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We studied a G-band oversized backward wave oscillator (BWO) driven by a weakly relativistic electron
beam of less than 100 kV. Rectangular corrugations are used as slow-wave structures having surface waves with
upper cutoﬀ frequencies above 150 GHz (G-band). We examine how dispersion characteristics of surface waves
are aﬀected by accuracy in machining the corrugation amplitude, width, and period length. Of these, accuracy in
the amplitude has the largest eﬀect. Uniformly distributed annular electron beams are generated by a disk-type
cold cathode and injected into the G-band BWO. G-band BWO operations in 137 - 173 GHz and above 173 GHz
are achieved by changing the corrugation amplitude. The radiation patterns are fairly broad, and the estimated
radiation power is at kW level.
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1. Introduction
High-power microwaves are required for widespread
applications such as plasma heating, plasma diagnostics,
and radar systems. Slow-wave devices such as backward
wave oscillators (BWOs) have been extensively studied
as candidates for high- and moderate-power microwave
sources. In these devices, a slow-wave structure (SWS)
is used to generate slow waves by reducing the phase velocity of electromagnetic waves to the beam velocity. An
extremely high output of 3 GW has been achieved by a
relativistic X-band BWO [1]. However, high-power operation of a BWO beyond 10 GHz remains diﬃcult. For
high-frequency operations, oversized SWSs, whose diameters are much larger than the free-space wavelength of
the electromagnetic waves, are suitable. The relativistic diﬀraction generator and the multi–wave Cherenkov
generator are special versions of oversized BWOs, and
have produced peak powers above GW levels in the frequency range of up to approximately 46 GHz (Q-band)
[2,3]. Such tremendously high-power devices use relativistic MV level pulsed power systems and tesla-level magnetic ﬁeld systems. For practical applications, operations
at reduced voltages and reduced magnetic ﬁelds are preferable. In Ref. 4, a power level of approximately 500 MW
was achieved at 8.3 GHz (X-band) with a moderate voltage of approximately 500 kV; however, this system still requires a bulky pulsed power system. For lower voltage opauthor’s e-mail: teogura@eng.nigata-u.ac.jp
∗) This article is based on the presentation at the 23rd International Toki
Conference (ITC23).

erations, say 100 kV, the phase velocity of the electromagnetic wave in the SWS should be 0.55c. Design of oversized SWSs transmitting electromagnetic waves with such
a slow phase velocity is diﬃcult because high-frequency
operations and lower voltage operations of BWOs are incompatible.
An alternative to BWO for the electromagnetic wave
source is the Smith–Purcell free electron laser (SP–FEL).
Recently, SP–FEL using the beam of a scanning electron
microscope with approximately 30 - 35 kV of voltage and
current up to mA order has been demonstrated, and it attracts attention for developing a compact THz source [5,6].
In this SP–FEL, the electron beam passes near the grating
surface of an SWS. The electron beam is bunched via interactions with the surface wave of the grating. The bunched
electron beam then radiates super–radiant SP emissions.
The interaction may result in backward wave or traveling
wave operation depending on the group velocity of the surface wave. Super–radiance has not always been observed.
Requirements for strong SP radiation based on the backward oscillation have been examined [7]. The electron
beam should cover the entire surface of the ﬂat grating.
However, in realistic SP–FELs, pencil-like beams partially
covered the grating surface, and power levels in the μW
range on the grating were reported [5].
By using uniformly distributed annular electron
beams, oversized BWOs operating at less than 100 kV have
been studied in the K- and Q-bands [8–10]. An annular
beam of the order of 100 A completely covers the corrugated surface. Recently, performance of the weakly rela-
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tivistic oversized BWO has been improved, and radiation
of up to 500 kW (K-band) and 200 kW (Q-band) has been
achieved [9]. The quality factor Pf 2 was approximately
3.5 × 105 [kW·GHz2 ]. Unique features of these oversized
BWOs are (1) use of a cold cathode to obtain a uniformly
distributed annular electron beam [11,12], (2) operation by
a weakly relativistic electron beam with less than 100 kV,
and (3) a guiding magnetic ﬁeld of less than 1.0 T.
Here, we study a G-band oversized BWO driven by
a weakly relativistic electron beam. Our oversized BWO
uses SWSs forming surface waves with upper cutoﬀ frequencies from approximately 150 GHz to above 200 GHz
(G-band). Electromagnetic waves in this frequency range
play an important role in nuclear fusion science. Because
making a precise proﬁle such as a sine or other complex
curves in the axial direction on the waveguide wall becomes very diﬃcult in the G-band, rectangular corrugations are used. We measure sizes of fabricated corrugation
and examine the eﬀects of machining accuracy on SWS’s
dispersion characteristics. The fabricated G-band SWS is
driven by an annular electron beam generated by a disk
cold cathode, and G-band BWO operations are studied.

