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Abstract

A helical (Slow Wave Structure SWS) traveling wave tube (TWT)
operating in the C bandwidth was designed using CST software.
Based on modelling, TWT components were produced.
Conductor support rod rings were used to matching the
impedance line and provide ease of assembly. According to the
modelling, the signal gain was determined as 30 dB. In addition,
Time Domain Reflectometer (TDR) analyses were performed to
observe the effect of mounting rings on impedance
improvements with the help of software. As a result, it has been
determined that the support rod rings, which have not been
used before in C band helix TWT systems, positively affect the
ease of assembly and impedance improvement.

Keywords: Helix; Slow wave structure; Impedance; Traveling wave tube.

© Afyon Kocatepe Universitesi

0Oz
C bant araliginda galisan bir heliks (Yavas Dalga Yapisi SWS)
ilerleyen dalga tOpl (TWT) CST vyaziimi kullanilarak

tasarlanmistir. Modellemeye dayali olarak TWT bilesenleri
Uretildi. Empedans hattini eslestirmek ve montaj kolayligi
saglamak icin iletken destek c¢ubuk halkalari kullanild.
Modellemeye gore sinyal kazanci 30 dB olarak belirlendi. Ayrica
yazihm  yardimi ile montaj halkalarinin  empedans
iyilestirmelerine etkisini gézlemlemek icin Zaman Tanim Alanli
Reflektometre (TDR) analizleri yapilmistir. Sonug olarak C bant
sarmal TWT sistemlerinde daha &nce kullanilmamis olan destek
¢ubuk halkalarinin  montaj kolayligini  ve empedans
iyilestirmesini olumlu yénde etkiledigi tespit edilmistir.

Anahtar Kelimeler: Heliks; Yavas dalga yapisi; Empedans; ilerleyen dalga
tipd.

1. Introduction

Microwave tubes are vacuum electronic devices that
produce radio transmitters in the microwave frequency
range. The millimeter wave frequency region is part of the
microwave range and is generally considered to be
approximately 30 GHz to 300 GHz (Gilmour 2020). The
field of vacuum electronics devices, especially in the
millimeter-wave range, is currently undergoing rapid
evolution, transitioning from traditional microwave helix
traveling-wave tubes (TWTs) to novel designs created to
address the fabrication challenges posed by the shorter
wavelengths in millimeter waves (Paoloni et al. 2021).
TWTs are
advantageous because they have wider band gaps

Unlike other vacuum electronic tubes,

(Whitaker 2001). Since TWTs have lower noise values,
their use has become more widespread (Peebles 1998).

A proven technique for amplifying a specific
electromagnetic wave involves passing the wave through
a periodic structure and co-propagating it alongside a
linear DC electron beam. To simplify matters, this

interaction between the beam and circuit takes place

within a vacuum. In this arrangement, the traveling wave
acquires energy at the cost of the kinetic energy of the
electron beam. This ongoing interaction and subsequent
amplification of the electromagnetic wave persist over a
specific distance, which corresponds to the length of the
interaction region in the Traveling Wave Tube (TWT), until
the amplified wave is extracted at the output (Wong et al.
2020).

As a power output comparison, in low-power TWTs, it is
sufficient to use a periodic magnet system to focus the
electron beam (Lakshminarasimhan et al. 2011). TWTs
perform signal amplification based on the electron beam—
wave interaction mechanism (Santos et al. 2011). Under
normal conditions, RF waves travel at the speed of light
because they are electromagnetic waves. However, since
the distance they travel in the slow wave structure system
is long, they have slow group velocities (Edgecombe
1993). In helical TWTs, dielectric materials electrically
isolate the slow wave structure with a metallic vacuum
envelope. These materials are in the form of rods with
different geometric shapes. This also simplifies the
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fabrication of the device (Harper and Puri 1986). Helical
TWTs generally use three support rods. They are
positioned at an angle of 120° to each other. We
positioned the support rods at a 120° angle between
them during the assembly phase. Rectangular or
cylindrical structures are generally used as geometric
shapes in support bars. We preferred cylindrical support
rods when making our design. The helix is usually made of
tungsten and molybdenum wires (Gilmour 2020). We
used tungsten wire to create SWS in sizes suitable for our
design. The thermal resistance of these wires is quite
high. But conductivity values are limited. To eliminate this
limitation, coating is applied on the material surface. We
coated the surface of the wire with copper to ensure high
surface conductivity.

