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Based on the combination of a staggered double vane slow wave structure (SWS) and round electron beam, a

200-W W-band traveling-wave tube (TWT) amplifier is studied in this paper. The main advantages of round beam

operation over the sheet beam is that the round beam can be formed more easily and the focus requirement can be

dramatically reduced. It operates in the fundamental mode at the first spatial harmonic. The geometric parameters are

optimized and a transition structure for the slow wave circuit is designed which can well match the signal that enters

into and goes out from the tube. Then a TWT model is established and the particle-in-cell (PIC) simulation results

show that the tube can provide over 200-W output power in a frequency range of 88 GHz—103 GHz with a maximum
power of 289 W at 95 GHz, on the assumption that the input power is 0.1 W and the beam power is 5.155 kW.
The corresponding conversion efficiency and gain at 95 GHz are expected to be 5.6% and 34.6 dB, respectively. Such

amplifiers can potentially be used in high power microwave-power-modules (MPM) and for other portable applications.
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1. Introduction

Recently, scientists who dedicated their research
to microwave sources and amplifiers have paid their
attention to the millimeter and terahertz wave

[1-5] Vacuum electronic devices (VEDs) are be-

region.
lieved to be an important alternative to high-data-rate
space communication, high power radar, and radiation
sources for directed energy weapons, etc.[%l A traveling
wave tube (TWT) amplifier is a kind of widely used
VED that can provide high output power in a broad
bandwidth.l”) Consequently, a great number of TWTs
have been employed in many fields with frequency
bands ranging from a few GHz to THz. The core
part of the TWT is the slow wave structure (SWS)
that can decelerate the phase velocity of the traveling
wave in the RF circuit to a level approximately equal

[8=10] Only then can the electro-

to the beam velocity.
magnetic wave interact effectively with the electron
beam so that it can be amplified.

A number of investigations have been conducted

in the field of W-band TWT, however most of them
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can provide only the average output powers below
100 W.11=15] Communications and Power Industries
(CPN)[6] have made a periodic permanent magnet
(PPM) focused 50-W CW TWT modeled VIW-
6495A2 with an operation band of 93 GHz—95 GHz.
Some devices can produce larger powers but with ex-
tremely limited bandwidths.[17-18]

The staggered double vane SWS has been investi-
gated for many years and is believed to be a promising
structure for high power millimeter and sub-millimeter
wave amplifiers and oscillators. Shin and Barnett[!?]
studied the TWT operating at around 220 GHz based
on a combination of the staggered double vane circuit
and sheet beam. Their particle-in-cell (PIC) simula-
tion results show that the TWT has a wide intrinsic
bandwidth and a significant gain. However, the key
challenge to realizing such a device is the formation
and focus of the sheet beam, especially given that the
high current density required for high power applica-
tion makes a stumbling block to the beam transport.
In this paper, we concentrate on the staggered double
vane SWS for round beam W-band TWT with a mod-
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erate voltage (20.4 kV) and current (250 mA), which
is comparatively technically easy to achieve. The fab-
rication scheme and magnetic stack for beam focus are
planed for subsequent experimental study. The single
period model of the SWS is analysed by the use of An-
soft HFSS.120] The transmission characteristics of the
tube and the PIC simulations are investigated with
CST studio suite.[?!]

2. Staggered double vane SWS

The staggered double vane SWS is predicted to
have a strong symmetric axial electric field distribu-
tion along the electron beam propagation direction. It
operates in the fundamental mode (TE;p) under the
first spatial harmonic. The single period of the slow
wave structure suitable for operating in the W-band
is given in Fig. 1. To obtain the optimal structure
size, various combinations of the dimensional param-
eters are involved in the calculations, which are done
with the HFSS Eigenmode Solver based on master-

slave boundary conditions.

Fig. 1. (colour online) Three-dimensional schematic plot
of a single period of the staggered double vane structure.

The design parameter ¢ = k,p = 2.57 is defined
at a 95-GHz central frequency for phase synchronism
with a beam accelerating voltage of about 21 kV. To
provide a broad operation bandwidth and sufficient
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intrinsic volume for the beam-wave interaction with
great interaction impedance, the geometrical circuit
parameters designed for the 4+1 spatial harmonic op-
eration are given in Fig. 1. The value of the period of
p is derived as
w

¢ =k,p= Vpp = (27 fo/Vp)p = 2.57, (1)
where ¢ is the defined phase shift, w is the angular
frequency, k. is the phase constant and fj is the op-
eration frequency (95 GHz). The variable V,, can be
expressed as

1
Vp = fe= C\/l “arvisixieEr 3

where c is the speed of light in a vacuum and Vj is the
synchronous voltage (about 21 kV). It is easy to at-
tain that p &~ 1.1 mm. Other dimensional parameters
are firstly assigned roughly and then determined with
the help of numerical calculations.

