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A diplexer for high power millimeter wave has been developed as a fast switching device in ECCD system
for improving a stabilizing efficiency of neoclassical tearing modes. The switching operation of diplexer was
confirmed with the FDTD code developed in our laboratory and low power tests using a mock-up diplexer. The
cooling design of half mirror will be a key issue of this development, so that the Ohmic loss of a miter bend and
a half mirror of the ring resonator was estimated by the numerical simulations.
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1. Introduction
Neo-classical tearing modes (NTMs) with rotate at

5 - 10 kHz deteriorate energy confinement of fusion plasma
in tokamaks [1]. Electron cyclotron current drive (ECCD)
using high power millimeter wave could suppress NTMs
[2]. Local current drive into O-point of a magnetic is-
land of NTM is useful for NTM stabilization. Especially, a
fast directional switch makes the duty of ECCD system to
100% by switching beam direction for tracking the rotating
O-point of a magnetic island of NTM [3]. For a frequency
tunable ECCD system, the new wide band diplexer as a fast
switching device was proposed [4]. The switching opera-
tion of a wideband diplexer was confirmed by numerical
simulations and by low power tests [5, 6].

In this paper, the preliminary results of numerical sim-
ulations and low power tests of diplexer with new metal
half mirrors are reported. At first, the principle of diplexer
is explained in Sec. 2. Low power tests of a designed
diplexer are described in Sec. 3. The numerical simulation
results of a electromagnetic field and the preliminary re-
sults of numerical simulations of Ohmic loss are described
in Sec. 4. Finally, the study is summarized in Sec. 5.

2. Principle of Diplexer
The proposed diplexer consists of a circular corru-

gated waveguides, two miter bends and two half mirrors
as shown in Fig. 1. A propagating mode is HE11 mode of
which transmission loss is very low. The incident wave is
divided into the reflected wave and the transmitted wave
by the half mirror 1 as shown in Fig. 2. The transmitted
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Fig. 1 Principle of fast switching using a diplexer with shifting
a frequency.

Fig. 2 Schematic view of a slotted metal half mirror.

electromagnetic wave is entered in a ring resonator. If it
is a resonance frequency of a ring resonator, rf power are
accumulated in a resonant ring and the output power from
P4 increases. On the other hand, in the case of no reso-

c© 2013 The Japan Society of Plasma
Science and Nuclear Fusion Research

2405077-1



Plasma and Fusion Research: Regular Articles Volume 8, 2405077 (2013)

nance, most power goes to P2. So, the output power can be
switched by shifting a frequency.

When P and a are the input power of P1 and the power
reflection coefficient of the half mirror 1 and 2, the output
powers of P2 and P4 can be obtained as follows, where
θ is the delayed phase in the round trip length of the ring
resonator.

P4 =
(1 − a)2

1 + a2 − 2a cos θ
, (1)

P2 = 1 − P4 = 1 − (1 − a)2

1 + a2 − 2a cos θ
. (2)

3. Low Power Tests
The designed diplexer using slotted metal half mirror

has been tested with low power at wide frequency band
from 169.5 GHz to 170.5 GHz. The diameter of a circular
corrugated waveguide is 63.5 mm, and the length of a res-
onant ring is 650 mm. In these low power tests, two kinds
of short slotted metal half mirrors were used as shown in
Fig. 3. Because, heat is conducted only one dimension in
a long slotted half mirror (central slot length = 92 mm),
while the heat can be expanded two dimensions in a short
slotted half mirror [7]. The mirror thickness was designed
to be 1.7 mm by numerical simulations for a suitable power
reflection coefficient in both of slotted metal disk and dia-
mond one [4].

The reflection coefficients of half mirrors should be

Fig. 3 Slot size of used short slotted metal half mirror.

designed considering the gyrotron frequency band, the res-
onant length and loss of a ring resonator. Short slotted
mirror A is the periodical slot structure in x-direction and
y-direction. The slot period in x-direction and the slot
width are 1.5 mm and 0.6 mm, respectively. The slot pe-
riod in x-direction: 1.5 mm is shorter than wavelength
at 170 GHz (�1.76 mm). However, the slot period in y-
direction: 14.4 mm is much wider than a wave length, so
that high order diffraction must be excited in y-direction.
On the other hand, short slotted mirror B is the non-
periodical slot structure in y-direction in order to control
high order diffractions. The slot lengths in y-direction are
12.5 mm, 14 mm, and 15 mm as it goes outside from inside.
The slot width in x-direction: 0.45 mm is smaller than that
of short slotted mirror A in order to raise a reflection coef-
ficient.

The reflected and transmitted powers from a half mir-
ror installed in a cross corrugated waveguide were mea-
sured with a waveguide antenna scanning on 2-D stage [7].
The measured reflection and transmission coefficients were
about 60% and 40% in the mirror A, and they were about
75% and 25% in the mirror B, respectively. The radiation
patterns of reflection and transmission look like the pattern
of HE11 mode. The counter propagating diffractive waves
defined in Fig. 2 are generated by the high order diffrac-
tion. The radiation patterns in Fig. 4 indicate that the high
order diffractions were suppressed by the non-periodic slot
structure of the mirror B.

