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Simulation and cold test of a 340 GHz filleted staggered
double vane traveling wave tube
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Abstract . Staggered double vane traveling wave tubes have been given a lot of attentions in recent years due to its
high power capacity and easy fabrication. However, the loss seriously limits the performance of traveling wave tube
with the increasing of frequency, especially in THz wave band. In this paper, a more practical design about stag-
gered double vane structure is proposed with the consideration of the loss and fillets caused by fabrication. The sim-
ulation results indicate that the tube with uniform period slow wave structures can obtain over 5 W output power in
the frequency range from 320 GHz to 342 GHz. The method of phase-velocity taper is used to enhance the output
power and the simulation results show an obvious improvement of the power with more than 28% in the operating
wave band. Based on these, the experiment of the fabricated high frequency system with filleted staggered double
vane slow wave structure is carried out. The tested S,, of pillbox window is above —2.1 dB in the frequency range
from 330 GHz to 360 GHz and VSWR ( voltage standing wave ratio) is below 1.35 in the frequency range from
334 GHz to 355 GHz. And the tested VSWR of the high frequency system including the pillbox window is below 2
in the frequency range from 335 GHz to 344 GHz, which matches with the simulation results.

Key words: filleted staggered double vane, traveling wave tube, loss, fabrication, pillbox window, phase-velocity
taper
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Introduction

High frequency and high power are the primary aims
for many potential modern applications, including radar
systems, security, high-data-rate communications and bi-
omedical imaging''?'. The most popular devices applied
in these prospects are solid-state devices due to the inte-
gration and miniaturization. Although the solid-state de-
vices are broadly used in low frequency, they are difficult
to operate within terahertz (THz) wave band. Therefore,
the vacuum electron devices ( VEDs) with wide band-
width and high power have attracted a lot of attentions re-
cently””’. Among the VEDs, traveling wave tubes
(TWTs) are one of the most important devices due to the
broad bandwidth and high output power'*'. As the core
part of TWT, the slow wave structures (SWSs) influence
the performance of the TWT to a great extent.

Traditional SWSs include helix, folded waveguide,
coupled-cavity and so on. Among these SWSs, folded
waveguide is widely used at millimeter wave and terahertz
wave band because of its wide bandwidth and high output
power. But the circular beam tunnel of this structure
makes it difficult to achieve microfabrication processes.
In addition, the sizes of the structure are decreased rap-
idly with the increasing frequency, which will lead to a
lower current carrying capacity. Thus, the sheet electron
beam has been paid a lot of attentions in recent years.
Compared with the circular beam, sheet electron beam
has such advantages as a smaller current density and a
weaker space-charge density while the focusing of the
sheet beam is more difficult, especially for a long-dis-
tance stable transportation'”’. Fortunately, the periodic
cusped magnetic (PCM) focusing system proposed by
John Booske'®' has been proved that can effectively re-
strain the Diocotron instability of the sheet beam'”’. Fur-
thermore, the experiment reported in Ref. [8] also con-
firms that PCM system can focus the sheet electron beam
with more than 93% beam transmission efficiency in a
112.7 mm slow wave structure. Therefore, the rectangu-
lar SWS with a normal sheet beam tunnel has been paid
significant attentions due to its high output power and
easily to be fabricated.

Staggered double vane structure as one of the rec-
tangular SWS was firstly proposed by Shin et al. with a
stable fundamental mode operation[q'm. In Ref. [10],
a 220 GHz half-period-staggered double-vane TWT am-
plifier was reported, with the simulated output power of
150 W ranging from 210 ~260 GHz for the current densi-
ty of 357 A/cm’. To make a good match between SWS
and input/output coupler, a ridge-loaded input and out-
put coupler was proposed by Jiangiang Lai et al. ' and
the simulation results show that the TWT can produce o-
ver 1 kW of peak power in range from 90 ~95 GHz.

However, when the TWT operates with a higher fre-
quency, there are some technical difficulties that may in-
fluence the performance of TWT seriously. One of them
which needs to be solved urgently is the circuit loss. Cir-
cuit loss is one of the most important characteristics of
the SWSs, and the loss generally contains conductor loss

and insertion loss. For an all-metal staggered double
vane SWS at THz wave band, the conductor loss mainly
affects the amplification of the input signal. Further-
more, the conductor loss greatly increases with the in-
creasing of the operating frequency due to the aggravated
skin effect and the accuracy limitation of fabrication tech-
nology. Especially the surface roughness is in the same
order as the skin depth in sub-millimeter wave band
which leads to increasing of the circuit loss as well. So it
is necessary to consider the surface roughness of the SWS
and input/output coupler caused by fabrication toler-
ance.

