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Abstract: A sine waveguide (SWQ) traveling-wave tube with sheet electron beam tunnel is proposed to amplify the high-frequency terahertz
wave. In this study, the slow wave characteristics including the dispersion properties and interaction impedances have been investigated by
using the eigenmode solver in the 3D electromagnetic simulation software Ansoft HFSS. The truncated SWG slow wave structure possesses
the relatively large average coupling impedance. The beam—wave interaction characteristics of truncated SWG with sheet electron beam tunnel
are calculated by high-frequency simulation software CST. From the particle-in-cell simulation results, this beam—wave interaction circuit can

produce >490 mW ranging from 0.845 to 0.855 THz with a corresponding gain over 22 dB.

1 Introduction

Recently, terahertz science and technology has aroused wide public
concern due to its great potential in the scientific and technological
community [1-3]. The traveling-wave tube (TWT) is one of the
most important vacuum electron devices for energy amplification
in the terahertz band. Owing to their wide operation bandwidth,
large output power and compact structure, the TWTs are very sig-
nificant as the applicable terahertz radiation source [4, 5].

As the core component of TWT, the Slow-wave structure (SWSs)
determine the performances of the device to a large extent.
Nowadays, staggered double vane structure [6, 7], sine waveguide
(SWG) [8-10], folded waveguide [11, 12], and double corrugation
rectangular waveguide [13, 14] are suggested as the SWSs for
TWTSs operating in the millimetre wave and terahertz band.

In the sub-millimetre and terahertz bands, metal loss severely
limits the output power of the entirc TWT. Compared to other
SWSs, SWG which possesses low ohmic losses and reflection is
a promising slow wave structure for sheet electron beam terahertz
TWT [15, 16]. This paper will present the high-frequency character-
istics of truncated sine waveguide (TSWG) SWS, transmission
characteristics of pillbox window and entire high-frequency
system, and beam-wave interaction simulation results of the
TSWG TWT with sheet electron beam tunnel.

2 Slow-wave structure characteristics

Fig. 1 shows the perspective view of the TSWG SWS model and
single period structure, where a is the width of the waveguide,
b is the height of the waveguide, 4 is the oscillating amplitude, p
is the oscillating period, 4y, is the height of the sheet beam tunnel.
As shown in Fig. 1, the TSWG SWS evolves from the conventional
SWG SWS by compressing the height of the waveguide and trun-
cating the peak of the sine-shape metal gratings. In Fig. 1, &, repre-
sents the height of the part which is truncated [17].

J. Eng., 2018, Vol. 2018, Iss. 14, pp. 665-668
doi: 10.1049/joe.2018.0099

The slow wave characteristic including dispersion properties and
interaction impedance can be analysed by 3D electromagnetic
simulation software Ansoft HFSS [18]. In our analysis, it is
assumed that the voltage of the electron beam is 18.85kV and
the height of the sheet beam tunnel is 30 um. After the optimisation
process, the optimised structure parameters are obtained as follows:
a=195, b=125, p=112.5, h=52.5, h,=30, h.=5 um. As shown
in Fig. 2b. When h.=5 pm, the interaction impedances in the fre-
quency range of 0.8—1 THz are maximum. The tradeoff between
the dispersion relation and interaction impedance should be made
in our design. To achieve the maximum interaction impedance,
the value of the height /.. is selected to be 5 um. Fig. 2 shows the
simulation results of the dispersion relation and interaction imped-
ance of the TSWG SWS. From the calculated results shown in
Fig. 2, we can see that the TSWG SWS has a wide cold bandwidth
0.75-1 THz.

3  Transmission characteristics of high-frequency system

The transmission model is comprised of 150 main periods and six
periods of transition couplers. The S-parameters of the model have
been calculated by using the transient solver in the CST MWS [19].
The material of the transmission model is set as oxygen-free high-
conductivity copper with conductivity of 1.2 x 107 S/m [20], con-
sidering the non-ideal surface roughness of the metal walls. From
Fig. 3, it can be seen that the reflection parameter S;; of the
TSWG circuit model is less than —30 dB within the operating fre-
quency range from 0.8 to 1 THz. The transmission parameter Sy,
of the TSWG circuit model is more than —15 dB in the frequency
range from 0.8 to 1 THz. For 0.85 THz, the TSWG circuit has a
loss of 0.813 dB/mm.

