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A new electron cyclotron emission (ECE) antenna was designed and installed outside of torus, when the
heating and diagnostics systems were reconfigured in LHD. Its design is based on Gaussian beam optics and
consists of two plane and two concave mirrors. The mirror surfaces are defined using the concept of constant
phase to improve matching to the corrugated waveguide. The new ECE antenna was used in a 2010 experiment
to measure the electron temperature profile and its fluctuations.
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1. Introduction
Electron cyclotron emission (ECE) diagnostics [1] are

important basic measurements in plasma diagnostics. Be-
cause ECE diagnostics have high spatial and temporal res-
olution, the electron profile and its fluctuations measured
by ECE have been used in studies of magnetohydrodynam-
ics (MHD), and heat transport in the Large Helical Device
(LHD). For the 14th campaign (2010), a new ECE antenna
was designed and installed in conjunction with a reconfig-
uration of the LHD’s heating and measurement systems.
This paper reports the design of the antenna system and
the ECE measurement area in the LHD.

2. Antenna Systems
The new sight line is on the midplane outside of the

torus. The helical magnetic configuration has a magnetic
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field peak around the center of the plasma, unlike that of
tokamaks. A magnetic field peak appears around R = 3.5 m
along the ECE sight line in the LHD. Therefore, only the
outer half of the plasma can be measured using the outer
ECE antenna.

Figure 1 shows a schematic of the layout of the ECE
antenna system. The antenna consists of four ellipsoidal
mirrors, M1, M2, M3, and M4. A fine-tuning mechanism
is provided. To improve the measured microwave inten-
sity, it is desirable to enlarge M4, which faces the plasma.
The sizes of the mirrors are as follows: M1: 8 cm × 11 cm
(in air), M2: 8 cm × 11 cm (in air), M3: 21 cm × 29 cm
(in vacuum), and M4: 27 cm × 37 cm (in vacuum). M1
and M3 are plane mirrors, whereas M2 and M4 are con-
cave mirrors. The use of two concave mirrors increases
the degrees of freedom of the beam radius design. M4 is

Fig. 1 Schematic layout plan of the ECE antenna system in the outer port of the torus in the LHD. The antenna consists of four mirrors,
namely, M1, M2, M3, and M4 in the increasing order of distance from the waveguide in air. The layout is determined by the spot
size at the plasma and the beam is passed through the tube between M2 and M3, matching it to the corrugated waveguide.
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subjected to the ECE from the plasma, and the beam is ta-
pered to pass through a tube with diameter 60 mm. After
passing the shutter and the vacuum window, M2 matches
the beam to the waveguide.

3. Constant Phase Mirror
The ECE, with a frequency of more than 50 GHz, is

transported according the quasi-optical phenomenon. The
corrugated waveguide, with inside diameter of 63.5 mm,
matches well with the Gaussian beam. To improve the cou-
pling, the surface of the concave mirrors is designed using
the constant phase concept [2]. We consider the Gaus-
sian beams incident on and reflected from a mirror when
the waist size w0,in, w0,out and waist position rw,in, rw,out

are known. The phase Ψ at position r is expressed as fol-
lows [3]:
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Here, k = 2π/λ is the wavenumber in free space; ein and
eout are the propagating directional vectors. η is the phase
shift term, and R is the radius of curvature. These functions
of the distance from the waist position to the mirror z and
the waist size are given by
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Because the beam radius is a function of distance from the
waist position, the values of w0,in, w0,out, rw,in, and rw,out are
required to match the waist size at the mirror position. If
the matching is satisfied, the mirror surface can be numer-
ically designed using the concept of constant phase given
by the following relation [2]:

ψin (r) + ψout (r) = constant. (5)

The surface of a mirror is numerically defined and it satis-
fies the reflection condition.

The use of more than one constant phase mirror al-
lows us to freely design the waist size. Next, as an exam-
ple, the matching of two constant-phase mirrors is consid-
ered when the distance L between the mirrors and the waist

sizes w1, w2 at each mirror are given. The matching con-
ditions satisfy the following relations when a beam waist
exists between the two mirrors.

Here, w0 is the waist size and z1, z2 are the distances
from each mirror to the waist position. Noting
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L = z1 + z2, (8)

that the waist size has a positive value, we can solve for
w0:

w2
0 =
−as + 2a

√
c − a2

4c − s2 − 4a
. (9)

To simplify the equation, the following proxy constants are
used:

c = w2
1w2

2, s = w2
1 + w2

2, a = L2λ2/π2. (10)

Using the obtained waist size, we can easily derive z1 and
z2.

4. Design of the Beam Radius and the
Concave Mirror Surface
The beam radius is determined by the abovementioned

equations. The conditions in the LHD are as follows: the
measurement point is assumed to be the plasma center, the
mirror size is larger than that at 1.1σ, and there are no ob-
stacles within 1.5σ of free space. Here, σ is the width at
which the beam intensity is 1/e2 of that at the beam center.
The reference frequency used for optimization is 60 GHz,
at which the beam spreads more rapidly than a higher-
frequency wave. Figure 2 shows the beam radius evolution
along the beam path z, where z = 0 corresponds to the po-
sition at the edge of the corrugated waveguide. The beam

Fig. 2 (a) Beam size evolution at 50 GHz and 160 GHz. (b) En-
larged view around the waist position in a narrow tube.
Stainless steel pipe 30 mm in radius is depicted as an ob-
stacle.
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Fig. 3 Spot size at 50 GHz and 160 GHz in the plasma area.
Waist position is set around the magnetic axis.

