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Design of a 340 GHz phase-velocity-taper travelling wave tube
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Abstract: Staggered double-vane slow wave structure as the core part of the travelling wave tube (TWT) has been more popular in recent
years. However, the electron efficiency of this structure is not enough high for higher frequency, especially THz. In this study, phase-vel-
ocity-taper method is utilised for the improvement of TWT’s efficiency at 340 GHz. The reflection and transmission coefficients of the
whole tube with attenuator show good propagation characteristics over the wide frequency range from 330 to 345 GHz. The particle-in-
cell simulation results indicate that the output power can increase about 32% at 340 GHz with respect to that of the without-taper structure.
The corresponding electron efficiency is improved from 2.8 to 3.5% by phase-velocity-taper. However, the simulation results also show that
the tube can produce over 30 W output power in the frequency range from 330 to 343 GHz with an operating voltage of 21.3 kV, a current of
0.043 A, and an input power of 10 mW. In addition, a sheet beam electron gun with a beam current of 43 mA, a beam voltage of 21.3 kV, and
beam waist cross-sectional dimension of 0.3 mm× 0.08 mm is also designed as the particle source of the sheet-beam TWT.
1 Introduction

Terahertz wave, which is defined as frequencies from 100 GHz to
10 THz, has significant impacts on improving the performance of
modern applications such as security, biomedical imaging, and
radar systems [1–5]. Relevant to this topic, there are some
devices that can generate terahertz radiation, such as free electron
lasers, travelling wave tubes (TWTs) and backward wave oscillators
(BWOs). Among these devices, TWTs have attracted considerable
interests for their high efficiency of energy conversion and thermal
capacity.
Due to that, the performance of slow-wave structures (SWSs) are

closely linked to the whole tube’s performance, the SWSs have
attracted a lot of interests in recent years. The most popular SWS
in THz wave band is folded waveguide [6–8] which can provide
a wider bandwidth and higher output power. However, the circular
beam tunnel in the waveguide makes the microfabrication processes
difficult. In contrast, it’s relatively easy to fabricate for rectangular
SWS due to its normal sheet beam tunnels, such as sine waveguide,
trapezoidal corrugated waveguide, and staggered double vane
[9–11]. Mineo and Paoloni reported a G-band double-corrugated
TWT with output power up to 3.7 W, 18 dB gain in the frequency
range of 210–240 GHz [12]. Shin et al. have proposed a novel ter-
ahertz sheet-beam TWT amplifier which can produce above 150–
250 W output power, corresponding to ∼3–5.5% intrinsic electronic
efficiency and over 25% bandwidth at the centre frequency of
220 GHz [13–17].
In addition, the geometry of sheet beam allows a larger beam

current compared with the traditional circular beam. With the
same current, a lower beam current density can be obtained with
sheet beam which can reduce the space-charge effect and increase
the perveance. Therefore, the rectangular SWSs which utilise
sheet beam have been more popular among TWTs.
However, the decrease of TWT’s energy conversion efficiency

with the increasing frequency has been a seriously important
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problem. Particularly, there is a shortage that the beam energy
cannot get a valid conversion in the second section of TWT and
the energy is wasted mostly. One approach to the problem is to
utilise the phase-velocity-taper method [17, 18]. In principle, the
velocity of the beam will resynchronise with the phase velocity
by tapering a circuit wavelength (periodic length) at the TWT’s
second section.

In this paper, a 340 GHz sheet-beam phase-velocity-taper stag-
gered double-vane TWT is proposed with a good amplification per-
formance. The geometric parameters and the mechanism of
phase-velocity-taper are shown in Section 2. The result of the beam-
wave interaction is mentioned in Section 3. And Section 3 also
illustrates the comparison of the structures with/without tapered.
Based on these, a sheet beam electron gun is designed at Section
4. Finally, some conclusions are drawn in Section 5.

