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Abstract
A real-time control system for the deposition location of electron cyclotron resonance heating (ECRH) has been newly developed
and applied to experiments on the Large Helical Device (LHD). Appropriate settings for a steerable launcher for ECRH were
obtained by evaluating the deposition location and the absorption power for various electron density proﬁles using a ray-tracing
code. The real-time deposition location control system adjusts launcher settings to improve the ﬁrst-pass absorption of the refracted
electron cyclotron wave, based on the ray-tracing calculations. The control system was designed to use a fast ﬁeld programmable
gate array (FPGA). The FPGA processes in real time the calculation of characteristic parameters regarding the density proﬁle and
the calculation of target positions requested for rotation control of a steering mirror of the launcher. The real-time deposition
location control during ECRH discharges on the LHD functioned successfully in maintaining the absorption power higher than that
without the control, which resulted from the deposition location maintained in the plasma core region.
Keywords: ECRH, deposition location, real-time control, ray tracing, FPGA, LHD

1. Introduction
Adjustments of launcher settings of electron cyclotron
resonance heating and current drive (ECRH/ECCD) are
necessary to produce high-performance plasmas, to realize
desired power deposition and current density proﬁles, to
decrease the stray wave radiation level in the vessel, and
to prevent damage of in-vessel components from unabsorbed
power during high-power long-pulse injection [1]. Real-time
deposition location control of ECCD is demonstrated to be
eﬀective for active MHD control of tokamaks [2, 3, 4].
Prediction of deposition proﬁles by ray-tracing calculations
can help adjustments of ECRH launcher settings to maximize
the ﬁrst-pass power absorption. The precise evaluation of
deposition proﬁles is also essential for transport studies.
Power-modulated ECRH is used to generate heat pulses in order
to evaluate cross-ﬁeld electron thermal transport [5]. Several
attempts are made to adjust the deposition location and the
incident ECRH polarization in the Large Helical Device (LHD)
[1, 6], which contributes to extending the operation regime of
high electron-temperature (T e ) plasmas and also to analyzing
electron heat transport properties of hydrogen isotope plasmas
[7, 8, 9].
In such types of experiments, ray-tracing calculations with
the “LHDGauss” code have been utilized on a shot-by-shot
basis [10] because the code is implemented on the automatic
analysis system for post-shot processing on the LHD [11]. The
LHDGauss code can provide not only the deposition proﬁles
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for the ordinary (O) mode and the extraordinary (X) mode but
also the ratio between the two orthogonal eigenmodes at the
electron cyclotron resonance (ECR) layer. The ratio between
the two modes is calculated by solving the one-dimensional
(1D) full-wave equation along the wave propagation to the
ECR layer from each launching antenna at which the incident
polarization is given.
With the help of the LHDGauss code, real-time control of
the incident polarization was conducted for the time-varying
electron-density (ne ) proﬁle of LHD plasmas [12]. The control
method is based on the mode content analysis to excite the
pure O mode or the pure X mode at the ECR layer. The
data set on the dependence of the optimum polarization on
peripheral ne proﬁles as well as the relationship between the
optimum polarization and the set of rotation angles of the two
polarizers in the ECRH transmission line were saved into FPGA
(ﬁeld programmable gate array) memories. The stored data in
these FPGA memories were referred to in real time for rotation
control of the polarizers. The polarizer control experiments
functioned properly in exciting the purer heating mode, so that
the ﬁrst-pass absorption power could be maintained higher than
that without the control. However, a gradual increase of ne in
time gave rise to the electron cyclotron (EC) wave refracted to
the outside of the ECR layer, thereby decreasing the ﬁrst-pass
absorption power, although the pure mode was excited due to
the control under the LHDGauss calculation. It is noted that
the O/X-mode ratio was calculated only along the straight line
in 1D from the center of the ﬁnal mirror of the launcher to the
target position. When ne is high enough to refract the EC wave,
the EC wave propagates on the path deviating from the straight
December 26, 2019

