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Abstract

Electron cyclotron emission (ECE) diagnostics have been developed in the Large Helical Device
(LHD). The ECE is transmitted from the antenna to the spectrometer for 80 m by means of a corrugated
waveguide system, which has a small transmission loss (~30%) in LHD. Although the field angle
changes from –40 to +30 degrees on the sight-line of the ECE antenna, it has been observed that the
polarization of ECE, which is determined at the plasma edge in LHD, is identical for all frequencies.
Thus, the electron temperature profile can be measured using the second harmonic X-mode of ECE. The
ECE measured by the Michelson is calibrated with a hot source in order to reduce noise. The ECE
temperature measurement agrees well with the Thomson scattering measurement over a wide range of
electron densities. The radiometer is cross-calibrated to the Michelson, and is employed for the study of
fast phenomena such as internal transport barrier (ITB) formation. Tangentially emitted ECE, in addition
to the normal ECE, is investigated in LHD in order to explore the potential of ECE diagnostics.
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1. Introduction

The electron cyclotron emission (ECE) measure-
ment is one of the useful diagnostics for the local
electron temperature [1-3]. If the ECE is the black body
radiation, which is usually a good approximation in high
temperature and high density plasmas, the intensity is
proportional to the electron temperature and the
frequency is proportional to the magnetic field. In
tokamaks, ECE diagnostics are employed as a powerful
tool to study magnetohydrodynamic (MHD) instabilities
because ECE has a capability of continuous measure-
ment with high time resolution [4,5]. Recently, the
helical system has been recognized as a strong alter-
native concept since it has a potential to be a steady

state fusion reactor. The world largest helical device is
the Large Helical Device (LHD), which has a major
radius of Rax = 3.5–3.9 m, an averaged minor radius of
ap = 0.6–0.65 m, and a magnetic field of Bax = 2.6–2.9 T
[6]. From the viewpoint of ECE diagnostics, the major
differences between the LHD and the tokamak are as
follows: (a) the magnetic field profile is peaked in LHD
and monotonous in tokamaks for the major radius R; (b)
the angle of the magnetic field changes from –40 to +30
degrees in LHD, whereas it is almost constant in
tokamaks. The development of ECE diagnostics in
LHD, although challenging, has been reported [7-12].

This paper will present an overview of recent
progress in ECE diagnostics in LHD. Improvements
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over the previous system that are shown in those
reviews [7,9] are as follows: (1) Two antennas, an
inboard side one and a tangential one, have been
installed beside the original outboard side antenna; (2) A
high frequency heterodyne radiometer has been installed
so that fast phenomena can be investigated; (3) The
calibration technique has been significantly improved,
and consequently the ECE diagnostics and the Thomson
scattering are consistent for the electron temperature
measurement. In Sec. 2, the LHD configuration and the
ECE measurement system will be presented. The
polarization will be investigated. In Sec. 3, the calibra-
tion will be presented. The hot radiation source is used
to calibrate the temperature. The ECE measurement and
the Thomson scattering measurement for specific
electron temperature will be compared. The radiometer
is cross-calibrated to the Michelson, and is employed for
the study of fast phenomena. In Sec. 5, the time evolu-
tion of the ITB transition will be presented as an
example of the application of ECE diagnostics in LHD.
In Sec. 6, the ECE in the tangential direction will be
presented as an example of new development of the
ECE diagnostics in LHD.

Figure 1(a) shows the contour plots of the strength
of magnetic field (B) and the flux surfaces in the

vacuum at the ECE port section in LHD. Figures 1(b)
and (c) shows the angle and the B of the magnetic
field on the viewing line of the ECE diagnostics,
respectively. Here, Rax = 3.6 m and Bax = 2.8 T are
assumed. The magnetic field profile is peaked in LHD.
The angle of the magnetic field changes from –40 to
+30 degrees on the viewing line of the ECE diagnostics.
Given that the second harmonic ECE has a polarization
perpendicular to the magnetic field, the angle of the
magnetic field is important in the ECE diagnostics.

