
 
This project is aimed at studying Bloch waves on 

rectangularly corrugated cylindrical waveguides. The 
corrugation has amplitude h, width d and period z0 and is 
formed on the inner wall of waveguide or the outer wall of 
inner cylinder of coaxial waveguide. The corrugation wave 
number is given by k0 = 2 /z0. Bloch waves are generated 
on the inner corrugation as a cylindrical surface-wave 
(CSW) and on the outer corrugation as the TM modes.1) 
We design K-, G- and Y-band corrugations, whose 
parameters are listed in Table 1.  

Applying a cavity resonance method, the K-band 
corrugation of inner cylinder is excited by a wire-disk 
antennas composed of a reflector-flange and a disk on the 
wire tip. A network analyzer is used to measure the 
scattering parameters: the microwave reflection from the 
structure (S11) and the transmission through the structure 
(S21). The inner cylinder is a resonator of Bloch wave and 
the resonances appear as spikes where S11 decreases while 
S21 increases. The Bloch waves have fairly sharp resonance 
curves as shown in Fig. 1. In region (A), Bloch wave is 
well confined to the corrugation surface and is named 
“bounded surface-wave”. In region (B), Bloch wave has the 
field properties of Sommerfeld wave and is named “hybrid 
surface-wave”. Axial mode operation of BWO is based on 
the bounded surface-wave. 

We measured parameters of G- and Y-band 
corrugations by using elongated images obtained by a 
digital microscope. Dispersion curves of Bloch wave on the 
inner corrugation are shown in Fig. 2. The dispersion 
curves are periodic in the wave number kz-space with 
period k0 = 125.6 cm-1. Bloch waves of fabricated G-band 
(Y-band) corrugation may have upper cut-off frequency fuc 
about 175 GHz (250 GHz) at the  point (kz = 62.8 cm-1). 
We excite the G- and Y-band corrugations by a weakly 
relativistic electron beam less than 100 keV.3,4) The 
corrugations act as a waveguide of excited Bloch waves. At 
the corrugation ends, some of Bloch waves are reflected 
and the others are converted to radiation waves. The 
radiations are measured by detecting system with various 
cut-off frequencies. For the fabricated G-band corrugation, 
microwave signals are detected by up to the 174 GHz cut-off 
detecting systems. However, no signal is detected by the 182 
GHz cut-off detecting system. Hence, the radiation 
frequency is in the range from 174 GHz to 182 GHz. For G- 
and Y-band corrugations, machining errors are on the order 
of a few % and result in up to 10% order changes in fuc.2) 
The estimated frequency coincides with the fabricated value 
rather than the designed value in Fig. 2. With the Y-band 
corrugation, signals of the 182 GHz cut-off detecting system 
appear. This is consistent with the Bloch wave excitation 
near 200 GHz expected from Fig. 2. As for the G- and 
Y-band corrugations, the cavity method used in the K-band 

becomes difficult. However, Bloch waves are largely 
affected by the corrugation shape.1,2) We demonstrate that 
the corrugation parameters can be estimated by using Bloch 
wave excitation by electron beams. 

The cold test technique and Bloch wave excitation by 
a weakly relativistic electron beam may be of considerable 
interest for practical use of Bloch wave and development of 
compact THz wave source. In the THz or sub-millimeter 
wave region, machining and measuring accuracies up to 
1 m may be required. Approach such as periodic 
arrangement of fine piece as well as machining may be 
considered to prepare micron size corrugation. Additionally, 
non-destructive technique needs to be developed to 
measure practical corrugations.  
 
