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A mode analysis technique of the millimeter-wave which propagates in the corrugated waveguide of the
electron cyclotron resonance heating (ECRH) transmission line is proposed. The technique is based on the
signals detected by beam-profile monitors (BPMs) developed and installed in the reflection plane mirror of the
miterbends in the ECRH transmission line. The developed BPM consists of a mirror plate, Peltier-device array,
and a heat-sink. The voltage signal of each Peltier device is related with the temperature of the mirror surface.
The program which can analyze propagating-mode components using these signals is developed. The possibility
of the propagating mode analyses using this code was confirmed using the artificially synthesized model data on

the miterbend reflector.
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1. Introduction

In a high-power Electron Cyclotron Resonance Heat-
ing (ECRH) system for plasma heating, a long-distance
and low-loss transmission system of the millimeter-wave
(mmw) is required. In the ECRH system of the Large He-
lical Device (LHD) of National Institute for Fusion Sci-
ence (NIFS), the total length of the transmission line (TL)
is 70-100m, and the transmission efficiency is about 80 -
90 % as shown in Table 1. The TL system, which is com-
posed of corrugated-waveguides and miterbends, is pre-
cisely aligned by using a He-Ne laser beam. The transmis-
sion loss is mainly caused by the misalignment of the mmw
generated by a gyrotron to the TL. Accordingly, the correct
coupling of the mmw beam to the corrugated waveguide is
required at the waveguide entrance. We have developed
a power profile monitor of the mmw beam propagating in
the evacuated corrugated waveguide in real-time [1]. The
beam profile monitor (BPM) consists of an mmw reflec-
tor, a Peltier-device array and a heat-sink. A proto-type
BPM was constructed and tested using high power mmws.
These results show that the BPM can be used as a real-time
power profile monitor of the high power mmw in the TLs.
Here, we propose a technique to analyze the propagating
modes using the signals of plural BPMs installed in the

author’s e-mail: shimozuma.takashi@nifs.ac.jp
*) This article is based on the presentation at the 26th International Toki
Conference (ITC26).
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Table 1 Summary of the ECRH System in LHD.

Line No. #1 #2 #4 #5 #7 #11
Gyrotrons
Freq. (GHz) 77 77 154 154 77 82.7
Power (MW) 1.5(0.3) 1.2(0.3) 1.0(0.5) 1.0(0.5) 1.0(0.3) 0.45
Pulse (s) <2 (CW) <10 (CW) <5(CW) <5 (CW) <5 (CW) <2
Transmission Lines
Length (m) 90 90 70 90 100 110
Diameter (mm) 88.9 88.9 88.9 88.9 88.9 88.9
Trans. Effi. (%) 82 81 91 - 85 82
Antennas
Number of 4 3 2 2 2 4

mirrors

miterbends of the ECRH transmission line.

In this paper, the structure of the BPM and the total
measurement system are shown in Section 2. In Section 3,
the procedure of mode analyses based on the BPM data is
explained based on the similar algorithm in [2]. In Section
4, the analyzed results of the mode contents are shown for
the artificially synthesized mode patterns which take into
account several lower-order modes. Finally, Section 5 will
be devoted to the summary.

2. Structure of a BPM and Total Mea-
surement System

The structure of a BPM proposed is schematically
shown in Fig.1. A two-dimensional array of Peltier-

© 2018 The Japan Society of Plasma
Science and Nuclear Fusion Research



Plasma and Fusion Research: Regular Articles

Volume 13, 3405036 (2018)

Peltier-Device
Corrugated Arrary

Waveguide Reflector

-

mmw

] Computer
Benanm F_’roflle Constant-Current
onitor Power Supply

Fig. 1 Millimeter-wave power profile monitor system installed
in an ECRH transmission line.

a) b)

