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Abstract: This paper presents the design and simulation of W-band Gyro-devices using helically corrugated
waveguides as the beam-wave interaction region and a cusp gun as the electron beam source. The electron beam
system and the beam-wave interaction were optimized through numerical simulations by using a particle-in-cell
(PIC) code MAGIC to predict (calculate) the output power and frequency bandwidth. The beam cross sectional
measurement using a scintillator plate confirmed that an axis encircling electron beam was achieved with the
designed beam parameters of current 1.5 A and energy 40 keV. The W-band helically corrugated interaction
region for the gyrotron backward wave oscillator (Gyro-BWO) was manufactured with a dispersion from 80
GHz to 110 GHz measured using a vector network analyser which was found to be in good agreement with
simulations and theory. The Gyro-BWO achieved frequency-tuneable operation by adjusting the magnetic field
in the interaction cavity. A -3 dB bandwidth of ~84-104 GHz and output power ~10 kW were simulated using the
electron beam from the cusp gun. The gyrotron travelling wave amplifier (Gyro-TWA) is designed to have
a -3 dB frequency bandwidth of 90-100 GHz, output power of 10 kW and saturated amplification gain of 40 dB.
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1. Introduction

High-power, high-frequency, coherent radiation sources, especially in the range of mm and
sub-mm wavelengths, have attracted significant research interest recently due to their
desirable applications in many areas such as remote sensing [1], medical imaging [2], plasma
heating [3] and spectroscopy [4]. Gyro-devices are promising candidates to fulfill such a
demand due to their inherent characteristic fast wave interaction. A helically corrugated
waveguide has been demonstrated with a wave dispersion that has a near constant group
velocity in the region of small axial wave number [5]. This allows broadband microwave
amplification to be achieved in a gyrotron travelling wave amplifier (Gyro-TWA) and wide
frequency tuning in a Gyro-BWO as demonstrated by our previous experiments in X-band
[6,7,8].

A number of Gyro-BWOs have been investigated both in theory and experiments. Two
such experiments at the Naval Research Laboratory [9] and the National Tsing Hua
University [10] operating at the fundamental cyclotron harmonic and the fundamental mode
of a smooth cylindrical waveguide demonstrated impressive voltage and frequency tuning up
to 5% and 13%, respectively with a very high efficiency of nearly 20% at power levels of up
to 100 kW at Ka-band frequencies. A Gyro-BWO using a helically corrugated waveguide has
demonstrated improved frequency tuning range without compromising interaction efficiency
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and output power when compared with its counterparts using cylindrical smooth bore
waveguides. Previous experiments using such a microwave system at Ka-band achieved an
output power of ~1 MW, an efficiency of 10%, a frequency tuning band of 15% using a 20 ns,
300 keV electron beam [11]. Recently a relative frequency-tuning band of 17% at X-band
with 16.5% electronic efficiency was achieved [12,13] at the second harmonic of the electron
cyclotron mode using a three-fold helically corrugated waveguide and an axis-encircling
electron beam.

Variations to increase the bandwidth of gyrotron amplifiers have been investigated [14,15].
For example, a series of gyro-amplifiers have obtained 16% efficiency at a frequency of 5
GHz with a uniform magnetic field, increasing to 26% efficiency with 7% bandwidth using a
tapered field [16]. Recently, impressive experimental results on a gyro-TWT were achieved
by Chu et al., who studied the amplifier at the fundamental cyclotron harmonic. By stabilizing
oscillations with the use of an interaction structure with distributed wall losses, this 35 GHz
Ka-band amplifier produced 93 kW of power at 26.5% efficiency and 70 dB gain with a -3 dB
bandwidth of 8.6% [17]. Gyro-TWA experiments based on a helically corrugated waveguide
have been undertaken at Strathclyde University for the last few years. Experiments in X-band
achieved 1.1 MW output power with 30% electronic efficiency, 21% relative -3 dB bandwidth
[18 ,19].

Research projects investigating Gyro-BWOs and Gyro-TWAs in the W-band using
helically corrugated waveguides started at Strathclyde University in 2010. Presented in this
paper is the design, simulation of the gyro-devices and initial experimental results of the W-
band Gyro-BWO.