(a)

line. The incident polarization could be optimized only on the
straight line, not on the refracted beam path. The experimental
results show that the eﬀect of multi-pass absorption power
cannot be neglected. However, optimizing the polarization
for the second-pass absorption is diﬃcult under the present
situation. Thus, deposition location control is required to
improve the ﬁrst-pass absorption under the eﬀect of refraction
taken into account. This paper describes real-time control of
the deposition location of ECRH using the newly-developed
real-time control system. Section 2 describes the detail of the
real-time control system of the deposition location. Results
on proof-of-principle experiments of the real-time deposition
location control are presented and discussed in Section 3.
Section 4 summarizes this paper. It is noted that the polarization
control was not implemented in the present study.
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The LHD is a helical device with the toroidal period of
10 and the poloidal period of 2. The conﬁnement magnetic
ﬁeld is generated by external superconducting magnets with
a pair of helical coils and three pairs of poloidal coils. The
fundamental O mode at 77 GHz and the second harmonic X
mode at 154 GHz are used for plasma electron heating under
the standard magnetic ﬁeld conﬁguration of the magnetic axis
of 3.6 m. The magnetic ﬁeld strength at the axis was set
2.75 T, which is the cold resonant ﬁeld strength of ECRH
[13]. Since the fundamental X-mode EC wave at 77 GHz is
reﬂected at the right-hand cutoﬀ layer in front of the ECR layer
in this experiment condition, excitation of the pure O mode
contributes to higher ﬁrst-pass absorption of the EC wave. The
launching antenna used for real-time control of the deposition
location is located at the lower (L) right (R) side of an equatorial
outer port (2-O), and the antenna is called the 2-OLR antenna.
The 2-OLR antenna was designed for power injection from a
77-GHz gyrotron. Figure 1(a) shows a drawing viewed from the
center of the ﬁnal mirror of the 2-OLR antenna. Most parts of
the ﬁrst wall consist of protecting tiles made of stainless steel,
but some tiles are replaced by molybdenum on the opposite side
of the launching antennas. In the drawing, an imaginary grid
target plane is shown with a toroidally- and vertically-directed
coordinate (T f , Zf ) radially ﬁxed at Rf = 3.9 m. The ﬁnal mirror
of the 2-OLR antenna is steerable, so that the target position
can be scanned toroidally and vertically, which changes the
deposition location.
Then, the deposition location and the absorption power were
evaluated using the ray-tracing code LHDGauss for various
target positions and ne proﬁles. Figures 1(b) and (c) show
one example of ray-tracing calculations. Note that in Fig. 1(b)
the data of zero absorption power are not depicted. Here,
the deposition location, (reﬀ /a99 )peak , is deﬁned as the peak
position of the radial proﬁles of the deposition power density,
where reﬀ /a99 means the eﬀective minor radius normalized by
the minor radius where 99% of the electron stored energy is
conﬁned. In the standard magnetic ﬁeld conﬁguration, there is
no ECR layer near T f = Zf = 0 m due to the magnetic ﬁeld
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Figure 1: (a) A drawing viewed from the center of the ﬁnal mirror of the
2-OLR antenna along with an imaginary target plane with a toroidally- and
vertically-directed coordinate (T f , Zf ) radially ﬁxed at Rf = 3.9 m, and a
ray-tracing calculation example of (b) deposition locations and (c) power
absorption eﬃciency for various target positions for ne,avg ∼ 1.0 × 1019 m−3
at t = 5 s of the discharge #132433. The red square shows the steerable range
of the mirror.

ripple, where no absorption is expected. Therefore, oblique
injection is standard. One ECR layer passes near the magnetic
axis in the case of oblique injection. In this case of the
line-averaged density of ne,avg ∼ 1.0×1019 m−3 , on-axis heating
with full absorption by the ﬁrst pass can be realized by slightly
oblique injection on the midplane.
Figure 2 illustrates the developed real-time deposition
location control system. The data set on the relationship
between deposition locations and target positions as well
as ne proﬁles were saved into FPGA memories in advance
and referred to in real time. For the control using FPGA
processing, ne proﬁles are characterized with the following
four parameters: electron density (i) at the magnetic axis,
ne,axis , (ii) at the last closed ﬂux surface (LCFS), ne,LCFS , and
(iii) at the shoulder for hollow proﬁles, ne,shoulder , and (iv) its
shoulder position, (reﬀ /a99 )shoulder . In the hollow ne proﬁle of
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Figure 2: Schematic real-time control system of the deposition location of ECRH.