Fig.2 a) A photograph of the BPM installed on the air-side of
a miterbend reflector without a heat-sink, and b) a lay-
out drawing of Peltier-devices and double-sided printed
circuits. The blue lines are serially connected current cir-
cuits, and the red lines show the lines for voltage mea-
surement of each Peltier device. Those are independently
connected to the insulated multi-channel A/D convertors
to measure the voltage of each Peltier device.

devices is aligned and installed on the atmospheric side
of a thin miterbend reflector with a water-cooled heat-sink.
An mmw beam propagating in the corrugated waveguide
is reflected on the mirror surface of the miterbend and
partly absorbed in the reflector plate. The generated heat
by Ohmic loss of the electromagnetic wave diffuses to the
atmospheric side of the reflector and is removed by the
Peltier-devices. The voltage of each Peltier-device is ap-
proximately expressed as the following equation.

V=IR+S(Ty-Tc), (D

where I, R, and S are electric current, resistance, and See-
beck coefficient of the Peltier-device, respectively. Ty and
T represent hot-side (heat-sink side) and cold-side (reflec-
tor side) temperature of the Peltier-device. When these
Peltier-devices are connected serially and driven by the
constant current control (I = constant), the voltage change
of each device is almost linearly proportional to the tem-
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Fig. 3 Schematic view of the total system for high power mmw
beam alignment installed in an ECRH transmission line.

perature change of the cold-side of the device, if the tem-
perature at the hot-side of the Peltier-device is kept con-
stant. The information of the two-dimensional temperature
profile of the miterbend reflector can give the real-time in-
formation of the position and the profile of the mmw beam.
The photograph and circuits of the constructed BPM are
shown in Fig. 2, a) the photograph of BPM without a heat-
sink and b) a layout drawing of Peltier-devices and double-
sided printed circuits.

A schematic view of the alignment system installed in
the ECRH transmission line system is illustrated in Fig. 3.
In the TL, two or more BPMs will be installed in the miter-
bends. Based on the BPM signals, propagating modes are
analyzed, and then the mirrors in the 2nd matching op-
tics unit (MOU) are feedback controlled so that the prop-
agating mode becomes the fundamental HE; mode (LPy,
mode).

3. Technique of Mode Analysis Based
on the BPM Data

We consider a mode analysis technique using the 2-
dimensional BPM signals based on the almost the same
manner as described in [2].

For simplicity, linear polarized (LP) modes in a cir-
cular corrugated waveguide are considered. The electric
fields of the LP-(e) and -(0o) modes, in which (e) and (0)
mean even and odd, respectively, are expressed as the fol-
lowing equations [3]:

LP),.(e) : E,,(r,0) = § V2 £, Ju(X,r/a) cos(nd),

(2
LP},.(0) : E o(r,0) = $ V2, J(Xyr/a) sin(nb),
3
LP* () : E (1, 0) = 2 V2f,J(Xor/a) cos(nb),
4)
LP;, (0): E ,(r,0) = % \/Ef(rJn(X(rr/a) sin(nf),
Q)
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where X and  are unit vectors of x and y orthogonal axes in
the waveguide cross-section, n and m represent the mode
numbers, and X, is the eigen value of the mode o with
(n,m). r = y/x* +y? and @ = arctan(y/x). J, denotes the
Bessel-function of the first-kind. The symbol, a, expresses
the radius of the waveguide, and the normalization constant

fois

R
a \/;Jn-#] (Xs) a \/;Jn—l (Xs) .

Generally, a propagating mmw in a corrugated wave-
guide is expressed as a superposition of several eigen
modes o (= 0---N). Suppose that the miterbends are
installed at L = L, (k =0,1,2,...,K —1). Here L is
the distance along the waveguide axis, and L; denotes the
distance between the origin, O, and the center of the k-
th miterbend reflector. The BPM system consists of two
BPMs installed in the 90-degree miterbends, for example.
Here the type of the miterbends is the same, i.e., both are
E-bends or H-bends. The electric field at the position (x, y")
on the k-th miterbend reflector is described by the follow-
ing equation:

fo (6)