2. Cusp electron gun

A novel cusp electron beam source is used to drive the beam wave interaction in the W-
band Gyro-BWO and Gyro-TWA. This electron gun is required to produce an axis-encircling,
annular shaped electron beam of current 1.5 A, energy 40 keV and a pitch alpha (= the ratio
between the transverse momentum and the axial momentum of the electron beam) of up to 2
with the beam optimized for interaction with an operating eigenwave in the cavity. For the
gyro-BWO interaction a pitch alpha of 1.5-2 could be used to drive the high efficiency beam-
wave interaction. However for the Gyro-TWA a slightly lower pitch alpha in the range of 1.0-
1.2 is preferred to maintain zero-drive stability of the amplifier.

The cusp electron gun is a novel way of creating an axis-encircling annular electron beam
ideal for use in gyrotron devices. Conventional electron guns mainly used in gyrotron devices
are the Magnetron Injection Gun (MIG) and Pierce gun. Mode selectivity is poor in the MIG
as the coupling for such a beam is strongest to the fundamental mode. In the Pierce gun case,
a straight linear electron beam is kicked into an axis-encircling path. However, for this CW
source the Pierce gun would not be a suitable source as the kicker magnet is feasible primarily
in pulsed mode. Due to the high power of the spent electron beam, an annular shaped electron
beam is desirable for beam energy recovery using a depressed collector method. Therefore,
the cusp gun is the best choice of electron gun for this Gyro-BWO and Gyro-TWA.

Initially, transport of an electron beam through opposing magnetic fields (the so-called
“magnetic cusp”) was investigated in the 1960s [20,21] for plasma-containment applications.
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Schmidt described a threshold for magnetic mirroring and the effects on the electrons after
they have passed through the cusp region, namely, azimuthal rotation around the central axis
of symmetry due to conservation of the electron canonical momentum given in equation (1)
which is satisfied by an off-axis beam, where v, is zero.

P,-arA,=mv,r (1)

When the magnetic field changes sign the vector potential A, also changes sign therefore v,
cannot be zero to still satisfy this equation.

Following Schmidt et al. [20] continuous efforts and progress have been made through both
theoretical analysis and experimental study in the generation of cusp-based electron-beam
sources [22,23]. Special concentration was paid on the methods to produce an ideal sharp
cusp shape by using complex arrays of magnetic coils, magnetic poles, and, possibly,
magnetic material inside the cathode [24,25,26]. These studies have been based on the
configuration where a magnetic cusp was located at or after the anode where large cusp
amplitude was required due to a fully accelerated electron momentum. However the electron
gun designed for W-band gyro-devices was based on a “smooth” cusp [27], formed by two
simple coils without any magnetic shaping poles, located immediately after the cathode.

3. Numerical simulation of the cusp gun

The 3D PIC (Particle in Cell) code MAGIC was used to simulate the cusp gun. A slice
through the geometry, in polar coordinates, can be seen in Fig. 1. Two solenoids are used, one
with a negative polarity. The negative coil is positioned immediately behind the cathode and
the cavity coil midway along the waveguide. An accelerating voltage of 40 kV is applied to
the diode which results in an emitted current density of 9.6 A/cm? from the cathode. The shape
of the cathode and the electron emitting surface, the positions and dimensions of the solenoids
have been optimized to ensure the best electron beam qualities when it gets compressed,
passes through the magnetic cusp and enters the higher magnetic field region. Desirable
electron beam properties include a uniform beam density, less off-centering coupling with a
low velocity spread. At the end of the electron beam drift region a cylindrical step down
reflector of radius 0.837 mm is used to stop microwaves returning to the diode. The input
waveguide to the helical structure has a radius of 1.3 mm suitable for use at W-Band
frequencies.

The simulated electron-beam trajectory from the cusp gun with its magnetic-field profile
(Bo = 1.82 T) is shown in Fig. 1. The cross-sectional shape of the beam at the downstream
region is also shown in Fig. 1, and it clearly shows an annular-shaped axis-encircling beam.
The magnetic field profile is a smooth transition from the cathode to the downstream uniform
magnetic-field region, with the cusp being located at ~4.6 mm in front of the emission surface.

