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Abstract The preliminary results of mode measurement in the ITER relevant 40 m long
transmission test line composed from 63.5 mm diameter corrugated waveguides and miter
bends are presented. The field patterns were measured by taking temperature profiles on a
paper screen placed in front of the waveguide end using an infrared imaging camera. The
complex electric field at the waveguide end was retrieved from the measured temperature
profiles. As a result, the transmission power includes 87% of HE11 mode and 6% of LP11
odd (HE21+TE01) mode and small ratios of other modes. The mode content had small
dependence on length of the transmission line. This result indicated that the higher order
mode content generated at the input of the transmission line is conserved and propagated
through the transmission line. This suggests that the initial RF coupling to the waveguide is
critical since it affects the launcher efficiency.
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1 Introduction
The 170 GHz transmission line (TL) for the electron cyclotron heating and current drive
(EC H&CD) system in the International Thermonuclear Experimental Reactor (ITER)
requires more than 90% power transmission efficiency from the gyrotrons to the plasma
using about 160 m length corrugated waveguides. The dominant loss in TL is caused at
miter bends as the ohmic loss and the mode conversion loss. According to J. Doane’s
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theory, a single miter bend generates about 0.4% transmission loss which was caused
by mode conversion loss and ohmic loss on the mirror [1]. However many EC H&CD
transmission lines in large devices report about 80% of transmission efficiency which is
a far smaller efficiency than the theoretical prediction [2, 3]. This is because the RF
transmission mode in corrugated waveguides contains higher order modes (HOMs). For
high transmission efficiency, the good purity of HE11 mode is necessary because the
mode conversion loss increases with increasing content of the higher order modes
(HOMs) [4]. The requirement of the HE11 mode purity in the ITER TL is more than
95%.
There were several works on measurement of millimeter wave transmission mode in a
corrugated waveguide. The transmission mode was estimated from the amplitude and phase
measured in low power testing facilities [5]. The measurement by high power RF beam
from gyrotrons was also carried out. Because direct phase measurement with high power
RF beam is difficult, the phase retrieval method is applied in high power testing.
Shimozuma et al. measured the transmission mode in the 88.9 mm corrugated waveguide
for the 168 GHz beam at Large Helical Device and they found that many HOMs were
contained in their transmission line. As a result, low mode number HOMs were dominant in
TL [6].
Low mode number HOMs are generated at the components in the middle of transmission
lines and due to poor coupling of the gyrotron beam into the waveguide. Ohkubo et al.
pointed out that the HE21 and TE01/TM02 modes are generated in the waveguide when the
gyrotron beam is coupled into a waveguide with offset or tilt angle [7].
HOMs also affect the beam radiation from the outlet of the waveguide. When small rate
of HOMs is mixed with the fundamental transmission mode HE11, the beam from the
waveguide outlet could be tilted. This effect makes problem in the design of ITER’s upper
port launcher for stabilization of neoclassical tearing modes because of its small spot size at
target position [8]. In addition, the beam ducts for quasi optical beam lines in ITER’s
launchers is fabricated in the neutron shield module and the blanket module. Thus the tilted
beam increases the transmission power loss in the launcher because a part of the beam
strikes the duct wall and it may cause severe damage on the beam duct.
In this study, the transmission mode in the 170 GHz high power long transmission test
line for ITER, which consists of the 63.5 mm corrugated waveguides, was measured and
the effect of HOMs in ITER’s transmission line is discussed.

2 RF pattern measurement method
The millimeter wave beam was generated by the 170 GHz high power gyrotron [9] and
coupled into the corrugated waveguide of 63.5 mm diameter through the Matching Optics
Unit (MOU) constructed with two phase correcting mirrors. Both mirrors are adjustable in
angle and position using a micrometer. The power is transmitted to the dummy load. Two
high power transmission test lines were prepared. One is a short range TL (7 m) and the
other is a long range TL (40 m) as shown in Fig. 1. The direction of the RF power is
selected by the waveguide switch. The TL system has 7 miter bends including the
waveguide switch in the long range TL. The miter bend is composed of a flat mirror with
the corrugated waveguide sections [10].
Figure 2 shows the setup for RF pattern measurement. The RF beam was radiated from
the waveguide end on to the paper target. The RF window (diamond) was connected at the
end of waveguide. The temperature profile on the paper target was measured using an
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Fig. 1 Schematics of JAEA transmission test line. The diameter of the waveguide was 63.5 mm.

infrared (IR) camera, TS7302 (NEC San-ei instrument, Ltd.). The IR camera took a framing
movie of temperature profiles at 30 frames per second rate. The first frame which detected
the intensity profile was used for the field profile to minimize the effect of diffusion,
radiation loss, and convection. Both the paper target and the camera were set on the
movable stage of linear guide in the direction of the waveguide axis. The linear target was
aligned using a laser beam. Several RF patterns were measured at the location z=100∼
500 mm for every 100 mm from the waveguide end. The measured temperature profile was
converted into the normalized RF intensity profile I(x,y) using Eq. 1.
I ðx; yÞ ¼

ΔT ðx; yÞ
ΔTmax

ð1Þ

Here, ΔT and ΔTmax are the temperature increment on the screen and its maximum
value, respectively. ΔTmax was about 50 degrees Celsius which was far larger than nonuniform background distribution on the paper target to acquire good signal to noise (S/N)
profile image.
The process of measurement was conducted with different waveguide lengths to observe
the variation of RF beam pattern in the waveguide. At the end of long range TL, 0.44 m,
1 m, and 2 m waveguides were connected and the RF profiles at the end were measured for
each condition.