N
ew(6,) s L) = ) \Po explj(@o — koo sin® + L))
=0

X E_s(x,) cos @), (7

where the y’-axis is on the miterbend reflector plate, y' =
y/cos®, and @ is the angle between y’- and y-axes as
shown in Fig. 1. Corresponding to the array of Peltier de-
vices, the reflector surface is divided into M X M rectan-
gular sections with the center coordinate of (x;, y}) and the
lengths of Ax and Ay’ in x-, ¥’-direction, respectively. The
absorbed power in each segment is proportional to

i+Ax/2 V. +AY [2
| D ' L 2 _ A d T / dv
e[ot(-xh yj3 k)l = X y

xi—Ax/2 }’] -Ay' /2
X lewi(x,y's Lo, (8)
M-1
N =Ax(i— T) (=0, . M=1), (9
, . M-1 .
y; = Ay (J— T) (j=0,---.M~-1). (10)

Here, the integrand can be expressed as

N
lew (63, LOP = ) polE Lo (%, cos D)

o=0
N N
+ Z Z\/papr CoS(Gor — k(Y SIND + L))
o=0 =0
O#T

X E,;(x,y cos®) - E| (x,y cos®), (11)

where bor = b5 — b, ker = k¢ — kr. And DPo> $os ko de-
note the power, the initial phase, the wave-number of the
propagating mode o, respectively. E, , corresponds to the
electric field given by the equations (2)-(5). The evaluation
function Wy, for determining mode content is defined by

the summation of W at the miterbend position L;, where
W(Ly) is the segment summation of the square value of
the difference between the measured O— and theoretical
T —functions at the miterbend position, L;. These are de-
scribed by the following equations.

K-1
Wia(po, ¢0) = ) W(Ly), (12)
k=0
where
M-1M-1
W(Ly) = {0(x;, '} Li) = T(xi, Y Li)Y,
i=0 j=0
(13)
, |egt(xi, y;» Lk)|2
T(xi, Y i) = TR (14)

tot'MAX

The mode with oo = 0 is assumed to be the LPy,;
fundamental mode with the initial phase ¢ = 0, and
ZLO ps = 1. The sets of p, and ¢, which minimize the
value of Wy (ps,ds) give the ratio of mode content and
the initial phase of each mode 0. One of the techniques
to minimize W is proposed in Ref. [2] in detail. A flow
chart of the mode analysis is shown in Fig. 4. The analysis
consists of two steps. At the first step, the evaluation func-
tion, Wy, will be minimized for LPy; main mode and one
other higher mode of LP,,, by changing initial normalized
power to search for the optimum set of power and phase,
and to obtain an optimum set (Popi, Popr) for each mode.
Then, at the second step, Wy, will be minimized for LPy;
main mode and all LP,,, modes using pop; and ¢qp; as the

« Select candidate modes

< Give initial phases

« Give initial increment of
normalized power, p

e.g. LP_11,LP_21 yxeo,
2 A p=0.05

< 1st Step >

* Minimize W, for LP,, mode
and one other mode LP,,,

+ Change initial normalized
power p=nx1/N (n=0~ N-1)
to search optimum set power
and phase.

v
Obtain answer
(popt ’ ‘popt)nm
for each mode

v
< 2nd Step >
* Minimize W, for LPy,

and all LP,,, modes
considered

* In thIS case, (popt ’ (popt)nm
are used for initial values

v
[ All sets of (p, ¢),, are ]

determined

Fig. 4 Flow chart of the propagating mode analysis.
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initial values of LP,,, modes. Finally, the optimum set of
power and phase can be obtained.

