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Abstract

This thesis presents the results of successful operation of a 2nd harmonic gyrotron
based on a cusp electron gun. The numerical and experimental results agreed well with
the gyrotron design parameters. Two gyrotrons based on a cusp electron gun were
designed: the first gyrotron operated at the 2nd harmonic and the second gyrotron was
studied to look at the scaling of this concept for operation at the 7th harmonic at a
frequency of 390 GHz. The cusp electron gun was used to produce the electron beam in
the gyrotron which was annular in shape. The electron beam had a voltage of 40 kV, a
current of 1.5A and a velocity ratio (perpendicular component to horizontal component)
of 1.5. The experimental results from the first cusp electron gun and measurements of
the high quality electron beam with ~8% velocity spread and ~10% alpha spread are
presented.

Analytical, numerical and experimental results of a DC harmonic gyrotron are
presented. The 3D PIC code MAGIC was used to simulate the interaction of the
harmonic gyrotron such as the TE71 mode at the 7th cyclotron harmonic with the large
orbit electron beam with the beam thickness and beam spread introduced into the
simulation. The interaction cavity of both gyrotrons was in the form of a smooth
cylindrical waveguide. The relationship between the cavity dimensions and cavity Q
values has been studied for optimized output at the design mode with the aim of
suppressing other competing modes. A linear output taper was designed with low mode
conversion at the gyrotron output. A Vector Network Analyzer with high frequency
millmetre wave heads was used to measure the millimeter wave properties of the
gyrotron cavity.

Experiments were conducted using the electron gun for the harmonic gyrotron. The
gyrotron and electron gun were built as well as the interlock and safety system, pulsed
power supply and magnet, the cooling and vacuum system. Millimetre wave radiation
was measured for the 2.6 mm diameter cavity gyrotron operating at the 2nd harmonic at
a magnetic field of 2.08 T. Experiments demonstrated that the harmonic gyrotron was
sensitive to the magnetic field and electron beam parameters. Millimetre wave radiation
from 108GHz to 110GHz was measured with the use of a W-band rectifying crystal
detector and high pass cut off filters. The frequency of the measured millimeter wave
radiation agreed very well with the design and predictions of theory.
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Chapter 1

Introduction

1.1 Terahertz

James Clerk Maxwell’s equations postulated in 1865 [1], were used to describe the
experimental results of Michael Faraday [2] as well as to explain the propagation of
electromagnetic waves in free space which was later confirmed by Heinrich Hertz in
1887 [3]. The electromagnetic (EM) spectrum extends from below the frequencies used
for modern radio communication to gamma radiation covering wavelengths from
thousands of kilometres down to sub-nanometre. Physicists and engineers have
progressively explored and conquered most of EM spectrum in terms of generation. This
has resulted in a range of technologies for producing and detecting the EM radiation at
both high (gamma and X-rays) and low frequencies (microwave) and its exploitation in
every aspect of daily life. But there is one part of the electromagnetic spectrum: the THz
frequency band (0.1THz to 10THz), that despite a lot of scientific effort in this area
since the 1920s [4] it still lags behind what has been achieved in the other parts of the
EM spectrum such as the radio, UHF, TV and microwave Radar [5] bands. This is due
mainly to the lack of available high power continuous wave sources in the THz
frequency range which has resulted in one of the least tapped regions of the

electromagnetic spectrum [6].

Terahertz corresponds to a wavelength range between about 3 and 0.03 mm (100
GHz to 10 THz) [7] of the electromagnetic spectrum. At lower frequencies lies the
electronic regime of millimetre-wave radiation, used for applications such as wireless
telecommunication. At higher frequencies lies the optical regime, where active optical

devices like semiconductor lasers and light-emitting diodes generate near-infrared and



visible light for fibre-optic transmission and data storage. So there are two dramatically
different groups—ultra-fast time-domain spectroscopists who work with EM radiation at
wavelengths produced by conventional solid-state optical technologies, and scientist
such as radio astronomers who work at longer wavelengths using EM sources based on
electronic devices. But neither can have a very good coverage that is why terahertz
radiation is also known as the “Terahertz Gap” in the electromagnetic spectrum as
shown in Figure 1-1.

Terahertz and the spectral fingerprint

=
|

Ultraviolet X-rays gamma rays

Radio Waves

1y visible

Microwaves

Figure 1-1 Electromagnetic Spectrum and Terahertz Gap

Terahertz radiation can penetrate a wide variety of materials, and it is non-ionizing
due to its lower photon energy (1THz = 0.41 MeV) which makes it much safer than X-
rays. It can also be focused (unlike X-rays) and steered easily (unlike radio frequency
radiation) by quasi-optical mirrors with enhanced spatial resolution. This makes the
THz radiation a perfect probe for non-invasive and non-destructive inspection using
various spectroscopic and imaging techniques.

Terahertz radiation can also penetrate many visually opaque materials, and as its
wavelength is very close to bio-molecular vibrations, spectroscopic techniques can be
used to obtain greater understanding of such systems. It interacts strongly with water but
passes through biological tissue allowing the imaging of biological tissue. It can also be
used to enhance the signal-to-noise ratio of Nuclear Magnetic Resonance (NMR), with
its use in the new expanding field known as Dynamic Nuclear Polarization (DNP) [8, 9,
10]. DNP can increase the resolution of NMR by orders of magnitude, and the unique
vibration, rotational, and translational response of materials within the THz range can
provide information generally absent by the use of optical, X-ray or NMR techniques.

Also due to its capability of penetrating many visually opaque materials, it can also be



used in security scanning for concealed weapons, narcotics, explosives, or biological
agents such as anthrax, skin cancer imaging and dental imagining [11].

Also, as terahertz radiation is readily absorbed by water, it can be used to
distinguish between materials with varying water content, for example, fat versus lean
meat. Because terahertz radiation can be focused, this makes it capable of producing
Images with signature or fingerprint (functional) [12,13] of the molecular structure of the
material. This fingerprinting will allow THz radiation to be used to detect harmful
biological or chemical agents [14], and to differentiate between different tissue types.

Terahertz radiation can also be used in plasma diagnostics [15] and to help
scientists understand the complex dynamics involved in condensed-matter physics. In
plasma diagnostics most of the measurements involve determination of the electron
density profile as a function of position and time in the plasma core [16], and Thomson
scattering [17] or detection of synchrotron radiation can be used to identify the power
spectrum.

Terahertz technology can even help people to understand the universe as
demonstrated by results from the NASA Cosmic Background Explorer (COBE) Diffuse
Infrared Background Experiments (DIRBE) where examination of the spectral energy
distributions in observable galaxies, showed that approximately one-half of the total
luminosity and 98% of the photons emitted since the Big Bang fall into the sub-
millimetre and far-infrared [18] part of the EM spectrum. Therefore Continuous Wave
(CW) THz sources are required for space based applications [6].

(a) (b)

Figure 1-2 Some Application of Terahertz Radiation
(a) DNP [19], (b) Plasma Diagnostic [20], (c) Security Check [21];



Another major application for terahertz radiation is in planetary and small-body
observations. Because terahertz radiation can interact with abundant molecules, such as
water, oxygen, carbon monoxide, nitrogen, etc., surface based or orbital remote terahertz
sensing observations can be used as an atmospheric sensor and to help understand our
atmosphere or other solar planets’ and gaseous species such as the composition,
temperature, pressure, and the dynamics of the atmosphere. This can help gain insight
into the formation and evolution of the solar system [22]. There are also a lot of other
important applications of terahertz radiation, such as communication and high resolution
radar. Potential applications are continuously increasing as fundamental scientific
research and various advanced technologies are developed some of which are

summarised in Figure 1-3.
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Figure 1-3 Fields of application of the THz Radiation [23]

1.2 Terahertz Sources

It is because of the properties of THz radiation and its potential applications, that it
is considered by Technology Review [24] to be one of the 10 most important areas that
will change our world in the 21st century. Though, due to the lack of reliable terahertz
sources, the practical applications of terahertz radiation are still in its infancy. As

mentioned before, the two dramatically different groups: (a) ultra-fast time domain



spectroscopists and (b) long-wavelength radio astronomers are developing very different

technologies to try and realize reliable terahertz radiation sources.

1.2.1 Photonic Devices

Types of terahertz sources to be discussed first are lasers and optical devices that
use downward frequency conversion techniques to produce THz radiation. Optical
pumped terahertz lasers (OPTL) are probably the most widely employed optical
technique for producing terahertz energy [25]. It is one type of CW or pulsed terahertz
source, which is used around the world for astronomical and environmental monitoring,
and plasma diagnostics, etc. An OPTL system normally consists of a grating-tuned
carbon dioxide pump laser and a far-infrared gas cell mounted in a laser resonator. This
technique can produce a power level of 1-20 mW with the power output dependent on
the chosen emission line, with discrete frequency coverage in the terahertz range
achieved by using different molecular gases each having their own spectrum of available
lines. The lasers can also be used with harmonic generators to make sideband sources

[25] which can provide more flexible tuning.

Quantum Cascade Lasers [26,27] (QCL) is another very competitive optical
terahertz radiation source. Unlike other typical interband semiconductor lasers, QCLs
are unipolar and laser emission is achieved through the use of intersubband transitions in
a repeated stack of superlattices formed by a periodic series of thin varying
semiconductor layers. An advantage of QCLs over other semiconductor mid and far
infrared lasers is that the optical power can be higher. It is currently the only solid-state
source of coherent Terahertz radiation capable of delivering more than 1 mW of average
power at frequencies above ~ 2 THz [28]. It can be operated in CW mode at room
temperature and can be tuned from one wavelength to the other externally [29,30]. QCLs
are very compact and have become commercially available [31]. However, several
challenges still need to be overcome before QCLs become practical THz sources, such
as the decrease in power as the operation temperature increases, and the highly divergent
and non-Gaussian free space output beam makes it difficult to use in practical

applications.



Another widely used terahertz source is the down-conversion from the optical
regime especially for time domain spectroscopy (TDS) [32] which is achieved by using
fast photoconductive switches with can create broad band short-pulse terahertz radiation.
In this method, an ultra-short pump-laser (femtosecond optical laser) pulse is focused to
a split antenna which is fabricated on a semiconductor substrate (e.g. Silicon-on-
sapphire or LTG GaAs), and a dc bias is placed across the antenna. The laser pulse
generated carriers in these photoconductors, and these carriers are accelerated by the
bias voltage and the resulting current is coupled with the antenna and produces terahertz
radiation waves. The terahertz radiation pulses’ repetition frequency is the same as the
femtosecond pump lasers’. This pulse frequency is typically centred at about 1 to 2 THz
with a bandwidth spread of over 500 GHz and an average power of a few microwatts [7].

Another method to produce terahertz radiation is by using lasers and
photoconductors, in the technique known as photomixing [33]. Two CW lasers with
identical polarisation and different frequency 1 and w, are required. The co-linear laser
beams are mixed and focused on to a small piece of ultra-fast (<1 ps carrier lifetime)
semiconductor material, the photons are absorbed and the short charge carrier lifetime
results in the modulation of the conductivity at the desired terahertz frequency (0=w;-
®y). SO, photomixing can produce narrow-band phase lockable terahertz radiation in the
entire terahertz band by slightly shifting the optical frequencies of the two lasers. But as
the efficiency of conversion from optical to terahertz radiation is very low (typically
below 10 for a single device [34]), the output power falls to around a microwatt,

however new developments have reached milliwatt levels of power recently [35].

1.2.2 Solid State Electron Devices

The second type of THz radiation source is based on electron devices including
solid state oscillators and vacuum electron devices which are trying to increase their
frequency range of operation to cover the terahertz region of the electromagnetic
spectrum. All microwave power electronics operate on the principle of converting the
kinetic energy of an electron stream to coherent electromagnetic radiation.



In solid-state microwave electronics, the electron stream is sustained by applying a
voltage between the emitter and collector electrodes (junction transistor) or the source
and drain electrodes (field effect transistor or “FET”) at the two extreme ends of the
device. This electron stream diffusively drifts through a solid medium (semiconductor).
The drifting electrons experience many collisions with the atoms of the semiconductor
lattice, and inevitably the electron stream converts a significant fraction of its kinetic

energy into waste heat directly inside the device.

In a solid-state transistor amplifier, a microwave frequency, alternating-current (AC)
voltage at low current is applied to the base or gate (FET) electrode. The corresponding
microwave frequency modulations on the large emitter-base or source-drain current
equates to a net current and power gain for the microwave signal. The RF performance
of a solid state device is fundamentally related to the speed at which charge carriers,
generally electrons, can move through the material. So the frequencies of electronic
solid state sources are generally bounded below by the limits of the carriers’ velocity,
which limits the transit time of the carriers through the semiconductor junctions. This

limit and the resistance-capacitance effects cause high frequency roll-off.

Microwave and mm-wave solid state devices can be fabricated from two-terminal
diode or three-terminal transistor structures. Three terminal devices, such as bipolar
transistor [36,37] and field-effect transistors, although they have replaced most of the
two terminal devices in the microwave band, especially in the lower frequency range of
this band, their performance at sub-millimetre wavelengths are not so good, the record
performance in terms of power generation capability are still held by the two terminal
device. Two terminal devices such as high frequency Gunn, resonant tunnelling devices
(RTDs) [38], IMPATT and TUNNEL diodes are being developed by several research
groups [39]. For these sources the output power decreases rapidly when the frequency is
increased. As shown in Figure 1-4, normally about 100 mW CW output power can be
obtained around 100 GHz, which falls off as 1/f* or even 1/f° as the frequency is
increased. Frequency multipliers with two or more diodes can be employed to extend the
frequency range of operation up to 1 THz, with an average power level 0.1 to 1 mW
achievable in the region of around 400 GHz. By using superconducting material, the



frequency bounded from above can be extended to approximately to 2 THz, and a value
of 0.5 microwatts at frequencies up to 0.85 THz has been observed at ~50 Kelvin [40].
But the characteristics of these devices make them undesirable for many applications
due to difficulties arising in providing suitable isolation and biasing etc.

April 2004

LI B T

1000

-
(=1
o

RF output power [mW]
=)

- 0.3 0.3 _

a o_ss*‘k %032 ™, 3

C 0.2 .

: =0.07 .08 L] ko 32\:

L * ] .

*Dl‘;: 0.16

1 3 GaAs < vouk 3

i InP * 3

L > InP (U. of Michigan / Leeds) ]

0 1 1 1 T T N B | I 1

30 100 400

Frequency [GHZz]

Figure 1-4 RF performance vs Frequency from GaAs & InP Gunn Diodes [41]

New technologies have been employed in recent years involving advanced materials
such as Graphene [42], which is a layer of dense honeycomb crystal lattice formed by 2-
D carbon atoms. The charge carriers in this material can be transported much faster as
compared to other materials using new charge carriers, known as plasmons [43] which
have velocities in the semiconductor channel 10 times higher than the electron velocities.
All these methods can overcome the limitation dictated by the transit time of the
electrons in the material, and the combination of these technologies brings new hope for
operation of these devices at terahertz frequencies. The response in various forms of
plasmonic transistors has recently been observed at THz frequencies.



1.2.3 Vacuum Electron Devices

Vacuum electron devices are by far the most common source for producing high
power, frequency tuneable radiation at millimetre and sub-millimetre wavelengths. It
played and still plays a very important role in the generation of microwave and
millimetre wave radiation. Vacuum electron devices are the only high power radiation
sources available for use throughout the entire microwave and millimetre wave part of
the EM spectrum. Vacuum tubes were pioneered in the early 20" century when the
diodes and triodes were invented. This led the way to the first steps in signal processing,
transmission, and detection, and the advent of wireless communication, broadcasting and
other applications which were developed and extended rapidly all over the world. The
magnetron was known for two decades before the World War 1l, but its development
and application accelerated in the early 1940°s when the higher power capability of the
resonant cavity version became recognised [44,45]. The Klystron was invented in the
1930’s and the travelling wave tube (TWT) and backward wave oscillator (BWO) in the
1940’s. These electron devices have been extensively studied during World War II for
use in radar. Since then inventors, physicist and engineers have combined to extend

considerably the performance of the tube installed in the overall system.

Numerous other microwave tube types and configurations were invented, and most
did not find application for any of several reasons such as low efficiency, low gain and
complexity [46,47]. However the range of vacuum electron devices has now largely
expanded mainly into three different groups 1). Conventional slow wave tubes (gridded
tubes, klystrons, travelling wave tubes, crossed-field tubes, hybrid tubes, etc.), 2). Fast-
wave tubes (gyrotrons and various gyro-devices), and 3). Accelerator-based sources
(free electron lasers and coherent synchrotron sources).

1.2.3.1 Slow Wave Devices

Conventional microwave tubes are commonly referred to as slow-wave tubes [48].
There are two ways to slow down the microwave phase velocity: by dielectrically
loading the waveguide or by the use of periodic boundary conditions. In the first case, a
waveguide is partially filled with dielectric material and, if properly designed, only a



single wave may propagate through. In the other case, which also is the more widely
used way to generate radiation, is by exciting a very large number of spatial harmonics
for a given frequency; each harmonic having a different phase velocity. The system is
designed so that the harmonic which is synchronous with the electrons is dominant. The
microwave tube as gridded tubes [49], travelling wave tubes (TWT) [50], magnetrons
[51] and crossed field amplifiers [52] all belong to this type of electron beam wave
interaction. There are advantages and disadvantages to both systems but the interaction
process is always the same. The main slow wave devices for microwave generation in

use today can be categorized as shown in Figure 1-5.

Electron tubes for
RF and microwaves

Low frequency Microwave
(Gridded Tubes) Tubes
| Triode ||Klystr0deS|| Tetrode| Linear Beam Crossed Field
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It

Klystron Carcinotron

Figure 1-5 Family tree of microwave power tubes [53]

Slow wave devices are very mature technology in the microwave band and have
been widely used in daily life. Various types of pulsed or CW slow wave devices have
been invented in the past century and covers a very wide band throughout the HF (3MHz
to 30MHz) to W-band (75GHz to 110GHz) with output powers from Milli-Watts to
Giga Watts[54,55,56,57,58,59,66, 60]. New technology and new schemes have been
applied in slow wave structures to extend its frequency coverage to G band (140GHz to
220GHz) and even into the terahertz band [63]. But for slow wave structures the RF
circuit dimensions are typically a fraction of the wavelength, so in order to extend
application of slow wave structures to the Terahertz region, most of them are micro-

-10-



fabrication microwave vacuum electronic devices (MVEDs) [61]. Klystron, BWO and
TWT MVEDs are very activity being pursued as possible sources of THz radiation.

Klystron

The klystron invented by the Varian brothers in the late 1930s was the first practical
microwave tube to enter service. The first klystron was based on two cavities as shown
in Figure 1-6, the input signal is coupled into the input cavity and the RF voltage
developed across the cavity gap velocity modulates the electron beam. The output cavity
Is separated by a drift tube whose length is designed to provide optimum bunching of
electrons at the output cavity. These bunches of electrons induce an RF current in the
output cavity which is then coupled out. Various types of klystron have been invented,
such as: (a) multi-cavity klystron [62] which can greatly increase the efficiency and
output power by the addition of intermediate cavities between the input and output
cavities of the basic two cavity klystron configuration; (b) multiple-beam klystron [63]
which was introduced shortly after the invention of the single-beam klystron; and (c)
relativistic klystron which use high energy electrons that the relativistic effects need to
be taken into account and modification of the formulas is required to describe the
Klystron bunching.

|-——— drift space ——|

'Buncher!' 'Catcher’
cavity cawvity
density of electrons

\
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Microwawe Input Microwawe Cutput

Figure 1-6 Typical two-cavity klystron

In order to improve the power available for sensors, Jet Propulsion Laboratory (JPL)
researchers investigated alternative source technologies. They chose to combine two
new technologies together with a reflex klystron design to provide power levels in the
milliwatt range. Combining MEMs-based circuit fabrication with a carbon nanotube

field emission cathode they produced a simple, low voltage device called a
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“nanoklystron” [64]. Estimated using simple beam analysis the anticipated performance
characteristics are as follows: Highest frequency of operation 1.2 THz; test frequencies
0.3, 0.6, and 1.2 THz; Power generated about 3 m\W; estimated Q 207; operating voltage
500 V; operating current 3mA. Similar research has been carried out by a research
group at the University of Leeds who have developed a 1.2 THz micro-fabrication
reflex klystron with a Spindt-type FEA cathode [65].
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Figure 1-7 Schematic cross section of the proposed JPL nanoklystron

Backward wave oscillator

A Backward Wave Oscillator (BWO) is a device that is used to generate
microwaves and terahertz radiation. It has two main subtypes, the M-type (M-BWO) and
O-type (O-BWO). The OBWO is a microwave-frequency, velocity-modulated tube that
operates on the same principle as the TWT. However, a travelling wave that moves from
the electron gun end of the tube toward the collector is not used in the BWO; instead, it
extracts energy from the electron beam by using a backward wave that travels from the
collector toward the electron gun (cathode). Otherwise, the electron bunching action and
energy extraction from the electron beam is very similar to the actions in a TWT. Two
fundamental backward-wave circuits are commonly used. In each of these, apertures are
used to couple the fields from one cavity to the next.