Fig. 2 RF pattern measurement system with IR camera.
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3 Phase reconstruction method
Using measured IR patterns, intensity and phase profiles on the waveguide end were
retrieved [11, 12]. The beam profile propagated in free space was calculated using a RF
diffraction code with fast Fourier transformation. Firstly the intensity profile measured at
300 mm and the phase profile assumed as radiation of the HE11 mode at the waveguide was
prepared. From this profile, intensity and phase profiles at 100 mm to 500 mm were
calculated and they were compared to the measured intensity profile for each position.
Next, the profile at 300 mm was calculated using the measured intensity profile and the
calculated phase profile in former step at each position. The iteration calculation was
carried out to fit every measured intensity profile. After that, using the calculated profiles
the complex field profile at the waveguide end was retrieved. In the step of retrieving the
waveguide end field profile, the calculation was iterated again using the measured intensity
at each radiated pattern. Finally the intensity and phase profiles at the waveguide end were
obtained. Figure 3 shows the measured intensity profiles of the radiated beam at different
distances from the waveguide outlet. Using these profiles, the intensity and phase profiles
were retrieved as shown in Fig. 4.
Using the retrieved profile, the profiles at radiation positions were calculated and
they were compared with the measured profiles using Eq. 2 and showed 99%
agreement.
RR

 Ecalc  Emeas dS 2
ð2Þ
h ¼ RR
RR
jEcalc j2 dS  jEmeas j2 dS

4 Mode content in the transmission line
The internal mode converter of the gyrotron is designed to produce a Gaussian linearly
polarized beam. The MOU is designed to produce the linearly polarized beam matching the
HE11 mode of the corrugated waveguide.
The transmission mode in the corrugated waveguide was deduced from the complex
electric field which was retrieved at the waveguide outlet from the measurement results.
Because the output RF beam from the MOU has linear polarization, linearly polarized
modes (LP mode) appear in the corrugated waveguide. A set of LP modes is used to
describe propagation in the corrugated waveguide. In this analysis, four LP modes, the
fundamental mode LP01 mode (HE11), the LP11 (even) (HE21+TM02), LP11 (odd)
(HE21+TE01), and LP02 (HE12) modes were used. The expressions of these modes were

z = 200mm

z = 300mm

z = 400mm

z = 500mm

Fig. 3 Measured RF intensity pattern of radiated beam into free space from waveguide outlet of long TL.
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Fig. 4 Retrieved RF field profile at waveguide outlet of long range TL.

listed in Table 1. The ratio of each mode cmode in transmission power was deduced using
Eq. 3.
RR

 E  E » dS 2
mode
ð3Þ
cmode ¼ RR 2
RR
jE j dS  jEmode j2 dS
The RF mode contents measured at the short and long TLs are listed in Table 2. The
measured HE11 mode purity was deduced as 87% and the dominant HOMs were found –
6% of LP11 even mode and 1∼3% of LP11 odd mode. The averaged content of the measured
results was 87% of HE11 mode and 6% of LP11 odd and 2% of LP11 even modes. Each

Table 1 Linear polarized mode expression.

Mode

Electric field

Eigen value χ

LP01

⎛ r⎞
J 0 ⎜ χ1 ⎟
⎝ a⎠

χ1=2.405

LP11 (odd)

⎛ r⎞
J1 ⎜ χ1 ⎟ sin ϕ
⎝ a⎠

χ1=3.832

LP11 (even)

⎛ r⎞
J1 ⎜ χ1 ⎟ cos ϕ
⎝ a⎠

χ1=3.832

LP02

⎛ r⎞
J0 ⎜ χ2 ⎟
⎝ a⎠

χ2=5.520

Polarization profile
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Table 2 Transmission mode content of long TL and short TL.
Short TL

Long TL

Average

HE11 (LP01)

87±4%

87±4%

87±4%

LP11(odd)

6±3%

6±2%

6±3%

LP11(even)

3±1%

1±1%

2±1%

LP02
Total

2±1%
98%

3±1%
97%

2±1%
97%

measurement result includes approximately 5% of error bars. The HOMs like LP03 , LP12,
and LP22 had lower power, less than 0.1% for each mode.
There was small difference in the mode content between long TL and short TL. This
indicates that the mixture of HE11 and LP11 modes could be transmitted through the TL
without significant mode conversion loss. This indicates that the LP11 mode generated at
the initial coupling could be transmitted through the TL.
The theoretical analysis by Ohkubo et al. pointed out the necessity of high accuracy of
beam alignment to obtain the high mode purity. Although the RF beam has an ideal profile
to couple to the HE11 mode, the tilt angle or offset of the RF beam at the waveguide inlet
generates the LP11 mode in the waveguide. Actually a small tilt angle at the waveguide
coupling could generate a large magnitude LP11 mode. For example, it is necessary to align