The fabrication technology also causes the variations
of the structure such as fillet and deformation, which will
result in the characteristics of the structure changing.
The deformation can be avoided by improving the accura-
cy of the fabrication while the fillet is existed inelucta-
bly. So the modified structure with fillet should be con-
sidered in the simulation so that the simulation results
can have a well-match with the actual results.

Because the velocity of beam decreases considerably
at the end of beam-wave interaction, the synchronous
conditions are broken and the interaction cannot be car-
ried on effectively. So the method of phase-velocity taper
is applied to resynchronize the wave and beam so that the
gain and electron efficiency can be enhanced'”"*.

In this paper, the circuit loss is considered with a
corrected conductivity and a 340 GHz filleted staggered
double vane TWT is designed as shown in section II. The
high-frequency characteristics and beam-wave interaction
are presented in section II, III respectively. Based on
these, the prototype of the SWS is manufactured and the
test results of the transmission characteristics are reported
in section IV. Furthermore, a 340 GHz diamond window
is designed and is also manufactured and tested. The
differences between the simulation results and the test re-
sults are illustrated in section IV finally. And some con-
clusions are drawn in section V.

1 High-frequency characteristics of the
filleted staggered double vane SWS

The staggered double vane structure has been widely
studied in recent years due to its simple geometric con-
struction and wide operating bandwidth. The shift of the
lower part of the vane with respect to the upper part is a
half period. To decrease the operating beam voltage, the
structure operates with the fundamental mode which is
under the first spatial harmonic wave regime. Consider-
ing the transverse approximate symmetry and simplifying
the fabrication, the structure can be fabricated with up-
per and lower parts separately.

In fact, there is a problem that the grooves will exist
a rounded corner in the processing of fabrication by
means of the high speed milling method. So the model is
modified with the fillet as shown in Fig. 1 and the fillet
radius of 0. 05 mm, which cannot be neglected, is se-
lected with the actual fabrication technology. This modi-
fied SWS can be called filleted staggered double vane
slow wave structure.

The performance of the structure is determined
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Fig.1 The section view of metal model of the staggered
double vane structure
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greatly by some of the geometry parameters as shown on
Table I; the vane height, width, thickness are h, w, g,
respectively, the vane period is p and the beam tunnel
height is ¢. The dispersion and the interaction imped-
ance' ™ are two important parameters that can represent
the SWS’ s circuit characteristics to some extent.
The dispersion curve can be inferred by
v, 2mf 2mpf
¢ Bec (elp)c cp > (D)
where p is the period length of the structure, ¢ is the
phase shift, w is the angular frequency, c is the velocity
of light and v, is the phase velocity.
For the slow wave structure of traveling wave tube,
the interaction impedance of nth spatial harmonic is de-
fined by

2

Km = ‘ - ’ (2>
2B,P
[
B, =— 3
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where P is the transmission power along the axial direc-
tion of the structure, E_ and B, is the amplitude of the
axial component of the electric field and the phase con-
stant of nth spatial harmonic.

Table 1 Optimized design dimensions of unit period of the
SWS
*x1 BEAPEREMNRALSE
Parameters dimension ( mm)
w 0.5
p 0.31
g 0.09
h 0.18
t 0.12
r 0.05

Fig. 2 shows the dispersion curve and the interac-
tion impedance with/without fillet. As can be seen, the
normalized phase velocity of the SWS with fillet is greater
than the SWS without fillet at same frequency. The band-
widths and interaction impedance of these two structures
are nearly the same.

The combination of the SWS with 165 periods, the
input/output coupler and rectangular attenuator compri-
ses the model of the tube, which is shown in Fig. 3. To
restrain the signal reflection and the self-oscillation of the
structure efficiently, a well-match input/output coupler
for this SWS is designed'"’ and it includes two compo-
nents; the input/output connector and transition struc-

Structure without Fillet
Structure with Fillet

300 320 340 360 380 400 420 440

Frequency/GHz

Structure without Fillet
Structure with Fillet

Interaction Impedance/Ohm

300 320 340 360 380 400 420 440

Frequency/GHz

Fig.2 Dispersion curves and impedance of the struc-
ture with/without fillet
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ture. The transition structure contains five periods and
the gradual transition is formed by the linearly decreasing
heights of the vanes and the increasing thicknesses when
the vanes close to the input/output port.

&
cc{\o\\ £
Attenuator
Ridge-Loaded Scc(‘o‘\\
Taper Structure Output Port 2
Transition Structure

Port 3

Input Port 1

Fig.3 The section view of the complete tube with ridge-loaded
waveguide
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A rectangular attenuator is also designed to prevent
the reflection signal oscillations caused by the impedance
mismatch of the structure. The position of the attenuator
inserted in the SWS can be inferred from Ref. [17] and
the final position is shown in Fig. 3. As can be seen from
this figure, the SWS is divided into three sections: a pair
of attenuators occupying 5 periods which are embedded in
the top and bottom of the structure, the front section
(See Section 1) and the rear section ( See Section 2) of
the SWS contain 45 and 120 periods, respectively. And
CP-BeO ( carburized porous beryllium oxide) is consid-
ered for the attenuator with a loss tangent of 0.5 and rel-
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ative permittivity of 6. 5.