With this method, losses on the helical surface of the RF
signal are minimized. At the same time, the thermal
resistance formed between the support rods and the
spiral decreases. The dispersion characteristics of a helical
structure can be altered by incorporating longitudinal
blades between the support rods. The blade tips establish
the radial boundary for the electric field, while the outer
shield confines the magnetic fields. Consequently, these
blades illustrate the impact of the helical slow-wave
structure on dispersion and Pierce impedance (Carter
2018). In TWT systems, valves are placed in the gaps
between the support rods to prevent dispersion and
ensure operation in different frequency ranges. These
valves are known as anisotropic loading elements. These
elements are generally propeller-shaped and T-shaped
(Putz and Cascone 1979). We did not use the valve
structure directly in our system, but instead used the rings
that hold the support rods together. These rings indirectly
serve as valves. Thanks to the rings, capacitance control is
provided as in an LC circuit.

Since our system was designed for low power conditions,
we used SMA-type connectors in the connection ports.
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We produced the connectors we use ourselves. As a
result, the impedance transitions at the input and output
of these TWTs must match the wide variation in helix
impedance. It should also be taken into account that
impedance matching is important in high frequency
devices. In order for signal amplification to occur
efficiently, impedance matching must be at the maximum
in the SWS structure,
connectors.

level including connection

This work discusses the use of support rod rings to
matching the impedance characteristics of a C Band
helical traveling wave tube (TWT). We argue that by
adding these rings, the impedance mismatch between the
coil and the collector can be reduced, resulting in
improved performance. One important similarity
between this study and previous research is the focus on
impedance matching. Both studies aim to minimize
reflections within the TWT and maximize power transfer.
However, while previous research has primarily focused
on tuning parameters such as helix spacing or collector
diameter, this study presents a new approach using
support rod rings. In terms of differences, this study
specifically focuses on C Band helical TWTs, while
previous studies have investigated various frequency
bands. Additionally, although previous studies were
mostly based on simulations or theoretical analysis, this
paper presents experimental results to validate the
proposed methods. Overall, this study provides valuable
information regarding the matching of impedance

characteristics in C Band helical TWTs.

By presenting support rod rings as an innovative solution,
it offers a promising approach to improve device
Further
applicability of this method in different frequency bands

performance. research may reveal the

and its potential impact on other TWT parameters.
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Fig. 1. Diagram of the experimental setup.
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2. Materials and Methods

First of all, microwave and particle studio modules and a
slow wave structure suitable for the C band range were
designed using CST software. Figure 1 shows the setup
diagram of the working mechanism. Then, an electron
beam was created with the particle studio module
according to our electron gun parameters. Figure 2 shows
the modeling of an electron beam with an acceleration
potential of -3kV using CST software in a computer
environment with the help of permanent magnets. In the
simulation, the electron beam’s current is 30 mA. The
graphic accelerator technique was used to get the
simulation results quickly. The experimental procedure
stage used A helical type helix as the slow wave structure.
High-purity molybdenum wire with a diameter of 0.25
mm was chosen as the material. With the help of the coil
winding machine, the helix structure was wound on the
stainless steel (S5304) guide at the determined circuit
length and period range. ACME AE-X model spring coiling
device was used in Figure 3 to create the coil.

Fig. 3. ACME AE-X Coil winding machine and molybdenum coil.
(a) Coil machine, (b) Molybdenum coil.

Fig. 4. Molybdenum helix coated with copper film.

In order to increase the conductivity value of the formed
helix, its surface was homogeneously coated with a
copper film on the turntable by using the DC magnetron
sputtering technique at low pressure. Ceramic (Al>03) was

used as a support rod. For the support rods to contact the
helix surface without gaps and smoothly, hollow rings of
aluminum material were designed using CNC. At the same
time, these hollow rings play a significant role in
impedance matching because these rings provide an easy
and trouble-free assembly of the outer sheath and SWS
circuit.

Figure 4 shows the helical structure and the assembled
ceramic support rods and rings. This setup is also a slow-
wave RF circuit, which is the essential component of the
TWT system.

Fig. 5. Production steps of the support ring used to keep the
ceramic support rods together and place them in the vacuum
sleeve. (a) Ring machining, (b) Ring cutting, (c) (d) (e) Ring
cleaning, (f) Rf port preparing, (g) Total system cleaning, (h)
Total system assembly.