2. ECE Measurement System

Figure 2 shows a schematic diagram of the ECE
measurement system in LHD. In LHD, two antennas are
installed, one on the inboard side and one on the
outboard side, in order to measure the full profile of the
electron temperature. The HE11 mode selected has a
high transmittance, and the HE11 mode at the end of the
waveguide couples well to the Gaussian beam in the
free space [13,14]. The waist of the Gaussian beam is
~60% of the diameter of the corrugated waveguide. The
antenna is designed such that the 100 GHz microwave
has a beam waist of 38 mm at the inlet of the waveguide
and one of 80 mm at the R = 3.95 m in the plasma.
Notch filters for 84 GHz and 82.6 GHz are installed
behind a short waveguide at the front end of the
corrugated waveguide in order to reduce leakage of the
ECH microwave. Each notch filter is an interference
filter made of 200 sheets of 25-µm thick polypropylene
film. The transmission loss is more than 30 dB, and the
full width of the transmission loss of each filter is ~1
GHz. Notch filters in the rectangular waveguide in front
of the radiometer attenuate by 40 dB at 82.6 GHz and

Fig. 1 (a) Contour plot of B (solid contours) and flux
surfaces (dotted contours) in the plasma cross-
section. (b) Angle of the magnetic field. (c) Mag-
netic field on the viewing line of ECE diagnostics
in the case of Rax = 3.6 m and Bax = 2.8 T in LHD.

Fig. 2 Schematic diagram of the ECE measurement
system in LHD.
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84 GHz, with a full width of ~0.5 GHz [7].
The second harmonic X-mode ECE received by the

antenna on the outboard side is measured with the fast
scanning Michelson interferometer (Michelson) and
with the grating polychromator (GPC) [11]. In the
Michelson, a rooftop mirror in the interferometer
oscillates with an active scan length of 4.6 cm and with
a scanning frequency of 20 Hz. Each scan produces an
interferogram, which is to be Fourier-transformed to
produce the spectrum of the ECE signal from ~60 GHz
to 300 GHz [7]. The LC filter for the driving motor of
the Michelson, which was reported in Ref. [7], has been
taken out. The electromagnetic interference (EMI) is
significantly reduced by filling the space between the
cryostat of the InSb detector and the preamplifier case
with an aluminum ring.

The fundamental O-mode ECE received by the
outboard antenna is separated by a wiregrid beam
splitter and is measured with the low frequency radio-
meter. The second harmonic X-mode ECE received by
the inboard antenna is measured with the high frequency
radiometer. Figure 3 shows the schematic diagram of the
heterodyne radiometer system used in LHD [12]. The
high frequency radiometer and the low frequency one
have the same structure except the notch filter and the
frequency of the local oscillator. The notch filter is not
installed in the high frequency radiometer but in the low
frequency radiometer [7]. The high frequency radio-
meter has a local oscillator at 132 GHz and covers a
frequency range between 106 and 158 GHz, whereas the

low frequency radiometer has a local oscillator at 70
GHz and covers a frequency range between 53 and 87
GHz. Data of the GPC and radiometers are taken with
both slow and fast CAMAC digitizers with 12 bits
ADC. The sampling rates of the slow and fast digitizers
are 10 kHz and 200 kHz, respectively. The high
frequency noise in the slowly sampled signal is reduced
by an RC low pass filter with a time constant of τ =
33 µs.

The ECE is transferred from the antenna in the
LHD hall to the spectrometers in the diagnostics room.
The length of the transmission line is ~80 m. In order to
reduce transmission loss, a corrugated waveguide sys-
tem [13,14] is utilized in the ECE measurement system
in LHD. The waveguide has an inner wall with a
diameter of 63.5 mm and rectangular grooves with a
depth of 0.43 mm, width of 0.46 mm, and period of
0.66 mm. It is designed to transfer a microwave with a
frequency between 50 and 220 GHz. Figure 4(a) shows
the spectra of the hot radiation source in the LHD hall
(point A in Fig. 2) and in the diagnostic room (point B
in Fig. 2). Figure 4(b) shows the transmittance of the
corrugated waveguide system, which is the ratio of these
spectra. By use of the corrugated waveguide system,
transmission loss is ~30% from the LHD hall to the
diagnostics room.