If the coupling loops of the forward-wave circuit are reversed (called aligned slot),
then fundamental backward-wave coupling occurs. The magnetic field in a cavity
induces a current in the coupling loops to the cavity on the right. That current then
induces a field in the adjacent cavity, which is 180 out of phase with the cavity on the
left, plus an additional phase shift of roughly 90: If the beam velocity is high enough so
that the electron transit angle is about 90; then backward-wave oscillation is possible.

-12-



The BWO was the first microwave device driven by a high-current relativistic
electron beam to demonstrate efficient, coherent high power microwave (HPM)
radiation pioneered by the Institute of Applied Physics (IAP) Nizhny Novgorod, Russia
and the Institute of High Current Electronics (Tomsk), Russia. An X-band (8.4GHz to
12GHz) tube generated 0.5 GW of microwave power in single 5-ns pulses from a 500-
keV, 10 KA electron beam, with the power dropping to 100 MW per pulse as the pulse
repetition frequency was increased to 100 Hz [66]. Later, a 1 GW power-level with more
than 30% efficiency in 1-2 ns pulses with a repetition frequency of about 10 Hz and 400
MW at 100 Hz repetition was achieved. The BWO s still being developed for the
generation of millimetre wavelength radiation. A series of experiments was performed,
and at wavelengths from 8.8 mm down to 0.9 mm, power was radiated at levels from 50
MW to 0.5 MW, respectively. Correspondingly, the efficiency went down from 6% to
0.1%. Later, a series of experiments was carried out with millimetre-wave relativistic
diffractive generators (RDGs) driven by a 2 MV, 20 KA microsecond electron beam
pulses. Using an RDG multi-GW level millimetre wave radiation with about 30%
efficiency was reported by Bugaev et al [67].

Output port Circuit

Beam Scrapers

Figure 1-8 Front end of 600-700 GHz BWO circuit, showing beam scraper and output coupling port

For continues wave generation, the BWO is suitable for producing high frequency
(millimetre and sub-millimetre wave) radiation with high tunability. It can provide 0.5
mW to 40 mW of power at a range of 36 GHz to 1.4 THz [63,68]. Carcinotrons are used
as powerful and stable microwave sources, and due to the good quality wave front they

-13-



produce, they find use as illuminators in terahertz imaging. Calabazas Creek Research is
developing micro-fabricated backward-wave oscillators (BWO) in the 300 GHz to 1.5
THz range [69] to use as a local oscillator source in heterodyne receivers for ground, air,
and space applications, as the existing sources at these frequencies are inefficient and

use large heavy solenoids for beam focusing.

The second structure uses a staggered slot which can also be defined as a folded
waveguide [70]. The wave propagates upward in one cavity, through the slot and down
ward in the adjacent cavity (Figure 1-9), where the direction of the electric field reverses.
Thus, there is basically a 180 phase shift from cavity to cavity plus an additional phase
delay associated with the time that it takes the wave to propagate from one gap to the
next. The fixed spacing of the folded waveguide limits the bandwidth of the BWO.
Since the frequency of a given waveguide is constant, the frequency of the BWO is
controlled by the transit time of the electron beam. The transit time is controlled by the
collector potential. Thus, the output frequency can be changed by varying the collector
voltage, which is a definite advantage.

OUTPUT
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Figure 1-9 the Folded wave guide structure in BWO [71]
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Folded wave guide is one of the alternative candidates for robust and high power
mm-wave sources with the advantages of a simpler coupling structure, and reasonably
wide bandwidth [72]. It has high thermal capacity due to the all-metal structure, a high Q,
high efficiency and has no periodic reactive load; therefore, the dispersion relations of
space harmonics can be easily estimated by a simple transform to that of a rectangular
waveguide. Folded waveguide tubes are capable of operating at a very broad band from
VHF [30MHz to 300 MHz] to W-band, at low frequency high power density larger than
2kW/cm? have been achieved. At high frequency as in millimetre wavelengths, higher
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RF power folded waveguides are capable of RF powers of 1000 W at 35 GHz and 100s
of Watts at frequencies up to 100 GHz. Litton [73] has successfully developed a PPM
(Periodic Permanent Magnet) focused folded waveguide radiation source with more than
1000 W average output power at around 35 GHz. This device has greater than 10%
bandwidth and operates below 20 kV. High efficiency is achieved using a multi-stage
depressed collector. By using a linear electron beam in folded rectangular waveguide,
Dobhler et al, observed a 30-dB saturated gain (100W output power) with a bandwidth in
excess of 25% in the 40- 54 GHz frequency range [74]. J. H. Booske etc are designing a
micro-fabricated folded waveguide TWT to operate in the range from 0.2 to 1 THz to
achieve relatively high power (> 1 mW in CW). Simulation has achieved 56 mW, CW
output at 560 GHz with 1% (intrinsic) efficiency for the oscillator [75].

Hybrid Tubes

In hybrid tubes, klystron and coupled-cavity TWT technologies are combined to
achieve enhanced bandwidth, power capability, or operation at high frequencies. As
linear-beam amplifier tubes can be considered to consist of a driver section and an
output section, and the output section must have a bandwidth at least as wide as that of
the driver section. There are two main types of hybrid tubes (1) the extended interaction
klystron (EIK) and (2) the twystron, the main difference between these two hybrid tubes
Is shown in Figure 1-10(c) and (d).

Figure 1-10 Comparison of a five-gap EIK cavity (a) to a single-gap klystron cavity (b).

As with most klystrons and TWTs, EIOs are designed for minimum interception of
the electron beam on the RF structure. At high frequencies, these devices are capable of
operation at higher power levels than reflex klystrons or magnetrons. EIOs are available
for operation at frequencies up to 260 GHz. The high power capability of the EIK can
achieve 1 MW average power in X-band with a bandwidth over 10%, and an efficiency
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of nearly 40%. For pulsed EIKs, it can achieve 100 kW at 40 GHz, and several hundreds
of watts over 200 GHz. For CW EIKSs, it can achieve several hundreds of watts at 40
GHz, and several watts over 200 GHz. Pulsed EIOs are capable of power outputs of
several kilowatts at 40 GHz varying down to 100 W at over 200 GHz [53].

Surface-Wave Microwave Oscillator [76]

In order to increase the power-handling capabilities of HPM devices, one method is
to increase the transverse diameter D to several times the free-space wavelength A
thereby reducing the internal field stress for the same power flow. By using this method,
microwave-generating structures can be designed with internal microwave electric fields
below the breakdown levels. An overmoded interaction cavity will support surface
waves that synchronous the electron beam even with a modest voltage. In order to avoid
mode competition, the surface waves are crucial and large values of coupling impedance
is required to achieve an efficient interaction. These can be both satisfied with the use of
a periodic structure.

Figure 1-11 A schametic diagram of a large diameter surface-wave generator; 1) solenoid, 2) slow
wave overmoded structure, 3) Rogowski current monitor, 4) adjustable RF reflector, 5) explosive
cathode, 6) electron beam, 7) coaxial collector, 8) output up-taper, 9) output window, 10) vacuum

jacket, 11) wide band calorimeter, 12) receiving horns, connected to hot carrier detectors.

Oversized slow wave generators have produced record levels of multi-GW
microwave radiation. The Relativistic Diffraction Generator demonstrated a peak output
power of 4.5 GW in the 9-11.3 mm wavelength range and the Multi-wave Cerenkov
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Generator (MWCG) has produced 15 GW at a wavelength of 3 cm. These results were
achieved by using a high-voltage electron beam (in the range of 1.5-2 MV). For practical
devices, operation at reduced voltages, possibly no more than 500 kV is preferable. So
far the maximum power achieved in a slightly oversized backward wave oscillator with
D/A\~ 1.8 operating at 550 kV is about 0.8 GW at 10 GHz frequency. Recently, 60 MWs
of pulsed microwave radiation at 37.5GHz has been obtained through the use of
overmoded 1D or 2D periodic structures, and MWSs of simulated output power have

been predicted at several hundred GHz [77,78,79].

1.2.3.2

In fast-wave tubes, the RF structure is usually a smooth waveguide or a large

Fast wave devices

resonator in which no attempt is made to reduce the velocity of the wave. The electron
beam is injected into the electromagnetic field in a manner such that interaction can take
place. In fast-wave tubes, the electron beam is normally placed well away from the RF
structure which can both relax the size limitations as compared to conventional

microwave tubes and significantly increases the power handling capability.

ﬂ O Ee C ‘}m
Linear = - - - o ﬁjﬂl—;
Davice J;J ‘“—-l; ,!L-J
Manotron Khystron TWT | BWO © Twystron

e
g | e e | S | —

Type of | FMTITON | AOVVTET | STOVTETVTTY | ST | STV
Gyrotron Ny | | |
Gyromonotron Gyroklystron Giyro-TWT | Gyro-BWO Giyrateysiron

Figure 1-12 Overview of gyro-devices and comparison with corresponding conventional O-type
devices.[80]

The gyrotron was originally used by the Russians for a single-cavity oscillator, the

definition of which now has been expanded to include both oscillators and amplifiers.
Gyrotrons are well recognized as high-power sources of coherent electromagnetic
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radiation in the millimetre and sub-millimetre wavelength regions. Gyrotrons can
produce microwaves in continuous-wave and long-pulse regimes with powers which
exceed the power of classical microwave tubes by many orders of magnitude. It is one of
the most promising vacuum electronic devices for producing both high average power
and high peak power at millimetre and sub millimetre wavelengths.

In a gyrotron, the electron beam which is normally in the shape of a thin hollow
cylinder, is injected into a strong axial magnetic field and passed through a circular
cavity or waveguide containing an electromagnetic wave with a circular electric field
pattern. The rotational velocities of the electrons are normally 1.5 to 2 times the axial
velocity so that most of the electron energy is rotational. Because the magnetic field is
very large, the orbit diameter for the electrons is small. As a result, the thickness of the
hollow electron beam may be several times the diameter of the electron orbit.

Although the processes of electron energy modulation, phase bunching in
cyclotron orbits and energy extraction by transverse deceleration are common to all
gyrotrons, a variety of circuit configurations are applied. Normally, it can be divided
into such basic types: gyro-klystron, gyro-twystron, gyro-monotron, gyro-TWT, and
gyro-BWO.

The gyromonotron is an oscillator with a single resonant cavity and is
characterized by high efficiency (~40%) and high average-power output at fixed
frequency. The gyro-TWT is an amplifier in which the interaction circuit is typically a
hollow pipe waveguide of constant cross-section; it is characterized by a bandwidth of
several percent. The tapered two-stage gyro-TWT varies both the waveguide cross-
section and the magnetic field, By along the axis to achieve wider bandwidth; a
bandwidth of 20% has been demonstrated in this configuration. The Gyro-klystron
amplifier consists of a number of resonant cavities separated by cut-off drift tubes.
Gyroklystrons are generally more efficient than gyro-TWTs but have a narrower
bandwidth, typically a fraction of 1%. Gyro-twystron is similar to a gyro-klystron except
that the output cavity has been replaced by a travelling wave section (waveguide); the
properties of the gyro-twystron are a compromise between the higher efficiency of
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Gyro-klystrons and the wider bandwidth of gyro-TWTs. An inverted version of the
gyro-twystron is where the input section is a waveguide and the output section is a
resonant cavity.

Gyro-Klystron

A Gyro-klystron is a narrow-band amplifier, it’s transverse and axial cavity
dimensions can be much larger than the wavelength, allowing these devices to scale to
higher frequencies and significantly greater power-handling capability than conventional
Klystrons. But the efficiency of gyro-klystrons is generally lower than the klystron, as
only the transverse electron energy is available for RF power generation. Multiple
cavities are commonly employed to increase the gain; however the principle can be

illustrated with a two-cavity model.

The operation of a gyro-klystron is similar to the conventional klystron except the
electron bunching occurs in the azimuthal direction rather than in the axial direction. In a
gyro-klystron, the signal to be amplified is fed into the input cavity where the cyclotron
bunching process is initiated and the bunching continues while drifting to the output

cavity.
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Figure 1-13 Schematic diagram of a relativistic gyro-klystron.

Gyro-klystrons can achieve high power from X-band to even W-band which are
normally aimed at radar applications and accelerators. Such as the 75 MW peak power
achieved in the X-band and 50-MW at 30GHz in the Ka-band [81], and the 94 GHz W-
band gyro-klystrons capable of 100-kW peak power at a 10% duty factor developed and
integrated into the NRL WARLC radar system [82].
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Gyrotwystrons and inverted gyrotwystrons [83]

Just like twystrons derived from the klystron, which changes the output cavity to the
travelling wave structure, the gyrotwystrons is derived from the gyroklystron by
extending the length of the drift section and replacing the output cavity with a slightly
tapered waveguide section like in a gyro-TWT. The output waveguide section is excited
by the beam of electrons that are bunched because of modulation in the input cavity.
Thus the gyrotwystron configuration can mitigate the problem of microwave breakdown
at high power levels, since the microwave energy density in the output waveguide can be
much smaller than in an output cavity and can offer a higher bandwidth than the gyro-
klystron and the gain-bandwidth product can be increased by more than three times as
well.

Input section
Wavequide

Figure 1-14 The scheme of the inverted grotwystron.

The inverted gyrotwystron is a device consisting of the input waveguide, drift
section, and output cavity. The travelling signal wave in the input waveguide may
induce a higher harmonic content in the electron current density. Then the pre-bunched
electron beam can excite phase-locked oscillations in the cavity at a harmonic of the

signal frequency.

The development of W-band gyrotwystrons for radar applications was started at
NRL in 1996. In the first experiments (94 GHz), a low-duty prototype was developed
and tested. This device produced 50 kW of peak power in a 0.925 GHz bandwidth that
represented a substantial improvement in the power-bandwidth product over that
previously demonstrated gyroklystrons (56.25 kW-GHz versus maximum 38.4 kW-GHz
in gyroklystrons) [84]. Joint work by NRL-CPI has achieved a power level of 60 kW
peak and a measured bandwidth of 1.8 GHz centred at 94 GHz in 2002 [85]. In the
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relativistic gyrotwystrons that have been developed for accelerator applications, at
fundamental harmonics peak powers above 20 MW were achieved with an efficiency
exceeding 22% and a large-signal gain of 24 dB [86].
Gyro-TWT

When very wide bandwidth is required, one must resort to devices based on beam
interactions with travelling waves. Certainly this is the same in gyro-devices and the
Gyro-TWT serves as a good example of the transformation of an electron cyclotron
maser. However, early attempts at building such amplifier tubes were plagued by
oscillation due to both absolute and convective instabilities. Later, a better understanding
of these instabilities and how to avoid them has allowed considerable experimental
progress to be made, resulting in the development of high performance gyro-TWT
amplifiers. Operation of the gyro-TWT is based on a convective instability. The input
wave is amplified while propagating forward with the beam. The gyro-TWT utilizes a
moderately relativistic electron beam to interact with a fast wave guide mode near the
grazing intersection of the frequency versus wave-number plot where the resonance line
Is tangent to the electromagnetic mode. A gyro-TWT can also oscillate as a gyro-BWO

at the Doppler downshifted cyclotron frequency and its harmonics.
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Figure 1-15 Dispersion diagram and scheme of interaction circuit of Gyro-TWT amplifier.

Significant progress has been achieved in gyro-TWT research since 1995, and has
been developed as a dependable, high power and high gain millimetre wave amplifier. It
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has been stabilized by heavily loading the interaction circuit with distributed loss.
Researchers at the National Tsing Hua University in Taiwan were the first to show that
extremely high gain as well as excellent stability could be achieved by loading the
interaction waveguide with a substantial amount of distributed loss. The required
attenuation was achieved by coating the wall of the circuit with a thin layer of Aquadag
of depth corresponding to approximately one skin depth. At optimum operation a peak
power of 93 kW with an efficiency of 26.5% and a saturated bandwidth of 8.6% with a
saturated gain of 70 dB in the fundamental TE;; mode was achieved.
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Figure 1-16 Schematic of the gyro-TWT with a helically corrugated waveguide. [87]

A new concept of large-bandwidth gyro-TWTs has actively been studied jointly
since 1997 by a group of researchers from the University of Strathclyde (Glasgow,
Scotland) and the Institute of Applied Physics (Nizhny Novgorod, Russia) [88,89]. The
concept is based on the use of a microwave structure, which can simultaneously provide
the cyclotron resonance condition between electrons and the forward wave over a large
bandwidth and makes the beam-wave interaction insensitive to electron velocity spread.
Such characteristics can be realized in a cylindrical helically corrugated waveguide as
shown in Figure 1-16. About 1MW output power and over 20% 3-dB bandwidth were
obtained at around a centre frequency of 9.4GHz from a helically corrugated TWT
experiment that was carried out at the University of Strhaclyde[90]. In the linear gain
region 137 kW of output power at 47-dB gain and 17% efficiency was found in this
second harmonic gyro-TWT experiment. Power levels of up to 180 kW at 30 dB gain
and 10% bandwidth were generated at 35 GHz using a gyro-TWT based on a helically

-22-



corrugated cylindrical interaction region by S.V. Samsonov et al at the 1AP, Nizhny
Novgorod, Russia.
Gyro-BWO

The gyro-BWO employs a waveguide structure like the gyro-TWT but operated at
a point in the w—k, diagram where the group velocity is opposite to the beam velocity
as shown in Figure 1-17. The oscillation is based on the backward waveguide mode
which takes place as the forward moving electron beam and the backward wave form a
feedback loop, thus the beam power must exceed a certain threshold to start the
oscillation. In the noise fields, the electron beam will be weakly bunched by a resonant
backward wave. The bunched electrons impart energy to the wave, which propagates
backward toward the beam entrance to generate tighter electron bunches. More and more
energy is thus fed to the wave until an equilibrium state is reached. Since the beam and
the wave constitute a closed loop, no reflections are required in the build-up process.

M 0]
backward
wave
inferaction
lb{_thlI-\'_: ﬂ_. P-_.:" n']l

Figure 1-17 The w-k, diagram of the operation point of the gyro-BWO.

In the gyro-BWO the frequency of operation is governed by the slope of the line,
which is a function of v,, and thus of the beam acceleration voltage V,. As there is a
Doppler down shift in frequency (Q./2 < w < Q,), so that very high magnetic fields are
required for high frequency operation. For the gyro BWO frequency tuning can be
achieved by voltage adjustment as in the case for the conventional BWO, but it can also
be tuned through variation of the magnetic field.

-23-



As the wave frequency in the gyroklystron and gyrotron is fixed by the cavity
resonance, the magnetic field can be adjusted to achieve optimum detuning. However, it
is difficult to control the detuning factor for waveguide-based devices. The gyro-BWO
oscillation frequency varies with the magnetic field to maintain a synchronous
interaction. The gyro-TWT gain diminishes with too large a detuning factor. There are
also other factors that adversely affect the efficiency of the gyro-TWT and gyro-BWO.
The gyro-TWT operates at a frequency farthest away from the cutoff and thus is most
sensitive to beam velocity spread. The gyro-BWO field is at a high level at the beam
entrance, which results in abrupt electron bunching unfavourable for efficient interaction.
Largely for these reasons, the interaction efficiency is generally higher for the
gyromonotron and gyroklystron (30%~50%) than for the gyro-TWT and gyro-BWO
(10%~30%). The gyro-BWO delivers a power ranging from tens of watts at ~1000 GHz
to nearly 100 MW at 10 GHz [91]. Low-voltage and small-size BWQOs are capable of
providing an output power of several milliwatts in the CW regime at a frequency of up
to 1.4 THz [92].

Gyromonotron

In the gyromonotron self-oscillation in a single cavity by the distributed interaction
forms the bases of high-average-power devices. To build up and sustain the oscillation, a
feedback loop is required. In the gyromonotron, it is provided by end reflections, which
means that the forward wave turns into a backward wave upon reflection at one end,
while the backward wave reverses to a forward wave at the other end. This results in

continuous wave circulation in a closed loop.

If the power gained from the beam exceeds the power lost, the circulating wave will
be repetitively pumped by the electron beam from the noise level to equilibrium
amplitude. This feed-back process results in fresh electrons interacting with a wave,
while the gyro-TWT is based on a single-path process. As the electron beam deposits
energy into the cavity fields, there are also power losses through output coupling and
wall dissipation. The field amplitude grows as long as the deposit of power is larger than
the loss of power, an equilibrium state will be reached when the power deposited equals

the power lost.
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Figure 1-18 Schematic diagram of a gyromonotron.

The gyromonotron oscillator is the most mature type of gyrotron. High-lights of
early accomplishments included CW operation at the second cyclotron harmonic which
could produce 1.5 kW at 326 GHz [93] and 10kW at 34 GHz [94]. Gyromonotrons are
now commercially available sources. These devices can produce megawatt output power
in long-pulse or CW operation in the frequency range 75-170 GHz[6], which represents
an advance of more than three orders of magnitude beyond the capability of other tube
types. In step-tunable gyromonotrons, as the magnetic field can vary over a broad range,
the oscillation frequency can jump from mode to mode, thus generating a broad and
usually discrete radiation spectrum. Contemporary step-tunable gyrotrons have achieved
hundreds of watts of CW power at 190 GHz and tens of watts CW radiation at 860 GHz
[95]. With strong pulsed magnetic fields, kilowatts of output power have been achieved
at a frequency of up to 1.3 THz [96].