Table 1 Comparison of designed and fabricated corrugation parameters.

Fig. 1 (left) A-type rectangularly corrugated waveguide. (right)
Enlarged photo of the rectangular corrugation.

2. G-band SWS
Dispersion characteristics of an SWS are determined
by the corrugation amplitude h, corrugation width d, and
periodic length z0 . The G-band parameters for the rectangular corrugations used in this paper are listed in Table 1.
By decreasing h, the upper cutoﬀ frequency increases. We
designed an A-type corrugation with h = 0.15 mm and a
B-type corrugation with h = 0.075 mm, which is half of
that for the A-type. An amplitude less than 0.01 mm is required; however, fabrication of such corrugations becomes
very diﬃcult.
Two conﬁgurations for the oversized SWS are considered. One is the rectangularly corrugated waveguide
shown in Fig. 1, which has commonly been used in oversized BWOs [2–4, 8–10]. The other is the rectangularly
corrugated cylinder shown in Fig. 2, which is an inner corrugation of a coaxial SWS [13, 14]. The rectangularly corrugated cylinder has a cylindrical surface wave (CSW),
and has been used in cylindrical SP–FELs based on CSW
[15, 16]. Both oversized SWSs are prepared and tested in
this study.
Fabricated corrugations are measured using a digital
microscope. An example of cross-sectional micrographs
is shown in Fig. 3. Measured values of the parameters are
listed in Table 1, where A-type is the corrugated waveguide
of Fig. 1 with an average radius of 15 mm and B-type is
the corrugated cylinder of Fig. 2 with an average radius of
12.5 mm. For both types, machining errors are larger than
0.01 mm for h but less than approximately 0.010 mm for d
and z0 .
Dispersion curves with the parameters in Table 1 are
shown in Figs. 4 (A-type) and 5 (B-type). In Fig. 4, the

Fig. 2 (left) B-type rectangularly corrugated cylinder. (right)
Enlarged photo of the rectangular corrugation.

Fig. 3 Cross-sectional micrograph of periodic rectangular corrugation taken by a digital microscope.

surface wave is the TM01 mode. The diﬀerence in h is approximately 17%, and the upper cutoﬀ frequency changes
from 170 GHz to 150 GHz, which is a change of approximately 11%. In Fig. 5, the surface wave is CSW. The difference in h between designed and fabricated corrugations
is 0.014 mm (19%), and leads to a 20-GHz (9%) change in
operation frequency. A change of approximately 20% in h
leads to a change of approximately 10% in the upper cutoﬀ frequency of surface waves. For d and z0 , the measured
values coincide with the designed values within 10%, and
their eﬀects are smaller than those of h.
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Fig. 6 Schematic of the experimental setup.

Fig. 4 Dispersion curves of surface wave for A-type slow-wave
structure (SWS) of Fig. 1 with parameters listed in Table 1. Thick (thin) solid curves represent designed (fabricated) corrugations. Dotted line is a 80-keV beam line.

Fig. 7 Waveforms of measured signals: (a) beam voltage and
current and (b) D- and G-band signals. Peak value of
beam voltage (current) is approximately 80 kV (400 A).
Fig. 5 Dispersion curves of surface wave for B-type slow-wave
structure (SWS) of Fig. 2 with parameters listed in Table 1. Thick (thin) solid curves represent designed (fabricated) corrugations. Dotted line is a 80-keV beam line.

3. Experimental Setup
Schematic of the experimental setup is shown in
Fig. 6. An output voltage of up to 100 kV from the pulse
forming line is applied to a disk-type cold cathode. The
disk cathode diameter is 29 mm, and it is made of oxygenfree copper. Uniform annular beams in the weakly relativistic region are obtained with nearly the same diameter
as that of the cathode. The thickness of annular beams is
typically 2 - 3 mm. For beam propagations, a uniform axial
magnetic ﬁeld B0 is provided by 10 solenoid coils. In this
study, the value of B0 is 0.8 T. Microwaves are picked up
by rectangular horn antennas connected to D-, G-, Y-, and
H-band waveguides. The cutoﬀ frequencies are 91, 115,
137, and 173 GHz, respectively.