 

Table 1 Parameters of rectangular corrugations 
Band h [mm] z0 [mm] d [mm] fuc [GHz]

K 1.10 3.00 1.50 25 
G 0.15 0.50 0.30 170 
Y 0.075 0.50 0.30 240 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Resonance curves of S11 and S21 (left) and axial modes 
of Bloch wave (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Dispersion curves of Bloch waves for the designed 
and fabricated G-band corrugations and the fabricated 
Y-band corrugation, from the bottom. Thin lines are 80 and 
30 keV beam lines. 
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i) Objectives
In LHD experiments, a Mega-Watt millimeter wave

system (77 GHz and 154 GHz) has been used for strong
electron heating and current drive and, recently, is used
for a diagnostic power source such as collective Thom-
son scattering (CTS). In the diagnostic aspects, elec-
tron temperature profiles and temperature fluctuations
are measured using electron cyclotron emissions from a
plasma over a millimeter wave range. The millimeter-
wave reflectometry is also used to measure the elec-
tron density fluctuation to analyze the turbulence in the
plasma.

In these days, microwave, millimeter wave and Tera-
Hertz wave oscillators and some components have been
progressively developed and applied to plasma, mate-
rial and medical sciences. Particularly, vacuum electron
tubes realize high power and/or steady-state output, eg.
tetrodes for ICRF heating, gyrotrons for ECRH.

The objective of this workshop is to promote the
exchange of the state-of-the-art informations among the
researchers of micro-, millimeter– & TeraHertz-waves for
the improvement in each field and the development of
combined research fields.

ii) Activities in FY2013
In this fiscal year, we intended to make intensive

discussion of the latest research results and the new re-
search trend of the generation, detection and application
of millimeter– / micro-waves and also TeraHertz-waves.
Main themes in this fiscal year are as follows,

1. Present status of the research, development and
manufacturing of micro-, millimeter– & TeraHertz-
wave vacuum tubes using electron beams, e.g.,
klystrons and gyrotrons.

2. New idea, technologies and application of high
power micro-, millimeter– & TeraHertz-wave vac-
uum tubes to the research fields other than nuclear
fusion.

We had a workshop in January 15th, 2014 under
the keywords of “Technology and Application of High
Power Millimeter- / Micro-Wave Sources - High Power
Electron Tube”. The workshop mainly included seven
recent research reports by collaborators.

The participants distributed over wide area related
to the micro-, millimeter– & TeraHertz-wave technology
and its application. About 22 members joined the work-
shop. The viewgraphs of each presentation were summa-
rized and distributed in the CD-ROM for convenience.

iii) Brief Summary of the Presentations
In the workshop, the recent research activities were re-
ported by the following researchers. Their presentations
covered the power source development, method of anal-
ysis and application of millimeter-/ Tera-Hertz waves.
The topics are wide spread, for example, gyrotron devel-
opment for ITER, measuring instruments for astronom-
ical observation, development of millimeter-wave com-
ponents and so on. We hope the expansion of research
field, new idea and new future collaboration through the
information exchange within the researches in the var-
ious research fields related to power sources, detectors,
theories about micro-, millimeter- and Tera-Hertz waves.

There were seven presentations. The presentation
title and presenters are listed below.

Presentations: Research Reports

1. “Development of a Millimeter-Wave Range Back-
ward Wave Oscillator”

by Dr. Y. Soga, Kanazawa University.

2. “Research of G-Band Surface-Excited and Smith-
Purcell Radiation Using a Weakly Relativistic Elec-
tron Beam”

by Dr. K. Ogra, University of Niigata.

3. “Research of Pulse Radiolysis in the Tera-Hertz Fre-
quency Range”

by Dr. K. Kan, The Institute of Scientific and In-
dustrial Research, Osaka University.

4. “Research of Electro-Magnetic Wave Radiation Us-
ing a Grating”

by Dr. D. Li , Institute for Laser Technology.

5. “Present Status of Gyrotron Development for ITER
Procurement”

by Dr. K. Kajiwara, Japan Atomic Energy Agency.

6. “Application of Quantum Optics Techniques to
Tera-Hertz Wave Detection ”

by Dr. H. Matsuo, National Astronomical Observa-
tory of Japan, NAOJ.

7. “Development of a TE11 Circular Mode Polarizer
for Electron Bernstein Wave Heating and Current
Drive ”

by Dr. T. Maekawa, Kyoto University.
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