
Chin. Phys. B Vol. 22, No. 10 (2013) 108401

A novel slotted helix slow-wave structure for high power Ka-band
traveling-wave tubes∗
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A novel slotted helix slow-wave structure (SWS) is proposed to develop a high power, wide-bandwidth, and high
reliability millimeter-wave traveling-wave tube (TWT). This novel structure, which has higher heat capacity than a conven-
tional helix SWS, evolves from conventional helix SWS with three parallel rows of rectangular slots made in the outside
of the helix tape. In this paper, the electromagnetic characteristics and the beam-wave interaction of this novel structure
operating in the Ka-band are investigated. From our calculations, when the designed beam voltage and beam current are
set to be 18.45 kV and 0.2 A, respectively, this novel circuit can produce over 700-W average output power in a frequency
range from 27.5 GHz to 32.5 GHz, and the corresponding conversion efficiency values vary from 19% to 21.3%, and the
maximum output power is 787 W at 30 GHz.

Keywords: slotted helix, slow-wave structure, millimeter-wave, traveling-wave tube, beam-wave interaction

PACS: 84.40.Fe, 84.47.+w, 07.57.Hm DOI: 10.1088/1674-1056/22/10/108401

1. Introduction
Millimeter-wave radiation sources, specifically at the Ka-

band frequency, with high powers, wide-bandwidths, high ef-
ficiencies, and miniaturizations are attractive for many appli-
cations, such as high-data-rate communications, radar, space
applications, and electronic warfare.[1–10] One of the most
promising millimeter-wave amplifiers that can satisfy the
above requirements is the helix TWT due to its unique abil-
ity to provide wide-bandwidth interaction with an extremely
compact and lightweight structure. However, because of its
high thermal resistance in the helix SWS, the heat dissipation
capability of the helix SWS is restricted, and the typical output
power from helix TWTs is lower than those from other types
of vacuum electron device (VED) amplifiers.[11–13] In recent
years, with the application of new techniques and materials,
helix TWTs operating in the Ka-band can provide over 500
W average output power.[14–16] However, the thermal design
of the helix SWS is still one of the main limiting factors to
obtaining high-power millimeter-wave helix TWTs.[17]

In order to improve the heat dissipation capability of the
helix SWS, a novel slotted helix SWS[18] has been proposed
for high power TWTs. This structure is derived from the idea
of increasing the thickness of the conventional helix tape, and
then three parallel rows of rectangular slots spaced 120◦ apart
are made in the outside of the helix tape. The slot can increase

the contact area between the helix tape and the support rod;
thus the heat produced by RF loss and electronic bombardment
can be conducted out quickly. Our preliminary thermal and
electromagnetic analysis of this structure show that it has bet-
ter heat dissipation capability than and similar high frequency
characteristic to the conventional helix SWS.[19] Therefore,
based on the novel slotted helix SWS, high power and high
reliability millimeter wave helix TWTs are expected.

In this paper, the thermal analysis and RF properties of the
novel slotted helix SWS are calculated by using ANSYS,[20]

HFSS,[21] and CST Microwave Studio[22] software. Subse-
quently, the beam-wave interaction simulations of the novel
slotted helix slow-wave circuit are conducted by utilizing CST
Particle Studio.[23]

2. System description
Figure 1 shows a three-dimensional model of the novel

slotted helix SWS, which consists of a copper plated slot-
ted helix tape made of molybdenum, three dielectric support
rods made of beryllia and a copper plated stainless steel shell.
The rectangular support rods are inserted into the slots tightly
within the shell, and then the novel structure is assembled by
using the diffusion brazing method.[24] Thus, the novel struc-
ture not only has higher heat capacity, but also higher stability
than that of a conventional helix SWS.
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Figure 2 shows the dimensional parameters of the slotted
helix SWS, wherein a is the inner radius of the slotted helix
tape, s is the thickness of the helix tape, h is the depth of the
slot, c is the inner radius of the shell, d is the width of the sup-
port rod, w is the width of the helix, and p is the pitch of the
helix tape.
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Fig. 1. Three-dimensional model of the slotted helix SWS.
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Fig. 2. Dimensional parameters of the slotted helix SWS: (a) cross sec-
tion of the slotted helix SWS, (b) three-dimensional model of the slotted
helix tape.

3. Thermal analysis of the slotted helix SWS
In this section, thermal analysis of the novel slotted he-

lix SWS is simulated by using ANSYS software. Steady state
thermal analysis is used to simulate the circuit response in this
paper. The optimized structural parameter values of the slotted
helix SWS are presented in Table 1.