4. Experimental Results
Typical signals with the A-type corrugation in Fig. 4
are shown in Fig. 7. Time evolutions of the D- and Gband signals were the same. The D-band (G-band) detector had a recommended frequency range 110 - 170 GHz
(140 - 220 GHz). These frequency ranges coincided with
approximately 150-GHz BWO operation at the crossing
point between the TM01 and beam line in Fig. 4. Corru-

Fig. 8 Radiation pattern with A-type corrugation. G-band system is used and antenna distance from output window is
600 mm. Thin curve is theoretical curve for TM01 waveguide mode.

gations in Figs. 1 and 2 are formed on the concave side
and the convex side of the cylindrically curved surface, respectively. We examined G-band BWOs using two conﬁgurations with the same A-type parameters, and found that
the conﬁgurations in Figs. 1 and 2 have little eﬀect on the
radiation. The G-band BWO operation was eventually determined by h, d, and z0 , instead of the SWS conﬁguration.
Radiation patterns were obtained by moving a receiving horn antenna in an equatorial plane around a pivot at
the center of the output window. Horizontal (Eθ ) and vertical (Eϕ ) components of the electric ﬁeld were measured.
The pattern for Eθ is shown in Fig. 8. As a reference, a
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cutoﬀ (137 GHz) to the H-band cutoﬀ (173 GHz). For the
B-type SWS in Fig. 5, the H-band signal appears as shown
in Fig. 9. This is consistent with the G-band BWO operation of approximately 200 GHz expected from Fig. 5.
Thus, we have demonstrated frequency control of a G-band
BWO by changing the corrugation amplitude h of an SWS.

5. Conclusions

Fig. 9 Waveforms of measured signals for Y- and H-bands. (a)
Beam voltage, (b) Y-band, and (c) H-band signals for Atype corrugation. (d) Beam voltage, (e) Y-band, and (f)
H-band signals for B-type corrugation.

theoretical radiation curve for the TM01 waveguide mode
is shown in Fig. 8. It is clear from Fig. 8 that a single TM01
mode cannot explain the radiation pattern. Higher order
waveguide modes up to approximately TM10 are required
to explain the radiation spreading beyond 30◦ . Excited surface waves in the SWS section go into the straight waveguide section before radiating from the output window, as
shown in Fig. 6. On the boundary between the SWS and
straight waveguide, the excited surface wave couples to
the straight waveguide modes, including many higher order modes as well as the lowest TM mode. Pure TM (TE)
modes have no Eϕ (Eθ ) component. In our experiments,
both components were detected in the same level; therefore, not only TM modes but also TE modes are included
in the coupling on the boundary.
We evaluated radiation power levels. Unfortunately,
the G-band detector was not calibrated because of the lack
of a proper power source. So, radiation power levels were
estimated by the D-band system. The voltages of the Dband detector were calibrated to absolute powers by using
a Gunn oscillator at 100 GHz. Considering 10 or 20 dB attenuation in the detecting system, the maximum detected
power levels were roughly evaluated to be in W level. By
integrating detected power over the broad pattern, the total
radiation power in terms of the TM-like mode was estimated to be in kW level.
For the A-type SWS in Fig. 4, microwave signals
were detected by the G- and Y-band systems; however
the H-band signal was not detected, as shown in Fig. 9.
Therefore, the frequency is in the range from the Y-band

A G-band BWO driven by an annular electron beam
in a weakly relativistic region of less than 100 kV is experimentally studied. The beam is generated by a disktype cold cathode. We use rectangular corrugations as the
SWS, which have surface waves with upper cutoﬀ frequencies above 150 GHz (G-band). The corrugation sizes of
fabricated SWS are measured using a digital microscope,
and eﬀects of machining accuracy on the surface waves are
examined. Accuracy for h has the greatest eﬀect in our experiment. G-band BWO operations in 137 - 173 GHz and
above 173 GHz are performed by changing h. Radiation
patterns are fairly broad, and the estimated radiation power
is in kW level. G-band BWOs with such intense power in
the weakly relativistic region may be of considerable interest for practical use and developing compact THz wave
sources.
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