As is described in Sec. 1, the angle θ of the
magnetic field varies from –40 to +30 degrees in LHD.
The ECE propagation is calculated numerically, with the
assumption that the electron temperature profile is
parabolic and the electron density profile is flat. The
theoretical result is as follows: if the electron density
sharply drops to zero at the plasma edge, the ECE
polarization is determined at the plasma edge. Usually,
these are good assumptions in LHD. A universal polari-
zation rotator is set in each waveguide system, and

Fig. 3 Schematic diagram of the heterodyne radiometer
system in LHD. BPF indicates the band pass filter.
LO indicates the local oscillator. ATT indicates the
variable attenuator.

Fig. 4 The transmittance of the corrugated waveguide
system that is installed from the LHD hall to the
diagnostic room.
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consists of a standard 90-degree miter bend between two
135-degree miter bends. This device rotates the polari-
zation of linearly polarized incident radiation by two
times the angle between the plane of these miter bends
and the incident electric field. During long-pulse
operation, the universal polarization rotator is turned by
a pulse motor. Figure 5(a) shows the polarization of the
ECE of different frequencies received by the perpen-
dicular antenna. Although the field angle changes spa-
tially, the second harmonic ECE in the wide frequency
range has constant polarization, as expected based on
the above discussion. The fundamental ECE also has a
single polarization, which is 90 degrees different from
the second harmonics. Therefore, the fundamental ECE
is mainly O-mode, the second harmonics mainly X-
mode. Figure 5(b) shows that the ECE received by the
tangential antenna is not linearly polarized.

3. Calibration

The ECE antenna consists of a concave mirror and
a convex mirror. When calibration is performed, the
concave mirror rotates 180 degrees to reflect a hot
(873 K) radiation source. For purposes of calibration, a
polarizer that is set at 45 degrees in the plasma experi-
ment is set at 90 degrees to increase the calibration
signal, and to reduce the bit-noise, an active low-pass
filter is additionally used. The active low-pass filter has
a gain of 200 and it cuts any frequency higher than 100
kHz. The scanning frequency of Michelson is 5 Hz in
the case of calibration, since it works almost continu-
ously. The one million scans of the interferogram signal
of the Michelson are integrated for the calibration. The
interferogram of the room temperature radiation is
subtracted from that of the hot/cold source. The Fourier
transform of the subtracted interferogram gives the

frequency spectrum of the hot/cold radiation.
Figure 6(a) shows the ratio of the emissivity of the

hot radiation source to the cold (77 K) source. The hot
source is a plane ceramic heater with an area of 25-cm
square. The cold source is a liquid nitrogen-cooled foam
absorber. The Hot/Cold ratio is defined as

Hot / Cold =
Ihot

Icold

(T room – T cold )
(Thot – T room )

, (1)

where Ihot and Icold are the spectrum of the hot and cold
sources, respectively, from which the room temperature
radiation is subtracted, and Troom, Tcold and Thot are the
temperature of the room, that of the cold source, and
that of the hot source, respectively. The emissivity of
the hot source is ~90%. Figure 6(a) also shows the ratio
of the transmittance of the 45-degree polarizer to the
90-degree polarizer. The calibration coefficient Calb is
determined from these factors, the spectrum of the
radiation of the hot source Iantenna, from which the
radiation of the room temperature is subtracted, and the
gain of the active filter Amp, as

Calb =
(Thot – T room )

Iantenna

⋅ Amp ⋅ Hot / Cold
45°/ 90°

. (2)

Figure 6(b) shows frequency distributions of the calibra-
tion coefficient measured in the years 2001 and 2002.
The annual change of the calibration factor looks very
small in LHD.

4. Electron Temperature

Figure 7 shows the electron temperature profile
measured using ECE and Thomson scattering in the
cases of lower β and higher β, respectively. The radio-

Fig. 5 (a) Polarization of the ECE received by the per-
pendicular antenna. (b) Polarization of the ECE
received by the tangential antenna.