Table 1. Optimized structural parameters.

Parameter Value
a/s 1.5
h/s 0.5
c/s 4
d/s 1
w/s 1.8
p/w 2

In the simulations, the last ten helix turns of the novel
slow-wave circuit are selected to perform the thermal analy-
sis, where the largest temperature gradient has been found in
experiments. By applying the boundary conditions and ther-
mal load as described in Ref. [25], the simulations can be per-
formed very well. Here, in order to describe the superiority of
the novel slotted helix SWS, the thermal analysis of the con-
ventional helix SWS is also calculated for comparison under
the same condition except that the thickness of the helix tape
a/s is equal to 3.

Figure 3 shows a comparison of heat dissipation capabil-
ity between the conventional and the novel helix SWS. As can
be seen, under the same dissipation power, especially when the
dissipation power is larger, the maximum temperature of the
novel helix tape is smaller than that of the conventional one.
That is to say, the novel structure has higher heat capacity than
a conventional helix SWS.
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Fig. 3. (color online) Comparison of heat dissipation capability between
the conventional and the novel helix SWS.

4. RF properties
In this section, the RF properties including high fre-

quency characteristics and transmission characteristics are in-
vestigated. The high frequency characteristics of this struc-
ture are calculated by means of HFSS, which refers to the dis-
persion characteristics and beam-wave interaction impedance.
Because the novel slotted helix SWS has a periodic structure,
the simulation can be carried out only in one pitch. By em-
ploying master and slave boundary condition[26] in the eigen-
mode solver, the simulation can be conducted and optimized in
an efficient and accurate way. Figure 4(a) shows the dispersion
characteristics of the novel helix SWS, which indicate that this
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structure is a fundamental forward wave circuit and the elec-
tron beam interacts with the zero space harmonic. Interaction
impedance versus frequency of the fundamental mode at the
zero space harmonic is given in Fig. 4(b).

0.3 0.9 1.5 2.1 2.7
0

20

40

60

F
re

q
u
en

cy
/
G

H
z

Phase shift per pitch/rad

dispersion curve
beam line at 18.45 kV

(a)

0 10 20 30 40 50
5

15

25

35

45

In
te

ra
ct

io
n
 i
m

p
ed

a
n
ce

/
W

Frequency/GHz

(b)

Fig. 4. (color online) (a) Dispersion characteristics with synchronous
beam voltage line. (b) Interaction impedance of the slotted helix SWS.

Using the transient solver in the Microwave Studio of the
CST, the transmission characteristics of the novel helix circuit
can be calculated. The novel circuit is comprised of fifty turns
of the helix SWS with input and output coupling structure.
In our simulations, the electrical conductivity of the copper
plated helix tape is 5.8×107 S/m, the relative permittivity of
the dielectric rod is 6.5, and the boundary is specified as being
of copper with a conductivity of 5.8×107 S/m. The simula-
tion result is shown in Fig. 5. It can be seen from Fig. 5 that

the reflection parameters S11 are smaller than −20 dB ranging
from 21 GHz to 39 GHz. The maximum transmission loss S21

is about 0.03 dB/mm.
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Fig. 5. (color online) Transmission characteristics of the novel circuit.

5. Beam-wave interaction simulations

In this section, the beam-wave interaction simulations of
the novel slotted helix slow-wave circuit are investigated by
utilizing CST Particle Studio based on the optimized parame-
ters given above. In order to obtain a large gain and suppress
backward wave oscillation, the whole circuit is divided into
two sections and two concentrated attenuators made of car-
burized porous beryllia with a relative permittivity and high
loss tangent of 6.5 and 0.5 are used in the interaction circuit
as shown in Fig. 6(a). Here, the first section consists of 65
periods and the second section consists of 84 periods, and out-
put ports 2 and 3 are the ideal match ports, which can monitor
the signal power that has not been absorbed by concentrated
attenuator. These two ports are very helpful for the optimal
design of the whole interaction circuit. Figure 5(b) shows the
attenuation profiles along the interaction length. In order to
absorb the electromagnetic wave very well, the attenuations of
the attenuators in the first section and in the second section are
set to be 25 dB and 28 dB, respectively.
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Fig. 6. (color online) (a) Three-dimensional model of the complete tube with an attenuator and a server. (b) The lower right inset gives
the attenuator profile along the interaction length.
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In order to improve electronic efficiency, a negative phase
velocity tapering (PVT) approach is used to design the helix
slow-wave circuit.[27–29] The whole novel RF circuit consists
of an input section L0 with pitch P0 followed by an increased
phase velocity section L1 with pitch P1 and then a negative ta-
pered section L2 with pitch P2 as shown in Fig. 7. The purpose
of the negative PVT approach is that section L1 gathers the
electrons into bunches as effectively as possible and section
L2 extracts the energy from the bunched beam as effectively
as possible, so electronic efficiency can be greatly improved.
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Fig. 7. Optimal pitch profile versus distance for the TWT.