Plane Mirror  Polarizer  Quadrabic or [
Hon-Ouadratc

From gyrotron 0
Window

‘Waner Inlel RFGU Cuadratic or 1

Hon-Ouadratic

To TL and Load

Figure 1-19 The RF coupling unit of the 170 GHz Gyrotron.
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Quasi-optic gyro-amplifiers operate in the middle ground between geometric optics
and diffraction dominated propagation. In this regime, the dimensions of the system
elements are larger than the wavelength but the diffraction effects are still important.
Quasi-optical techniques of wave propagation are very important in the millimetre and
sub-millimetre wave regime. The wavelength in this region of the spectrum is still not
small enough when compared to the size of the system elements to permit the use of
geometric optics techniques. At the same time, however, the propagation losses in
single-mode waveguides are not small enough to use standard microwave techniques for
wave propagation.

A Quasi-optical (QO) gyroklystron was demonstrated using two resonators
transverse to the beam propagation direction at NRL in 1994. Phase-locked oscillator
operation was obtained, as was amplifier operation at 30 kW of output power and 18 dB
of gain at 85GHz with an efficiency of 10%. More recently, a novel geometry for a QO
resonator has been implemented in a gyro-TWT operated at 140 GHz, which was
designed to operate in a higher-order HEqs mode with an unsaturated 3-dB bandwidth of
2 GHz [97]. The European research centre and the Thales Electron Devices under the
auspices of the European Fusion Development Agreement are developing a 170 GHz, 2
MW and CW coaxial QO gyrotron for the electron cyclotron heating system of ITER
after they achieved an output power of 1 MW [98,99].

Frequency-multiplying Gyro-Amplifiers

Frequency multiplication [100] is another very straight forward and attractive way
to obtain a practical source of THz radiation based on the nonlinear properties of the
electron beam medium. This nonlinearity means that, after initial modulation of the
beam in the input stage by the RF field at the signal frequency ws, not only does the
electron current density possess an RF component at ws, but components at its
harmonics also appear. Subsequently, one of these harmonics can be used for exciting
other stages of the device at correspondingly higher frequencies. This frequency
multiplication mechanism is known and used in both linear-beam klystrons and TWTSs.
Also single-cavity gyro-multiplier schemes have been studied when both the lower

harmonic and higher harmonic waves in a gyro-multiplier are radiated by the same
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electron beam in a single cavity which can enable high harmonic radiation to be
generated [101]. An azimuthal corrugated cavity has also been considered in order to
improve the efficiency of the gyro-multiplier and demonstration experiments are under
preparation at the Institute of Applied Physics [102].
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Figure 1-20 Frequency multiplier schemes:

(a) Klystron-type with LF input, (b) self-exciting Klystron-type; (c) single cavity scheme.
Free Electron Laser

The most common devices based on radiation from electrons oscillating in periodic
external fields are free-electron lasers (FELs). They are quite different from the other
high-power microwave sources that have been discussed. FELs can generate output over
a range of frequencies extending far beyond the microwave spectrum, well into the
visible and ultraviolet range. The term “free electron laser” or “FEL” is generally used to
describe devices that generate coherent radiation (light) by means of a fast-wave
interaction in which a beam of relativistic “free” electrons is induced to radiate
coherently by passage through a periodic wiggler field. Perhaps another name by R. M.
Phillips is more descriptive: UBITRON (Undulated Beam Interaction elecTRON) [103].
There is another type of wiggler using an electrostatic instead of magnetostatic fields to
provide electron undulation, which is called the scattron. In 1971, Madey initiated an
important step by proposing that an undulator structure working as an amplifier at
optical wavelengths could replace the active medium between the mirrors of a laser
optical cavity, he called such a device a free-electron laser. While some researchers seek
to extend the operation of modern descendants of the undulator called free-electron
lasers to lower and lower wavelengths, other modern descendants of the ubitron (which
are also called free electron lasers) can produce higher and higher microwave power
outputs from mildly relativistic electron beams.
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Figure 1-21 The basic FEM configuration.

As the electrons vibrating by the spatially periodic wiggler field they will radiate, if
the electron beam is highly relativistic then the radiation will have a much shorter
wavelength than in the laboratory frame (A=A, /2y so thatw=2,°Q,). Therefore,
FEMs are capable of generating electromagnetic waves of very short wavelength
determined by the relativistic Doppler Effect. The bunching of the electrons in the FEM
is due to the perturbation of the beam electrons by the ponderomotive potential well
which is caused by “beating” of the electromagnetic wave with the spatially periodic
wiggler field. It is this bunching that enforces the coherence of the emitted radiation. As
the radiation wavelength is not determined by the characteristic size of the interaction
region, such fast-wave devices require no periodically rippled walls or dielectric loading
and can instead use a simple hollow-pipe oversized waveguide as the circuit. These
devices are capable of producing very high power radiation at cm-, mm-, and sub-
millimetre wavelengths since the use of a large waveguide or cavity cross sections
reduces wall losses and breakdown restrictions, as well as permitting the passage of
larger size, higher power electron beams. It also relaxes the constraint that the electron
beam in a single cavity can only remain in a favourable RF phase for half of a RF period
(as in klystrons and other devices employing transition radiation).

Free electron lasers appear to be potentially capable of fulfilling all the
requirements for a frequency tunable high-power mm-wave source. It has achieved more
than 1 MW output power in the entire frequency range of 130-260 GHz, and even higher
frequencies are quite feasible. A disadvantage of FELs is that they often require high
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energy ~(500keV and above ) electron beams for optimum operation which results in a
large size electrode beam source to ensure adequate voltage hold off as well as the
generation of high energy X-rays which needs to be adequately shielded.

1.3 Thesis Project
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Figure 1-22 Some Techniques for Generating Terahertz Radiation. [7]

Many other terahertz source technologies have been investigated in the past, such as
Direct Multiplied (DM) sources and p-Germanium Lasers. Some of the techniques for
generating terahertz radiation are shown in Figure 1-22. Though there are already
several types of systems commercially available none of them can fully satisfy the
requirement in practical applications. Nevertheless, the impetus to develop an
economically feasible THz technology has arguably never been greater than it is now
[104] to satisfy the market requirement for more reliable, powerful and compact
terahertz sources at an economically viable cost.
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Figure 1-23 The capability of microwave sources.

The PhD project is to design a harmonic oscillator at a frequency in the hundreds of
GHz frequency range. According to the radiation sources introduced above, it was
decided to build an oscillator based on a cusp gun and a harmonic gyrotron interaction.
A cusp electron gun works by using a non-adiabatic magnetic field, reversed initially at
negative amplitude changing to positive amplitude, invariance of the magnetic moment
results in a large orbit, annular electron beam. In a harmonic gyrotron, the cusp gun has
a lot of advantages over other conventional electron guns, as it can create an annular axis
encircling electron beam that the interaction and resonance with the TEnnq mode can be
maintained for @ =NC) over the entire electron orbit and hence high efficiencies can be
realized. It also has the advantage of not requiring a kicker magnet, can operate in CW
mode, and the beam trajectories are more suitable for energy recovery as well as
enabling better mode selection. Successful operation of a cusp electron gun will be a
major achievement as very few microwave sources based on this novel electron beam
source have been successfully operated. Two successful gyro-TWA sources based on a
cusp electron gun were a 35GHz experiment at the Institute of Applied Physics, Nizhny
Novgorod, Russia, 2005 and a 9.4GHz experiment at the Department of Physics,
University of Strathclyde, UK, 2006. The cusp gun parameters were beam energy 40keV,
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beam current of 1.5A, a pitch alpha of 1.6 with minimum beam velocity spread and
scalloping in the beam trajectory.

In principle, vacuum electronics allows production of coherent Terahertz radiation
practically to operate at any power level. However, in practice there are a lot of
problems which has limited the development of high power, high frequency radiation
sources, such as the high magnetic field, voltage breakdown and manufacture of small
size microwave waveguides at high frequency. The most widespread electron devices in
this frequency range are low-voltage Backward Wave Oscillators which can generate
CW radiation with output powers of 1-10° W at frequencies of 0.1~1.0 THz with
broad frequency tuning. Gyrotrons can produce high powers up to 1 MW at the
frequency of 0.17 THz in the quasi-CW regime. Gyrotrons with strong pulse magnetic
field have demonstrated tens of kWs output power at frequencies up to 0.65 THz. The
highest frequency achieved in gyrotrons is over 1.0 THz with power of several watts.
Free electron lasers demonstrate very high pulsed and average power along with a
possibility of broadband frequency tuning within the entire Terahertz range and even at
many times higher frequencies. Gyrotron operation at THz frequencies requires a very
strong magnetic field: 36 T at the frequency of 1 THz when operating at the fundamental
cyclotron resonance. This is possible in the pulse regime of operation only. An
alternative way is to generate high cyclotron harmonics is via the so called gyro-
multiplier concept. Gyro-multipliers can operate at low-voltages and be compact while
at the same time requiring a magnetic field of 5-12 T to provide 1—-10" watts at the
frequencies of up to 1 THz. As for Terahertz FELSs, they use basically very high energy
electron beams (2-12 MeV) that can only be produced by large accelerators. So the most
probable way of achieving hundreds of GHz millimetre wave radiation is to use a
harmonic gyro-device or frequency multiplication, such as a high harmonic QO-gyro
source, gyromonotron, gyro-BWO, or large orbit gyrotron. Micro-fabrication MEVDs
can also be used to achieve about tens of milliwatt of output power at 400 GHz, but the
size limits on the beam-wave interaction region limits the output power and it is
incredibly difficult to fabricate.
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Chapter 2

Beam Physics

2.1 Introduction

An electron beam is a group of electrons that are moving in almost the same
direction with approximately the same kinetic energy which is usually much larger than
the thermal kinetic motion at normal room temperature.

If the electrons kinetic energy of the electron beam approaches or exceeds its rest
energy, in this situation one must use a relativistic equation of motion, and the
Newtonian equations of motion are approximately correct for the electron beams with
kinetic energy below 30 (keV).

A very useful parameter is the ratio of the electron speed to the speed of light in

free space(c).
p=vlc (2.2)

And the apparent mass of the electron which is moving at a speed of v:

mO
J-(icy

Here y = (1- %) %?, and the quantity of » is always greater than unity because

m= =My %) 2 = y-m, (2.2)

the observed speed of a particle can never be equal or exceed c.

Electron beams are widely used in scientific, industrial, and even domestic
apparatus. The high kinetic energy and good directionality of electron beams make them
ideal for use in pulsed RF linacs, induction linac injectors, electron cyclotron maser
(ECMs) and free electron lasers (FELSs). Electron beams have continually expanding
applications in many branches of research and technology, such as flat-screen cathode-
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ray tubes, synchrotron light sources, beam lithography for microcircuits, thin-film
technology, production of short-lived medical isotopes, radiation processing of food and
free-electron lasers. Finely focused electron beams are also employed in electron
microscopy analysis such as transmission electron microscopes (TEM) and scanning
electron microscope (SEM).

2.2 Electron beam parameters

To characterize an electron beam, several quantities are normally used, including
average kinetic energy and its spread, current, power, pulse length, transverse dimension
and parallelism. The first four parameters are quite obvious and easy to measure. The
quantitative description of the transverse dimension and parallelism of an electron beam
is based on the concepts of ‘phase space’ and its modification ‘trace space’. The
emittance and brightness describe the quality of an electron beam when defined in
phase-space or trace-space.

2.2.1 Particle trajectories in phase space

As mentioned before, the motion of electrons or charged particles in general is
usually portrayed in 3-D Geometric space, or in configuration space. The motion of an
electron in an electromagnetic field can be described in the equation(2.3).

=P =F=q(E+%xB) (2.3)
when replacing P with position vector:

Lymyr =F = q(E + 7 x B) (2.4)
here “7” represents “Z—f”, as the kinetic energy of the electron is:

Wzgymov2 =%7m0(>'<2+y2+z'2) (2.5)

if define:

L(x,Y,2,%Y,2,t) =W -Q :%ymo()'(2 +y?+2%)—aV +q(xA, + YA, +2A)  (2.6)

then electron motion can been solved by the Lagrange equations:
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d oL, oL
d—(—.)——=0
t ox° oOX
d oL, oL
— (=Y -Z==0 2.7
dt(ay) & (2.7)
d oL, oL
)5 =0
t oz° oz

The electron orbit can be determined entirely by the external electromagnetic field
and the position vector (x(t), y(t), z(t)), the velocity vector (vx(t), vy(t), vz(t)), will
respond to the action of the applied forces. Because it is not an effective way to describe
beams that contain a large number of charged particles in configuration trajectories the
model can be improved by representing particle trajectories in a 6-D (six-dimensional)
space with axes in both space and velocity (x, y, z, vx, vy, vz). This mathematical space is
called phase space.

Each particle in a beam represents a single point in phase space at a particular time.
For an electron beam, all the beam electrons together consist of a group of points in
phase space; it is obvious that the trajectories of the electrons will not cross in phase
space because no two electrons can have the same velocity at the same point in space.
Therefore the neighbouring electrons will always be neighbours in phase space as there
are no interactions between these electrons, and the phase-space volume occupied by the
beam electrons is an invariant of motion according to Liouville’s theorem [105].

2.2.2 Beam Emittance

Emittance is a measure both of the size and parallelism of the beam electrons and
is used to compare the quality of electron beams. For a practical beam in phase space,
the volume (or area) occupied by beam electrons in 2-D trace-space (X, X'),(Yy,Y’) can
always be calculated as below:

S, = [ dxdx'/
S, =”dydy’/7r

for an axisymmetric system:S, =S =S,

(2.8)
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the transverse hyper phase volume in 4-D is:

V, = ” _[ _[ dxdx'dydy’ (2.9)

Therefore, emittance was defined as equation(2.10) and is a quantity to
characterizes the effective phase volume (or area) of a beam distribution.

{5X =S, /[«

o =S n (2.10)

For an axisymmetric system: ¢, =&, =¢,, and the unit of & here is m-rad . In 4-
D trace space (X, X', ¥, Y'), the hyperemittance is defined as:

£ = % [ ]] axcx'dydy’ = %w (2.11)

If the particle motions in the x and y directions are independent, the hyper-
emittance could be expressed as:

£, =&,E, (2.12)
Normalized emittance ¢, is defined in the phase space (x, p,). For a relativistic
paraxial beam it is given by the equation
1 1 ,

6 =—— |[ dxdp, == By [[ dxdx' = (By)z,
m,C Vs

! 1 (2.13)
L — [[dydp, =— py [[ dydy' = (B1)e,

Liouville’s Theorem tells us that the beams volume Q, in phase space
(X, P, Y, p,) is conserved when the particle motions in the x and y directions are
independent.

A third form of the emittance is the root-mean-square (RMS) emittance ¢,,, [106]:

Eme =A< X2 ><X? > —<xx' >?]? (2.14)

The symbol < > indicates that X and x’ have been averaged over the trace-space for

a specific electron distribution function. The RMS emittance provides a more
meaningful quantitative measure of the effective emittance of a beam.
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2.2.3 Beam Brightness

Figure 2-1 The first type of definition of the microscopic brightness

The brightness was defined as the current that pass through the unit area of unit
spatial angle. As shown in Figure 2-1, the dI current element from the area element ds
round point p(X,Yy) in the section area S of the beam, and the angle of dI and the
normal direction of area element ds is @, and the spatial angle is &2, thus the
microscopic brightness was defined as the current per unit area per unit solid angle:

di

dB=—"-————
XdS cos @

(2.15)

Normally, to a paraxial system, the transverse angle is very small and we can take
@ =0 approximately. Then:

_d
S

Because the density distribution of the beam in phase space is not uniform, the

dB (2.16)

microscopic brightness is different at different points across the cross section of the
beam with the average brightness (or brightness) given by:

[[acs

(2.17)
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The microscopic brightness was defined in the transverse 4-D phase space, and is
the current divided by the transverse 4-D unit phase space volume:

dB = dr (2.18)
dv,
And the average brightness of a beam is:
B= L ! (2.19)
Vv, ﬂ _[ dxdx'dydy’ '
As:
dA _
dQ=F=dx dy (2.20)
Equation (2.20) substituted into equation(2.17), we obtain:
(2.22)

°= (T[T ebdy1ds [T ] axccycy’

So these two definitions are same, and the unit of brightness is: A-m™-rad . The
transverse emittance is closely related to the ‘brightness’ concept used in electron optics.
When beams have Cartesian symmetry in the transverse direction, we can write an

expression for brightness in terms of the emittances as:
I

B=— (2.22)
T°EE,
And the normalized brightness is given by:
B ! (2.23)

B= -
By V(B

2.3 Electron Beam Diagnostics

The electron beam diagnostics are often used to measure the parameters of an
electron beam such as the beam emittance, beam current, beam energy, beam velocity

and its spread as well as the beam cross section.
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2.3.1 Voltage Measurement

High voltage signals are needed in accelerating

Vin
electron beams, so it is necessary to measure the high
voltages applied to the experiments. But most of these Ri
high voltage signals are too high for the measuring
. . . Vout
instrument and hence some form of voltage divider is
R2

required. Voltage dividers are widely used in high
voltage measurement (DC, AC, or pulsed voltages). It
can be classified into one of the three types: a capacitive
voltage divider, a resistive voltage divider and a
combination of both resistive and capacitive voltage  Figure 2-2 Resistance divider
dividers. But there is never purely resistive R, inductive

L, or capacitive C voltage dividers in real situations, but always some mixture of these
three basic parameters due to the existence of stray capacitance and inductance. These
distribution parameters become important for the measurement of fast rising pulsed high
voltages, the rise time of the pulse to be measured often approaches the transient time
through the divider elements, and in this case the divider reaches an absolute upper limit

of its bandwidth of the pulse response.

To the simplest situation: two resistances R, and R, are connected in series as

shown in Figure 2-2 and the out voltage V,, is related to the input voltage V,, as below:

Vout = R2 'Vin
R +R,

(2.24)

this rule only works if the divider is unloaded, if it is loaded and then the loaded
resistance is R, and equation (2.24) should be changed to:

— R2 ” RL V. = R

—2 .
out R1+R2||RL in R1+R2+RI1QR2
L

Y (2.25)

n

Taking into account the capacitance and the inductance parameters, Z can be used

to replace R in equation(2.25) as below:
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out — in 'Vin (226)
L L7012, Zl+ZZ+ZlZZ
ZL
Vout
— m — m;w
I R 1 R L2
1 2
| | | |
Vin || |
Cl 77C31 C2 Ce2 -

Figure 2-3 The Equivalent circuit for resistor voltage divider

Figure 2-3 shows the equivalent circuit for the resistor voltage divider, R is the
resistance, and L is the self-inductance of each R component, C is the self-capacitance
and is due to the structure of the resistor, and the stray capacitance C, represent the
capacitance between the resistor and the earth.

To make problems simple, three simple situations were analyzed:

1) Self capacitance; only the self-capacitance will be consider in this
situation, and the output voltage can be given as:

R RC,-R,C
V,, = 2V, [1+ 2L —2"2exp(-t/7,)] (2.27)
" R+R, R,(C,+C,) /

where 7, =RR,(C, +C,)/(R,+R,) . When RC, =R,C,, the divider will output a
pulse with a pulse shape exactly the same as that of the input voltage. Otherwise, the
output signal of the divider will have an overshoot or undershoot at the beginning of the
pulse.

(2) Self-inductance: in this situation, only the self-inductance of the voltage
divider will be considered, and the output voltage is given by:

R _RitRy,
\Y 2_V [l-e "+ ] (2.28)

OUt:R1+R2

Which means the self-inductance of the resistors slows down the input pulse which
results in arise timez, =2.2(L, +L,)/(R +R,).
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(3) Stray capacitance: which means only the effect of the stray capacitance
will be considered, then the total stray capacitance is C, =C_ +C,,, and the voltage
output pulse is:

\Qm = R2
R +R,

V1423 (-D)F exp(— ‘:gz tj] (2.29)

e

and the corresponding rise time 7z, ~ (R, +R,)C,/3.

2.3.2 Current measurement

There are three basic ways to measure a pulsed current that can be recorded using
an oscilloscope: (1) a magnetic probe (including a Rogowski coil), (2) a current shunt
[107] and (3) a Faraday Cylinder. A magnetic probe is just a coil of wire which is used
to pick up the magnetic flux produced by the electrons as they flow through the centre of
the coil. This electron current diagnostic was first developed by Rogowski and is very
suitable way to measure high frequency current signals. A current shunt is a non-
inductive resistor connected into the circuit, where the current to be measured is passed
through the resistor, which can also measure the position of the beam at the same time.
A Faraday Cup normally captures the electrons, and is a destructive method to measure
electron beam current. The Faraday Cup is a little complicated but suitable for current
signal measurements at both high and low frequencies. Therefore the magnetic probe
and current shunt methods are the most commonly used methods for measurement of
high current electron beam pulses. Usually magnetic probes can achieve nanosecond or
less rise times.