Fig. 6 (a) The ratio of the emissivity of the hot radiation
source to the cold source (Hot/Cold), and the ratio
of the transparence of the 45-degree polarizer to
the 90-degree polarizer (45°/90°). (b) Calibration
coefficients in FY2001 and FY2002.
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meter data are cross-calibrated to the Michelson under
the assumption that the electron temperatures are iden-
tical at the same ρ. Here, ρ is the normalized minor
radius. The ρ is obtained using the equilibrium code,
VMEC [15]. It is derived that the magnetic axis should
be shifted to the outboard side when the β is not
negligible. However, the electron temperature profile
measured with the Thomson or the Michelson is not
shifted to the outboard side. Considering the radial shift
caused by the β effect when cross-calibrating, the
electron temperature profile obtained with the radio-
meter is shifted to the outboard side relative to the tem-
perature profile measured by the Thomson scattering, as
shown in Fig. 7(a). Since the radial discrepancy reduces
as the β decreases, as shown in Fig. 7(b), this dis-
crepancy is not due to measurement error of the
position. Therefore, the β = 0 is assumed when cross-
calibrating the radiometer data to the Michelson in
LHD.

Figure 8(a) plots the electron temperature measured
by ECE versus that measured by the Thomson scattering
when Bax = 2.8 T and Rax = 3.6 m. In Fig. 8(a), the
electron temperatures at different radii are plotted. In
Fig. 8(b), the ratio of the electron temperature at ρ = 0.2
measured by the ECE to that by the Thomson scattering
is plotted versus the line-averaged electron density. The
electron temperatures measured by the ECE and the
Thomson, respectively, agree within ±20% for a wide
range of density. In the case of very low density (ne <
0.6 × 1019 m–3), the ECE temperature is higher than the
Thomson temperature due to the synchrotron emission
from the fast electrons. In the case of high density, the
ECE temperature looks slightly lower than the Thomson

temperature. It has been observed that ECE temperature
starts to decrease as the density increases when ne >
0.6 nc in LHD, where nc is the cut-off density of the X-
mode [10]. The density limit of the ECE measurement
in LHD is less than that in tokamaks, because the ECE
ray is diffused due to the twisted plasma structure in
LHD. In this case, the ECE diagnostics should be
affected when ne > 1 × 1020 m–3. Therefore, the ECE
measurement may not be affected in the density range
shown in Fig. 8(b).

5. Study of ITB Using ECE Diagnostics

Using the radiometer data cross-calibrated to the
Michelson, the time evolution of the electron tem-
perature profile can be obtained. Figure 9(b) shows the
time evolution of the electron temperature profile
obtained with the high frequency radiometer when the
ITB is generated. In this case, the radiometer data is
cross-calibrated to the Michelson data at t = 2.8 sec
assuming β = 0. In this shot, the counter-NBI is injected
between t = 0.5 and 2.3 sec, the ECH is injected from 2
to 2.6 sec, and the plasma is initiated at t = 2 sec. The
ECE intensity corresponding to ρ > 0.6 is enhanced due
to non-thermal emission, which results when the
electron density is so low (〈ne〉 ~0.5 × 1019 m–3). Figure
9(c) shows the electron temperature profiles when a
small ITB is established (t = 2.4 sec) and, in contrast,
when a large ITB is established (t = 2.6 sec). The radii
of the small ITB and the large ITB are R ~ 14 cm (ρ ~
0.23) and R ~ 25 cm (ρ ~ 0.43), respectively. In the case
of counter-NBI heating, the electron temperature profile
in the core region is usually flat, and the small ITB can

Fig. 7 (a) The electron temperature profile measured by
the Thomson scattering (+) and the ECE diagnos-
tics in the case of lower beta. (b) The electron
temperature profile measured by the Thomson
scattering and the ECE in the case of higher beta.