4. Example of Mode Content Anal-
yses Using Artificially Synthesized
Data

In order to check the developed code, we prepared
the discretized mode-patterns which were artificially syn-
thesized on the mirror-surface of several miterbends using
the mixture of given modes. Using the developed code
and these patterns, we tried to attempt whether the code
could correctly identify the included modes. One exam-
ple is shown in Fig.5. The intensity patterns were syn-
thesized by mixing three modes, i.e., 1) the Y-polarized
LPy; fundamental mode with 50 % power content and with
the initial phase of 0 degree, 2) the Y-polarized LP;; even
mode with 20 % power content and with the initial phase
of 70 degrees, and 3) the Y-polarized LP,; odd mode with
30 % power content and with the initial phase of 150 de-
grees. The discretized intensity patterns at L = 2m, 3 m,
and 4 m are shown in Fig. 5. Using these data, several anal-
yses of the contained modes were performed according to
the algorithm described in Fig. 4. In this case, two data at
L = 2m and 4 m were used. The results are summarized in
Table 2. In addition to the fundamental Y-polarized LPy,
main mode, the lowest two modes of LP;; and LP,; with
Y- or X-polarization direction and even or odd mode are
considered. At the first step, the LPy; main mode and one
higher-order mode were considered to minimize the eval-
uation function of Wy,. The obtained power fraction and
phase are shown in Table 2 a). Then, at the second step,
L,=3m

L,=2m L;=4m

1.0
60

0.6
0.4

0.2

40 0 40

Fig. 5 Examples of the artificially synthesized BPM signals at
the three miterbend-positions which are 2, 3, and 4m
apart from the waveguide entrance.

Table 2 Resulsts of mode content analyses using the intensity
patterns shown in Fig. 5. The power ratio and phase are
listed for a) the first step and b) the second step.

a) 1st step b) 2nd step
P

Mode Wt Pr‘;‘:i’z' @ (deg.) ;:2' @ (deg.)
LP11Ye 3.270965 0.22374 66  0.193274 69
LP11 Yo 5.050816  0.043489 84 0.000009 84
LP11 Xe 5.80048 0 179 0 179
LP11 Xo 5.80048 0 179 0.001781 179
LP21 Ye 5.80048 0 360 0.000004 359
LP21 Yo 1.918792 0.60687 134 0.291717 149
LP21 Xe 5.80048 0 180 0.003588 180
LP21 Xo 5.80048 0 180 0.005325 180

the minimization of Wy considering all modes at the same
time was performed with the power ratio and the phase
which were obtained at the first step as initial values. The
obtained results are listed in Table 2 b). The assumed
power ratio and phase are correctly obtained within a dif-
ference of several percent.

Next, we attempted to confirm the minimum number
of the BPM data. The mode content analyses were per-
formed with each data set, i.e., three data at L = 2,3 and
4 m, two data at L = 2 and 4 m, and one datum at L = 4 m.
Generally, the more data that were considered, the better
was the accuracy obtained. The accuracy, however, de-
pends on the selection of measured (miterbend) positions
and on the beat wavelength of the contained modes. The
intensity pattern data at two or more positions are required
in order to obtain the higher accuracy.

5. Summary

In a high-power ECRH system for plasma heating,
a long-distance and low-loss transmission system of the
mmw is required. A real-time monitor of the mmw beam
power profile, which can be used in the high-power elec-
tromagnetic field of the evacuated and cooled transmission
lines, is proposed, designed, and manufactured. The beam
position and profile monitor (BPM) consists of an mmw
reflector, a Peltier-device array and a heat-sink, which are
installed in the reflector-plate of the miterbend. A proto-
type BPM was constructed and tested using high power
mmws. These results show that the BPM can be used as a
real-time power profile monitor in the transmission lines of
the high-power millimeter-wave. Accordingly, we devel-
oped a technique to analyze the propagating modes using
the signals of plural BPMs installed in the miterbends in
real-time. Using the program, the artificially synthesized
mode-mixture could be well analyzed. We are now devel-
oping a high performance BPM that can handle the 500
kW power in steady-state, and a feedback control system
of a coupling mirror to re-adjust the millimeter-wave beam
at the waveguide entrance based on the results obtained by
the mode analyses.
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