LHD plasmas, the peripheral region with a ﬁnite ne gradient
and strong magnetic shear is known to aﬀect refraction and
O-X mode coupling of the EC waves [1]. For the real-time
control of the EC wave polarization [12], only two parameters
characterizing peripheral ne proﬁles were used because O-X
mode coupling of the EC wave occurs in the peripheral region.
The multi-channel far-infrared (FIR) laser interferometer [14]
was adopted to obtain the ne proﬁle in real time, because
the measurement is applicable to real-time diagnostics during
long-pulse operations on the LHD. On the other hand, a
real-time system similar to that developed at NSTX-U [15] is
under consideration to be deployed at the multi-point Thomson
scattering diagnostic of the LHD [16], which will provide ne
proﬁles in real time. The real-time acquisition of the ne proﬁle
with the FIR laser interferometer was performed with real-time
FPGA processing. The FPGA is included in a fast reliable
hardware CompactRIO (cRIO) cRIO-9039 with its input/output
modules made by National Instruments (NI) and communicated
by its software through LabVIEW FPGA programming. The
cRIO-9039 controller embeds a reconﬁgurable Xilinx Kintex-7
325T FPGA with an on-board clock frequency of 40 MHz,
407600 ﬂip-ﬂops, 203800 look-up tables (LUT), 16020 kbits
of block RAM, and 840 DSP (digital signal processor) slices.
Signals of line-integrated ne measured with the FIR laser
interferometer at major radii of R = 3.669, 3.759, 3.849,
3.939, 4.029, 4.119, and 4.209 m were inputted into cRIO.
Transformation from the measured line-integrated ne proﬁle
to the local ne proﬁle was performed by Abel inversion and
implemented in FPGA. Fitting of the discrete ne proﬁle was also
implemented in FPGA. For details of the processing regarding

ne proﬁles, refer to the previous work [12]. Then, the four
parameters characterizing ne proﬁles were calculated from the
ﬁtted proﬁle and then discretized to be [0.5, 1, 2, 3, 4, 5] × 1019
m−3 for ne,axis , ne,LCFS , and ne,shoulder , and [0, 0.1, 0.2, ..., 0.9] for
(reﬀ /a99 )shoulder in order to input the discretized parameters to
the LUT of FPGA functions on cRIO under the limited capacity
of FPGA.
The steering mirror of the 2-OLR antenna was rotated
around two axes, i.e., x and y axes, with a pair of low-inertia
servo motors (Panasonic MSMD011G1A1) whose operational
rotation speed was set 1600 rpm at maximum [17]. With
the relationship between the motors and their encoders,
each rotation speed around the two axes of the steering
mirror was approximately 2.1◦ /s for x axis and 2.7◦ /s for y
axis, respectively. Their rotation was controlled by a PLC
(programmable logic controller) [17], thus only their rotation
direction, i.e., clockwise or counterclockwise, was decided
in FPGA through a digital output module NI 9477 installed
on cRIO by comparing the command rotation angles and the
real rotation angles. The calculation cycle of the real-time
deposition control was almost 40 µs (1600 clocks). Half of the
logic resources of FPGA were used for the control when the
four parameters characterizing ne proﬁles were discretized as
stated above.
In order to evaluate the performance of the steering mirror
control, rotation of the two-axis mirror was controlled to follow
square signals and sinusoidal signals, respectively, as shown
in Figs. 3 and 4. Figure 3 shows time evolution of rotation
angles of the two-axis steering mirror and resultant target
positions during the rotation control. The execution time of
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one control loop was maintained for approximately 1 ms. The
peak-to-peak amplitude of the square signal was set at 8◦ . The
time periods were set properly to conﬁrm that the rotation
speeds were approximately 2.1◦ /s for x axis and 2.7◦ /s for y
axis, which corresponded to 0.18 m/s in toroidal and 0.20 m/s in
vertical on the imaginary target plane. The targeted area covers
approximately 0.7 m toroidally and 0.5 m vertically, so that
the radial deposition location can be scanned from the plasma
core to the edge. Figures 4(a) and (b) show time evolution
of rotation angles of the two-axis steering mirror and resultant
target positions during the rotation control under commands of
sinusoidal signals at the period of 10 s and 5 s, respectively.
The steering mirror could follow the command rotation angles
in the case of 10 s, although the control was delayed in the case
of 5 s. Figures 4(c) and (d) show the amplitude of real target
positions, oscillating at the frequency of the command signals,
normalized by the amplitude of the command signals and the
phase delay as a function of sinusoidal periods. It is conﬁrmed
that the toroidal target position can follow the command signal
with a period of 10 s and the vertical target position can
follow the command signal with a period larger than 8 s, while
shorter periods cause a gradual increase in control delay and a
gradual decrease in amplitude. This real-time control system
can function properly in a long-pulse discharge for steady-state
operation as long as command signals obtained by processing
the FIR laser interferometer signals are generated.
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Figure 3: Time evolution of rotation angles of the steering mirror around (a) x
axis and (b) y axis and resultant (c) toroidal and (d) vertical target positions
during rotation control of the two-axis steering mirror under commands of
square signals.
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In order to obtain and sustain high absorption power in
ECRH under the EC wave refracted by time-varying ne ,
real-time control of the deposition location of the 77-GHz EC
wave launched from the 2-OLR antenna was demonstrated on
the LHD. The injection power was 0.48 MW. ECRH plasmas
were sustained by other gyrotrons. Figures 5 and 6 show a
typical demonstrated result of the real-time deposition location
control. The four parameters characterizing the ne proﬁle
were calculated in real time using the signals measured with
the FIR laser interferometer, as shown in Figs. 5(a)-(d). For
comparison, those parameters calculated after the discharge
from the ne proﬁle measured with the Thomson scattering
diagnostics are also shown. These results show that there is not
much diﬀerence between the four parameters processed from
the line-integrated ne proﬁle with the FIR laser interferometer
on the cRIO FPGA and those processed from the ne proﬁle
with the Thomson scattering diagnostics, indicating that this
real-time control system of the deposition location can provide
the appropriate commands for the target positions. After
discretization of the four parameters, the rotation angles of the
steering mirror and the target positions were decided in real
time from the beginning of the discharge through the data set
of the ray-tracing calculations. Then, rotation control of the
steering mirror was conducted from 3.5 s, as shown in Figs. 5(e)
and (f). The command target positions were decided in order
to obtain and sustain heating localized near the magnetic axis.
The ﬂuctuation seen in command signals, e.g. around 7 s,
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3. Experiments of the real-time deposition location control
on the LHD