2 Transmission characteristics

The three-dimensional (3D) model and the geometric parameters of
the normal staggered double-vane slow wave structure (SWS) [11,
18] are shown in Fig. 1. The vane width, height, and thickness are
w, h, g, respectively, and the vane period is p. All the parameters are
shown in Table 1 and Fig. 2 shows the phase velocity versus fre-
quency with respect to different period lengths. It can be seen
that with the reduce of period length from 0.432 to 0.428 mm,
the normalised phase velocity of SWS is decreased a little and
the curves with different period lengths show a good flatness
among a wide frequency range.

The whole tapered tube including the SWS, the rectangular at-
tenuator and the ridge-loaded waveguide input/output coupler is
shown in Fig. 3. The periods of the first and the second sections
of the TWT are 45 and 120, respectively. For the staggered double-
vane SWS, a well-designed input/output coupler can greatly restrain
the signal reflection and the self-oscillation. Shin et al. have pro-
posed a good coupler for their sheet-beam TWT [19, 20], but the
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Table 1 Design dimensions of the single period of the SWS

Parameters Dimension, mm

w 0.34
h 0.12
g 0.15
p 0.43
t 0.12

Fig. 2 Normalised phase velocity of the staggered double-vane SWS

Fig. 3 3D model of the whole tapered tube with attenuator

Fig. 4 Parameters of the velocity-tapered structure

Fig. 1 3D vacuum model of the staggered double-vane SWS

Fig. 5 S-parameters of the model with attenuator
structure is complex relatively for the fabrication. In this paper, a
suitable input/output coupler for this structure is designed according
to the method proposed by Lai et al. [11] and it is composed of two
parts: transition structure and input/output connector. Moreover, to
prevent the reflection wave oscillations caused by the coupler and
the impedance mismatch of the RF structure, a concentrated attenu-
ator is designed [18, 21] in this paper. The attenuator’s position
This is an open access article published by the IET under the Creative
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where is inserted in the SWS can be inferred from the criterion
equation [11, 22]

Q = G − L− Gout − Gin

where G is the gain of the TWT, L is the circuit loss, Gout and Gin are
the reflection coefficients of output and input ports, respectively.
All parameters are expressed in decibel. Considering that the tube
will oscillate when Q . 0, the attenuator is inserted at the 45
periods of the SWS and included 5 periods, which is shown in
Fig. 3. CP-BeO (Carburized porous beryllium oxide) with a loss
tangent of 0.5 and relative permittivity of 6.5 is selected for the
attenuator.

The taper section is located in the second section of the TWT
[21]. The tapered period length and tapered period number of the
velocity-tapered structures are shown in Fig. 4. The one-step
taper design is selected in this paper and the tapered period of
0.428 mm begins from the 70th period to the end of the second
section. The lower left in Fig. 4 inset shows the normalised phase
velocity compared with different period length. It is observed that
the phase velocity is very nearly the same as the result without
taper. It means that the change of period length has a negligible
effect on the operating bandwidth of the tube.

As shown in Fig. 5, the reflection coefficient S11
( )

is less than
−18 dB over the frequency range from 330 to 345 GHz. And the
transmission coefficient S21

( )
with attenuator shows a good absorp-

tion capacity. The curves S31 and S41 also indicate that the electro-
magnetic wave cannot propagate through the ports of beam tunnel.
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Fig. 8 Beam energy distribution of the taper structure
3 Beam–wave interaction

Considering the space-charge effect, the beam current is optimised
based on the cross-section of the beam and the current density is
200 A/cm2. The operating voltage is selected as 21.3 kV and the
continuous wave excitation signal of 10 mW input power is
applied in the simulation. Fig. 6 shows the power of output signal
at 340 GHz. A stable output signal is obtained after 1 ns with
32 W output power and 35 dB gain. It also can be seen that the
output power at 340 GHz has increased about 32% compared
with the without-taper structure. The corresponding electron effi-
ciency is improved from 2.8 to 3.5% by phase-velocity-taper. In
terms of the basic theory, the energy conversion and power ampli-
fication can be continued by tapering the phase velocity. The
slowed electron that loses the kinetic energy can be further synchro-
nised with the wave so that obtain higher output power [21].
Figs. 7 and 8 show the beam energy distribution along the longi-