Fig. 4 Constant-phase mirror surface of M4. The value of con-
tour lines is the height from the bottom at the center.

waist size is set to be 64.3% of the internal radius of the
corrugated waveguide. The beam is tapered by matching
M2 and M4 in order to pass it though the tube located at
z = 388-609 mm. The beam waist is set at the center of
the tube, i.e., z = 499 mm, so that the tube does not cut the
beam at 1.5σ. Figure 3 graphs shows the spot size in the
plasma area and a cross-sectional view of the vacuum ves-
sel with a Poincaré plot of magnetic field lines. The spot
size is defined as twice the beam radius and corresponds
to the spatial resolution in the poloidal and toroidal direc-
tions. The waist position is set around the magnetic axis.
The graph presents the spot sizes at 50 GHz and 160 GHz,
which are the lower and upper frequency limits, respec-
tively, under the LHD’s experimental conditions. In the
measurement area R = 4.0-4.8 m, the spot size is approxi-
mately 8 cm.

Figure 4 shows the calculated mirror surface of M4.
The top and bottom surfaces of the mirror are asymmet-
rical. The mirrors are made of aluminum 5052 and their

Fig. 5 Comparison between the measured power profile and the
Gaussian beam profile. Intensity is normalized by the
maximum of a fixed line of a measured value.

surfaces are formed by numerical control machining. Af-
ter machining, the surface is polished and coated with Ni.

The beam profile was investigated in the LHD as
shown in Fig. 5. A test wave with a frequency of 69 GHz
was injected from the position of the corrugated waveg-
uide. The power intensity was measured by a power mon-
itor with a horn antenna at R = 4374 mm. The designed
value of the spot size at that condition is 60.5 mm. Further-
more, the measured spot size was 62.2 mm in x-direction
and 53.7 mm in z-direction. x-direction corresponds to the
toroidal direction and z-direction is the vertical direction in
the LHD. A side lobe is also found outside of 2σHowever,
its power is so low that its effect on the ECE measurement
is negligible. The transmission ratio of the antenna system,
including the vacuum window and the four mirrors, was
found to be −7.6 +/− 0.1 dB and that of the waveguide sys-
tem, which includes an approximately 100 m corrugated
waveguide and more than 20 miter bends, was found to be
−2.5 +/− 0.1 dB.

5. ECE Measurement Area in the
LHD
A heliotron-type magnetic configuration has a saddle-

shaped non-uniformity in the magnetic field strength
across the poloidal cross section, and the magnetic field
has a local maximum around R = 3.5 m on the sight line of
the ECE measurement. Thus, the ECE from the outer half
of the plasma column (R > 3.5 m) can reach the outer ECE
antenna when the plasma is optically thick. Figure 6 shows
the basic results of the ECE measurement. Figure 6 (a)
shows the optical depth profile at Bax = 2.75 T, ne(0) = 2.0
× 1018 m3, and Te(0) = 2.0 keV. The derivation of the op-
tical depth (τ) of the second harmonic X-mode uses the
following equation [4].
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Fig. 6 (a) Optical depth profile. (b) Magnetic field profile along
the ECE sight line. (c) Locations of the measurement
points on the heterodyne radiometer channel. Sight line
is on the midplane. Fundamental and third harmonic res-
onance points are drawn on the upper and lower lines to
facilitate visualization. (d) Characteristic frequency pro-
files fr: right hand cutoff frequency; fuh: upper hybrid
resonance frequency; fpe: plasma frequency.
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and LB = B0/|dB0/dr|; λ0 = 2πc/ωce. The optical depth of
the second harmonic X-mode is more than 1 in the ρ > 0
area. Because the magnetic gradient is quite small around
ρ ∼ 0 [Fig. 6 (b)], we must take care when applying the
equation. In addition, a relativistic frequency downshift
appears at ρ < 0.1 [5] when a high electron temperature
is measured. When the frequency downshift occurs, the
measurement point moves to the outer region.

The ECE is divided between a heterodyne radiome-
ter and a Michelson interferometer by a beam splitter that

uses a 10-μm wire grid. Two multi-channel filter banks
for low frequency (53-84 GHz) and high frequency (106-
156 GHz) are used in the radiometer, which has a fre-
quency resolution of 1 GHz and a temporal resolution of
100 kHz. The radiometer, when used in conjunction with
a low-frequency filter bank, [RadL in Fig. 6 (d)] is suitable
for measuring temperature fluctuations when the magnetic
field strength is 1.3-1.7 T. The radiometer is used with a
high-frequency filter bank (RadH in the figure) when the
magnetic field strength is greater than 2.2 T.

Figure 6 (c) shows an example of the measurement
point configuration at Bax = 2.75 T. RadH covers most
of the outer region and RadL can receive the fundamen-
tal harmonic of the O mode. The fundamental and sec-
ond harmonics of the X mode do not overlap, as shown in
Fig. 6 (d). Therefore, the second harmonic of the X mode
is proportional to the electron temperature.

6. Summary
In summary, a new ECE antenna was designed and

installed at the outside of the LHD torus. The beam evo-
lution and mirror design were determined by quasi-optical
equations. The spot size at the LHD plasma is approxi-
mately 8 cm, which corresponds to the spatial resolution.
The measured spot size is confirmed to be consistent with
the designed value. The new ECE antenna in conjunction
with a heterodyne radiometer and a Michelson interferom-
eter was used in a 2010 experiment to measure the electron
temperature fluctuations.
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