(1) Rogowski Coil

The most convenient method of beam current measurement is by means of a current
transformer: called a Rogowski coil named following Rogowski’s paper in 1912 [108].
The beam current is normally measured by using a compact Rogowski coil upstream
from the interaction region and the transported beam current measured using another
compact Rogowski coil downstream from the interaction region.
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A Rogowski coil is a special magnetic pickup probe which measures pulsed
currents. It is a multi-turn solenoid winding around a torus which encircles the current to
be measured. The changing magnetic field which is produced by the pulsed current to be
measured will cause an electro motive force-dy/dt in the Rogowski coil. A measure of
the electromotive induced output voltage in the electric circuit of the probe (either
differential or self-integration type) will result in a measurement of the magnetic field
induction in the probe and thus the measurement of the pulsed current. In principle a
Rogowski coil is a current transformer. Its primary is the current to be measured and the
secondary often consisting of many turns depending on the attenuating ratio expected is
used to increase the signal to be measured. This method is suitable for high frequency
current measurement. However when the frequency is less than several kilohertz, this
configuration will result in large errors.

A Rogowski coil current transducer has many features, which gives them an
advantage over current transformers in several applications. It is linear; has no core
saturation effects and has a wide bandwidth and wide measurement range [109,110].
Thus it was widely used for the detection and measurement of electric currents.

The theory of a Rogowski coil illustrates very well how a coil can be considered as
an embodiment of Ampere’s Law. It senses the magnetic field in the space around the
conductor and Ampere’s Law provides the relationship between the current flowing and
the magnetic field around it. According to Ampere’s Law, the line integral of the
magnetic field around the loop is equal to the current enclosed by it no matter what path
the loop takes, if the loop encloses no net current then the line integral is zero. This can
be expressed as:

qSH cosadl =i (2.30)

As in Figure 2-4 (a), a long, thin helical coil, with n turns per meter and cross-
sectional area A which encircles a current i and the flux linking with the length of dl is

given by:

d® = y,H-A-ndlcosa (2.31)
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(@) (b)
Figure 2-4 The principle of Rogowski Coil [109]

Where H is the magnetic field and « is the angle between the direction of H and
the axis of the coil section. The flux linking the entire coil is given by integrating along
the coil:

D= yOnAj H cos adl =x,nAi (2.32)

For an alternating current, the voltage output from the coil is given by the rate of
change of flux:

do di di
= NA—=-M — 2.33
Hy dt dt ( )

Vcoil =T .
dt

Where M = ,nA is named as the mutual inductance, and this makes a thin
Rogowski coil ideal for use as a transducer for alternating currents since it responds only
to currents which thread the loop and rejects currents and fields from external sources.
Also the output of the transducer is independent of the exact path taken by the loop.

The Rogowski coil’s output voltage is a differential signal and to obtain a measure
of current, the coil’s output voltage must be integrated. The addition of an integrator to
the coil completes the transducer to provide a voltage which reproduces the current
waveform.

Figure 2-4 (b) shows a typical active system using an inverting integrator. It is
usually to be integrated with a passive RC network [111] or by terminating the coil with
a very low resistance, thereby making the coil “self integrating” [112]. There are two
types of Rogowski coils which are categorized according to their operating circuit. One

-42 -



is the self-integration Rogowski coil. The other is the differential Rogowski coil with an

external integration network.

R
L L

Cc_- 7 7
dy fdt \ dyfdt R \

(a) (b)
Figure 2-5 Equivalent circuit for Rogowski coils (a) differential type with and external integration

network and (b) self-integration type

The equivalent circuits for the two types of Rogowski coils are shown in Figure
2-5 (a) and (b) respectively. Other integrator designs, including passive integrators, can
be used depending on the circumstances.

The circuit equations for the external integration type of Rogowski coil is given as:

dy di . 1 5.
— =L—+iR+—|idt 2.34
dt dt C! (2:34)

Where i is the current flowing in the Rogowski coil, y is the magnetic flux in the
cross section of the Rogowski coil, L is the inductance of the coil, and R and C are the
resistance and capacitance of the external integration network. If the operating

conditions described in equation (2.34) are satisfied:

R>Lw,;RC>r (2.35)

Where o, and 7 are the highest significant frequency components of y and pulse
duration of the current respectively, then equation (2.34) becomes:

i~ 1AV (2.36)
R dt
Thus the output voltage V, is given as:
156 w(t)
V,(t)==|idt=—= 2.37
o0 =g Jidt=" (2:37)
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If we assume that y(0) =0, the magnetic flux y is proportional to the number of
the coil turns n; and current amplitude I. Suppose the proportionality constant is x,
then:

KN
16 (2.38)

Vo (t) =

For a Rogowski coil of cross sectional area A, mean circumference length | and

permeability of the coil material zz, assuming that the thickness of the coil is much less

than the radius of the coil such that the B field inside of the torus solenoid is
approximately uniform, then it is possible to show that:

K= ”TA (2.39)

The equation for a self-integration Rogowski coil is given as below:
dv _ 94t ik (2.40)
dt dt
When R« Lw, (o, is the lowest significant frequency component of y ). From
equation (2.40) it is found that:

vo(t)=iR=%R=ﬂLRR|(t) (2.41)

The inductance of the Rogowski coil L is equal to n,x with Rogowski coil
parameters identical to those used in equation(2.40).

The design and application of the Rogowski coil varies with different
circumstances according to the different currents to be measured. As it can be seen from
equation(2.33), the sensitivity of the Rogowski Coil is determined by the mutual
inductance M = y,nA. So we can increase the coil section area A and the number of
turns of the coil per unit length in order to measure relatively low current. To increase
the area A it will introduce a systematic departure from the simple theory because the
measured flux-density is no-uniform over the turn area. The coil would therefore require
calibrating in a fixed position, and if it is disturbed then it can greatly affect the accuracy
of measurement. Thus it is more helpful to increase the density n.. But the wire can’t be

too thin as it will easily break and be difficult to achieve mechanical stability. But in the
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fabrication of a multiple-layer Rogowski coil, the windings are layered one on top of the
other. The value of the mutual inductance can be largely increased in this way. But the
disadvantage of multiple-layer Rogowski coils is poorer performance with increasing
frequency. The shunt capacitance of the multilayer coil increases approximately linearly
with the number of turns, and the series self-inductance of the coil, however, increases
with the square of the number of turns. Both of these and other factors can degrade the
coil’s frequency and phase response [113].

Sometimes people make several coils, which have the same size in series, the
distributed capacitance decreases approximately linearly with the number of coils while
the series-inductance increases approximately linearly with it. So the frequency response
of the Rogowski coil will not be affected in theory. But in practice, between the coils,
there exists distributed capacitance and inductance, so the frequency response’s
characteristic can decrease. Experiments shows that if two coils are connected in series,
the range of frequency response characteristics will decrease 10%, and when the
numbers of coils connected is increased, the range of frequency response will decrease.
In practice the use of a central return conductor was introduced to the Rogowski coil
design, which conveniently brings both terminals to the same end and eliminates
spurious signals due to the whole coil acting as a one-turn search coil114. As shown in
Figure 2-6, a co-axial cable with its shield ground removed was used as the core of a
Rogowski coil.

Figure 2-6 Rogowski coil based on co-axial cable core; a. core for return path; b. insulation stripped

of braid; c cut threads for location; d. helix laid into threads

High-frequency response is obviously very important in some transient

measurements. At frequencies up to a few tens of kilohertz the coil behaves as a simple
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mutual inductor and measurement is straight forward. At higher frequencies the self-
inductance and self-capacitance of the coil become significant. If the inductive
impedance of the coil is comparable with the input resistance of the integrator there can
be amplitude and phase errors which depend on the coil design. For most cases the effect
Is small at low frequencies. A compensation circuit can be added in the integrator for
high frequency applications.

The self-capacitance and self-inductance of the Rogowski coil can cause a
resonance, and this resonance frequency is a very important parameter in designing
Rogowski Coils and it is crucial to understand its high-frequency behaviour. There will
be a damping effect and the resonance can be under damped, over-damped or critically-

damped.

At very high frequencies the coil behaves as a transmission line and correct
termination of both ends of the coil is important. The induced voltage distribution along
the length of the coil also becomes significant because of propagation time delays and
this makes the output of the coil dependent on conductor position.

(2) Faraday Cylinder

rubber _
film graphite

1/
/;/1/

1/

signal
R resistance
l
|

—_—
s

Figure 2-7 the Scheme of Faraday Cylinder

Faraday Cylinders act as electrons absorbers while being used to measure the
electron beam current. As shown in Figure 2-7: when the electrons in the electron beam
to be measured incident on the Faraday Cylinder, they will interact with the detector
material (graphite is the material usually used for the collector of the Faraday cup) and
will be absorbed. The electron charges absorbed in the Faraday Cylinder will produce a

voltage which is proportional to the beam current via a low inductance signal resistance,
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which can be recorded by an oscilloscope, thus building up a real time beam current

measurement.

To make accurate measurement, the faraday cylinder needs to be a highly efficient
absorbing material, and have a low inductance hence they are usually structured in co-
axial geometry to reduce the inductance. All conducting joints need to have a good
conducting contact with low distributed inductance.

Electrons interact with material normally in 3 different methods:

_(d_E e 2
dX ion—loss A
_(d_E o 72 (2.42)
dX rad —loss
dE Z?
Lax s
scat—loss

So the absorber material should be a low Z material, usually graphite or aluminium.
Aluminium is compatible with vacuum and is easily machined as compared to graphite.
There are two main factors that affect the absorbing efficiencies: secondary electrons
and ion current. The entrance of the Faraday Cylinder can be made in the shape of a
horn to reduce the effect of secondary electrons’, and cover a thin rubber film over the
entrance which allows only high energy electrons to pass through to decrease the effect
of ion current, and it can also form a potential barrier to stop the escape of the secondary
electrons. For very high energy electrons, the cross section of the secondary electrons is
very narrow, and the effect of the secondary electrons can be ignored. If the beam
current is not strong enough to produce an ion current, the rubber film can be removed.

(3) Current Shunt

A current shunt is another important diagnostic developed for electron beams
especially in electron accelerators. It is a device that monitors the beam current and
position in the accelerator and associated beam transport lines. A current shunt is
capable of measuring kilo-ampere beam currents and beam position with rise times of
less than 0.2ns and relative position resolutions of less than 100 zm. The current shunt
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can be formed by placing the resistors in series with the inner wall of the beam transport
lines and detecting the currents induced in the wall by the passage of the beam.

3

{ beam 4
k()
> r (p
/ a

a b

\

Figure 2-8 The scheme of a current shunt; (a) beam at the axis; (b) beam off axis

The principle of the current shunt is shown in Figure 2-8. As the current I flowing
within a tube of radius a at a distance r off axis causes a surface current to flow on the
inner tube wall in the opposite direction (sometimes called return current). The induced
current in the inner wall of the tube per unit length along the circumference is given as
below:

I p° -1
2ral+ p* —2pcos(p—6)

k(p) = (2.43)

Where p=r/a is the normalized beam displacement, and & and ¢ were defined
in Figure 2-8. If it is assumed that n pieces of resistors with the value of R are placed in
series and are uniformly distributed along the circumference of the inner tube wall, and
the radius of the resistance band is equal to the inner tube wall radius with a surface
current passing through the resistors then a voltage will developed or initiated along the
resistors. The voltage can be expressed as:

27a-R _RI p’ -1

V(@) =k(9) o n 1+ p?—2pcos(p—0)

(2.44)

From equation (2.44) we can find that the voltage in different positions on the
circumference can be different, and with 3 typical voltage values at different positions
around the circumference, the current | and normalized beam displacement p and angle
© can be calculated.
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2.3.3 Beam Cross Section Measurement

The cross sectional physical geometry of the electron beam, such as beam position,
size, shape and even electron beam density distribution, i.e., profiles, is a fundamental
property of any electron beam. Monitoring of these quantities of an electron beam is
important for understanding and studying the electron beam physics, such as beam
production, beam transport and beam quality, it could also be used to check possible
problems in the beam production and transport, such as asymmetry and misalignment of
the device fabrication, magnet formation and any alignment or matching problems of
different device components which may affect the motion of the electron beam. These
factors are also important when one comes to study the motion of the electron beam and
beam wave interaction properties in the cavity.

The most common method used to obtain beam cross sectional information such as
position, size, shape and profile is through the use of a witness plate techniques. This is
done by inserting some kind of special sheet material into and normal to the beam
propagation. The electron beam will interact with the sheet and sometimes will leave a
deposit on the inserted diagnostic. These special materials will change in appearance
such as colour or will produce some detectable effects such as light or x-ray radiation,
which can be recorded by monitoring these property changes to reveal beam cross
sectional information. Usually these sheets are Mylar sheets, films or scintillators.
Scintillators disk were used to record the electron beam position, size, shape and profile.
The scintillators disk were made by painting a scintillator powder on a copper disk, this
powder had a light emitting response time of 1 ns and a persistence time of ~ 10 ms. The
light radiation emitted was detected using a CCTV (closed-circle TV) enabling the real
time beam cross section to be measured .

When relativistic electrons pass through the materials, there are several types of
light emitting mechanisms, and the optical radiation emitted can be used to measure the
beam cross section. As the electrons interact with materials, due to the particle force, the
molecule and atom are excited, and when they go back to their ground state, a photon

will be emitted. In cross section diagnostics the radiation mechanism used:
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(1) Cerenkov Radiation

When the particles moving in the material with a speed larger than the light speed
in this medium as v>c/JE(g present the dielectric coefficient of this material),
Cerenkov radiation[115] is emitted. As a charged particle travels, it disrupts the local
electromagnetic field (EM) in its medium. Electrons in the atoms of the medium will be
displaced and polarized by the passing EM field of a charged particle. Photons are
emitted as the insulator's electrons restore themselves to equilibrium after the disruption
has passed. (In a conductor, the EM disruption can be restored without emitting a
photon.) In normal circumstances, these photons destructively interfere with each other
and no radiation is detected. However, when the disruption travels faster than the
photons themselves, the photons constructively interfere and radiation is observed.

i
-

— ]
(a) (b)

Figure 2-9 the Scheme of Cerenkov radiation

As shown in Figure 2-9, electrically charged particles have electric fields around
them as a result of their charge. When such a charged particle is moving, the electric
field moves along with the particle. However, since the electrical field is carried by
photons, it can only travel at the speed of light. If the particle is travelling faster than the
speed of light in a certain medium (such as water), then it, in a sense, out-runs its
electrical field.

The electric field that is left behind forms a shock front and this manifests itself in
the form of light. Thus the radiation angle is:
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cos@:u_tzﬁzi (2.45)

where  =V/c . The directional property of Cerenkov radiation makes it possible to
detect the energy of the particles by measuring the radiation deflection. The overall
intensity of Cherenkov radiation is proportional to the velocity of the incident charged
particle and to the number of such particles. Unlike fluorescence or emission spectra that
have characteristic spectral peaks, Cherenkov radiation is continuous. The relative
intensity of one frequency is proportional to the frequency that is, higher frequencies
(shorter wavelengths) are more intense in Cherenkov radiation. This is why visible
Cherenkov radiation is observed to be brilliant blue. In fact, most Cherenkov radiation is
in the ultraviolet spectrum; it is only with sufficiently accelerated charges that it even
becomes visible.

(2) Optical Transition Radiation (OTR) [116]

Transition radiation is produced when a relativistic particle traverses an
inhomogeneous medium, in particular the boundary between materials of different
electrical properties. The emitted radiation is the homogeneous difference between the
two inhomogeneous solutions of Maxwell's equations of the electric and magnetic fields
of the moving particle in each medium separately. In other words, since the electric field
of the particle is different in each medium, the particle has to "shake off" the difference
when it crosses the boundary. The total energy loss of a charged particle on the
transition depends on its Lorentz factor y = E/mc® and is mostly directed forward,
peaking at an angle of the order of 1/y relative to the particle’s path. The intensity of the
emitted radiation is roughly proportional to the particle's energy E.

Optical transition radiation is emitted both in the forward direction and the
reflected direction by the interface surface. As shown in Figure 2-10, in case of a foil
having an angle at 45" with respect to the particle beam, the shape of the particle beam
can be visually seen at an angle of 90°. More elaborate analysis of the emitted visual
radiation may allow for the determination of » and emittance. The radiation production
is very low compared to Cerenkov radiation, especially for low energy charged particle
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beams (typical lower than 30 MeV). This radiation hence offers the possibility of
particle identification at highly relativistic energies, where Cherenkov radiation or
ionization measurements no longer provide useful particle discrimination, particularly of
electrons and hadrons in the momentum range between 1GeV/c and 100 GeV/c or
higher, the upper limit being determined not only by particles reaching the Fermi plateau,
but also by the radiation of highly relativistic particles. The peak transition radiation
photons produced by electrons having wavelengths in the X-ray range, with energies
typically in the range from 10 keV to 30 keV. To make real time detection, a very thin
foil target is required, normally several micrometres to tens of micrometres.

Figure 2-10 The Scheme of Transition radiation

(3) Synchrotron Radiation

Synchrotron radiation is electromagnetic radiation, similar to cyclotron radiation,
but generated by the acceleration of relativistic electrons through magnetic fields. This
may be achieved artificially by storage rings in a synchrotron, or naturally by fast
moving electrons moving through magnetic fields in space. The radiation angle is
0 =1/y , and the characteristic wave length is:

186
“ " BE?

(2.46)

The unit of A is nanometres, and B is the magnetic flux with unit of T, and E is
the energy of the electrons with unit of GeV. The radiation typically includes infrared,
optical, ultraviolet and X-rays. Synchrotron radiation has a high brightness and high
intensity, many orders of magnitude more than with X-rays produced in conventional X-
ray tubes; high brilliance, exceeding other natural and artificial light sources by many
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orders of magnitude; high collimation, i.e. small angular divergence of the beam; Low
emittance, i.e. the product of source cross section and solid angle of emission is small;
widely tuneable in energy/wavelength by monochromatization and possess a high level
of polarization (linear or elliptical).

The particles in a bunch travelling on a curved trajectory in free space emit
synchrotron radiation with a broad spectrum of wavelengths. At wavelengths
comparable to the bunch length or larger, the radiation from various particles is coherent,
giving a radiated power proportional to N*, which was mainly polarized in the orbital
plane [117,118]. As the spectrum of coherent Synchrotron Radiation is dominated by the
bunch length of the electron beam, thus the bunch shape can be estimated using Fourier
analysis of this spectrum.

(4) Bremsstrahlung Radiation

Bremsstrahlung Radiation is electromagnetic radiation produced by the
acceleration of a charged particle, such as an electron, when deflected by another
charged particle, such as an atomic nucleus. The term is also used to refer to the process
of producing the radiation. The phenomenon was discovered by Nikola Tesla during
high frequency research he conducted between 1888 and 1897. Bremsstrahlung has a
continuous spectrum. The characteristic angle of the Bremsstrahlung is »*=m,/E,,
where m, is the rest mass of the electron and E, is the energy of the radiating electron.
At a wavelength 4 =1.24/E, nm , it is normally in the X-ray region or » region, and has
good directionality when the electrons have a high energy. Now this radiation is widely
used for collider luminosity measurement. Bremsstrahlung photons distribution can be
used also for measurement of electron beam divergence at the interaction point as the
photons carries information about the geometric parameters of the electron beam at the

interaction point such as the angular spread, position and orientation of the beam axis.
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Chapter 3

Harmonic Gyrotron

3.1 Introduction

As mentioned previously, gyrotrons are the most developed type of high power,
high frequency radiation sources in the millimetre and sub-millimetre wavelength range
which are also extendable to the Terahertz (THz) frequency region. The Institute of
Applied Physics (IAP) of Russian Academy of Sciences pioneered the development of
the gyrotron and have produced about 1.5 kW at 326 GHz [119]. Gyrotrons are now
commercial available devices that can produce megawatt output power in long pulse or
continue wave (CW) operation in the frequency range up to 200 GHz. Recently a
gyrotron achieved kilowatts of output power operated at a fundamental electron
cyclotron frequency of 1 THz [96] by using a pulsed coil. However CW operation at
such a frequency is a formidable task because of the large magnetic field (~40 T) that is
required. As the output frequency increases, both larger magnetic fields and reduced size
interaction regions are needed when operating at the fundamental cyclotron mode. An
alternative approach to generate CW high frequency radiation is to work at higher
cyclotron harmonics [120,121,122] which allow the use of larger cavity sizes and

smaller magnetic fields by a factor of s, where s is the harmonic number.

3.2 CRM Instability

Gyrotrons are based on the Cyclotron Resonance Maser (CRM) [123] instability
using relativistic electrons gyrating in an external magnetic field. The gyrotron extracts
the transverse energy of the electrons in the beam instead of axial beam energy as is the
case in most other conventional linear tubes such as klystrons and TWTs. An alternative
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definition describing the bunching process in a gyrotron is known as the Electron
Cyclotron Maser (ECM) instability which is a relativistic effect due to the energy
dependence of the electron cyclotron frequency. Figure 3-1 is a schematic cross section
diagram of a gyrotron, showing the particle trajectories with the electrons initially
uniformly distributed along the gyro orbit.

