOTSJ code calculates
approximately 26 kA of bootstrap current in the CFQS
STD configuration with an expected maximum volume-
averaged β value of approximately 1.2%. Thus, it is con-
firmed that at least as the absolute value, sufficient EC-
driven current will be available in the CFQS various mag-
netic configurations to compensate for possible bootstrap
current by the planned ECH system. Experimental inves-
tigations that require plasma current and rotational trans-
form controls can be conducted. To make the driven cur-
rent profile match with the bootstrap current profile, real-
izing a rather sophisticated EC wave beam power distribu-
tion by a dedicated ECH system will be required.
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