tudinal direction of the circuit without/with taper, respectively. As
the beam moves along the longitudinal direction, the continuous
beam–wave interaction leads to the decrease of electron velocity.
Based on this, non-synchronisation is forming between the beam
and the wave at the second section of the tube. The phase velocity
tapering method can help to enhance the overall beam–wave inter-
action [17, 21]. It’s noted that the beam energy transfers more
300 eV energy to the wave by the velocity-taper compared with
the without-taper result.
In order to predict the instantaneous bandwidth of the TWT, the

simulations are calculated at discrete frequency points over the
passband. The results of the output power versus the frequency
are shown in Fig. 9. As can be seen, the power reaches over
30 W in the frequency range from 330 to 343 GHz, and the
maximum output power reaches 34.7 W at 336 GHz, which
Fig. 6 Output power of the velocity-tapered tube compared with the
without-taper structure

Fig. 7 Beam energy distribution of the structure without taper

Fig. 9 Results of the output power versus frequency compared with the
without-taper structure
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corresponds to a gain of 35.4 dB. It can be observed that the
maximum output power has a frequency shift compared with the
structure without taper, which is due to the fact that the optimum
voltage of taper section is not mismatched with the initial operating
voltage. The output power drops in the lower and upper cut-off fre-
quencies are due to the synchronous condition is broken. As it can
Fig. 10 Sketch of the electron gun
a Cathode and focusing electrode
b Cross-sectional view of the gun
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be seen, the power amplification is obviously enhanced over the
wide bandwidth by tapering the phase-velocity of the circuit.
4 Design of sheet-beam electron gun

In general, there are two methods can be used for generating sheet
electron beam. One method is compressing the circular electron
beam into a sheet electron beam by the magnetic field, which
also is called a high elliptical electron beam [18, 23]. The other is
compressing the sheet electron beam directly. In this paper, the
latter is used and the sketch of the electron gun is shown in
Fig. 11 Electron beam in the X-direction and Y-direction

Fig. 12 2D particle distribution at the cross-sectional planes
a At cathode surface
b At Z = 6.5 and 6.8 mm

Fig. 13 Cathode emission current of the gun
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Fig. 10. Here, the voltage of the cathode and the focusing electrode
is set as −21.3 kV and the anode is zero relatively.

A rectangular emission surface of 0.4 mm× 0.42 mm is applied
and the electron beam is compressed in the X and Y directions, re-
spectively. As shown in Fig. 11, the beam waists in the X-direction
and the Y-direction are closely at the same Z-position.

Fig. 12 shows the 2D particle distribution at the cross-sectional
planes: Fig. 12a at the cathode surface and Fig. 12b at the Z= 6.5
and 6.8 mm. The electron beam is compressed in the X-direction
and the Y-direction with different ratios and the comparison of dif-
ferent positions in Fig. 12b indicates that there is no obvious com-
pression in the X-direction. The cathode emission current is
converged to 43 mA with more than ten iterations, which is
shown in Fig. 13. With these, a sheet-beam electron gun with a
beam current of 43 mA, a beam voltage of 21.3 kV, and cross-
sectional dimension of 0.3 mm× 0.08 mm is obtained.

5 Conclusion

A 340 GHz phase-velocity-taper staggered double-vane TWT is
studied in this paper. The beam–wave interaction shows that the
TWT can obtain a gain of >34.7 dB in the frequency range from
330 to 343 GHz. However, the output power can be increased
about 32% at 340 GHz with the one-step velocity-tapered
method. Obviously, an enhanced interaction has been obtained by
employing this method. A sheet-beam electron gun with a beam
current of 43 mA, a beam voltage of 21.3 kV, and cross-sectional
dimension of 0.3 mm× 0.08 mm is also obtained. Based on the
simulation results, the manufacture and test will be carried out in
the near future.
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