These electrons are rotating in the counter clockwise direction in a uniform and
constant magnetic field B,é,, so the initial Larmor radius and gyrating frequency are
given by equation (3.1) and (3.2):

_ e[By
O (3.1)
myy
Vv
Ri=- (3.2)

A small constant amplitude electric field E, = &, cos(wot)é, was introduced
which gyrating at a frequency w in the same direction as the electrons as shown in
Figure 3-1 (a).
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(a) (b)
Figure 3-1 CRM bunching process illustrated by gyrating electrons in phase space in the presence

of a small external field (a) Initial electron positions. (b) Bunched electrons after several cycles. (c)

two bunches formed in a 2nd harmonic gyrotron

Electrons 1, 2, 8 will lose energy as their y component speed is in the same
direction as E,, thus from equation (3.1) we can see the relativistic cyclotron frequency
of these particles will increase and tend to spiral inward as y decreases. Particles 4, 5 and
6, on the other hand, will gain energy and their relativistic cyclotron frequency will
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decrease and tend to spiral outward as y increases. So the phase of the particles 1, 2, 8
will tend to slip ahead of the wave and particles 4, 5, 6 will tend to slip behind the wave.
After an integral number of wave periods, the particles will become bunched around the
positive y axis as shown in Figure 3-1 (b). To obtain energy from the particles, wo must
be slightly greater than Q, as the electrons will rotate as a whole in a clockwise sense
while the bunch is being formed; hence the centre of the bunch will gradually slip
behind the wave to the right half of the half-circle, and give energy to the wave. So at
this fundamental mode, there will be one bunch at the beam cross section view. When
operating with a high harmonic mode, the electron beam gyrates at a frequency of Q, and
the electro-magnetic wave rotates at a frequency of sQ, where s is harmonic number. In
this case there will be more than one bunch formed with the bunch numbers equal to the
harmonic number. Figure 3-1 (c) shows how the electron beam interacts with the
electro-magnetic wave for the 2" harmonic situation. As we can see the TE,; wave is
rotating at w = 21 frequency, and particles 2 and 4 are moving against the electric field,
so they will gain energy and spin back ward and inward. On the other hand particles 1
and 3 will loose energy and spin forward and inward, so 2 bunches will formed at the

position between 4 and 2, 3 and 1 respectively.

Table 3-1 Gyrotron requirement for different harmonic number at 390 GHz

Harmonic Mode B(T) Cavity Larmor
number Radius(mm) Radius(mm)

1 TEp 14.6 0.225 0.040

2 TEy» 7.34 0.374 0.083

3 TEs; 4.84 0.514 0.120

4 TE4, 3.63 0.651 0.161

5 TEs; 291 0.785 0.202

6 TEg; 242 0.918 0.241

7 TEn 2.07 1.062 0.281

As a high frequency gyrotron operated at the fundamental mode requires a very
high magnetic field it is very attractive to use harmonic interactions and take advantage
of the magnetic field reduction by a factor of s. As show in Table 3-1, the B field
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requirement decreases significantly when the harmonic number increases. It can also be
found that the resonance cavity radius increases as the harmonic number increases, and
this leads to another advantage of the harmonic gyrotron in that it can handle much more
power than gyrotrons operating with the fundamental mode. However, because the
electrons in the phase bunches typically continue to spread in phase faster than the
energy that can be extracted from the electron bunches, the saturated efficiency of the
harmonic interactions decreases rapidly with increasing harmonic number, typically
falling below 10% at the third or fourth harmonic.

Gyrotrons operate through a fast cyclotron wave interaction, which takes place in
the fast-wave region near the cut off frequency, where the gyrotrons inherit the
advantage of being insensitive to the electron beam spread. The electron beam interacts
with the transverse electron field of a TE type mode and the energy exchange takes place
through the transverse motion of the electrons interacting with the transverse electric
field. For the general situation, it is assumed that the electron beam is guided by a
constant confining magnetic field By and is injected into an open ended smooth
cylindrical cavity. The cylindrical cavity has a radius of r,,, and the electron is grating at
a radius of r, = P, /eB, which known as Larmor radius, and P, = ym,v, is the
transverse momentum of the electron beam. y = 1 + eU/myc? is the Lorentz factor and
U is the electron accelerating beam voltage.

Waveguid wall

/
I
:

Figure 3-2 Projection of the electron orbits on the cross section of a smooth cylindrical waveguide

The gyrating centre located at a radius of r. is known as guiding centre radius and is
shown in Figure 3-2. The transverse component of the electric field of this TEy, (m,n are

integers) wave can be written as:
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E, = ;:::A]r’n(xmnr/rw)e_i(wt_kuz_m(p) (3:3)

By = 22 A Gl /1) @017 m0) (3.4)

The magnetic field of this TEn, wave not only has a transverse component but also

an axial component and these components can be written as:

Br = 8L Al Gl /) e~ (0 H12-M0) (35)
B, = k_g::'rA]r’n(xmnr/rw)e‘i(“’t‘kuz-mtp) (3.6)
B, = k_%:;“rA]m(xmnr/rw)e"i(‘*’f‘kuz—mw) (3.7)

Where Xmn is the nth root of J;,(x) = 0, k, =+/(w/c)’ —k? is the propagation constant
parallel with the axis direction, and k; = x,,,/%,. A is a complex constant. x is the
magnetic permeability.

When an electron beam is introduced into this system, the source current is J, and
Maxwell’s equations need to be satisfied as follows:

V2B ——B=—-2Tx] (3.8)

Where B is the wave magnetic field. By taking the z component of equation (3.8)
and combining with equation (3.3)~(3.7), we obtain [124]:

2 -
(0] 2 2 g 47[ 1 8 Im
(?_k” -k )Bye: :_T[FE(”")_T“ (3.9)
The dynamics of the electron beam can be described by the linear relativistic
Vlasov equation:

(§+\7-%—e\7x B€, 'a_aﬁ) f,=e[E® +Vx B<1>)]-a% f, (3.10)

Where B,2, is the applied uniform magnetic field, E® and B™ are the wave fields
of the TEy, wave given by equation (3.3) ~ (3.7). f, and f; are the initial and perturbed
distribution functions of the electron beam. We assume that f; < f, and E®W, BM «

B, so as to satisfy the linear theory requirement. It is assumed that the cylindrical
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waveguide is lossless and in vacuum, so the circularly TEn, mode dispersion relation in
this wave guide can be written as:

w? —kfc? —kic? = (3.11)

Due to the triangular relationship in Figure 3-2, r can be replaced by the equation
3.12:

r = [r2 +1r? — 2r.r,cos6,]"/? (3.12)
Combining equation (3.9)~(3.12), the dispersion relation can be obtained [125]:

2 _ kz + xTZnn 2 _ _ 4C2N9H062/(47Tm0)
w Il TZ "= 2 12 1—m2 /x2
w YoTwlim(Xmn)[1-m?2 /x50 ]

[(wz_kﬁcz)ﬁJZ_Hsm(xmnrc/rw’ XmnTL/Tw) _ (w—kllvll)Qsm(xmnTc/Tw' xmnTL/rw)] (3 13)
(w—k"v"—s!))z w—k v —s2 '

Here function Hg, and Qs are defined as:
Hom (%, ¥) = [Js—m ()]s )] (3.14)

Qsm(x,¥) = 2Hgpy (x,y) + y{]sz—m(x)].é(}’)];,(}’) +

;[]sz—m—1(x)]§(}’)];—1(}’) _152—m+1(x)]§(Y)];+1(Y)]} (3.15)

In the situation of an axis encircling beam r.=0 and the interaction occurs near the

cut-off frequency, so the equation can be simplified as below:

2

Wt = P (L) (e ebimnlrid)™(316)

B (% —m2) (w—k,v,—502)? VA T Cemn)

Where | is beam current in amps, and I, = 4meymyc3/e ~ 17 kA is the Alfven
current. The dispersion diagram can be gained through equation(3.16), which gives a lot
useful information about the interaction as shown in Figure 3-3.

The beam parameters and cavity parameters are set to enable the interaction with
the harmonic operating mode at the design frequency to take place. Information about
the interaction frequency, mode, wave-numbers, and magnetic field are also determined.
In the diagram the TE7; cylindrical waveguide mode is interacting with the 7th harmonic

of the electron cyclotron mode of a beam of voltage 40 kV and current 1.5 A with a
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velocity ratio a=2 at a magnetic field of 2.10 T. The diameter of the cylindrical
waveguide is 2.11 mm, and the cavity interaction range length is 50 mm.
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Figure 3-3 Dispersion of the TEm1 waveguide modes (m = 1-8) and beam-wave resonances at
different harmonics.

The dispersion diagram is shown in Figure 3-3 illustrating the beam-wave
(harmonic number s>1) interaction with high order waveguide modes TEg, which satisfy
the requirement s = m, as well as all the other possible interactions. From the diagram,
all the possible interactions below the designed TEs; mode are eliminated because the
electron cyclotron lines are below their corresponding transverse electric mode. The
only possible parasitic interactions might be from higher modes, i.e., TEg with s = 6,
TEg; with s = 8 and TEg; with s = 9, etc. However the most dangerous competing
interaction are with the neighbouring TEg; and TEg; interaction as the starting current
increases as the mode index increases. The competing TEg; interaction has a starting
current that is higher than the beam current that has been designed to be produced from
the Cusp electron gun, and the TEg; interaction requires a higher magnetic field. By
properly designing the interaction cavity Q, these two competing interactions as well as
other parasitic interactions of other modes can be minimised.
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In order to maintain the self-oscillation in a single cavity, a feedback loop is
required in the gyrotron oscillator, provided by the reflectors at both ends of the cavity.
A reflector will reflect the front wave and turn it into a backward wave and when this
backward wave reaches the other end of the cavity it reverses to a forward wave again.
Thus continuous wave circulation in the cavity is formed. If the power that the wave
gained from the beam exceeds the power been lost while propagating and reflecting, the
wave will be repetitively pumped by the electron beam from the noise level to
equilibrium amplitude. In a gyrotron oscillator, this means the electromagnetic wave
generated by the initial early electrons will grow and then interact with later electrons to

form a stable oscillation, with the growth time limited by the wave transit time.

As mentioned before, some of the electron beam energy is transferred into the wave
energy of the cavity electromagnet waveguide mode. There are also power losses while
the wave field propagates and reflects in the cavity. Some of the power will propagate
through the cavity end and form the output power (Pou), some of the power will be
dissipated in the wall (Ponm). The power that the electron beam deposits into the cavity
wave is nP,, where n is the interaction efficiency and P, is the electron beam power,

and P, are assumed to be constant during the cavity wave build up.
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Figure 3-4 Schematic illustration of the beam-generated wave power (nP,) and the sum of output
and Ohmic power (Pyy + Ponm) as functions of the square of the field amplitude (E3), E, increase
when nPy, > Py + Ponm and decrease when Py, < Py + Ponm. Hence a stable equilibrium is
maintained at the intersection of the two curves, which is usually designed to occur at or near the
maximum efficiency point [126]
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Figure 3-4 demonstrates the existence of this threshold situation for gyrotron
oscillation. In this diagram, both Py and Pohy, are scaled as EZ, and so the sum appears
to be a straight line in the linear stage with a slope proportional to the cavity quality
factor. Thus the nP, curve appears to be linear too at the linear stage and the slope is
proportional to . When these two slopes are equal, the beam threshold power is reached.
If the beam power exceeds the threshold value, there will be more energy deposited in to
the field than it lost, and consequently E, starts to grow. It can also be seen from the
diagram that this growth cannot continue indefinitely. As the field amplitude increases,
the linear interaction requirement will be broken and the interaction becomes nonlinear,
the efficiency will level off and eventually decrease. So the nP, curve will bend
downwards and meet the P,,; + Py, line where nP, = Pyt + Popm - Thus the
equilibrium state is established and the cavity field will no longer increase.

T

Frequency(GHz)
Growth Rate (a.u.)

100k .......... .......... ,,,,,, —— ......... ......... S ol

Figure 3-5 The growth rate at the 7th harmonic interaction

The growth rate of this interaction can be obtained by solving the imaginary part of
w in equation (3.16) as a function of axial wave-number k, and is shown in Figure 3-5.
In the diagram the TE7; cylindrical waveguide mode is interacting with the 7™ harmonic
of the electron cyclotron mode of a beam with a velocity ratio =3 at a magnetic field of
2.10 T. The radius of the cylindrical waveguide is 1.055 mm, and the cavity interaction
length is 50 mm.
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3.3 Cavity Design

Since the cavity field energy losses due to the power output from the cavity and the
ohmic losses at the cavity wall, two quality factors will be introduced in cavity design,
I.e., the diffraction quality factor Q4 and the ohmic quality factor Q, respectively. They
are governed by the equations below:

_ 4 LAy
Q, —472'1_|R1R2| (3.17)
1 5 2 2 2
o G ) =

Where § = /wiw is the skin depth of cavity wall, o is the conductivity of cavity

material, x is absolute permeability. Ry and R; are the reflection index at both ends of the
cavity interaction region. The total Q of the resonant cavity is given by:

1 1 1
— = —
Q Q Q,

The cavity scheme used in the experiment is shown in Figure 3-6. The cavity

(3.19)

interaction length and the taper angle were optimized for a reasonably high Q which is a
very important parameter in harmonic gyrotron design as the cavity Q is inversely
proportional to the starting current (please refer to section 3.4). The reflection index was
gained through the use of simulation codes Cascade and CST Microwave Studio.

Figure 3-6 The Gyrotron Geometry

Figure 3-7 curve shows the reflect ratio changes against the output taper angle at
390 GHz. In this simulation code, the cavity is a 40 mm long smooth cylindrical cavity
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with a diameter of 2.11 mm, the output taper is 10 mm in length and the input taper is a
cut-off taper with an input diameter of 1.6 mm and a length of 20 mm. All the cavity
materials are OFHC (Oxygen Free High Conductivity) copper.
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Figure 3-7 Reflect radio (L) and Cavity Q (R) against taper angle

From the diagram we can see the reflection factor increases as the angle increases as
well as the cavity Q. But in order to sustain enough output power and decrease the heat
load [127], the reflection ratio needs to be limited. Taking into account all of these
factors a 6 degree taper was chosen for the cavity design.

Also by changing the length of the resonance cavity a curve showing the change in
the cavity Q with respect to its length is shown in Figure 3-8. In this case the input end is
a 20 mm long cut-off taper with an input diameter of 1.6mm. The cavity diameter is 2.11
mm and the output end of the cavity was defined by a 6 degree output horn. Though in
real situation the tolerance of the cavity surface [128] and the purity of materials will
affect the value of ohmic losses at high frequency range, ideal OFHC copper was used
as the metal conductivity in the calculations.

As can be seen in figure 3.8 , Qq increases with the length of the cavity as Qq « (%)2,
but the increase in the length leads to an increase in the ohmic losses of the cavity
which is governed by [129]:

Q0
ey (3.20)

-64-



The cavity in an overmoded gyrotron needs to be designed to minimise mode
competition. One way to suppress undesired modes is to set the beam current to be
below the start oscillation threshold.
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1300°

1100° T T
0 20 40 60 80 100
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Cavity Q

Figure 3-8 Cavity Q against cavity length

3.4 Starting Current

As shown in Figure 3-4, in order to obtain stable electromagnetic radiation (C) from
a gyrotron, the beam generated power (nP,) must be larger than the power that has been
lost in the cavity wall as well as been reflected back both of which are set by the cavity
Q as discussed in previous paragraph. This is set by the starting oscillation threshold,
and the threshold beam current is defined as the starting current below which the
oscillation will not start. It is the minimum current required to overcome the dissipative
process in the cavity for which dP,,./dt > 0 in the limit P,,, — 0. The value of the start
current depends on the beam properties, magnetic field, resonator geometry, resonator
frequency and mode etc., and can be obtained from the energy balance equation:

Al [OIUGHORS (3.21)

Where W is the stored energy of the mode, n(t) is the efficiency, it is a function of
the field amplitude which is equivalent to the output power P,,.. U(t), I(t) are the beam
voltage and beam current respectively, and for a first approximation we can assume they
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are constant. If the transit time of the electrons is smaller than the rise time of the
electric field in the cavity, the electrons will experience approximately a constant field.
Thus equation (3.21) can be rewritten as [130]:

d ou
2 Lout t = (Pout)UI out (3-22)

w dt

and:

Lstare = (U = lp=0)"" (3.23)

So the analytical starting current for the TEnnq mode at my, Harmonic resonance can

be given as follows [131]:

| ® er m? J. (%)
| = A I | mn
) (Q)(ch)( - )( (Xm/B.C/(r, )

YR(X)™"  (3.24)

Where I, is the Alfven current given by |, =4zs,mc®/c=17KA. Q is the cavity
quality factor,

ﬁi @ || ng)t ‘]m(xmnﬂLC/( th))
R(x) ={2—-2x(—
(x) ={ X(ﬂ)(mQC)( —)+l(=— an) ](J ol (r QC)))
2B, I (B (,2)) .
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where X = (@—-m&)ym, /K P, , and P, =ymyy,.

_ |[cos(zax/2)/(1—-x*)] (where q is odd) (3.26)
|[sin(raqx/2) /(- x)} (where q is even) '

and q is the related to the axial wave- numberk, =gz/L and L is the cavity length.
So the starting oscillating current for this cavity in the designed mode and its

competition modes can be acquired some of which are shown in Figure 3-9.
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Figure 3-9 Start-oscillation current for 3 different harmonic number interaction as a function of
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Figure 3-10 Starting current for 4 different harmonic number interaction as a function of the

magnetic field (harmonic number: s =3, s=4, s=5, s=6, cavity radius r,, = 1.3 mm)
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As the gyrotron works near cut-off frequency, using a large orbit electron beam the
interaction requires s=m, so once the frequency and operation harmonic number are
decided, both the cavity size as well as the wave transverse mode index can be
determined. When the cavity size is set other modes and frequencies can be obtained by

tuning the magnetic field at the interaction region

Through the same equation used previously, the start oscillation threshold
requirement can be calculated. Two different sizes of cavities were studied: one with the
interaction cavity radius 1.055 mm, and another one with the interaction cavity radius of
1.3 mm. The starting oscillation current for the radius 1.3 mm cavity were calculated by
the same equation (3.24) as used in Figure 3-10. The results are shown in Table 3-2 with

all the possible interactions highlighted in the gray rows.

Table 3-2 All the possible gyrotron interaction modes and starting oscillation threshold

Harmonic Cavity Size Magnetic field | Starting Current Frequency

Number Diameter (mm) B (T) I (A) (GHz)
2 2.60 2.09 0.004 112
3 2.11 2.44 0.0043 190
3 2.60 1.98 0.006 154
4 2.11 2.31 0.017 240
4 2.60 1.88 0.03 195
5 2.11 2.23 0.08 290
5 2.60 1.812 0.11 236
6 2.11 2.174 0.38 340
6 2.60 1.77 0.51 276
7 2.11 2.13 1.50 389
7 2.60 1.73 2.33 315
8 2.11 2.097 6.75 436
8 2.60 1.7 10.2 354

3.5 Output Taper Design

Due to the cavity Q requirement, the output taper is chosen to be a taper with a
large taper angle of a certain length. This is a strong, linear up-taper which may lead to
the excitation of parasitic modes. In order to study the mode conversion due to this
output taper, simulations were carried out using CST Microwave Studio.
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Figure 3-11 The Geometry of the output taper used in CST Microwave Studio simulation

The geometry of the output taper used in the CST Microwave Studio is shown in

Figure 3-11. Two short pieces of straight cylindrical waveguide were added at both ends

of the output to make the configuration used in the simulation more close to real

situation. A TE7; 390 GHz microwave signal was introduced into port 1 which lies at the

end of the small cavity. The input microwave E-field pattern is shown in Figure 3-12.

The energy and port mode at the output were monitored during the simulation.
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Figure 3-12 The incident microwave signal e-field pattern at port 1

When the taper angle is 6 degree and 20 mm in length, the simulation results shows

more than 70% output power was converted to the TMs, mode. The percentage of output
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power in the TMs; mode and the H-plane pattern at the output are displayed in Figure
3-13. In CST Microwave studio, the output profiles were given in volts/m in percentage
to the input microwave amplitude, so the results shown below have been squared to
enable the power percentage of this mode to be presented.
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Figure 3-13 The output power of TMs, mode at port 2
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Figure 3-14 The output power of the TE;; mode at port 2 of the 4 <output taper
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As there is significant mode conversion in this taper, a change of the taper
parameter was necessary. One approach is to use a smaller taper angle. When a 4 degree
taper was used in the simulation, the results can be seen in Figure 3-14. There is very
little energy converted to other modes and more than 95 percent of the energy stays in
TE7; mode. But when the taped angle is reduced the cavity Q was also reduced making it
difficult to satisfy the staring oscillation threshold. Another approach is to shorten the
output taper length. When a 6 degree output taper of 10 mm length was used in the
simulation the results are shown in Figure 3-15.
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Figure 3-15 The output power of the TE,; mode at port 2 of the 10 mm 6 degree output taper

From the simulation results, there is little mode conversion at the end of the output
taper, only less than 10% power being converted to other modes. Thus this output taper
is suitable for the gyrotron design, and the shorter output taper length makes very little
difference to the cavity Q calculated. It was decided to use this very simple cavity design
in the high harmonic gyrotron experiments as it will enable the physics of the interaction
to be studied while being less complicated to manufacture. A more complex non-linear

output taper with less mode conversion and having a high cavity Q will be the subject of
future work.
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3.6 PIC Code Simulation

The 3D PIC (Particle in Cell) code MAGIC was used to simulate the harmonic
gyrotron interaction. MAGIC is a finite-difference, time-domain electromagnetic
particle-in cell code which can be used to simulate interactions between space charged

particles and electromagnetic fields.