The internal surface of the slow wave structure is al-
ways considered as a smooth surface when calculating the
loss of metal model in the simulation. However, a tiny
fluctuation of the surface will exist in the SWS due to the
error of actual fabrication, which is also called the sur-
face roughness. This greatly effects the performance of
the SWS with a non-negligible loss, especially in the
sub-millimeter or THz wave band. So there is a major er-
ror between the simulation results and the actual without
the effects of the surface roughness. A corrected conduc-
tivity is considered with the surface roughness and the

7 . . 18-19
criterion equation can be derived from!*1% .

g

a" =
(1 +garc’[an(l.4><(ﬁ)2))2 > (4
"IT 1)
where o =5.8 x 10" S/m is the original conductivity of
the copper, R, is the surface roughness, and § is the skin
depth which is given as follows.

5= |2 5

wpo
where p is the permeability of vacuum and w is the angu-
lar frequency.
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Fig.4 The corrected conductivity versus different
surface roughness at 340 GHz
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Fig. 4 shows the conductivity versus different surface
roughness at the same frequency of 340 GHz. The sur-
face roughness of the oxygen-free copper machined by the
high-speed milling method can achieve 0.2 pm. It can
be observed that the conductivity is converging to a defi-
nite value along with the increase of surface roughness.
Here, o, =1.45 x 10" S/m is applied in this paper final-
ly with the consideration of some unpredictable flaws in
the fabrication process.

The transmission characteristics of the structure
with/without fillets are shown in Fig.5. It is obvious that
the high frequency system with the attenuator has a low
reflection. And the results with/without fillets have few
differences as seen from the figure. The reflection coeffi-
cient (S,,) with attenuator keeps below —20 dB in the
frequency ranging from 330 GHz to 350 GHz and the
curves of S;; and S,; also show that the signal is cutoff at
the beam tunnel ports to the electron gun and to the col-
lector.

Considered that the region of beam-wave interaction

t S11 without fillet
t S21 without fillet
t S31 without fillet
t S41 without fillet

S11 with fill
S21 with fill
S31 with fill
S41 with fill

€
€
(5
(5

Frequency/GHz

Fig.5 The transmission characteristics of the structure
with attenuator
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in the tube requires a vacuum and airtight environment,
a pillbox window is used to separate the air from input
and output ports as shown in Fig. 6. The dimensions of
the window are given in Table II; the radiuses of the cir-
cular waveguide and window are R, and R,, respective-
ly. Corresponding thickness of them are d; and d,. And
a, and b, are the width and height of the standard
waveguide. The transition waveguide is used to connect
the standard waveguide and the input/output port of the
tube and diamond is selected as the material of the win-
dow.

- o Standard Waveguide
Transition Structure

Input/Output Port
of the Tube

Circular Waveguide Vacuum Window

Fig.6 Three-dimensional vacuum model of the pillbox
window
K6 GRIE N =4t m s SRR R

Table 2 Design dimension of the pillbox window

x2 BHENRSTSH

Parameters Dimension ( mm)
R, 0.6
R, 0.9
d, 0.15
d, 0.15
a, 0.71
bo 0.36

Fig. 7 gives the transmission characteristics of the
pillbox window with the corrected conductivity. The re-
sults indicate that the reflection coefficient S, is below
—25 dB and S,, is about — 0. 8 dB in the frequency
range from 320 GHz to 360 GHz. The transmission char-
acteristics of the whole tube including the pillbox window
are shown in Fig. 8 and it illustrates that the window af-
fects the performance of the structure to some extent
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Fig.7 S-parameters of the pillbox window
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which leads to worse reflection characteristics.

Amplitude/dB

340 350

Frequency/GHz

Fig.8 The transmission characteristics of the tube
with pillbox window
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2 Beam-wave interaction

The particle-in-cell (PIC) simulation™’ is carried
out in this section and a sinusoidal signal with 10 mW
average power is selected as the input source of the tube.
The beam-emitting source with 22. 1 kV beam voltage
and 43 mA beam current ( current density 200 A/cm’)
is applied and a uniform longitudinal magnetic field of
0.6 T is used to focus the beam. The conductivity of the
metal walls is defined as mentioned previously.

Figure 9 shows the input and output signals with
conductive loss at 340 GHz. A stable output signal can
be obtained after 1.8 ns interaction time with 5.7 W out-
put power and 27.6 dB gain. The spectrum of the output
signal is shown in Fig. 10, which can be seen that the
spectrum is quite pure and there are no high order har-
monics.