4 Input/output structure

The output RF vacuum window is a critical component of vacuum
electronic devices. It is generally used to separate the high vacuum
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Fig. 1 3D model and dimensional parameters of the TSWG SWS
a Perspective view
b Single period structure
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Fig. 2 High-frequency characteristics of the 0.85 THz TSWG SWS
a Dispersion curve and beam line
b Interaction impedance

of the device from the atmospheric environment and to transmit
microwave power to the load. Therefore, the output window must
satisfy some special requirements, such as low-energy reflection,
relatively broad bandwidth, and high-power capability [21]. The
pillbox window which is considered here consists of three parts,
diamond window, cylinder waveguide and rectangular waveguide,
respectively, shown in Fig. 4. As shown in Fig. 5, the pillbox
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Fig. 4 Pillbox window of 0.85 THz TSWG TWT

-20 4

—821
—SI11

A
T

60+

S_parameter (dB)

-804

-100

0.80 082 084 0.86 088 0.90
Frequency (GHz)

Fig. 5 Transmission characteristics of 0.85 THz TSWG pillbox window
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Fig. 6 Overall structure of 0.85 THz TSWG TWT

window transmission parameter S,; is more than —0.1 dB and the
reflection parameter Sy is less than —20 dB from 0.8 to 0.885 THz.

Overall structures consist of several parts, such as high-frequency
structure, tapered section, pillbox window and standard waveguide
in Fig. 6. Due to the windows at both ends of the slow wave struc-
ture, transmission loss of the entire structure increases. As shown in
Fig. 7, the reflection parameter S5, is less than —16 dB from 0.8 to
0.9 THz.

5 Beam-wave interaction characteristic
The simulation of beam—wave interaction process is completed by
the 3D particle-in-cell algorithms. The dimension of sheet electron
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Fig. 7 Transmission characteristics of overall structure of 0.85 THz TSWG
TWT

beam cross-sectional area is 97.5 x 18 umz, and the current of beam
is set as 8 mA. The synchronous voltage of this beam—wave inter-
action model is 18.85 kV, and the power of input signal peak power
is set as 3.025 mW. The amplitude of the focus magnetic field is set
to 0.8 T to achieve 100% electron beam transport.

Fig. 8 shows the amplitudes of the input and output signals,
which are monitored at the input and output port. From this
figure, we observe that the output signal become stable after
1.25 ns and the input signal of 0.055V is amplified to 0.73 V
with the gain of 22.45 dB. From the Fourier transform of the
output signal, the spectrum can be obtained, as illustrated in
Fig. 9. The spectrum of the output signal is relatively pure at
0.85 THz.

Fig. 10 shows the electron energy as a function of the axial dis-
tance at 2.8 ns when the electron dynamic system is in a steady
state. Most electrons in the spent beam have lost some kinetic
energy, which has been transferred to the high-frequency electro-
magnetic fields. As a result, the driven signal is amplified. The
inset demonstrates the electron bunching phenomenon at the end
of the beam—wave interaction circuit.
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Fig. 8 Input and output signals of the 0.85 THz TSWG TWT
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Fig. 9 Spectrum of the output signal
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Fig. 10 Electron energy as a function of the axial distance at 2.8 ns, and the
inset gives the electron bunching at the end of the beam—wave interaction
circuit
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Fig. 11 Output peak power as a function of the axial distance at 0.85 THz
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Fig. 12 Output power and gain of the beam—wave interaction model

Fig. 11 shows the output power as the function of the axial dis-
tance at the typical operating frequency of 0.85 THz. In this figure,
we note that the amplified power saturates at 0.5329 W with a
growth rate of 1.32 dB/mm, corresponding to 0.149 dB/ period.

Fig. 12 shows the output peak power and gain of the beam—wave
interaction model in the operating frequency range of 0.844—
0.855 THz. From the figure, the output peak power is >490 mW
and the gain of the beam—wave interaction is >22.09 dB in the
operating frequency range of 0.844-0.855 THz.

6 Conclusion

In summary, as a novel type of the SWS, TSWG SWS can be sug-
gested as a promising beam—wave interaction circuit in the terahertz
band because of its excellent transmission properties and large
average interaction impedances. Its high-frequency characteristics,
transmission characteristics of high-frequency system and beam—
wave interaction characteristics are investigated by simulation
method. In the terahertz band, metal loss must be considered care-
fully because it seriously affects the output power of the TWT.
When we consider the metal loss under actual conditions, the
output power of the whole tube is 490 mW from 0.844 to
0.855 THz. During the design process, we also designed a pillbox
window for 0.85 THz TWT, which also meets our design require-
ments. Therefore, the TSWG TWT will be a very promising tera-
hertz radiation source for lots of applications.
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