The MAGIC code divides the time and space into a finite grid from the known
initial state, then as the time increases by a single time step, and at each new value of
time, Maxwell’s equations will be solved throughout the space and updating the
electromagnetic fields in time. Using these new field values, the Lorentz equation will
be solved to map charges and current densities onto the grids and these results will then
be used as sources for Maxwell’s equations on the next time step. This provides self-
consistent interaction between the fields and particles. In addition, the code has been
provided with powerful algorithms to represent structural geometries, material properties,
incoming and outgoing waves, particle emission process, and so forth. As a result, the
code is applicable to a broad class of plasma physics problems.
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Figure 3-16 The full grid and half grid of ""Yee Cell" [132]

-72 -



The finite-difference Maxwell solvers are based on a discrete formulation of the
conventional equations. This discrete foundation begins with the so-called “Yee Cell
[132]”, of which the formulations have essential properties that the full-grid and half-
grid placement of field elements, results in perfect curl-grad =0 and div-curl=0 in the
finite difference representation. All derivatives, both “Vx” and “0t” become matrices of
0, #1. Figure 3-16 illustrates the full grid and half grid assignments and the “Yee Cell”
for both the full grid and half grid.

In the simulation a smooth cylindrical cavity was built with the parameter that
were designed, the structure of the cavity is shown in Figure 3-17. The interaction region
of the cavity has a length of 30 mm and a diameter of 2.11 mm. This length is short than
the designed cavity length because in MAGIC code, the omega loss is not concerned and
shorten the cavity length can save much computation time. At both ends of the cavity
were two taper sections to create the resonant cavity in the interaction region. A solenoid
was built outside the cavity to produce the magnetic field that was needed in our
simulation as shown in Figure 3-17, represented by the dark block with the crossed line
through it. Two extra layers of coils were built at both ends of the solenoid to profile of
the magnetic field. The magnetic field profile produced by the solenoid is shown in
Figure 3-17.
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Figure 3-17 The gyrotron geometries with simulated electron beam trajectories
In MAGIC simulation, the electron beam was generated using an electron beam

command. In this simulation, a large orbit annular shape electron beam with a voltage of
40 kV, current of 1.5 A was produced and injected into the cavity. Different beam
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velocity ratios a were applied in the simulations, where the beam velocity ratio « is
defined as the vertical velocity of the electrons over the horizontal velocity. Due to the
axis symmetrical geometry a cylindrical coordinate system was used in MAGIC
simulation.

A M mand M

Ephi (V/m) at ZFLANE

125.00E+03
100.00E+03
W 75.000E403
W 50.000E40]
W 25.000E40]
W 0.0000
W25, 0002403
1500008403
-5 0008403
-100. 005403
-125. 005403

[E-3]
1.0

T [m)
-0.5 0.0 0.5

-1.0

X (m) . (E-3)

(c) (d)

Figure 3-18 Simulation results of the 7th harmonic gyrotron in a smooth cavity: (a) output power,
(b) output spectrum and (c) electron distribution in phase space and (d) microwave E4 field pattern
at resonance

One of the simulation results is shown in Figure 3-18, the electron distribution in
the phase space (Figure 3-18 (c) and the magnet field pattern at the resonance cavity
Figure 3-18 (d) indicates the interaction occurred at the 7" harmonic of the electron
cyclotron mode. Very pure radiation output at a frequency of 384 GHz was observed in
the simulation as shown in Figure 3-18 (b) and more than 600 W of output power was
achieved in this simulation as shown in Figure 3-18 (a). In this simulation the interaction
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region of the cavity has a length of 30 mm and the magnetic field applied in the cavity
was 2.10 T. The reduction in power observed after ~30 ns arises due to the cavity of 30
mm in length being sufficiently long in the absence of wall loss, for the interaction to
enter phase trapped saturation resulting in re-absorption of the wave energy—this can be
seen in Figure 3-18 (c), where the electron distribution in phase angle illustrates the

trapping occurring.
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Figure 3-19 The gyrotron simulation results with beam thickness and beam spread. (a) the emitter
ring with thickness in the simulation; (b) The simulated microwave output power at the end of the
output of the gyrotron cavity; (c) the frequency of the simulated output microwaves at the end of

output of the gyrotron cavity
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In the previous simulation, ideal beam with zero thickness and no beam velocity
ratio o spread was used. In order to study the effects of the electron beam spread and
beam thickness on the simulation results, a series of simulation were carried out using
the 3D particle in cell code MAGIC. In the electron beam simulation, when the beam
velocity ratio o increases, the beam spread will increase. For example, the beam velocity
ratio spread Aa/« is about 10% when the velocity ratio is 1.65, and the beam velocity
ratio spread increase to 25% when velocity ratio a reaches 3. Further increase of the
beam velocity ratio a would result in a significant increase of the beam spread and the
reflection of some beam electrons. For example, the beam velocity spread would reach

45% and beam velocity ratio spread will exceed 30% when the velocity ratio goes to 3.5.

When a 0.1 mm beam thickness and 25% beam spread were set as the input
parameters in the simulation, the total output power dropped to ~500 W, and some other
competition modes at output were present, especially the competing TEg; which became
dominant with the output power at design frequency and mode dropping to ~200 W. The
results of this simulation can be seen in Figure 3-19. The result indicates that the beam
thickness and beam spread has a significant effect on the output of the gyrotron,
lowering the gyrotron efficiency and output power. Also there will be competing modes
present at the output of the gyrotron which cause less output power in the designed

operating mode.
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Chapter 4

Cusp Electron Gun

4.1 Introduction

The electron gun is an essential and vital component in vacuum electronic devices.
All vacuum electronic devices rely on the power from the electron beam produced by
electron guns as all the microwave output power is extracted from electron beams. There
are various types of electron guns that have been applied in vacuum electron devices
giving a large range of current densities and voltages for different applications.
Normally they can be classified by the current density it generated, (a) low current
electron guns and (b) high current electron guns. Low current electron guns usually refer
to a current of less than 20 A where collective forces can be ignored. These are widely
applied in electron microscopes, electron probes and electron spectrographs, etc.
Electron guns that can produce an electron beam with a current larger than 10 mA are
defined as high current electron guns where collective forces have to be taken into
account. These electron guns are widely applied in Free Electron Lasers (FEL),
microwave sources, accelerators and electron beam welders. For high power microwave
sources, high power electron beams are necessary as the output microwave power will
always be a portion of the power of the electron beam. To generate a higher power
electron beam it often requires the beam voltage and/or beam current to be increased.
Also a high quality electron beam is often required to increase the efficiency of the
coupling between the beam and the wave. The beam must possess uniform energy with a
well-defined beam envelope and beam halo, in addition, it needs to be geometrically
stable and also electrically stable as the variation in the electron fluctuations and velocity

will cause noise current and produce noise on the output.
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For all the various application of electron beams, the first step is to extract low-
energy particles from a source and to form them into a beam. The particle source and
initial acceleration gaps constitute the injector. Although an injector may represent only
a small fraction of the cost and size of a high-energy accelerator, it often presents the
most difficult physical and technological problems. The particles move slowly in the
first acceleration gap, and the space-charge forces are correspondingly strong. A high
quality electron beam source, i.e. cathode, is a fundamental component in order to
achieve a high quality electron beam.

4.2 Cathode

The cathode is the source of the electron beam and the current density of electron
emission from the cathode ranges from milliamperes to tens of amperes per square
centimetre of cathode area. J. R. Pierce [133] listed the primary characteristics that an
ideal cathode should have:

1. Would emit electrons freely, without any form of persuasion such as heating or
bombardment. Electrons would leak off from it into vacuum as easily as they
pass from one metal to another

2. Would emit copiously, supplying an unlimited current density.

3. Would last forever, its electron emission continuing unimpaired as long as
needed.

4. Should emit electrons uniformly and traveling at practically zero velocity.

Of course, real cathodes have none of these ideal characteristics as the cathode

surface changes in time and space rapidly and the electrons emitted have a random
velocity in random directions in a real cathode.

In order to withdraw an electron completely from a metal, a potential energy
barrier must be overcome. The potential barrier at the interface between the cathode
surface and the surrounding vacuum is commonly known as the work function ®. Most
solid materials at ordinary temperatures and pressures are amorphous or crystalline.
Constituent atoms, molecules, or ions are arranged in an orderly repeating pattern in
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crystalline solids. In amorphous solids there are no long-range order positions of the
atoms such as common window glass. In a metallic crystal lattice the outer electrons
which are called valence electrons are shared by all the atoms in the metal with their

orbits overlapping.
vacuum level

work
function
@

y

Figure 4-1 Schematic energy level of work function

The valence band is filled with electrons up to Fermi energy (Eg), and they are not
bound and are free to conduct current, typically the free electron density in a metal is
10*cm™. The work function @ corresponds to the energy difference between the Fermi
energy and vacuum level which is illustrated in Figure 4-1: the work function of a
material can be given by the equation ®=E—-E_. The E is the total amount of energy
needed to drive an electron to the lowest free state in vacuum, Eg is the top energy state
of an electron in the material. Typical work function values for the metal range from two
to five electron volts. These values vary significantly due to the surface condition, and it
tends to lower the work function when metals of different work function are joined.
Thus, the mechanisms of generating current in vacuum devices can be classed as: 1).
Impart sufficient energy to the electrons to overcome the potential barrier; 2). Reduce
the barrier height to increase the quantum tunnelling; 3) Combination of these two

techniques.

A high quality electron beam source means the cathode can produce high intensity
uniform emission, with a long life time. The escape of electrons from the cathode
surface is determined by the relative magnitude of the electrons energy. Only those
electrons with energies large enough to overcome the surface potential barrier (work
function) of the cathode can escape. There are three main modes of electron emission

from a solid. Thermionic emission and photoemission rely on supplying electrons with
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sufficient energy by increasing the cathode temperature or photo-excitation of electrons
to overcome the work function of the cathode material Field emission consists of the
qguantum mechanical tunnelling of electrons through the strong electric-field-narrowed
potential barrier at the surface of a metal. The fourth kind of electron emission is from
dense plasma on the cathode surface, because plasma is considered to be of zero
effective work function.

4.2.1 Thermionic Cathode

Thermionic cathodes [134] are by far the most common cathodes applied in the
conventional vacuum electron devices. Thermionic cathodes are usually made of low
work function and high melting temperature materials and operate together with the
Schottky effect—that is by applying electric field on the cathode to reduce the energy
required for electron emission, and enhances the emission current. They can produce
electron beams of relatively high brightness. At temperatures above absolute zero, some
electrons have sufficient energy to escape from the cathode surface, and the number of
electrons with sufficient energy to escape increases as the temperature of the cathode
rises. The emission of electrons caused by heating of a cathode surface is referred as
thermionic emission.

The electron energy distribution in a metallic conductor can be described by the
Fermi-Dirac distribution function below [135]:

1

F(E) T 14 eEE VKT

(4.1)

Where E is the electron energy, K is Boltzmann’s constant; T is the cathode
temperature in Kelvin. As discussed in previous section, only those electrons with
energy greater than the sum of the Fermi energy plus the work function (E>®+E, )
can escape from the cathode surface and make contribution to the current flow from the
cathode, and the minimum momentum required for these electrons are:

2

izlmvj =E. +® (4.2)
2m 2
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Where m is the relativistic electron mass, vy is the electron velocity at the surface in
the perpendicular direction. Assume the number of electrons which has momentum
larger than Py is ne per unit volume, therefore, the emission current density can be given
by the well-known Richardson-Laue-Dushman equation for temperature-limited
emission:

J=AT% (4.3)

The universal constant Ag is defined as:

47rmeK
h3

Where h is the Planck constant. It is shown in equation (4.3) that the current varies

A = ~1.2x10° Am™T? (4.4)

exponentially with both function and temperature, and by comparison the T? term is
negligible. The value of Ay is found to be significantly lower than the theoretical value
(about a quarter to a half the value). There are two main reasons. First, the work function
which is assumed to be independent of temperature normally varies approximately
linearly to the temperature in reality; second, the work function is not constant across the
entire emitter surface which will reduce the effective area of the cathode.

| Directly heated | [Indirectly heated|
Anode Anode
Cathode
Fillament Hester

Figure 4-2 The schematic of directly heated cathode and indirectly heated cathode

The cathodes can be directly or indirectly heated in real applications as shown in
Figure 4-2. In directly heated cathodes, the heat current passes through the filament
which is also the emitter of the cathode. Early cathodes were all directly heated. Directly
heated cathodes are fairly efficient, and can reach electron-emitting temperature rapidly.
But there are several disadvantages in directly heated cathodes. The structure of the
heating filament makes parts of it is closer than other parts, also as the current pass
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through the filament, there will be voltage drop along the filament, this will makes the
electric potential difference along the filament, which will result in unequal emission
and loss of efficiency. Another disadvantage occurs when ac current is used as the
heating current, the increase and decrease of the current will cause a small increase and
decrease of the emitted electrons.

In indirectly heated cathodes, the only function of the filament is to heat the
cathode, which is normally built around and covers the filament. The indirectly heated
cathodes are relatively large, so they take longer to reach electron-emitting temperature.
But once they have been heated up to operating temperature, they do not respond to the
small variations in heater temperature caused by the ac heating current, also this cathode
can be made equal potential through the entire emitter surface. Most of the thermionic
cathodes are indirectly heated in now days. Due to the heat losses, the cathode
temperature is lower than the heater temperature. This brings the requirement of a low
work function emitter. Thus oxide cathodes [136], dispenser cathodes [137] and
scandate cathodes [138] are normally used in indirectly heated cathodes, and these

cathodes have a relatively low work function of around 1.2 -2.1 eV [139].

Commercial thermionic cathodes are normally operated at temperatures in the
vicinity of 1050 — 1350 K, sizes range from 500 wm to 25 cm and routinely provide up to
several A/lcm?® with lifetimes over 40,000 hours. Optimized heater package designs can
lead to beam currents of approximately 1 A per watt of heater power.

4.2.2 Field Emission Cathode

Another way to extract electrons from a metal surface is by field emission [140].
When a very strong external electric field (10° —10°v /m) is applied, the shape of the
potential barrier will be modified. The width of the potential barrier at the surface of the
metal is reduced due to applied field and the height of the barrier is lower due to the
Schottky effect, so that electrons can tunnel through the barrier and escape from the
metal even though they do not have sufficient energy to overcome the barrier. Field
emission cathodes get a lot advantage such as the potential to achieve extremely high

current density with no external power source required (such as a heater, primary e-
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beam, or intense light source). They can almost instantly work as they do not need any
heating time. Field emission cathodes can achieve extremely high-frequency emission

modulation. .

Fowler and Nordheim [141] developed the first analytic description of the field
emission process by solving a one-dimensional quantum mechanical wave equation.
This equation can be used to predict the current density emitted from a metal cathode
under an applied electric field. Assume the applied voltage is V, the current density Je
can be approximated by:

Bo?

Je zMe w (4.5)
)

Where A and B are approximately constants, and £ is the geometric field
enhancement factor that includes effects such as the cathode-anode distance and
deviations from the purely planar cathode. From the equation, we can find that the
current density is very sensitive to the “enhanced” applied voltage. That’s why in
practical situations the field-enhanced emission always occurs at some small needle-
shaped protrusions or whisker present even on well-polished cathode surfaces. This
leads to diode breakdown at low macro-fields with low electron beam currents. In order
to overcome this problem, a novel kind of cathode called Field Emission Arrays (FEA)
has been developed. The FEA cathode is fabricated specially to have an extremely high
density of delicate field emitting points or tips, which can field-emit electrons uniformly

and continuously.

By using thin-film deposition of molybdenum and micro fabrication techniques,
the cathode incorporated sharp emitters with a closely spaced gated electrode. Very high
electric fields can be achieved at the emitter tips with relatively small applied voltages.
Figure 4-3 shows a picture of the field-emission micro-tips array. Such tips can be made
from carbon fibres, silicon pyramids, and carbon nanotubes. The density of these arrays
is typically 10°-10° tips/cm?. The non-destructive current provided by such an array is

limited to the range of many microamperes to a few milliamperes, though the calculated
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current density at such tips can approach 10® A/cm?. Thus the average current density
drawn from such an array lies between a few A/cm? to several hundreds of A/lcm?.

Figure 4-3 Field-emission micro-tips array [142]

4.2.3 Secondary Emission Cathode

When electrons with sufficient energy hit a surface, they may cause other electrons
to be emitted from the surface. The incident electrons are called primary electrons and
the emitted electrons are called secondary electrons. Secondary emission plays a very
important role as cathodes in cross-filed tubes, electron multipliers and micro-channel

plates.

In a second emission cathode, normally only a small percentage of the electrons
are thermionic emitted, others are secondary electrons. Secondary electron yield o
defines the number of emitted electrons per impact electron. With ¢ significantly larger
than 1, namely a single incident electron may liberate many electrons (from several to
several thousand [143]) from the cathode. This character of secondary emission makes
the secondary emission cathode very attractive as a useful source of free electrons.
When an electron strikes the cathode, several situations may happen depending on the
nature of the collision, the electron may a) reflect backwards; b) travel deep into the
cathode and continue collision with electrons embedded deep in the cathode and some of
them will escape from the surface and become secondary electrons. If the incoming
electrons continue to penetrate deep into the cathode, the collision can no longer drive
the electron out of the surface. The depth of the collision that can cause secondary
electrons is called the escape depth of the material. Different materials have different
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maximum secondary yields, thus increasing the secondary emission yield of material is
an active field of research for secondary emission cathodes.

In vacuum electron devices, secondary emission cathodes are normally applied in
crossed-field devices. It produces annular beams with current up to several hundreds of

amperes at around 40 kV.

4.2.4 Other Cathodes

A photocathode is another emission mechanisms discovered by H. Hertz in 1887
and described by A. Einstein in 1905. It can produce a beam of the highest brightness
but are applicable only to short pulse applications. Because this type of cathode operates
at room temperature, it simplify the mechanical design of the electron guns, it can also
be operated on the high—voltage terminal of an accelerator because the stimulated
emitting is coupled through photons rather than by a direct electrical connections. It will
be easy to modulate the output electron beam at high frequency by varying the photon
flux. Laser-driven photo-cathodes can supply very high-current density and are useful

for some pulsed beam applications.

Explosive emission cathodes (EEC) [144] can produce the very high current
densities of several kilo amperes per centimetre square. Thus it was widely used as an
intense electron source for the generation of high power microwaves (HPM). EECs are
simple and easy to use. When high electric field is rapidly applied to the cathode
especially those micro-points on the cathode surface which due to field enhancement
have an even higher electric field, the cathode material and cathode absorbed gases will
be liberated from the cathode surface explode and be ionized. Thus a plasma layer near
the surface of the cathode will be formed, and this plasma serves as a virtual free
electron source. All types of electron emission mechanisms we mentioned above work
with the EEC. The plasma layer induces thermionic emission by heating the cathode
surface, secondary emission via ion back-bombardment, and field emission due to the
large electric field. And even photoemission due to the photons that are emitted when
the electrons and the ions recombined.
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Surface plasma cathodes can produce high density electron beam current.
Moderately uniform plasma could be created by covering the cathode surface with some
insulating materials such as velvet cloth. However they are not suitable for high-

brightness beams.

A pseudo-spark cathode is based on the principle of a hollow cathode discharge
under a special geometry which is operated at a low pressure of about 50-500 mtorr. It is
an axially symmetric self-sustained intense current gas discharge. Pseudo-spark cathodes
have been proven to be capable of generating electron beams of adjustable pulse length
(ns ~ us), high-current density (>1kA/cm?), high brightness (~ 10" Am~rad ?), small
beam diameter (<3mm), and high-power density(~10"°W /cm?) [145].

4.3 Electron Gun Design

After the generation of electrons from the cathode, configurations are needed to
extract the electrons from the cathode, accelerate focus the electrons to form the required
shape of beam. There are different types of configuration for different types of beams for

different applications.