0

1

5

10
Time (s)

15

0

5

10

15

Time (s)

(c)

0.5

Tf
Zf

0
0.5

(d)

0
0

5

10

Period T (s)

Figure 4: Time evolution of rotation angles of the two-axis steering mirror and
resultant toroidal and vertical target positions at the period of (a) 10 s and (b)
5 s, respectively, and (c) the amplitude of real target positions normalized by
the amplitude of the command signals and (d) phase delay from the command
signals as a function of sinusoidal period.
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on the contours of each PSD in (c) and (d), respectively.
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Figure 5: Time evolution of the four parameters regarding ne proﬁle: (a)
ne,axis , (b) ne,LCFS , (c) ne,shoulder , and (d) (reﬀ /a99 )shoulder , (e) command and
real rotation angles of the steering mirror, and (f) command and real target
positions, respectively, during the real-time deposition location control. The
four parameters regarding the ne proﬁle measured with the Thomson scattering
diagnostics were also plotted on (a)-(d), respectively, for comparison. Rotation
control of the steering mirror was conducted from 3.5 s.

fundamental O-mode cutoﬀ ne is 7.4 × 1019 m−3 for 77 GHz.
The injection power from the 2-OLR antenna was modulated
at the frequency of 23 Hz in order to evaluate the absorption
power from change of the time derivative of the plasma stored
energy at on/oﬀ timings [18]. In the case without the control
from the beginning of the discharge, the steering mirror was
ﬁxed at the rotation angles the same as those in the case with
the control before 3.5 s, i.e., before the start of the rotation
control. When time t < 5 s and ne,avg ≲ 2 × 1019 m−3 , the
absorption power in the case with the control was as high as
that in the case without the control. During that period, as
shown in Figs. 6(c) and (d), which depict the radial proﬁles
of the power spectral density (PSD) of T e perturbation [19]
by modulation ECRH at the frequency of 23 Hz, the peak
location of the PSD, i.e., the deposition location, in the case
with the control was maintained at (reﬀ /a99 )peak ∼ 0.3, while
the deposition location in the case without the control shifted
outward, which indicates that heating in the plasma core region
was maintained longer due to the control. The deposition
location calculated by the LHDGauss code is (reﬀ /a99 )peak ∼
0.1, probably because the absorption of each ray is calculated
with the quasi-perpendicular weakly relativistic model [10].
The neglected Doppler shift may aﬀect broadening of the
deposition proﬁle in the case of oblique propagation of the
EC wave. Then, after 5 s, the absorption power in the case
without the control gradually decreases due to refraction of

