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Abstract. A remote steering antenna has been newly developed for Electron Cyclotron Heating and Current

Drive (ECH/ECCD) experiments on the TRIAM-1M tokamak. It is a first application of the remote steering

antenna to the ECH/ECCD experiments under the conditions relevant to International Thermonuclear

Experimental Reactor. Our launcher is a symmetric direction antenna with extended steering capability. The

larger steering angles of 8-19 degrees are available, in addition to that near 0 degree. The output beam from the

antenna is the well-defined Gaussian beam with a correct steering angle. The Gaussian content and the steering

angle accuracy are 0.85 and –0.3 degrees, respectively. Antenna transmission efficiency in the high power test is

evaluated as 0.95. The efficiencies at the low and high power tests are consistent with those in the calculation

with higher-order modes. The difference between plasma currents increased at co- and counter- steering

injections [+/-19 degrees] is clearly observed in the superposition to the Lower Hybrid Current Driven (LHCD)

plasma of the fundamental X-mode injection.

 
1.   Introduction
 
  Electron Cyclotron Heating and Current Drive (ECH /ECCD) has been one of the auxiliary
heating systems at International Thermonuclear Experimental Reactor (ITER). A total power
of 20MW at a frequency of 170GHz is planed to inject from two different positions at the
upper and the mid-plane ports at the low field side on ITER. The remote steering antenna
system is considered as the upper port launcher, in order to avoid an installation of plasma-
facing movable mirrors  [1]. The main subject of ECH/ECCD using the upper-port antenna
is generation of localized current drive for MHD stability on neoclassical tearing modes at a
safety factors q=3/2 and 2/1, which are expected to be most harmful [2]. The well-defined
output beam is required to generate the local current in steering angels of +/- 10.5 degrees.
The poloidal and toroidal launching angles of the normal beam without the steering are about
60 and 20 degrees. The performance of the asymmetric direction antenna in the steering
angles of +/- 12 degrees in relation to the ITER application has been tested at low and high
power levels [3-5]. A full-scale mock-up of the upper-port launcher is being designed and
constructed for the high power test at the ITER frequency [1].
  On the TRIAM-1M tokamak [6], a remote-steering antenna system has been newly
developed for the ECH/ECCD experiments. Our launcher design is based on the imaging
property calculation of a square corrugated waveguide in a case of a symmetric direction
antenna with extended steering capability [7]. Fundamental ECH and ECCD with the ITER
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frequency from the low field are experimentally tested in the superposition to the LHCD
plasma using the developed antenna system. It is a first application of the remote steering
antenna to the ECH/ECCD experiment. The ECCD effect in the X-mode experiments is
observed in a comparison of the current generated at between the co- and counter- injections
at the larger steering angles. The energy range of tail electrons, coupled with the Electron
Cyclotron (EC) wave, in the LHCD plasma is equivalent to that of resonant electrons for
ECCD in high electron temperature plasmas at ITER or a reactor.
 
2.  Remote Steering Antenna System on the TRIAM-1M tokamak
 
  Figure 1 shows a schematic of the ECH/ECCD system. The directions of the magnetic field,
the plasma current Ip, the co-steering direction, and the refractive index and velocity N// and v//

in parallel to the toroidal
magnetic field are also shown in
the figure. The maximum power
that is transmitted in the antenna
is 200kW in 5sec. The evacuated
circular corrugated waveguides
with a diameter of 31.75mm has
been partially used in the
transmission line. In order to
avoid arcing events in the
antenna, similar cross-section
area is adopted.
  Figure 2 shows the transmission efficiency in the
imaging property calculation for the fundamental mode at
an asymmetric direction antenna, and at a symmetric
antenna with the extended steering capability, of the
electric field in perpendicular to the steering plane. Here,
a side of the square is fixed at 31.75mm. There is a
normal operation region up to 12 degrees in the
asymmetric direction antenna. The asymmetric
direction antenna is being designed for the ITER upper-
port launcher. The symmetric direction antenna with the
extended steering capability can be operated at the
larger steering angles of 8-19 degrees, in addition to the

 
angles near 0 degree. The symmetric direction antenna with L=2.075m are useful for both of
the ECH and ECCD experiments in the perpendicular and oblique injections on the TRIAM-
1M tokamak. Figure 3 shows a photograph of the remote steering antenna. The antenna made
of aluminum is evacuated and cooled by the active water-cooling. The beam from the
evacuated waveguide is coupled into the antenna using Matching Optics Unit (MOU) for the
antenna as shown in Fig.1. In order to locate the MOU in the existing transmission line with
small modifications, the mirror array composed of four mirrors is adopted. The final flat
mirror can move along the propagation axis, and rotate to steer the input angle into the
antenna. There is no barrier window for the tokamak, and the MOU box is also evacuated by

Fig.1: Schematic of the ECH/ECCD system in TRIAM-1M.