@ (b) ©

Figure 4-4 Schematic diagrams of the three different electron beams produced by (a) Pierce gun

with kicker, (b) MIG and (c) cusp electron gun

There are mainly three types of electron beam used in gyro-devices: 1/ helical
electron beam produced by Pierce gun with a kicker, 2/ off-axis encircling electron beam
produced by Magnetron Injection Gun (MIG), 3/ axis encircling electron beam produced
by a cusp electron gun as shown in Figure 4-4.
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4.3.1 Pierce Gun

Pierce gun is a classic electron gun design that forms a uniform current density
profile for linear devices such as klystrons, TWTs, RF injectors, ubitrons, and free-
electron masers. The analytic derivation of Pierce gives a self-consistent solution for a
space-charge dominated injector. The procedure predicts the shapes of the accelerating
electrodes to produce a laminar beam with uniform current density. Although the
treatment holds only for the special geometry of a sheet beam accelerated through an
extraction grid, it gives valuable insights into the design of more complex guns. In
different applications, different shapes of cross-section electron beams are required.
Generally speaking, there are three different shapes of cross-section 1/ Pierce electron
guns: 2/ spherical diode electron guns which produce conical electron beam and 3/

annular electron guns.
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Figure 4-5 Equipotential profiles without (dashed lines) and with (solid lines) electrons in flat

cathode (left) and Pierce Gun (right)

In the Pierce gun the particles emerge from the source region with negligible
Kinetic energy; particles motion in the extraction gap is usually non-relativistic although
relativistic Pierce guns have been developed for high power applications; the force from
the beam-generated magnetic fields is small; potentials at the source and extractor
electrodes are determined by conducting surfaces — the beam exits the anode-cathode
gap through a hole in the anode. The Pierce electrode helps to form the parallel or even

convergent electron beam.
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As shown in Figure 4-5 (left), when electrons are present, as the space charge
forces between the electrons are pushing on each other and causing their trajectories to
diverge, so the electron trajectories diverge as the electrons move away from the cathode.
Thus the equipotential profiles are changed to the right as indicated by the solid lines
because of the space charge forces, and the electrons tend to move perpendicular to the
new equipotential profiles.

In order to make the electron beam travel in parallel paths, the electrodes adjacent
to the cathode are tipped toward the anode to straighten the equipotential profiles as
shown in Figure 4-5 (right). It is also possible to generate a convergent electron beam,
thus current density will also be significantly increased.

Kicker magnets
= / Spiral electron beam

Transverse velocity imparted
on electron beam

Pierce-like
cathode e

Figure 4-6 Schematic of a Pierce-type electron gun with kicker

When a kicker magnet is added in the Pierce-type electron gun system, the pierce
electron gun can produce and spiral electron beam which is helical encircling around the
axis. Normally the magnetic kicker produced a pulsed magnetic field which imparts a
transverse impulse to the electrons, and the electrons will gain a transverse momentum

and start a helical, axis-encircling trajectory as shown in Figure 4-6.

4.3.2 Magnetron Injection Gun (MIG)

MIG Gun produces an annular electron beam as shown in Figure 4-7. The electron
beam follows a helical trajectory in the applied magnetic field, in which the electron
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beam cycles in small cyclotron orbits. The potential difference between the anode and
cathode produces the electrical field used to accelerate the electrons and extract the
electron beam from the electron gun. The applied magnetic field is axially symmetric
with its strength increasing smoothly down the tube in a magnetic compression region to

the peak magnetic field in the interaction region.

Modulating
electrode

Figure 4-7 Schematic of a magnetron injection gun [146]

MIGs are widely used in vacuum devices such as magnetrons, cyclotron resonance
masers and gyro-devices including gyrotrons, gyro-klystrons and gyro-TWTs. A MIG is
normally run as a temperature-limited thermionic emitter particularly for high-power
and relativistic devices. The MIG has been utilized most extensively for gyro
applications as the cathode; where the anode and RF interaction region are very closely
co-located with the MIG.

4.3.3 Cusp Gun

A cusp electron gun produces an axis-encircling electron beam through a magnetic
field reversal just after the cathode. Azimuthal rotation is imparted on the electrons
through the conservation of canonical momentum as they pass through the different

magnetic field regions. The magnetic field reversal point is called as cusp point.

A Cusp electron gun has a lot of inherent advantages over other electron guns in
gyro-devices especially in harmonic gyro-devices. Firstly the cusp electron gun produces
an axis-encircling electron beam which has very good mode selectivity in a harmonic
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gyrotron as it requires the harmonic number s equals the wave transverse mode index
number m for effective beam-wave coupling [147], thus parasitic oscillations can be
reduced. The Cusp electron gun can operate in a Continuous Wave (CW) mode. Unlike
a Pierce electron gun with a kicker magnet which works with a pulse mode as the kicker
magnet is normally operated in pulse mode. Furthermore, due to the high power of the
spent electron beam, a cusp electron beam is more suitable for beam energy recovery by
using a depressed collector and reducing the energy density on an electron dump. Due to
all these advantages the cusp electron gun using a temperature limited thermionic
cathode based on a cusp electron gun was chosen in the harmonic gyrotron experiment.
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Figure 4-8 Cusp magnetic field (a) and motion of particles in off-axis-encircling beam (b) and axis

encircling beam (c).

In order to describe the cusp electron gun mechanism, the equation of a charged
particle motion through an axially symmetric magnetic field 6A,/6060 =0V /66 =0 is
introduced here as below:

2 2 _
H:P_V+P_Z+L(M)Z+qv (46)
2m 2m 2m r

Where P, P, and P, is the canonical angular momentum in the r, z and 0
directions, respectively. A, is the Magnetic vector potential in the @ direction. V is the
scalar potential. The canonical angular momentum of an electron is a constant of its
motion due to Busch’s theorem [148]. This equation can be rewritten in terms of the
effective potential \Y'(r, z,t).
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2 2

L S S (4.7)
2m 2m
where:
¥ ZL(M)Z +qV (4.8)
2m r

If the effect of the accelerating potential V is ignored and instead only the effects
of the magnetic field are considered, ¥ is a function only of r as shown in Figure 4-8. In
our case, only confined electrons are considered, hence ¥ have at least one minimum,

which means there must exist at least one point where:

d¥ P,—qrA, P, 8A9
dt mr (rz 4 or ) (4.9)

In order to satisfy this equation, either:

w 0 (4.10)
or.

Bq% o (4.11)

r or

The angular momentum of the particle can be described as:
P, —qrA, =mv,r (4.12)

For an off-axis encircling beam: v, =0, which means P, —qrA, =mv,r =0, so it
satisfies equation (4.10). Assume the off-axis encircling beam pass through the cusp
magnetic field where the magnetic field flux changes sign. These electrons enter the

system with a state that P, = qrA, ; assume the electron beam has an off-axis orbit R, thus:

A, =31B, (4.13)

Where B, is the magnetic field component in the z direction. As the electron pass
through the cusp electron beam where B, changed sign, which means Ay has to change
sign as well. Thus equation (4.10) no longer holds. If the particles are still confined then
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from equation(4.12), v, cannot be zero anymore which means the electron beam will
become an axis encircling electron beam. This process is illustrated in Figure 4-8. As the
electron beam passes through the field reversal, the electron beam trajectory changed
into an axis encircling beam, and as the magnetic field increases again, the electron
beam radius will shrink again.

4.4 MAGIC Code Simulation

3D PIC code MAGIC was used to simulate and optimize the design of the cusp
electron beam source. In the MAGIC code, the cathode is chosen to emit using the
thermionic mode emission command, and the work function is chosen to be 1.5 eV- the
value found for previous cathodes using a tungsten cathode impregnated with barium.

= & B

Figure 4-9 the geometry of the cusp electron gun (a) 2D image with magnetic field profile over laid
and (b) 3D image

The 2D geometry and 3D image are shown in Figure 4-9 and the magnetic field is
overlaid as shown in Figure 4-9 (a) with the cusp point in relation to the geometry of the
cathode and anode defined in the diagram. The magnetic field is produced by two
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solenoids located accordingly to figure 4-9(a). The “reverse” coil that is located behind
the cathode has a length of 22 mm, producing a negative magnetic field, and the other
solenoid namely the main cavity coil has a length of 225.5 mm producing an positive
magnetic field and also producing an uniform positive magnetic field at the downstream

region which was also used as the magnetic field for the beam-wave interaction.

Two extra layers of coils were added to both ends of the main solenoid to sharpen
the B-field profile of the magnetic field and also reduce the overall turns required to
produce such a profile. The diode and gun geometry were optimized to produce a high
quality electron beam. The electron beam velocity ratio o is tunable by adjusting the
position of the two solenoids [149]. The potential difference applied between the
cathode and anode will determine the beam energy.
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Figure 4-10 Magnetic-field operation ranges for different values of velocity ratio (o) [149]

The parameters of the electron beam were chosen to be as follows: beam energy E
= 40 keV with beam current of ~1.5 A, the uniform magnetic field region at the
downstream side is 1.7-2.1 T, the beam velocity ratio a is tunable from 1-3. The

simulation results of different velocity ratios a are show in Figure 4-10.

The 3D view of the beam trajectories and their projections in the axial and the
transverse planes are shown in Figure 4-11 which clearly shows the axis—encircling
behavior of the beam.
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Side View

Figure 4-11 the side view and cross section view of the electron beam trajectory

The optimize geometry of the cusp gun including the resultant beam trajectories
are shown in Figure 4-12, in which the cusp point has been highlighted. In this
simulation, the reverse coil starts at -6cm while the main coil starts at 12.3cm. the
electron beam have a velocity ratio o of 3, beam current 1.5 A, beam voltage of 40 kV
with an inner radius of 0.27 mm and an outer radius of 0.36 mm. This is consistent with
the analytical calculation of the Larmor radius of 0.31 mm.

100 150 Z (mm)

Figure 4-12 Simulated cusp gun and resultant beam trajectories [150]
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Chapter 5

RF Component & Diagnostic Design

5.1 Introduction

Cavity design has been discussed in Chapter 3. The fabrication of the cavity as
well as the microwave measurement of the cavity carried out using a 325GHz to
500GHz Vector Network Analyser will be discussed. A calibration of the high frequency
rectifying crystal millimetre wave detector and cut-off filters used to measure the power
and frequency of the radiation generate by the gyrotron are presented in this chapter.

5.2 Cavity Fabrication

The cavity was manufactured using Electrical Discharge Machining (EDM) also
known as spark erosion. The EDM process was invented by two Russian Scientists, Dr.
B. R. Lazarenko and Dr. N. I. Lazarenko in 1943. The world’s first industrial NC
controlled EDM was introduced in 1969 [151]. Electrical discharge machining is a
machining method primarily used for hard metals or those that would be very difficult to
machine with traditional techniques. EDM typically works with materials that are
electrically conductive. There are different types of EDM such as Sinker EDM and Wire
EDM,;

Sinker EDM [152] sometimes is also referred to as cavity type EDM or Volume
EDM. Sinker EDM consists of an electrode and work-piece that are submerged in an
insulating liquid typically oil, or less frequently, other dielectric fluids. A voltage is
applied between the electrode and the work-piece, as the electrode approaches the work-
piece, dielectric breakdown occurs in the fluid forming a plasma channel, and a small
spark jump. The sparks usually strike at different times because it is very unlikely that at
different locations the inter-electrode space has identical local electrical characteristics
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which would enable the various sparks to occur simultaneously. These sparks occur
several hundred thousand times per second, and each spark will dissipate a tiny portion
from the work-piece by melting and vaporizing the work-piece material, then the
flushing of dielectric fluid through a nozzle are used to clean out the eroded debris,
thereby avoiding a short circuit. Sinker EDM is capable of complex 3D shape
manufacture, often with small or odd shaped angles, vertical, directional, helical, conical,

rotational, spin and indexing machining.

Wire EDM also known as wire electrical discharge machining (WEDM) or wire-
cut EDM. It is a method to cut conductive materials with a thin electrode that follows a
programmed path. The electrode is a thin single-strand metal wire, usually brass. The
wire feeds from reel to reel and pass through the work-piece, typically occurring
submerged in a tank of dielectric fluid such as deionised water. The wire is charged to a
voltage very rapidly and when the voltage reaches the correct level, a spark jumps the
gap and melts a small portion of the work-piece. Then the de-ionized water cools and
flushes away the debris from the gap. The wire is controlled by upper and lower
diamond guides that are usually accurate to 0.004 mm, and typical wire diameters range
from 0.1 mm to 0.3 mm although smaller and larger diameters are available. WEDM is
not typically used to produce complex 3D geometries, instead it is typically used to cut
plates and to make punches, tools, and dies from hard metals that are too difficult to
machine with other methods.

As in the EDM process, there is no physical contact between the electrode/cutting
wires with the work piece, also there are no large cutting forces involved in the removal
of the material. So there is very little change in the mechanical properties of the work-
piece material, and there is no burrs generated during the cutting. The hardness of the
work-piece material has no detrimental effect on the cutting speed which means it can
works in large scale cutting especially in WEDM. These properties make WEDM a very
good method to manufacture our cavity.

Another way discussed was to simply drill a cavity but the surface finish would be
dependent on the drill and the speed of the drill used in the manufacturing process. Also
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it would be very difficult to drill the cavity of a radius of 1.3mm over a length of 50mm.
Due to wobbling of the drill, making it very easy to break the drill and difficulty in
aligning the hole by having to cut the cavity in two and drill from both ends it was

decided to manufacture the cavity using the spark erosion technique only.

Figure 5-1 section view and the through view of the design of the cavity

The cavity design drawing is shown in Figure 5-1, the flat on both ends of the
cavity is the gap where air can pass through while evacuating and venting the system.

The picture of the manufactured cavity is shown in Figure 5-2.

Figure 5-2 Picture of the manufactured cavity with scales on it

5.3 Cold Microwave measurements

In order to measure the RF properties of the cavity a Vector Network Analyzer was
used. A network analyzer is an instrument that is designed to handle the analysis of
circuits (networks) in RF engineering. A network analyzer is the most complex and
versatile piece of test equipment in the field of RF engineering. It is used in applications
in research & development and also for test purposes in production. There are two main
categories of Network Analyzers [153]: Scalar Network Analyzer (SNA) and Vector
Network Analyzer (VNA). Among them, SNA can only measure the amplitude
properties, but VNA can measure both amplitude and phase properties.
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5.3.1 Wave Quantities and S-parameters

Wave quantities are used in characterizing RF circuits to distinguish between the
incident wave a and the reflected wave b. The incident wave propagates from the
analyzer to the device under test (DUT) while the reflected wave travels in the opposite
direction from the DUT back to the analyzer. Figure 5-3 shows a one-port device with
its wave quantities which have units of W (square root of Watt).

a Reflection
q / coefficient
<}b:| Impedance

Figure 5-3 One-port device with incident and reflected waves

The power travelling to the one-port device is given by |a|2 and the power
reflected is given by |b|2. The reflection coefficient I' represents the ratio of the
incident wave to the reflected wave as I'=b/a. Z is the complex impedance of the DUT,
with a reference impedance of Z,=50Q, the normalized impedance z=2/Z, . The
reflection coefficient can be written as:

_z-

=
z+1

(5.1)

So the normalized impedance z can be drawn in smith chart when the reflection
coefficient I' is measured. In a two-port device, besides the reflection at the two ports,
there is also the possibility of transmission in the forward and reverse directions. In
comparison to the reflection coefficient, these are called the scattering parameters (S-
parameters) as shown in Figure 5-4 as Si1, Si2, S21, S22

Figure 5-4 Two-port device with its wave quantities

-08 -



These S-parameters are used to define the ratios of the respective wave quantities.
S1; and Sp; are defined as the reflection coefficient on port 1 and the forward
transmission coefficient from port 1 to port 2, respectively, under the condition of a
reflection free termination I'=0 is used on port 2 (match) and also no incident wave at
port 2 which means a; = 0. These can be defined in the equations below

(5.2)

2 la,=0 a, a,=0

For the reverse measurement, a match I"'=0 is used on port 1 and also a; = 0, Sy,
and S;, are defined as the reflection coefficients on port 2 and the reverse transmission
coefficient from port 2 to port 1, which can also be defined as:

(5.3)

, _
2,

a,=0

For more general situation that both ports have an incident wave, the equation can
be obtained by the wave quantities and S-parameters from the S-parameter matrix (S-

S NI
b2 SZl S22 a2

5.3.2 VNA and Cold Measurement Results

matrix) below:

As mentioned previously, a VNA can measure both amplitude and phase angle.
The network analyzer generates a sinusoidal test signal that is applied to the DUT as a
stimulus signal. The DUT are considered to be linear, and then the response of the DUT
will also be sinusoidal. The analyzer will measure the different values for the amplitude
and phase of the wave quantities and these values are used to calculate the complex S-
parameters. The magnitude of the S-parameter corresponds to the amplitude ratio of the
wave quantities and the phase of the S-parameter corresponds to the phase difference
between the wave quantities. The VNA has a lot advantages over the SNA such as only
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a vector network analyzer can perform full system error correction; only vectorial
measurement data can be unambiguously transformed into the time domain and so on.

Figure 5-5 The Anritsu ME7808B VNA system

The Anritsu ME7808B VNA system shown in Figure 5-5 was used to measure the
RF component. The ME7808B broadband VNA is a high performance measurement
instrument that covers the frequency range from 40 MHz to 110 GHz in a single fast
sweep. It was built on the advanced technology of the Anritsu Lightning 40 MHz to 65
GHz VNA and the 65 GHz to 110 GHz millimetre Wave (mmW) modules using a
unique multiplexing coupler design. It consists of a Lighting 37397D 65 GHz VNA,; two
millimetre wave modules (3642A series) - extended W band (WR-10) and two 20 GHz
ultra-low phase noise frequency sources. With different extended oscillation heads it
frequency range of operation can be extended to cover 140-220 GHz (WR-05 heads) and
325-500 GHz (V02.2VNA2-T/R 325-500 GHz high frequency heads).
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Figure 5-6 The setup of the cavity transmission measurement

The setup of the transmission and phase measurement are shown in Figure 5-6. As
the output of the VNA port is a rectangular waveguide, two rectangular to circular
waveguide converters were needed at both ends of the VNA output port. The device

under test — the cavity was located between these two tapers.

$21 (dB)

355 365 375 385 395 405 415
Frequency (GHz)

Figure 5-7 The transmission measurement results of the spark erosion made cavity

In the measurement, the output ports of the VINA were taken as the reference plane,
and then measure the transmission character of the two tapers without the cavity
transmission and then measuring again with both tapers and the cavity present. The
transmission characteristics of the cavity can be obtained by comparing these two
measurements results.
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The transmission characteristic of the spark eroded cavity was measured and the
results are shown in Figure 5-7. The average loss of the spark erosion cavity is -4 dB
over the frequency range from 360 to 410 GHz. Due to the good performance of the

EDM process in fabricating the 2.6 mm diameter cavity the cut-off filters needed for the

gyrotron frequency diagnostic were constructed using the EDM process.

Figure 5-8 The picture of 140-220 GHz High Frequency head

The 2.6 mm diameter cavity was also measured using the VNA mainframe but
with a different high frequency head operating in the frequency range: 140-220 GHz.
The picture of the high frequency head in the 140-220 GHz frequency range is shown in
Figure 5-8. The cold test results are shown below in Figure 5-9:
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Figure 5-9 Cold test results of the 1.3 mm radius cavity
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5.4 Cut-off Filters Design and Cold test

Cut-off filters are used in our experiments to determine the frequency of our
millimetre wave radiation, as the output frequency is too high to be measured directly
without the purchase of an expensive high frequency heterodyne mixer. The cut-off
frequency of an electromagnetic waveguide is the lowest frequency an electromagnetic
wave will propagate in the waveguide in a certain mode. The cut-off frequency is
directly related to the electromagnetic waveguide geometry. The cut-off frequency can
be calculated using the free space dispersion relation equation: w=ck , where
k=27/4=k:+k2+k? , kis the wave number, k,, ky and k; are the wavenumber in the
direction x, y and z respectively. c is the speed of light and A is the wavelength. In a
waveguide, if we define the wavenumber in the longitude direction as k, and the
transverse direction as k. then the wavenumber can be written as: k = /kZ +k? . So we
can get the relationship of the wavenumber with respect to the wavelength as:

2n%=27”=«/k§+kf (5.5)

For the electromagnetic wave to propagate in the waveguide, k*>0 . The
frequency needs to satisfy the requirement:

2nt 2

c A

If we definek, =27/4, =2z f./c, so only the frequency higher than f. can be

>k (5.6)

propagate in the waveguide. Thus f; is called as the cut-off frequency and A, is called as
cut-off wavelength and k. is the cut-off wavenumber.

v
.l./
b

‘/ a

Figure 5-10 the drawing of a rectangular waveguide

Z
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For a rectangular waveguide shown as Figure 5-10, the cut-off wavenumber can be
calculated using the equation below:

ko = \/(%)2 +(nf)2 (5.7)

Where m is the number of % wavelength variation of the field in the “a” direction,
and n is the number of % wavelength variation of the field in “b” direction. “a”, “b” are

the two sides of the rectangular waveguide, and normally a=2b.

When the fundamental mode TEjq is considered, the dimensions of the cut-off
waveguide can be calculated using the equation(5.7). In order to measure the frequency
of our harmonic gyrotron experiment (for the 2.6 mm diameter cavity and 2.11 mm
diameter cavity) a series of different cut-off filters were designed and constructed. The
design drawing of the filters produced by AutoCAD are shown in Figure 5-11.

As shown in the picture, the cut-off filter is designed based on a standard G-band
waveguide flange. So it can be connected to the microwave detector components such as
the horns, attenuators, and rectifying crystal detectors. The cut-off waveguide was 3 mm
in length. One side of the waveguide is fixed to the same height as a standard WR-5
(140-220 GHz) waveguide (0.65 mm), while the width of (“a” in Figure 5-11) the cut-
off waveguide were varied due to the required cut-off frequency. At both ends of the
cut-off waveguide there are tapers as a transition section from the cut-off waveguide to a
standard WR-5 waveguide as shown in Figure 5-11.