From simulation, to obtain an alpha value of one to three, the required magnetic field at the
cathode was ~3.0-6.7 mT. At a constant value of By, a larger o value could be achieved by
increasing the magnetic-field amplitude at the cathode (B.). The simulated average alpha of
the electron beam as a function of the magnetic-field amplitude at the cathode is shown in Fig.
2 for Bo = 1.82 T. The spread in alpha is also shown in this figure as bars, deviating from the
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average values. The alpha values calculated from the previous equation are also shown in Fig.
2 for comparison. Minimum axial velocity spreads of ~8% and relative alpha spreads of ~10%
were achieved at an alpha value of 1.65 at this constant magnetic field. At B, values of 2.1
and 1.7 T, the optimum alpha spreads were ~23% and ~15% for alpha values of 3 and 1.2,
respectively, and the corresponding axial velocity spreads for these cases were ~20% and
~10%. At the central magnetic field By of 1.82 T, the beam had an inner and an outer radius of
0.23 mm and 0.42 mm, respectively, with an envelope ripple ~13%. Beam transport through
the tube was measured to be 100% after the initial low potential electrons were reflected.

Fig. 1 Cross-section of cusp geometry with simulated electron beam trajectories.

Fig. 2 Numerically simulated and analytically calculated alpha values for different values of cathode magnetic
fieldat B =1.82 T.

4. Cusp gun experiment

Based on the simulation results for one particular set of parameters which yields an optimized
beam for an alpha range of 1-2, the cusp electron gun of Fig. 3 was manufactured. The
cathode assembly and the anode were arranged in a coaxial configuration Fig. 3. The cathode
head included three following interchangeable parts: outer, inner focusing electrodes, and the
thermionic cathode emitter which was located between the electrodes and constructed from
porous tungsten impregnated with barium oxide. Facing the cathode head was an
interchangeable anode tip.

The beam cross-sectional shape and dimensions were recorded by a phosphor scintillator
plate and digital camera system [28] after the Faraday cup was removed. The scintillator, a
round transparent disk coated with a thin layer of phosphor, produces visible light when
electrons impact on the surface. A typical scintillator image, after the optical noise was
removed, is shown in Fig. 4. The image shows clearly that an axis-encircling electron beam
was generated.
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Fig. 3 Schematic diagram of the cusp electron gun with simulated and measured magnetic field profiles overlaid.

Fig. 4 Scintillator recorded beam cross-sectional shape at the downstream region.

5. Interaction cavity of Gyro-BWO

Fig. 5 shows the photo of the helically corrugated interaction region. The 3-fold helically
corrugated waveguide resonantly couples two partial waves, one the A wave (Fig. 6), is the
near cutoff TE,; mode, the other, the B wave, is a traveling TE;; mode. When Bragg resonant
conditions are met, the coupling results in two eigenwaves W; and W, as shown in Fig. 6.
One of the eigenwaves (W) has a near constant group velocity at small wavenumber over a
wide frequency range. This ideal dispersion property allows wide frequency bandwidth to be
achieved for a gyrotron travelling wave amplifier as well as for gyro-BWOs.

Fig. 5 A photo of the helically corrugated waveguide for the W-band Gyro-BWO.

The helically corrugated waveguide was designed for the optimized frequency bandwidth
and interaction efficiency. The dispersion of the operating eigenwave was measured by
measuring the phase evolution of a counter-rotating circular polarized wave when it
propagates through the waveguide by using an Anritsu 7808B 40 MHz - 110 GHz VNA
broadband vector network analyser and is shown in Fig. 6. Two partial waves A and B,
together with two eigenwaves calculated using perturbation theory, electron beam dispersion
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line and the growth rate at an interaction frequency of ~94 GHz as it interacts with the
operating eigenwave at a magnetic field of ~1.83 T are shown in Fig. 6.

The measured operating eigenwave was found to be in very good agreement when
compared with the results simulated from MAGIC and calculations based on perturbation
theory. In the simulation using the MAGIC code, a left-polarized circular wave of one
frequency was injected into the right-hand helical waveguide, and a component of the electric
field inside the waveguide was measured along the axial direction. The measured field was
then numerically analyzed and the axial wavenumber of the eigenwave was therefore obtained
for that frequency.
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Fig. 6 Dispersion diagram of the operating eigenwave, the second harmonic electron cyclotron mode, an
interaction at ~94 GHz and corresponding growth rate of the W-band Gyro-BWO.