Fig. 2: Transmission efficiencies in
the fundamental Gaussian mode at
the asymmetric and symmetric
direction antennas.

Fig.3: Photograph of our remote steering
antenna made of aluminum with the cooling
water channels.

PD/1-2

0.0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20

T
ra

ns
m

is
si

on
 E

ff
ic

ie
nc

y

Steering Angle [ degrees ]

L=2.245m
Asymmetric 

Normal 
Branch 

L=2.075m
Symmetric 
Extended 
Branch 

Larger Steering 
Angles

[ near 0 degree ]
[ 8-19 degrees ]



the differential pumping. The gate valve is located between the MOU box and the antenna.
 
2.1 Intensity and Phase Profiles, and Radiated Angle of Output Beam from Antenna
 
  The intensity and phase in both of the Ex and Ey

components, in parallel and perpendicular to the steering
x-z plane, are measured for the output beam at the low
power test stand [8]. Here, the x-y plane is in
perpendicular to the propagating z-axis of the beam.
Figure 4 shows intensity and phase profiles in the x
direction of the Ey component for output beam from the
antenna at z = 50mm in the 15 degree steering case. The
detector stage is rotated in the x-y plane corresponding to
the 15 degree steering angle. The intensity profile is
Gaussian-like beam of wx = 11mm, however there are side
lobes. The phase profile is parabolic with a phase curvature
of Rx = 218mm in the main lobe. The fitted curves of the
intensity and phase profiles using the Gaussian parameters
wx and Rx are also shown in the figure. The phase rapidly changes near the side lobe, therefore,
the side lobe part is spread out from the main lobe along the propagation. This output beam is
analyzed with the moment method, and a matching coefficient to evaluated the Gaussian
content in the beam. The quasi-optical beam can be analyzed using the moment theory of
quasi-optical beams [9]. Here, the n-th moment is defined with the amplitude distribution A(x,
y) as,
 

                            ,                   (1)
The beam center position in the intensity profile is expressed with the first moment, <x>. The
evolution of the beam center position along the propagating can be written in terms of the
quasi-optical moment theory using the phase distribution Φ (x,y) as the following,
 
 

                                       ,                 (2)
 
where k is the wave number of the propagating beam. The integrated coefficient of the
propagation position z in Eq.2 expresses a slope of the propagating axis. Using the intensity
and phase distributions measured in the main lobe, the beam center position and the tilted
angle of the slope are evaluated as 8mm and -0.3 degrees, respectively. The phase profile is
flat near the beam center. The beam propagates along the measuring z-axis. The output angle
of the beam corresponds to the incident steering angle as designed. The Gaussian content of
the beam is evaluated as a matching coefficient defined as,
 
 

                                                                  ,                    (3)
where f and g are the complex amplitudes. The complex amplitudes are deduced from the
intensity and phase distributions measured and calculated with the evaluated wx and Rx in
Gaussian Optics. The Gaussian content is evaluated as 0.85 for the output beam. Although
there is the beam center offset of 8mm, the well-defined Gaussian beam with a correct
steering angle is obtained using the symmetric direction antenna at the extended steering
angle region. The beam size at the resonance position is evaluated as about 18mm in Gaussian
Optics using wx and Rx.

Fig.4: Intensity and phase
profiles in of the output
beam the Ey component in
the 15 degree steering case.

PD/1-2

0.00

0.05

0.10

0.15

0.20

-5

0

5

10

15

20

25

30

-20 -10 0 10 20 30 40 50 60

In
te

ns
ity

 [
 a

.u
. ]

Ph
as

e 
[ 

ra
di

an
 ]

x [ mm ]