was caused by discretization of the four parameters because the
measured FIR laser interferometer signals were also ﬂuctuating
to aﬀect discretization transiently. Since a deposition location
can be controlled mainly by changing a vertical target position
in general for an EC wave launched from an outer port at the
LHD, the toroidal target position was ﬁxed almost at T f = −0.4
m during the control, which is a normal operational setting
of ECRH using the 2-OLR antenna. Since a high-ne plasma
refracts the propagating EC beam vertically downward below
the magnetic axis under this launch setting, the vertical target
position must be set upward to compensate for the eﬀect of
refraction according to a gradual increase in ne . The results
shown in Figs. 5(e) and (f) indicate that rotation of the steering
mirror was successfully controlled to follow the commands
under the limited rotation speed, so that the requested target
positions were accordingly realized.
Heating performance was compared between the cases with
and without the control during ne ramp-up discharges from
1 × 1019 m−3 to 4 × 1019 m−3 , as shown in Fig. 6. Note that the
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Figure 7: Dependence of the absorption power on the line-averaged density in
the cases with and without the control.

Figure 8: Dependence of the deposition location on the line-averaged density
in the cases with and without the control.

the EC wave by gradual increase of ne,avg ≳ 2 × 1019 m−3 ,
while higher absorption power was maintained longer due to
the control under ne,avg ≲ 3 × 1019 m−3 . The decrease in
the ﬁrst-pass component of the absorption power in the case
even with the control after ne,avg ≳ 3 × 1019 m−3 was observed
and the power level of absorption is almost the same as that
in the case without the control, where refraction by the high-ne
plasma deteriorates the ﬁrst-pass absorption, suggesting that the
eﬀect of multi-pass absorption is expected to be dominant in the
experimentally-evaluated absorption power.
Summarized results of the real-time deposition location
control experiments are shown in Figs. 7 and 8, which show
dependencies of the absorption power and the deposition
location on ne,avg . The results indicate that the control clearly
improved the absorption power especially at 1.5 × 1019 m−3 ≲
ne,avg ≲ 3 × 1019 m−3 and that the control mitigated the
deposition location shifting outward due to refraction of the EC
wave at that ne,avg range.
One of the causes for the eﬀect of multi-pass absorption for
ne,avg ≳ 3 × 1019 m−3 is that purity of the ﬁrst-pass O-mode
EC wave decreases through propagation on the refracted orbit
under the high-ne plasma. In that case, pure mode excitation
is required on the refracted wave in order to increase the
ﬁrst-pass absorption. The new code “PARADE” is now under
development [20, 21] for application to LHD plasmas. The
code can calculate simultaneously refraction and O-X mode
coupling of the EC beam propagating through the plasma
periphery with ﬁnite magnetic shear, where the polarization
of the EC wave can be aﬀected, so that the calculation can
contribute to optimizing the incident EC wave polarization
under the refracted beam path for high-ne plasmas, which is
a future work.

Appropriate target positions were evaluated for various
ne proﬁles by calculating the deposition location and the
absorption power by using the ray-tracing code LHDGauss.
The calculated data set on the relationship between deposition
locations and target positions as well as ne proﬁles were
saved into FPGA memories in advance and referred to in real
time on the control system for adjusting the steering mirror
of the launching antenna in order to improve the ﬁrst-pass
absorption of the refracted EC wave. The real-time deposition
location control experiments on the LHD demonstrated that the
absorption power was successfully maintained higher because
the EC wave power was kept deposited in the plasma core
region. In order to further improve the ﬁrst-pass absorption,
the incident polarization control on the refracted EC beam path
along with the deposition location control can be helpful, which
can result in purer heating mode excitation.
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