6. Simulation of Beam-wave interaction in a Gyro-BWO

The beam-wave interaction of the Gyro-BWO was simulated using Magic when driven by a
large-orbit annular shaped electron beam of voltage 40 kV, current 1.5 A and a pitch alpha of
1.6, and the simulated output power and frequency are shown in Fig. 7.
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Fig. 7 Simulated output power and frequency as a function of cavity magnetic field.
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7. Gyro-BWO Experiment

The setup of the experiment is shown in Fig. 8 with the cusp gun shown in the left, helical
interaction region in the middle and output window at the right. Two coils, which form a
magnetic cusp at the front of the cathode surface, are also shown in Fig. 8.

Fig. 8 The setup of the W-band Gyro-BWO experiment.

The cusp gun was firstly tested under a pulsed operation mode using a double Blumlein
pulsed power system made from a cable. The thermionic cathode is designed to operate in a
temperature-limited regime. Microwave radiation has been observed in the Gyro-BWO
operation. Typical measured beam voltage, emitting current from cathode, transported current
at the downstream side of the cavity and detected microwave traces were recorded and are
shown in Fig. 9.

Fig. 9 Recorded traces of beam voltage, emitting current, beam current and microwave radiation.

8. Design of Gyro-TWA

The coupling of the beam and the eigenwave that exists inside the helically corrugated
waveguide can be described by the following equation:
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The resultant dispersions of the eigenwave and beam cyclotron mode as well as the small
signal growth rate are shown in Fig. 10.
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Fig. 10 (a) The dispersion of the eigenwave and electron beam and (b) the small signal growth rate.

The beam-wave interaction inside the helically corrugated waveguide was simulated by
using the 3D PIC code MAGIC. The simulated output power as a function of input power at
96 GHz is shown in Fig. 11.
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Fig. 11 Simulated output power as a function of input power.

At a constant cavity magnetic field of 1.83 T, the W-band Gyro-TWA was simulated to
output a maximum power of 10 kW, with a -3 dB bandwidth of 90-100 GHz and a saturated
gain of 40 dB at the centre frequency of the amplification band. The output power and gain
curve are shown in Fig. 12.
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Fig. 12 Simulated performance of the W-band Gyro-TWA.

A side-wall rectangular-to-circular coupler was used to seed the input signal for the Gyro-
TWA. A ceramic window constructed in a pillbox cavity was used to serve as a vacuum
boundary. This same input coupler of the Gyro-TWA can be used as an output coupler for
Gyro-BWO operation. Therefore the coupler was aimed to achieve a high transmission
coefficient for a W-band Gyro-BWO working in the frequency range of 84 GHz - 104 GHz as
well as a W-band Gyro-TWA working in the frequency range of 90 GHz - 100 GHz. In the
design, a Bragg reflector was employed to prevent the microwave radiation from travelling
into the cusp gun region. Usage of a Bragg reflector instead of the cut-off waveguide resulted
in an increase of the size of the beam tunnel and made it easier for the beam to pass into the
interaction region. The optimized coupler achieved a transmission coefficient of better than -1
dB over the whole operating frequency range.

The output window, positioned at the output end of the interaction region, consisted of 3
pieces of dielectric disks, with the middle sapphire disk serving as the vacuum boundary and
two quartz disks at the both sides to increase the operating bandwidth. The thickness of the
disks and the separation distances of the disks were optimized by analytical calculation and
finally simulated by CST Microwave Studio. The configuration of the output window and
optimized S;; parameter are shown in Fig. 13.

-20 ‘

—=—Microwave Studio
—o— 1D Approximation

-30 R
-40 -
50

-60 -

Reflection Coefficient S11 (dB)

-70

80 86 92 98 104 110
Freq. (GHz)

(a) (b)

Fig. 13 (a) The geometry of the output window, (b) calculated and simulated reflection coefficient Sy;.
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9. Conclusion

A Gyro-BWO with a -3 dB frequency tuning range of 84-104 GHz and a Gyro-TWA with
an instantaneous amplification bandwidth of 90 — 100 GHz were designed and manufactured
for high power CW output of up to 10 kW. The thermionic cusp gun based electron beam to
drive the beam-wave interactions of the gyro-devices was successfully operated and the
measured beam energy, current and pitch alpha were in excellent agreement with the
simulated results from the PIC code MAGIC. Microwave radiation from the Gyro-BWO was
observed and continuous tuning of the output frequency from 92-102 GHz achieved in the
initial experiment by changing the cavity magnetic field. Furthermore, the W-band Gyro-
TWA was predicted to have a saturated gain of ~40 dB and interaction efficiency of 17%. The
interaction cavity, input coupler and output window were designed and optimized.
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