Plotted in Fig. 2 are the dispersion curves with
The
optimal value of each parameter is picked out one

different dimensional parameter combinations.

by one through the corresponding simulations. Con-
sequently, the optimized parameters for the struc-
ture are determined as p = 1.1 mm, w = 1.86 mm,
h = 0.68 mm, £ = 0.27 mm, b = 0.12 mm, and
tr = 0.25 mm.

According to the definition given by

_ B[
cn T 2ﬁ,’%Pw’

(3)

the interaction impedance of the SWS can be cal-
culated, where P, is the transmission power along
the axial direction, FE,, and [, are the ampli-
tude of the axial-component of FE-field and the
phase constant on the n-th spatial harmonic, respec-

tively. As many as 545 points on the cross section
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Fig. 2. (colour online) Dispersion curves of the staggered double vane SWS with combination of various dimensional parameters:
(a) b=0.10, k = 0.29, h = 0.70, tr = 0.25, p = 1.1; (b) b = 0.10, k = 0.29, h = 0.70, w = 1.86, p = 1.1; (¢) b = 0.10, h = 0.70,
tr =0.25, w =186, p = 1.1; (d) kK = 0.27, h = 0.70, tr = 0.25, w = 1.86, p = 1.1; (e) b= 0.12, k = 0.27, ¢tr = 0.25, w = 1.86,

p = 1.1. The dimensional parameters are all in units of mm.

of the electron beam are involved in the calculation to
evaluate the average interaction impedance as shown
in Fig. 3. All the calculations in this paper are con-
ducted with the assumption that the structure mate-
rial is oxygen-free high-conductivity (OFHC) copper
with the roughness of the structure surface taken into
consideration, therefore the corresponding conductiv-
ity of the copper in W-band is o = 2.25 x 107 S/m.['7]
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Fig. 3. (colour online) Average interaction impedance of
the SWS. The values are obtained from 545 points uni-
formly distributed on the beam cross section.

3. Tube model and its perfor-

mances

To match the RF signal entering into and going
out from the SWS, a transition structure needs to
be designed. Figure 4 gives the profile of a transi-
tion structure model,it can be seen that the vanes are
closer to the input/output port, the heights (in the y
direction) of the vanes decrease and the thickness of
the vanes (in the z direction) increase. Consequently,
there is a gradual transition from the RF circuit struc-
ture to a rectangular waveguide within a length of 5
SWS periods. The width (in the z direction) of the
transition structure keeps unchanged with respect to
the SWS.

Fig. 4. (colour online) Transition structure for the SWS
circuit of the tube.
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Two transition structures together with 79 SWS
periods constitute the TWT model as illustrated in
Fig. 5(a). The wave guide ends of the two transition
structures marked as port 1 and port 2 are the in-
put port and the output port, respectively. The total
length of the model is 102.3 mm, corresponding to the
distance between port 1 and port 2. The transmission
characteristics of the tube is calculated as plotted in
Fig. 5(b), which demonstrates that the tube has a low
reflection ratio (S11 < —20 dB) and a low transmis-
sion loss (S21 > —2 dB) in a broad frequency band
range from 88 GHz to 103 GHz.
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Fig. 5. (colour online) (a) Circuit model for the TWT,
including 79 SWS periods and transition structures, and
(b) the RF transmission characteristics of the tube model.
The upper inset gives the detailed S21 curve.

After the determination of structure parameters
of the RF circuit, the PIC simulation is conducted
to investigate the amplification performance of the
model. It is assumed that a pencil beam with a mod-
erate current of 0.25 A and a cross section radius of
0.16 mm, as shown in the inset of Fig. 3, is injected
into port 1. Simultaneously, a 95-GHz RF sinusoidal
signal with a constant power of 0.1 W is input through
port 1 for the PIC simulation. The operation voltage
of the tube is 20.62 kV and the corresponding cur-
rent density is 310.8 A/cm? with a beam filling ratio
of 64%. A uniform axial magnetic field of 0.6 T is
employed for the beam focus.