The results of average output power versus discrete
frequency points sweeping from 320 to 348 GHz are given
in Fig. 11 and the instantaneous bandwidth of 22 GHz in
the frequency range from 320 to 342 GHz is achieved
with over 5 W output power. And the maximum output
power reaches 12.8 W at 328 GHz, which corresponds to
31.1 dB gain and 1.3% RF efficiency.

The output power drops in the lower and upper cut-

Input Signal
Output Signal

5
4
3
2
1

Time/ns

Fig.9 Input and output signal of the structure at
340 GHz
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100 400 600 800 1 000
Frequency/GHz

Fig.10 The spectrum of the output signal at 340
GHz
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Output Power
Gain
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Fig.11 The results of the average output power and
gain versus frequency
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off frequency due to the beam-wave synchronous condi-
tion is not well-satisfied as well as the signal reflections
from input and output ports.

The method of phase-velocity-taper can be utilized
to improve the performance of the TWT which is largely
damaged by the loss. The tapering method proposed by
Ref. [15-16] is applied in this structure and the taper-
ing period length of 0. 308 mm is optimized to begin from
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Fig.12  The description of tapering period length
and number of the structure
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the 90th period to the end of the section 2, which are
shown in Fig. 12.

Output Power with Taper
Output Power without Taper

Output Power/W

316 320 324 328 332 3

340 344 348

Frequency/GHz

Fig. 13 The output power versus different frequency
compared with the result without taper
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The average output power versus different frequen-
cies is shown in Fig. 13 and the result shows that the
output power gets a great improvement within a wide
bandwidth by tapering the phase-velocity of the circuit.

3 Cold test of the high frequency system

Based on the above theoretical design and simula-
tion, a 340 GHz sheet beam filleted staggered double
vane high frequency system has been fabricated by high-
speed milling and EDM (electrical discharge machining)
successfully, which is shown in Fig. 14.

The manufactured structure consists of attenuator,
SWS, ridge-loaded input/output waveguides and pillbox
window. It can be observed from Fig. 14 that the fabri-
cated SWS not only can well manifest the features of the
vanes by microscope but also reveals the tough irregular
surface of the vane.

The pillbox window is tested firstly as shown in
Fig. 15 and the tested result shows that the VSWR is be-
low 1. 35 in the frequency range from 334 GHz to 355
GHz while this is not in accord with the simulation re-
sult. The main reason for the difference between these
two results is the influence caused by the quality of weld-
ing and assembly of the pillbox windows.

Fig. 14  The manufactured structure under the micro-
scope (a) The main structure of the SWS, (b) Ridge-
loaded input/output waveguide, (c) The flanges on both
sides of the window, (d)The attenuator, (e) The com-
ponents of pillbox window, (f) The overall framework
of the structure
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Simulation Result
Test Result

340 350

Frequency/GHz

Fig. 15 The VSWR of the pillbox window com-
pared with the simulated
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The transmission coefficient of the pillbox window is
given in Fig. 16 and the tested S,, of the pillbox window
is above —-2.1 dB in the frequency range from 330 GHz
to 360 GHz. The small discrepancy between two results
is mainly caused by the accumulative effect of some devi-
ations in the processing.

Next is the experiment of the whole high frequency
system with input/output window. As shown in Fig. 17,
the tested result of VSWR is below 2 in the frequency
range from 335 GHz to 344 GHz. And it is match well
with the simulation result while there is a little deviation
between these. The reasons for this case mainly include
the following points: the reflections caused by the inexact
assembly of the structure, and the reflection introduced
by the pillbox window.

4 Conclusions

In this paper, a filleted staggered double vane TWT
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Simulation Result
Test Result

340 350

Frequency/GHz

Fig. 16 The transmission coefficient of the pillbox
window compared with the simulation results
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Simulation Result
Test Result

340 350
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Fig. 17 The VSWR of the high frequency system
with windows compared with the simulation result
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considered corrected conductivity has been obtained. The
PIC simulation results indicate that the tube can obtain o-
ver 5 W output power range from 320 ~ 342 GHz, with
beam voltage of 22. 1 kV, beam current of 43 mA and 10
mW input signal. And an obvious improvement of output
power with more than 28% in the operating wave band is
obtained with phase-velocity taper. The experiment of the
manufactured prototype consisted of slow wave structure,
pillbox window and attenuator is carried out. The tested
S,, of the pillbox window is above —2.1 dB in the fre-
quency range from 330 ~ 360 GHz and VSWR is below
1.35 in the frequency range from 334 ~355 GHz. And
the tested VSWR of the high frequency system including
the pillbox window is below 2 in the frequency range from

335 ~344 GHz.
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