In the simulations, a uniform longitudinal focusing mag-
netic field of 0.35 T is used here to confine the electron
beam, and the electron beam filling factor is set to be 0.65.
Through the optimization calculations, when p1/p0 = 1.056,
p2/p1 = 0.92, and L1/L2 = 2.565, the novel RF circuit has a
maximum average output power. And the optimized operating
parameters for the novel helix TWT are shown in Table 2.

Table 2. Optimized parameters for a 30-GHz TWT.

Parameter Value
Beam voltage 18.45 kV
Beam current 0.2 A
Center frequency 30 GHz
Input power 54.45 mW
Saturated output pwoer 787 W
Saturated gain 41.6 dB
Saturated efficiency 21.3%

The performances of the TWT operating at a representa-
tive frequency of 30 GHz are shown in Figs. 8 and 9. Fig-
ure 8(a) shows the power transfer curve. It is shown that
when the input power is smaller, the average output power in-
creases linearly, that is to say, the TWT works in a small signal
state. However, as the input power continues to increase, the
TWT will work in a nonlinear state. When the input power
is 54.45 mW, the TWT can be driven up to a saturated state
with a maximum average output power of 787 W. Figure 8(b)
depicts the time-domain features of the input signal and the
output signal monitored at output port 4. It can be seen that
the output signal takes about 2.5 ns to become stable, and no
oscillation is observed.

54.45 mW 

787 W 

0 20 40 60 80

100

300

500

700

900

A
v
er

a
g
e 

o
u
tp

u
t 

p
o
w
er

/
W

Input power/mW

(a)

input

output

0 1 2 3 4 5 6

-40

-20

0

20

40

Time/ns

V
o
lt
a
g
e/

V

(b)

Fig. 8. (color online) (a) Power transfer curve. (b) Input signal and the
PIC simulation result of the output signal monitored at output port 4.
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Fig. 9. (color online) (a) Frequency spectrum of output signal. (b) Sta-
ble phase space plot of the bunched electron beam at 5.5 ns.

Figure 9(a) shows the frequency spectrum of the output
signal monitored at output port 4. As can be seen, the output
signal spectrum is concentrated around 30 GHz and is rela-
tively pure. Although the higher harmonics are also aroused
at around 60 GHz, the amplitudes are much lower than that of
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operating frequency of 30 GHz. Figure 9(b) shows the phase
space plot of the bunched electron beam along the axial dis-
tance at 5.5 ns when the electron dynamic system is already in
a steady state. As can be seen, most of the electrons are decel-
erated and a smaller number of the electrons are accelerated
at the end of the circuit, which indicates that the kinetic en-
ergy of the electron beam is transferred to the high-frequency
electromagnetic field very well.

In the same way, the instantaneous bandwidth of this
TWT can be calculated with the same input power. The aver-
age output power, gain, and electronic efficiency versus drive
frequency are shown in Fig. 10. It is shown that the novel
slotted helix TWT can produce over 700 W average output
power in a frequency range from 27.5 GHz to 32.5 GHz, the
corresponding conversion efficiency values vary from 19% to
21.3%, and the maximum average output power is 787 W at
30 GHz. Especially, the gain changes of 0.5 dB within the
5-GHz bandwidth can satisfy the requirements of many appli-
cations, such as space communication, electronic warfare, etc.
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Fig. 10. (a) Plots of average output power and gain versus frequency.
(b) Electronic efficiency versus frequency.

6. Conclusion
In this paper, a slotted helix SWS is investigated. Ac-

cording to the simulation results, the novel slotted helix TWT
can produce over 700-W average output power in a frequency
range from 27.5 GHz to 32.5 GHz with a gain change of only
0.5 dB. Besides, the slotted helix SWS has higher heat dis-
sipation capability and higher reliability than a conventional

helix SWS, thus it is a promising slow-wave structure for de-
veloping wideband, high gain, high-power, and high reliability
millimeter-wave TWTs. Future work will be concentrated on
the experiment study of this novel slotted helix SWS.
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