Fig. 8 (a) Comparison of the electron temperature
measured with the Thomson scattering and the
ECE diagnostics. (b) The ratio of the ECE and the
Thomson scattering for the various lineaveraged
electron densities. The gray line indicates TECE =
TThomson. The broken lines indicate a discrepancy of
±20%.
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be generated by the ECH. In the case of co-NBI heating,
a large ITB can be generated by the ECH.

The ITB region starts to expand ~100 msec after
switching from the counter-NBI to the co-NBI, and it
takes another ~100 msec for the large ITB to be es-
tablished. The time evolution of the plasma current is
shown in Fig. 9(a). Because the plasma current is still
negative when the ITB radius increases, the ITB size
expands due to the direction of NBI. Based on the fact
that the electron temperature does not change in the
outside of the large ITB, a different transport mecha-
nism may govern the regions inside and those outside
the large ITB. The upper limit of the ITB radius is
determined by an unknown mechanism. The results of
this experiment indicate that the ECE diagnostics has
great potential for the study of ITB physics in LHD.

6. Tangential ECE

Due to the peaked B profile, the electron tem-
perature at the plasma center cannot be measured using
the perpendicular antenna. The B profile is mono-
tonic on the sight-line from the port, where the B is
minimum, to the helical coil, where the B is maxi-
mum. Therefore, using the tangential antenna, it might
be possible to measure the central electron temperature.
The tangential antenna is newly installed in LHD. By
use of a waveguide switch, the tangential antenna is
connected to the waveguide system for the outboard
antenna. The ECE received by the tangential antenna is

measured by the Michelson. Figure 10 shows the
spectrum of the ECE received by the tangential antenna
and the perpendicular antenna. In the case of low
density, the spectrum of the tangentially received ECE is
symmetric, and the peak frequency is higher than that of
the normal ECE. This indicates that, as expected, the
tangential antenna receives the ECE from a higher B
than that in the port section. The tangential ECE is not
polarized, as shown in Fig. 5(b). Thus, the spectrum of
the tangential ECE shown in Fig. 10 includes both the
O-mode and the X-mode, whereas the X-mode is
selected for the normal ECE shown in Fig. 10. In the
case of high density, the intensity of the tangential ECE
is lower than that of the normal ECE. The reason for
this may be that the ECE ray is diffused due to the
twisted plasma structure in LHD. Interestingly, the
intensity of the tangential ECE in the fundamental
frequency region (≤ 100 GHz) is comparable to that of
the second harmonics, whereas the normal ECE less
than 100 GHz is almost disappeared due to the cut-off.

7. Summary

In summary, an ECE measurement system based on
the corrugated waveguide system has been developed in
LHD. Transmission loss was observed to be ~30% for
the ECE transmission line with a length of ~80 m.
Because the polarization of ECE is determined at the
plasma edge in LHD, the electron temperature profile
can be obtained from the second harmonic X-mode of
ECE. The electron temperature profile is calibrated with
a hot source in order to reduce noise. The emissivity of
the hot source is ~90%, and this is taken into account to

Fig. 9 (a) Time evolution of the plasma current when the
ITB is generated. (b) Contour plot of the time
evolution of the electron temperature profile
measured by the ECE diagnostics. The contour
step is 0.1 keV.

Fig. 10 (a) Comparison of the spectrum of ECE received
by the tangential antenna and by the perpen-
dicular antenna in the case of low density
plasma. (b) Comparison of the spectrum of ECE
received by the tangential antenna and that by
the perpendicular antenna in the case of high
density plasma.
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obtain the calibration coefficient. The electron tempera-
ture profile obtained by the ECE diagnostics agrees well
with the Thomson scattering measurement over a wide
range of electron density. The radiometer is cross-
calibrated to the Michelson, and is employed for the
study of fast phenomena such as the ITB formation
process. It has been observed that the ITB radius
expands after switching from the counter-NBI to the co-
NBI. Tangentially emitted ECE diagnostics are being
developed in LHD in order to explore the potential of
ECE diagnostics. Further study is required to interpolate
the spectrum of the tangentially emitted ECE.
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