0m

0.44 m waveguide

1 m waveguide

2 m waveguide

Fig. 5 Dependence of intensity profile at waveguide outlet on extended waveguides.
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Fig. 6 Dependence of tilt angle
of radiated beam on length of
extended waveguide.

the waveguide with a less than 0.15 degree accuracy to reduce the LP11 mode power to less
than 1% [7].
To achieve 95% of HE11 mode purity, which is design target in the ITER’s TL, the
alignment accuracy of tilt angle should be less than 0.36 degree for the LP11 mode power to
be <5%. The highly accurate alignment method of MOU mirrors is necessary to improve
mode purity up to ITER’s requirement.

5 HOM effect on beam radiation
When transmission power includes the LP11 mode, RF field profile and its radiation angle
of output beam change depending on phase difference between modes. This was measured
on the condition of large HOM contents. Figure 5 shows intensity profiles at the end of
extended waveguide of 0, 0.44, 1, and 2 m long, which were retrieved from the measured
radiated profiles for each case. The results show that the beam contained 70% of HE11
mode and 18% of LP11 mode. The peak of profile was found to be located near the edge of
waveguide. In addition, radiated beam profile has small tilt angle and the center of the RF
pattern moves at each position. The tilt angle and offset of beam center have dependence on
waveguide length as shown in Fig. 6 and Fig. 7. Its periodic length was nearly the same as
Fig. 7 Dependence of offset of
beam center at waveguide outlet
on length of extended waveguide.
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the beat wavelength between the HE11 and LP11 modes. The beat wavelength 1b is
calculated by Eq. 4.
lb ¼

2p
4pk0 a2
¼ 2
Δk # 2  # 21

ð4Þ

Here, k0, a, and χn are the wave number, waveguide radius, and eigen value of
transmission mode. For 63.5 mm corrugated waveguide, the beat wavelength of the HE11
and LP11 modes was about 5 m. The theoretical tilt angle and center offset at waveguide
outlet were also plotted in Figs. 6 and 7.
When two or more modes travel together down the waveguide, the center of the
microwave beam will, in general, be offset from the axis. Also, when the modes reach the
end of the waveguide, they will radiate into space with a tilt angle. The offset and tilt angle
may be a problem in the launcher / antenna system for plasma heating and current drive.
The case of two modes traveling in the waveguide has been analyzed in a recent paper by
Kowalski et al. [13]. The paper shows that the offset varies with distance along the
waveguide as a cosine wave, while the tilt angle varies as a sine—that is, the tilt angle is
ninety degrees out of phase with the offset. With proper normalization, the square of the
offset and the square of the tilt angle can be added to express a conservation theorem [13].
The variation of offset and tilt angle repeats with distance down the waveguide at the beat
wavelength of the two modes. For the present case, we have most of the power in two
modes—the HE11 mode and the LP11 mode—but there is still significant power in a series
of higher modes. We may use the concepts in ref. [13] as guidance, because most of the
power is in two modes, but the presence of power in other HOMs prevents a rigorous
application of the results. For the present case, the experimental values of the tilt angle and
offset are plotted vs. extended waveguide length in Figs. 6 and 7 respectively. We also show
fits to the tilt angle and offset using sine/cosine functions with a periodicity of 5 meters,
which is the beat wavelength of the two major modes. The measured values of tilt and
offset agree reasonably well with the theoretical sine/cosine curve fits. We see from these
results that as the microwaves propagate down the waveguide, they will always have some
amount of either tilt or offset or both.
The measured tilt angle caused by LP11 mode was larger than the manufacturing
tolerance of ITER’s upper port launcher [8]. In addition, the part of the tilted beam may
strike on the beam duct wall of the launcher. Thus the tilt angle or offset of radiated beam
from the waveguide may increase the transmission loss in the launcher and mode
conversion loss in TL components.
Because low mode number HOMs like LP11 can transmit through the TL, the LP11 mode
generated by the poor coupling at the TL input could affect beam radiation from the TL
output resulting increase of power loss in the launchers and other components. Therefore,
minimizing the HOMs at the initial coupling into the TL is an important point to improve
the radiation characteristics from the launchers.

6 Summary
The transmission mode content in the 63.5 mm corrugated waveguide was measured in the
40 m long range TL at JAEA. As a result, the HE11 mode purity was 87% and the dominant
HOM was 6% of LP11 mode. Because the transmission power includes the LP11 mode, the
RF beam is radiated with a tilt angle from the waveguide outlet. The mode content in TL
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had small difference between the short and long range TL. This indicates that the LP11
mode generated at the initial coupling could be transmitted through the TL. Thus the LP11
mode generated at the TL input could affect the beam at the TL output which is an input for
the launcher. The initial coupling efficiency at the MOU is important to improve the
radiation characteristics from the launchers.
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