ω
x
=11mm

R
x
=

218mm



2.2   Transmission Efficiency at Antenna in Low and High power tests, and Calculation
 
  In order to evaluate the transmission efficiency of the
antenna calorimetrically, high power tests are carried out
using a water dummy load at the existing transmission line.
The beam with a power level of 120kW at a duty of 0.5% is
injected to the MOU. The beam axis of the input beam to
the antenna is aligned with the moment method. The tilted
angle of the beam can be derived from the evolution of the
beam center, that is the first moment, along the propagation.
The intensity distributions of the beam are measured as the
increased temperature pattern of the IR-images along the
propagation. A Polyvinyl Chloride plate is used for the
beam target in the IR-image measurements. The
transmission efficiency is evaluated from the power
absorbed at the dummy load at the entrance and end of the
antenna. The evaluated efficiencies are about 0.95, as
shown in Fig.5. In order to evaluate the efficiency at the low power test, the measured
intensity distributions of the input and output beams are integrated over the x-y plane. The
evaluated efficiency as a function of on the steering angle is also shown in Fig. 5. Errors in
the figure are due to thermal drifts in an IF amplifier within +/- 0.5dB. The difference of the
efficiency in both of the Ex and Ey components affects the polarization state of the output
beam, however, the transmission efficiencies of the components are in the margins of the
errors. The polarization state of the beam is evaluated without taking the difference of the
efficiencies in both of the components into consideration. The efficiencies calculated in the
imaging property are plotted in Fig.5. The efficiency near 5 degrees is calculated as being low,
if the fundamental mode is only taken into account. The efficiencies calculated with higher-
order Hermite Gaussian modes [HGm0 modes (m=1-60)] [10] are consistent with those in the
measurement. The detail analysis of the measured efficiency based on the calculation in the
imaging property is left as a future work.
 
3.  Electron Cyclotron Heating and Current Drive Experiments
 
  The ECH/ECCD experiments using the remote steering antenna started on the TRIAM-1M
tokamak for the first in the world [11]. The EC wave of the power levels of 100kW was
injected to the ohmic discharge plasma with the steering angles. The Lower Hybrid (LH)
wave was also injected with a power level of 120kW, but it could not sustain the high-density
plasma of ne ~3 x 1019 m-3 without ECH/ECCD. The plasma current and ion temperature in
the plasma sustained with ECH/ECCD were about 70kA and 600eV, which are two times
higher than those sustained by only LHCD. The ECH/ECCD was effective to sustain the high
density and ion temperature plasma, but there was not a clear dependence of the plasma
current on the steering angle. The incident wave was linearly polarized in parallel to the
magnetic field. The ellipticity polarization control is required to excite O/X modes in the
oblique injection. In the 19 degree steering case, the ratio of 0.65 is the O-mode component,
and the remains is excited as the X-mode without any control by the polarizers.
 
3.1  Mode Purity Control Experiments in Superposition to LHCD plasmas
 
  Two grooved mirror polarizers are located in the ECH transmission line to control the
elliptical polarization in the incident beam. The polarization state is determined by a ratio of

Fig.5: Transmission efficiency
in the low and high power and
the calculations with and w/o
the higher modes.
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the Ex and Ey components. The ratio of the Ex and Ey

components in the incident beam can be calculated
as a function of the rotation angle of the polarizers
[12]. In order to optimize the incident polarization
state, the mode purity control experiment is carried
out. Figure 6 shows the plasma current Ip, the
intensity of the hard X rays (HXR) emitted
perpendicularly to the toroidal field IHX, and the soft
X rays (SXR) intensity ISX increased in the
superposition to the LHCD plasmas in the 13 degree
steering case for the co-injection as a function of the
incident O-mode purity. The plasma current of about
30kA is sustained with a power PLH of 60kW in the
target LHCD plasma. The superposed ECH/ECCD
power is PECH 100kW. The magnetic field B0 = 6.4T
is set at R0=0.80m. The resonance position for bulk
electrons Rres is located at on-axis Raxis=0.84m.
There is an R cutoff before the beam is reached to
the fundamental resonance for bulk electrons at the
X-mode (zero O-mode purity) injection. The
fundamental relativistic EC resonance condition for
the fast electrons due to the Doppler shift effect is expressed as γ [1-N// (v// /c)]=fce/f with the
relativistic factor         , where         and           are the
normalized electron momentums in perpendicular and parallel to the magnetic field. Here, N//

and v// are the parallel refractive index and velocity, and fce and f are an electron cyclotron
frequency and the operating frequency of 170GHz, respectively. The index N// at the major
radius R is assumed to be cosθa[Ra/R] due to the toroidal symmetry, where cosθa is the
parallel refractive index at Ra=(R+a). Here, the minor radius a is 0.12m. The index N// at the R
cutoff for the X-mode is 0.22. The line-averaged density ne is 0.8 x 1019 m-3 at the target
LHCD plasma, and the R cutoff radius Rcut is 0.870m. The maximum resonance radius RD =
([R0 fce(R0)/f ]