After the rings produced in Figure 5, ceramic support rods
and helix were cleaned with the help of an ultrasonic
bath, and assembly processes were carried out. A welded
1mm thick, 12 mm outer diameter, and 20 cm long pipe
made of S5304 material was used as the vacuum sheath.
SMA connector made of brass material for RF input and
output. The dielectric part of the connector was formed
using Teflon (PTFE) material. The created SMA-type RF
connector was assembled to the metal vacuum sheath
with a screw system. Ring magnets with ALNICO structure
were used to create the periodic magnet system.

The dimensions of the magnets were determined as 13
mm inner diameter, 30 mm outer diameter, and 10 mm
thickness. Iron rings were used to hold equimolar
magnets together. The magnets are drilled to the outer
diameter of the RF connectors so that the magnets can be
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easily mounted between the SMA connectors. With this
method, the assembly operations were carried out.

’ _

Fig. 6. Production of periodic magnet system and opening of
SMA connector slots using Alnico ring magnets. (a) pole pieces,
(b) machining, (c) magnets assembly, (d) RF connector assembly.

The electron gun was connected to the vacuum
environment with the help of the CF40 port. Solid glass
rods and aluminum rings linearly attached and aligned the
periodic magnet system with the electron gun and
collector. A multi-port vacuum tank with a Pyrex lantern
was used as the vacuum chamber. To reduce the system’s
pressure to ultra-high vacuum (UHV), a double-stage oily
mechanical pump and a turbo-molecular high vacuum
pump were used. A convector and hot cathode ionization
sensors were used to measure system pressure. Before
starting the experiment, the system pressure was
reduced from 760 Torr, which is atmospheric pressure, to
3.5X10°® Torr. Our descent to ultra-high vacuum levels
aims to prevent cathode poisoning.

Because oxygen (O2), carbon monoxide (CO), carbon
dioxide (CO2), and water vapor (H20) in the environment
at high-pressure levels will react with the heated cathode
and cause poisoning of the cathode. This will reduce the
emission performance of the cathode. In order to observe
that the electron beam in the system is successfully
focused and reaches the collector without hitting the
helix surface, a serial analog ammeter is connected to the
collector part via the ground. With this method, the
current of the electron beam reaching the collector was
measured. No signal was applied to the RF circuit while
measuring. Collector with the value of the emission
current indicator on the power supply screen of the
electron gun. The value of the electron current reaching
the surface was compared. It was observed that the
results were in agreement with each other. This result is
an output that the electron beam is successfully focused
and passed through the helical structure without impact.
Figure 7 shows the excitation of the phosphor screen used
to observe the electron beam formed by the electron gun.
Thanks to this method, information about the pattern and
trace size of the electron beam was obtained.

Necessary vacuum conditions were provided by using a
double-stage mechanical pump and turbomolecular
vacuum pumps for stable operation of the electron gun.

The electron gun was started after the vacuum value

reached 10 Torr levels. Then, the acceleration voltage
and anode voltage values were applied at the required
parameters to obtain the required electron beam current.
Then, the accelerating voltage was turned off, and the
electron beam was cut off. In the next step, a continuous
wave mode (CW) sine wave signal with a frequency of
4.93GHz and a power of 11.7 dBm, which is considered as
the C band, was applied to the SMA input port of the RF
circuit, which is close to the electron gun, with the help of
a signal generator.

Fig. 7. Observation of the electron beam using a phosphor
screen. (a) Electron beam observing, (b) Electron beam focusing.

Attenuators have been added to the output port of the RF
circuit to prevent damage to the power meter and to
measure the output power. Losses in cables and
connection connectors have been detected. A loss of
approximately 17 dB was observed in the cable and
A 60 dB attenuator was

connected as an attenuation element. While the pulse

connection connectors.

generator was on, the power meter read a signal of
approximately -65 dBm from the output port. Thus, we
have determined how much of a signal will be
strengthened in the system. In Figure 8, the comparison
of the RF power values read when the electron beam of
the power meter is closed and the electron beam is open
is given.

Fig. 8. Agilent E4418B model power meter used to measure the
signal strength of the RF output port. (a) Electron beam off, (b)
Electron beam on.