Figure 6 shows the PIC simulation results of the
output and the reflected signal amplitude. As can be
seen, the driven power is amplified to a steady value
of 289 W, corresponding to a gain of 34.5 dB. The re-
flected power keeps lower than the input power after
the 3.5-ns operation. Figure 7 shows the longitudinal
power distribution in the circuit when the tube oper-
ates in a steady state. From Fig. 7, together with the
phase space plot of the electrons as the inset, we can
see the energy interaction process between the elec-
tron beam and electromagnetic wave. More informa-
tion about the input, output, and reflected signals is
described by the frequency spectra plotted in Fig. 8.
As can be seen, the peak value of the reflected sig-
nal spectrum is approximately 9 dB smaller than that
of the input signal spectrum. The output signal ap-
pears relatively pure around 95 GHz; despite the fact
that the second and third harmonics, which are ap-
proximately 60 dB lower than the operation points at
around 190 GHz and 285 GHz respectively, are ob-
served. It should be pointed out that the powers de-
scribed in this paper are all peak powers, so half the
peak powers are their corresponding average powers.
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Fig. 6. (colour online) Voltage amplitudes of input, out-
put, and reflected RF signals at 95 GHz.
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Fig. 7. (colour online) Power growth in the circuit along
the axial direction. The inset shows the phase space plot
of the electrons.
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To verify the tube amplification performance in
the transmission pass band predicted in Fig. 5(b), the
driven signals with the frequency scan from 85 GHz
to 107 GHz are included in the PIC simulations. The
output power of the tube is given in Fig. 9. As can
be seen, the frequency band over the 200-W output
power ranges from 88 GHz to 103 GHz with a maxi-
mum power of 289 W and a gain of 34.6 dB at 95 GHz.
The potential performance of the TWT is predicted
from the design results, and deserves further investi-
gation.
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Fig. 8. (colour online) Frequency spectra of input, out-
put, and reflected RF signals at 95 GHz.
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Fig. 9. (colour online) Output power and the correspond-
ing gain versus frequency.

The gain-stability equation is used to judge the
operation state.[22l Assume

J=G—L—pi—po, (4)

where G is the gain of the TWT, L is the loss of the
circuit, and p; and p, are the reflection coefficients at
the input and the output, respectively. If J > 0, the
oscillation is believed to occur. On the assumption
that the maximum gain is 34.6 dB, the lowest loss is
—1.2 dB (S21), and the reflection coefficient is Si;.

The input and the output given in Fig. 6 are those

in a worse case scenario, all the corresponding J val-
ues in a frequency range of 88 GHz-103 GHz are less
than 0, indicating a stable operation. However, the
tube model does not include the input/output cou-
plers which may potentially lead to larger reflection
coefficients, implying possible oscillation. A solution
for this problem is to add attenuating material in the
slow wave circuit. The scheme of an attenuator to-
gether with the coupler design can be consulted in
our previous work.[23]

Future work is also in our schedule. Here, we will
consider the use of the PPM configuration schemati-
cally as shown in Fig. 10(a), to achieve stable trans-
port of the pencil beam with a voltage of 20.4 kV and
a beam current of 250 mA. The RF circuit should be
placed as a whole in the cylindrical tunnel enclosed by
the periodic-permanent-magnetic (PPM) stack. The
samarium cobalt (Sa—Co), which has remanence mag-
netic flux density B, = 1.1 T and relative permeability
o = 1.05,24 is utilized for the magnet pole. Fig-
ure 10(b) shows the magnetic vector field distribution
calculated by CST-PS Tracking. An electron gun in-
cluding a tungsten dispenser cathode with a cathode
loading of 16 A /cm? is also currently being studied.

_ iron pole T
magnet pole magnet pole iron pole

Fig. 10. (colour online) PPM configuration for beam fo-

cus: (a) three-dimensional diagram and (b) simulation re-

sult of the vector magnetic field distribution.

Fig. 11. (colour online) Fabrication plan for the circuit.
Two similar structures would be machined and then com-
bined by fastening bolts.

Fabrication of the pencil beam staggered double
vane circuit will involve two steps. Two single vane cir-
cuit components should be machined separately and
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each vane is grooved as seen in Fig. 11. The two parts
should then be fixed together with fastening bolts or
pins. The modern precision computerized numerical
control (CNC) machine can easily fabricate the circuit
structure, which enables future experiments.

4. Conclusion

A staggered double vane SWS combined with a
round electron beam is applied to a W-band TWT
amplifier providing over 200 W of output power. Com-
pared with the sheet beam device based on similar cir-
cuit structures, the tube in this study dramatically re-
duces the requirements for beam formation and trans-
portation. Calculation results demonstrate that the
tube can operate in a frequency range of 88 GHz-
103 GHz with an instantaneous bandwidth in excess of
15.7%. The maximum output power of this amplifier
reaches 289 W at 95 GHz with a gain of 34.5 dB, corre-
sponding to a growth rate of approximately 4 dB/cm.
The magnetic stack and the circuit fabrication have
been planed. Future work will include the designs of
the coupler, RF windows, and attenuator.
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