2+[cosθa Ra]
2) 1/2 due to the Doppler shift effect is 0.865m. Since the maximum

resonance radius RD is less than the cutoff radius Rcut, there is no coupling area for the X-
mode component in the low field side access. It is noted that it is ideal to confirm to the O-
mode coupling for the incident beam. In Fig.6, the current and the intensities of HXR and
SXR increase as the O-mode mode purity becomes high. The line-averaged density also
increases to 1.3 x 1019 m-3 at the mode purity of unity.
Figure 7 shows the radial profiles of the HXR and SXR
intensities increased by ECH/ECCD, ΔIHX and ΔISX, at
the mode purity of unity. Optical depth τ of the O-mode
[13], that is the one pass absorption rate, is evaluated as
0.62 at the on-axis electron temperature Te =700eV and
the on-axis density of 2 x 1019 m. Both of the ΔISX and
ΔIHX profiles are peaked. The large increments of the
plasma parameters in the pure O-mode injection,
particularly the SX and HX intensities at the central
region, show the good absorption of the incident O-mode
beam. An elliptical polarization controllability of the
incident beam is checked in the oblique injection required
for the ECCD experiment.
 

Fig.6: Dependence of plasma current
and SXR and HXR intensities on mode
purity for O-mode increased in
superposition of ECH/ECCD to the
LHCD plasma.
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unity.



3.2  O-mode ECH/ECCD experiments

  Figure 8 shows the increased current as a function of
the parallel refractive index N// at R=Rres or the steering
angle in the pure O-mode experiment. The resonance
position Rres is located at the plasma center Raxis of 0.84m.
The incident polarization is optimized for each steering
angle. The line-averaged density ne is 0.9 x 1019 m-3 at the
target LHCD plasma, and the density increases to 1.4 x
1019 m-3 by ECH/ECCD. The calculated optical depth for
the O-mode is also shown in Fig.8. The dependence of
the increased current on the steering angle with a
maximum near the 0 degree steering (in the perpendicular
injection) is observed. The one path absorption for bulk
electrons is highest in the perpendicular injection. The
increased current ΔIp in the perpendicular injection is
18.3 kA. The current drive efficiency η ECH+LH =
neIpR/(PECH+PLH) in the superposition is evaluated as
0.325 x 1019 A/Wm2, that is comparable to η LH of
0.378 x 1019 A/Wm2 at the target LHCD plasma.
The increased current in the co- (+16 degree)
steering case is larger than that in the counter- (-16
degree) steering case a little. However, a heating
effect in an improvement of the LHCD efficiency is
dominant in the observed dependence of the
increased current.
  Figure 9 shows radial profiles of the HXR and
SXR intensities increased by ECH/ECCD in the +/-
16 degree steering cases. The profiles of ΔIHX and
ΔISX are more peaked in the +16 degree case. In the
co- (+16 degrees) and counter- (-16 degrees)
steering cases, the forward (v//>0) and backward
(v//<0) fast electrons can be coupled with the
incident wave between RD and Rres near the plasma center before the incident beam is
absorbed by the bulk electrons at R= Rres. Here, the maximum Doppler-shifted resonance
radius RD is 0.873m in this case. In the counter (-16 degree) steering case, the coupling with
the forward electrons is possible only at the high field after the bulk absorption. The peaked
profile of ΔIHX in the co- steering case, compared to the counter- steering case, suggests a
coupling into the forward electrons of the incident beam between RD and Rres.
 
3.3  X-mode ECH/ECCD experiments
 
  The fundamental X-mode ECCD is tested in superposition to the LHCD plasma under the
ITER relevant conditions. The fundamental X-mode ECCD in the LHCD plasma was
proposed, and the experimental results were reported [14]. In the fundamental X-mode
ECH/ECCD from the low field side, there is the evanescent layer due to the R cutoff. If the
operating frequency is significantly higher than the plasma frequency fpe, the evanescent layer
becomes thin. Since the operating frequency in the TRIAM-1M tokamak is high, the high-
density experiments are possible. The ECH/ECCD experiments of the fundamental X-mode is
carried out at the medium density (~1 x 1019 m-3) where is several times higher than that at the

Fig.8: Increased current and
calculated optical depth in O-
mode experiments.