The frequency dependence of the diplexer using mir-
ror B at the frequency band of 170 GHz was measured.

Fig. 4 Radiation patterns of counter propagating diffractive
waves with short slotted mirror A and short slotted mir-
ror B. The measuring area is 150 mm × 150 mm in both
cases.

Fig. 5 Frequency dependence of P2 and P4 output powers using
mirror B in low power test.
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Table 1 The parameter of numerical simulations.

Fig. 6 Slot size of used long slotted metal half mirror.

Switching properties were clearly observed as shown in
Fig. 5.

4. Numerical Simulations
The electromagnetic field in the diplexer has been

simulated with our developed code using FDTD method.
The slotted metal plates are used as the half mirrors in-
stalled in the ring resonator. Long slotted metal half mir-
ror made of aluminum alloy is assumed in this simulation.
The slot period is 1.5 mm (Air: Metal = 0.6 mm: 0.9 mm)
as show in Fig. 6, which is smaller than a wavelength:
1.76 mm at an input frequency of 170 GHz. The diame-
ter of corrugated waveguides and the one turn length of a
ring resonator are assumed to be 21.0 mm, and 135 mm,
respectively, due to the memory limitation (12 GB). The
used cell size is smaller than one tenth of a wavelength of
an input frequency.

The simulation results at the resonant frequency are
shown in Fig. 7. It was confirmed that the output power
from P4 increases with decreasing the output power from
P2, at a resonant condition. The power loss of a metal sur-
face can be calculated as the follows, where Ht is a tangen-
tial component of magnetic field, Rs is a rf sheet resistance,
σ is an electrical conductivity, and δ is a skin depth.

Ploss =
1
2
|Ht|2 Rs =

1
2
|Ht|2 1

δσ
. (3)

Since a magnetic field component is not given to a metal
surface of miter bend, the magnetic field component of
the metal surface is interpolated by adjacent point’s data
as show in Fig. 8.

The tangential component of a magnetic field Ht is
computed by a vector calculation using the magnetic field
component of the metal surface as follows.

Ht =

√√⎛⎜⎜⎜⎜⎝H2
y + H2

z√
2

⎞⎟⎟⎟⎟⎠2 + H2
x . (4)

Fig. 7 Time evolution of normalized rf power of diplexer using
slotted metal half mirrors simulated by FDTD code at a
resonant condition of ring resonator.

Fig. 8 Schema of the tangential component of a magnetic field
Ht using FDTD method.

Fig. 9 Profile of Ohmic loss on the reflected surface of the miter
bend 1 installed in the ring resonator simulated by FDTD
code.

Ohmic loss at a miter bend and a slotted half mirror
installed in a ring resonator was simulated. It will become
important to design the slotted half mirror considering heat
load in high power operation. The heat load was estimated
by the numerical simulations of Ohmic loss. Since the
power loss in a ring resonator is also calculable by these
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Fig. 10 Profiles of Ohmic loss on the surface of the miter bend
2 in Fig. 1.

numerical simulations, it can be used also for evaluation of
the switching operation.

The results of Ohmic loss at miter bend 1 installed in
ring resonator are shown in Fig. 9. The solid line indicates
the simulation result, while the dotted line shows the the-
oretical prediction without higher modes. The difference
between both lines suggests the existence of higher modes
in an oversized corrugated waveguide ring.

The simulated results of 3D Ohmic loss profile at
a miter bend 2 installed in ring resonator are shown in
Fig. 10. It was confirmed that there was a peak value of
Ohmic loss in the center of miter bend 2.

The profiles of Ohmic loss on the input-side surface
of the half mirror 2 are shown in Fig. 11. There is a peak
value of Ohmic loss in the center of slotted half mirror 2
like HE11 mode.

The Ohmic loss on the surfaces of the miter bend 1
and the miter bend 2, the inner surfaces of the half mirror
1 and the half mirror 2 were estimated numerically to be
0.35%, 0.26%, 0.25%, and 0.18%, respectively. Therefore,
the total Ohmic loss in a ring resonator is estimated to be
1.05%.

5. Summary
The high power wide band diplexer was designed and

fabricated as a fast switching device for ECCD system.

Fig. 11 3D-Ohmic loss profile on the half mirror 2 surface in-
stalled in the ring resonator.

The switching operation was confirmed by numerical sim-
ulations and by low power tests. Ohmic loss at a miter
bend and metal slotted half mirror installed in a ring res-
onator was simulated. In the both cases, Ohmic loss was
confirmed. There are two ideas for cooling mirrors. One
is the thick half mirror made of OFHC with inside cooling
channels. The other is the thin half mirror made of Glidcop
with edge cooling. The heat conduction and thermal stress
analyses of the half mirror are planed in near future.
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