An RF signal at a power level of approximately -65 dBm
was observed when an RF signal was on the power meter
screen and the electron beam was turned off. At the same
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time, the system had an RF signal; an approximately -35
dBm RF signal was observed when the electron beam was
applied. It was determined that a signal output of
approximately 30 dBm was obtained when the difference
was taken, and the attenuation values in the connectors
and cables in the system were added. If this value is

parameters were also used in the CST software. With this
method, the experimental results and simulation results
were compared.

Table 1. Experimental Parameters and Results of The TWT
System Established in The Laboratory

expressed in watts, when we compare, we can say that Parameter Value
the signal power entering the TWT system has been Acceleration Voltage (kV) 3
increased from 15 mW to 1 W. As a result, signal Current of Electron Beam (mA) 30
amplification was successfully performed. In order to Slow Wave Circuit Length (cm) 18
achieve higher power levels, impedance-matching units Helix Diameter (mm) 3,2
must be placed at the output port of the TWT system. Helix Pitch Interval (mm) 1,3
Because the work is done at high frequencies, there is a Thickness of Helix Wire (mm) 0,25
reflection of the power, and this causes signal losses. Number of Helix Rounds 75
. . Thickness of Support Rods (mm) 1,6
3. Results and Discussions .
Input Signal Frequency (GHz) 4,93
Table 1 gives the experimental parameters of the TWT Input Signal Power (dBm) 11,7
system established in the laboratory environment. These Output Signal Power (dBm) 30
Time Signals
. d=0.20468
—— ii[rf_drive,0.0,signalt]
......................................................................................................................... % e o01,pic
— 02,pic
2
2 MM HMRE-------
4 | s |
0 2 4 6 1010.949] [11.154]2 14

Time / ns

Fig. 9. Observation of signal amplification using CST software

The simulation was carried out using the TWT parameters
entered in the computer environment in Figure 9.
Experimental parameters and simulation parameters
have the same values. As a result, the signal entered as
ten mW in the simulation experiment was taken as 1 W.
In the experimental result, the signal entered as 15 mW
increased to 1 W. The reason for this difference is the
losses and impedance mismatches in the connectors.
Because there is no impedance-matching unit in the
power output port of the TWT system. During the
experiment, it was observed that when the RF circuit was
driven at higher powers, the output signal did not change
for a certain time but dropped. This is due to the
formation of saturation. Because the RF circuit saturates
above a particular signal strength, in the experimental

setup we have set up, attenuating coating material was
not used in the centers of the insulating support rods.
Electron guns with attenuator coating and higher electron
current must be used to achieve higher power outputs.
The importance of the collector plays a significant role in
the system. Because the electrons, which transfer some
of their energy to the RF wave, hit the collector, and their
movement ends. This event ensures that the TWT circuit
continues in a closed loop. This is also important for the
energy efficiency of the system. A single-stage collector
was used

in our experimental system. The earth

connection is made as collector feed. In modern
collectors, on the other hand, multistage collectors, which
are less negative than the electron beam potential, are

used.
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Fig. 10. Performing TDR analysis using CST software.

TDR analysis of the TWT system we designed using CST
software in the computer environment in Figure 10 has
been made. With this analysis, the time-dependent
examination of the impedance characteristic of the
transmission line was carried out. As seen in the graph, a
load peak occurs. This causes an impedance mismatch in
the transmission line. In this design, there are no rings to
which the ceramic support rods are attached. In a
subsequent TDR analysis, we used ceramic support rods
and aluminum rings we designed in the laboratory
environment. In this analysis, there are no peaks that
disrupt the impedance characteristic. For this reason, the
impedance transition of the transmission line is provided
without any problems. Figure 11 shows the TDR analysis
performed with the ring design.
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Fig. 11. TDR analysis with ring design.

The 15 mW and 4.93 GHz RF signal applied to the input
port of the TWT system was measured as 1 W at the
output port. A TWT that can operate in the C band and
gain approximately 30 dB has been produced. Signal
losses in the system have occurred in cable and connector
connections. In addition, reflections caused by the
absence of an impedance-matching unit at the output
port affected our small-scale results. One of the most
important factors was machining parts on the micron
scale during manufacturing and assembly. In addition, the
experimental results and the simulation results must
match.

4. Conclusions

As a result of this study shows how the assembly steps are
performed with impedance matching for the helix C band
space TWT with 1 W output power. In addition, vacuum
tube design was carried out in allowable dimensions using

CST-MWS simulation software. Thus, the simulation results
were adapted to the experimental study.
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