Fig.9: Radial profiles of HXR and SXR
intensities increased by ECH/ECCD in
the +/- 16 degree steering cases.
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previous experiment.
  The magnetic field B0 = 6.25T is set at
R0=0.80m, and the plasma center is at Raxis=0.84m.
The resonance position Rres is located at the off-
axis high field side of R=0.82m. Figure 10 shows
the time evolutions of the plasma current and the
center code HXR intensity increased in the
superposition of ECH/ECCD in the +/- 19 steering
angles. The parallel refractive indices N// are 0.32
for the +19 degree steering case, and the
maximum Doppler-shifted resonance radius RD is
0.868m. The density ne increases to 0.95 x 1019 m-

3 by the superposition of ECH /ECCD, and the R
cutoff position Rcut is 0.860m. There is a Current
Drive (CD) window between RD(=0.868m) and
Rcut(=0.860m), where the incident X mode can be
absorbed. There are clear differences in the both
steering cases in the increased current and the
HXR intensity in Fig.10. The radial profile of the
increment in HXR intensity, ΔIHX, is shown in Fig. 11.
The hollow ΔIHX profile is observed with a peak at the
CD window. It indicates the incident X-mode wave is
coupled around R=0.86m. The peak is also shown at the
high field side, but the asymmetric structure of the profile
is not understood. The energy range of the resonant
electrons can be evaluated from the relativistic Doppler-
shifted condition, γ [1-N// (v// /c)]= fce / f . Figure 12 shows
the resonant ellipse in the electron normalized momentum
space at R=0.86m. The possible energy range to be
resonant with the incident X-mode at R=0.86m is
evaluated as 10-60keV with the large parallel momentum,
as shown in the figure. The condition  P = γ/Np for the
fast electrons generated by the LH wave
is also plotted, where Np is a peak of the
parallel refractive index at the LH
launcher. In the present case, Np =1.8.
The energy range of forward fast
electrons coupled with LH waves is
located in the momentum space between
the bulk area and the condition  P// =
γ/Np. The resonant energy range for the
EC wave is consistent with that of the
forward fast electrons by the LH wave.
The difference of the increased current
between the co- and counter- steering
[+/-19 degrees] injections is due to the ECCD effect on coupling for the forward fast electrons
in the LHCD. The CD efficiency is roughly evaluated from the difference of the increased
current (~ 5kA) between the co- and counter- steering injections as about ten times smaller
than that in the LHCD plasma. The current is also increased in the counter- steering case. In

Fig.10: Time evolutions of plasma
current and HXR intensity at a center
code increased by X-mode ECH/ECCD.

Fig.11: Radial Profile of HXR
intensity increased by X-mode
ECH/ECCD.

Fig.12: Resonant ellipse in the electron normalized
momentum space for the resonance at R=0.86m.
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the counter- steering case, the forward electron is not resonant with the incident X-mode wave
at the CD window. The incident beam is reflected at R=Rcut, and the EC wave may be
absorbed at the O-mode and at the X-mode in the high-field side access due to multiple wall
reflection. The increased current in the counter-steering case is not well understood. In order
to evaluate the current drive efficiency, the absorbed power to generate the current becomes
important. The evaluation of current drive efficiency in detail is left as a future work.
 
4. Summary
 
  The symmetric direction remote steering antenna with larger steering angle has been
developed for the ECH/ECCD experiments on the TRIAM-1M tokamak. The launcher length
and a side of the square are taken as 2.075m and 31.75mm The larger steering angles of 8-19
degrees are available, in addition to that near 0 degree. The output beam from the antenna is
the well-defined Gaussian beam with a correct steering angle. The Gaussian content and the
steering angle accuracy are 0.85 and –0.3 degrees, respectively. The transmission efficiency is
evaluated as 0.95 in the high power test. The fundamental ECH and ECCD with the ITER
frequency from the low field side are experimentally tested using the developed antenna. In
the O-mode experiments, the dependence of the increased current on the steering angle is
observed. However, the heating effect in an improvement of the LHCD efficiency, compared
to the ECCD effect, is dominant. In the X-mode experiment, there are clear differences in the
co- and counter- steering cases due to the ECCD effect on the coupling for the forward fast
electrons in the energy range of 10-60keV. The hollow profile of the HXR intensity increased
by ECH/ECCD is observed at the CD window, and the resonant energy range is consistent
with that of fast electrons coupled with the LH wave.
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