19.05mm
Screw

Alignment
Q O 2= Pin
/ hole
‘ 1.5mm
or
6 mm a 4773 mm
l 2%,

Figure 5-11 The design drawing of the cut-off filters
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The dimensions and cut-off frequencies are listed in Figure 5-11. Some of the cut-
off filters were measured using the VNA, the measured results and dimension a are
listed in Table 5-1. The measured value is slightly larger than the designed value
because of the rounded corners in manufacture.

Table 5-1 The waveguide dimension and it's cut-off frequency

a (mm) Cut-off frequency (GHz) Measured cut-off frequency
1.388 108 109

1.363 110 113

0.937 160 162

0.833 180 183

0.750 200 201.3

0.577 260

0.500 300

0.428 350

The measurements were performed using the VNA machine by measuring the
reflection signal Si;. Some of the measured results with a picture of the manufactured
cut-off filters are shown in Figure 5-12.
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Figure 5-12 the reflection measurement result of one of the cut-off filters and its picture
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5.5 Wave-meter Calibration

A wave-meter is another device that can be used to measure the microwave
frequencies with very high accuracy. There are three basic kinds of wave-meters: 1/ the
absorption, 2/ the reaction, and 3/ the transmission types. The absorption wave-meter is
a simple device normally contains a piece of waveguide and a cylindrical cavity with a
variable cavity length which are connected to the waveguide by a coupling hole or
coupling holes at the E-plane. Most wave-meters are waveguides; however, coaxial

types are possible.

Figure 5-13 A picture of the wave-meter

Shown in Figure 5-13, is a picture of the wave-meter used in the experiment. The
cylindrical cavity is a short circuit resonant cavity, which resonates at a half-wavelength.
By turning the micrometre, the short circuit end will move and the cavity dimension
changes, thus the resonance frequency changes.
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Figure 5-14 The Calibration results of the wave-meter
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When the resonance frequency hits the microwave source frequency, there will be
a sharp dip at the detector connected to the other end of the waveguide in the wave-
meter. Thus the source frequency is measured. Due to the mechanism of operation of the
wave-meter, the harmonics of this frequency will have the same affect. The wave-meter
has been calibrated using the 140-220 GHz VNA high frequency heads. The results are
shown in Figure 5-14.

5.6 Microwave detector and calibration

Rectifying crystal detectors of the point contact type were used to detect the
millimetre wave radiation in the gyro-experiments. The detector consisted of a semi-
conductor crystal in point contact with a fine metal wire. The sensitivity this type of
detector is dependent on the power that incident upon the detector. As shown in Figure
5-15, the detector operated in the “square law” region when low power mm-waves were
incident upon the crystal, where the detector's output voltage is proportional to the
incident power measured in watts. As Ohm's Law states the voltage should be
proportional to the square-root of power. Thus, this region is called the “square law”
region. When the incident power increases, the detector’s response will move into the
“linear region” where the detector’s output is proportional to the square root of the input
power. Further increase of the incident power upon the detector will cause the detector’s
response to shift into the saturation region and finally it will destroyed (“burn out”) if

the incident power keeps increasing.

A

Saturation
Linear regio

Output Voltage (V)

Square law
region

»
>

Incident Power (W)

Figure 5-15 The characteristics of the point contact crystal detector
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The point contact crystal detector used in the experiments has been calibrated. A
schematic drawing of the calibration circuit is shown in Figure 5-16.

T

.

Attenuator Coupler [ 90% Power

Micro Wave | |
Sources 1

Microwave
Power-meter

Terminator

Figure 5-16 The circuit of the crystal detector calibration

The microwave source used in the calibration is a microwave frequency multiplier.
When 6 to 10 dBm of power from a microwave sweeper at frequency of 15 GHz to
16.83 GHz range was input to the device, about 19 dBm power at a frequency of 90.0-
101.0 GHz at output port 2 or 1.5 W of microwave output at frequency of 90.0-95.5
GHz at output port 2 is generated. An attenuator was used in the calibration. It’s a rotary
attenuator with a dynamic range from 0 dBm to -70 dBm which was used to adjust the
incident power. The microwave radiation after the attenuator was coupled through a
directional coupler in two directions. One of the directions contains 90% of the incident
power which was connected to an Anritsu microwave power meter ML83A, with a
frequency range from 70GHz to 110 GHz. In the other direction which contains 10% of
the incident power the point contact crystal detector was connected followed by a
terminator load. The output voltage signal from the crystal detector was then monitored
by a high sensitivity digital voltage meter. The calibration was taken at a frequency of
94 GHz. The calibration experimental results are shown in Figure 5-17. The curve at the
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top-left is the relation between the crystal detector reading and the power-meter reading.
The curve at bottom right corner (the small figure at bottom right) is the calibrated
response curve which indicates the output voltage reading of the rectifying point contact

crystal detector against the incident power on the detector.
200

180 [----=mm=dmmmmom e

£ 171 [ MR R ——

140 ------

iy
M
[=]

\

2]
[=]

-----------

\

=)
o

®
s

Microwave Detector reading (mV)
o
5]

B3
o
Microwave Detector reading (mV)

&
=

20

0

20 30 40
Incident Powe (mW)

20 25 30 35 40
Power Meter reading (mw)

Figure 5-17 The calibration result of the point contact crystal detector at 94 GHz.

The rotary vane attenuator used both in the calibration of the detector and also in
the gyro-experiments was calibrated. The other attenuator used in the gyro-experiment
was in the form of a micro-meter pin attenuator in the range from 0 dB to -30 dB. Both

attenuators are calibrated and the results were shown in Figure 5-18.
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Figure 5-18 The calibration results of the two attenuators: (a) the rotary attenuator used in crystal

detector calibration; (b) the micrometer attenuator used in the gyro-experiment
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5.7 Gyrotron Window

The process of the beam-wave interaction and production of millimetre wave
radiation inside the gyrotron cavity requires a high vacuum. The millimetre wave
radiation needed to be transported to the other devices or detectors, thus windows are
necessary to seal the vacuum and let the millimetre wave signal pass through with low
loss and reflection. It normally consists of one or more layers of dielectric. The window
used in the gyro-experiments is a thin single sapphire window as shown in Figure 5-19.
The window’s dimensions are 15.44 mm in diameter and 1.6mm in thickness, mounted

on a standard 34 mm copper gasket sealed vacuum flange.

Figure 5-19 The picture of the sapphire window

The transmission losses of the window have been measured using the W-band
VNA heads operating in a frequency range from 75 GHz to 110 GHz. The results of this
measurement are shown in Figure 5-20, which were taken using a time domain
reflection measurement. The time domain measurement allows location and analyses the
millimetre wave properties of the window alone to be considered. Two smooth lossless
(or with very low losses) mediums are used at both ends of the window to help make the
gate needed for the time domain measurement to be made, and the location of the
window can be found using the time domain with the gate set just before and after the
window. Operating the VNA in the time domain mode enabled the reflection Si;
parameter of the reflection profile of the window alone to be measured. The graph shows
there is one resonance located at a frequency of 78.3 GHz. There should be another one
resonance close to 115 GHz but this cannot be seen due to the limitation in the VNA
frequency range (75GHz to 110GHz)). This measurement allows the calculation of the
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dielectric constant of the window which was calculated to be 12.8. Theoretically there
will be a lower reflection at its harmonics, such as the 2" harmonic at 156 GHz, the 3™
harmonic at 235 GHz, the 5™ harmonic at 390 GHz which is the frequency of the
Harmonic gyrotron i.e. (154, 195, 236 and 390) GHz. This simple window was therefore
suitable for incorporation with the gyrotron experiment. A multi-layer broadband

microwave window will be designed for future experiments.
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Figure 5-20 The measured S11 parameter of the sapphire window
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Chapter 6

Experiment Setup

6.1 Introduction

The Gyrotron experiment will be described in detail in this chapter including the
main components such as the high voltage power supply, the solenoids, the cooling and

vacuum systems.

6.2 The Vacuum System

The Gyrotron is a vacuum device, so it is important to maintain a high vacuum in
the beam-wave interaction region as well as in the electron gun region to prevent the
barium aluminate tungsten thermionic cathode from being poisoned. A high vacuum of
less than 1 x 10"mBar is essential when the barium aluminate thermionic cathode is at
operating temperature. An ion pump working in conjunction with a turbo-molecular
pump backed by a scroll pump was used to maintain the vacuum in the gyrotron
experiment. In such a vacuum the electron beam was able to be propagated from the
cathode through the cavity while minimising collisions which helps to maintain the

beam quality.

The schematic drawing of the vacuum system in the experiment is shown in Figure
6-1.The vacuum system consisted of an ion pump, a turbo pump and a mechanical scroll
pump, and two gauges to monitor the vacuum at both the high vacuum part and the
lower vacuum part of the system. The high vacuum ion gauge was located close to the
electron gun chamber as shown in Figure 6-3. A ceramic insulation pipe was used to
electrically isolate the vacuum system from the electron gun which was operated at high

voltage.
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Figure 6-1 the schematic drawing of the setup of the vacuum system

The mechanical scroll pump which operates without the need for lubrication oil
was used as the backing vacuum pump for the turbo-molecular pump as the turbo-
molecular pump cannot be operated at atmospheric pressure. When in operation, this
scroll pump can obtain a vacuum at the outlet of the turbo-molecular pump with a
pressure of ~1x10° mBar, which allowed the turbo pump to be started. When the turbo-
molecular pump is at full speed, the vacuum at the cathode chamber reached a pressure
of 1x10° mBar when the thermionic cathode was not activated. As the cathode system
needed to be kept at high vacuum, and the turbo-molecular pump could not be easily
sealed if there was an unexpected power shutdown an ion pump was also used to
maintain the high vacuum in the cathode chamber. One operating procedure adhered to
was during the night when no one was around, the baffle valve was closed and only the
ion pump was used to keep the high vacuum in the system. Thus the high vacuum
environment was sealed even when the turbo-molecular pump and the scroll pump were
unexpectedly shut down because of a power cut, as the ion pump was sealed to high
vacuum even when it was not in operation. The whole system could still maintain a
vacuum pressure in the range of 10”7 mBar vacuum when the power was off for a whole

day.
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6.3 The interlock system

In the lab bay, a lot of work was carried out to make sure the high voltage power
supplies, high pressure water system, high current DC power supplies for the solenoids
electron gun, etc., were interconnected via a safety interlock system. The interlock
system in the lab was an engineering control used to ensure a safe working environment
for the scientists working on the experiment. The interlock system earthed the gyrotron
and shut down all the power supplies automatically when one single safety requirement
was not satisfied. Each safety requirement needed to be satisfied before the power could
be switched on and the earth system activated.

For the cooling water and pressure water system, detectors were used to monitor
the pressure and flow rate of the water, and only when the cooling specification of the
experiment was satisfied by the correct output voltage being registered by the detectors
were the power supplies able to be activated. If the water flow rate dropped below a set
critical level or temperature increase of the cooling water was too high then the voltage
signal to the interlock system decreased resulting in the shutdown of the power supplies
and earthing of the experiment. The lab bay in which the gyro-experiments were carried
out was enclosed and surrounded by lead in the roof, walls, floor and a movable lead
door. The door had a sensor which gave an initialising voltage signal to the interlock
system when the door was securely closed.

All the power supplies were connected and interlocked to the safety system cooling
and door entry switches. When all the safety check signals were satisfied, the earth of
the lab could be lifted. The power supplies were then able to be activated by pressing the
power supply on button on the interlock box for about 5 seconds, an audible and visual
alarm was initiated in the form of an audible alarm 3 times and the lab HT alarm lighting
which informed everyone in the laboratory that the gyrotron was in operation. An
emergency stop button was located at the door, and at each power supply system and the
interlock box, which when pressed shut down all power supplies and earthed the bay.
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6.4 The diagnostic system

In chapter 2 the methods and mechanisms for measurement of the current, voltage
and electron beam parameters were discussed. In this section the setup of our diagnostic
system will be described in detail.

As the electron beam need to be accelerated to 40 kV, this voltage was too high to
be directly measured, hence a voltage divider was required to measure the voltage signal.
In the experiments, a resistive voltage divider was designed, built and used to measure

the voltage signal that was used to accelerate the beam. The circuit diagram for the

voltage divide can be seen in Figure 6-2.
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Figure 6-2 The schematic drawing of the electrical circuit of the voltage divider and a photograph of

N

the voltage divider constructed used to measure the voltage generated by the cable pulser.

In the voltage divide, R; was made from 7 identical resistors connected in series
with a total value of 2714 Q, R2 was made from 4 resistors connected in parallel with a
total value of 2.76 Q. The division ratio of the voltage divider was R,/(R +R,)=1039,
which means for a 40 kV signal, resulted in an output voltage of 38.5 V which could be
measured by an oscilloscope with an attenuator.

A Rogowski coil was used to measure the electron gun diode current. The
Rogowski coil was located on the earth line connect the cathode chamber which can be
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seen in Figure 6-3. As all the electrons emitted have to travel back through the earth line,
so the diode current can be monitored at this position. The voltage signal from the
Rogowski coil was connected to an oscilloscope housed in a shielded screened room
through a BNC cable as shown in Figure 6-3.
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Valve
lon Turbo
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Figure 6-3 The Rogowski coil used to measure the diode current

A Faraday cup was used to measure the transported electron beam that passed
through the narrowest diameter part of the cavity (the backstop reflector which is a
cutoff reflect with diameter of 1.6 mm and it reflects the microwave radiation back to
the cavity and output direction while avoid entering the cathode region) and hence the
portion of the beam current that contributed to the gyrotron interaction could be
measured. The Faraday cup used in the experiment is very simple which can be seen in
Figure 6-4. It is a 4 mm rod with a cup shaped head. To ensure the cup was located
along the axis of the beam tube, a ceramic support located at the end of the Faraday cup
as shown in Figure 6-4 was used.
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Figure 6-4 Picture of the Faraday cup used in the experiment

This faraday cup was isolated from the electron gun system via a ceramic tube
which can also be seen figure 6.4. Two 100 ohm resistors were connected in parallel
between the Faraday cup and the beam tube of the experiment. Thus after the electron
beam hit the Faraday cup, the current passed through the sample resistances to the earth
and a voltage signal was generated across the resistors. The BNC cable that connected to
both ends of the resistors was used to transmit the voltage signal to the oscilloscope
located in an electro-magnetic shielded screened room.
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Figure 6-5 The schematic drawing of the scintillator diagnostic and the picture of the scintillator
hold and the scintillate disk in the experiment

A scintillator was used to measure the beam profile in the experiments. A very thin
layer of scintillate powder was coated on a transparent material. This scintillator was
then put in the scintillator holder and placed into the beam tube with the scintillated
surface positioned perpendicular to the electron beam as shown in the schematic
drawing of the scintillator diagnostic Figure 6-5. The scintillator used in the experiment
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marked in the picture, has a diameter of 6.4 mm. The stainless structure in Figure 6-5
was used to hold the scintillator. The slot cuts on the scintillator holder are gas channels
to enable gas on the inside of the beam tube to be pumped out of the vacuum system
during the experiments. Another small annular tight fitting stainless piece located on the
inside of the scintillator tube located behind the scintillator, was used to hold the
scintillator in position and to assure it remained perpendicular to the direction of beam
propagation is shown in the Autodesk drawing, Figure 6-6. The beam tube was sealed by
an optically transparent glass window. A digital camera was used to take the pictures of
scintillator when the electron beam impacted on the scintillator witness plate diagnostic.

The Camera used in the experiments was a Nikon D50 with a Sigma 105 Micro lens.
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Figure 6-6 The Autodesk drawing of the scintillator holder; (a) the outside holder, (b) the cross
section view of the scintillator with the position of the scintillator; (c) the annular shape piece to

keep the scintillator in position

6.5 Cathode power supply system

The gyrotron was designed to be able to work under CW, but to reduce the water
cooling requirement and to proof the design it was decided to test the experiment in
pulse mode of operation. The power supply for accelerating the electron beam was a 40
KV pulse with a width of ~370 ns seconds produced by a stacked double Blumlein pulse
generator. This pulse generator consists of two double Blumleins being connected in
series. One double Blumlein was an inverting type and the other one is a non-inverting
type. Both were made from high voltage co-axial cable by myself assisted by Mr. Liang
Zhang and Dr. Wenlong of the University of Strathclyde.
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Figure 6-7 The schematic circuit of a pulse forming line

In order to understand the operation of a double cable Blumlein line, a basic
understanding of the cable pulse forming line (PFL) is necessary. An effective circuit of
the cable pulse forming line can be seen in Figure 6-7, which is a relatively simple
concept. When the switch S is open, this system is charged by a DC voltage V through a
charging resistance Z,. Then when the switch is closed the charged cable will discharge
with an output V, to the load which has an impedance of Z_. The output V, of the
pulse forming line can be given in equation(6.2), and the pulse length z is a function of
the cable length I.4, and the speed of the wave travelling through the cable v..

. (6.1
Z
Vout = —V (6.2)
L +Z,

As we can see from equation (6.2) the output voltage cannot exceed the charging
voltage, so in order to gain a large output voltage a Blumlein cable pulsar was used.

N
Rcharge V
2V, T

_VO _-=-

B l L

YV~

1 ty+lv 3liv

Figure 6-8 The Schematic of a single Blumlein cable pulsar and the pulse it produced
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The circuit diagram of the Blumlein pulsar is given in Figure 6-8. The two cables
are the same length so the pulse produced on the load can be added and the output
voltage Vo, IS given in equation(6.3).

2VZ
A/ =21T2;ZL (6.3)

The output voltage can be doubled compared to the PFL, and it is possible to
approach almost twice the output voltage compared to the input voltage if Z >>Z;+Z,
which depends on the resistance of the output load. The impedance between the 2"
transmission lines and the earth will reduce the efficiency of the system and result in a
modest reduction in the output voltage. When a third cable with twice the length of the
Blumlein cable (Cable 3) were introduced to the single Blumlein setup, then a double
cable Blumlein was built as shown in Figure 6-9.
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Figure 6-9 The schematic diagram of a double cable Blumlein

For a single Blumlein a voltage of 2V can be produced between points: b-c and e-d.
When ¢ and e are connected, a voltage pulse 4V can be obtained between points: b and d.
Two types of output from the double Blumlein can be generated depending on the
different earth points chosen: the inverted Blumlein which an earth at point b and an
output at point d; the non-inverted Blumlein which an earth at point d and an output at b.
the inverting and non-inverting Blumlein can generate a -4V and +4V pulses

respectively.

An inverting double cable Blumlein was built in the experiments. The schematic

diagram of the pulsed power unit is shown in Figure 6-10. A spark-gap switch was used
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to switch the double cable Blumlein pulsar. The spark-gap switch normally consisted of
an arrangement of two conducting electrodes separated by a gap usually filled with gas
such as air, N2, Argon or SFs. For triggered spark gap switches, there is normally a

trigger electrode between the two separated electrodes as shown in Figure 6-11.

e
A

!

Figure 6-10 The schematic diagram of the double cable Blumlein in our experiments

The voltage V is applied on the two dome shaped electrodes, and the potential
between the dome electrode and the mid trigger-plate was adjusted by changing the
resister values of Rp; and Ry, or by the gap distance if there were no such voltage
dividing resistance. It can also be operated in self-breakdown mode when there is no
trigger pulse applied on the middle plate electrode. The basic mechanism of the spark
gap switch is: the high voltage V is applied on the two dome-shaped electrodes, when a
trigger pulse is applied to the trigger electrode in the middle, which will change the
electrical field in the gap between the electrodes. For example if the trigger pulse is
positive, the electrical field between the trigger plate and the earth dome will increase
sharply and reaches to the break down voltage. Thus the gap is discharged and the
electric field between the charging dome electrode and the trigger plate (now earth) will
increase sharply as the whole voltage V is applied to these two electrodes and it will
exceed the self-break down voltage, so it will break down, thus the switch will be
conducting and close.
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Figure 6-11 The electrical circuit diagram for a mid-plan triggered spark gap switch and the picture

of the spark gap switch used in our experiments

The spark-gap switch used in the experiment is shown in Figure 6-11, the voltage
dividing resistance values are R,;=250 MQ, and Rp»=200MQ. This gap switch was
operated without a trigger pulse in a self-break down mode. The gap of the three
electrodes can be adjusted in order to obtain a stable breakdown voltage which also
allowed the production of a suitable pulse used to drive the cusp electron gun.
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Figure 6-12 The schematic drawing of the power supply used for the cathode diode

The whole power system for accelerating the electron beam including its
diagnostic systems can be seen in Figure 6-12. The power supply used to charge the
double cable Blumlein pulsar was a 70 kV, 20 mA Glassman DC high voltage power
supply. This was used to charge the double cable Blumlein pulsar through a 2 MQ
resistor.
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Figure 6-13 The power supply for heating the cathode

As the cathode used in our experiments was a thermionic cathode, a heating current
was required to heat the cathode to its working temperature of around 1050<C. The
resistance of the cathode heating coil was measured to be ~1 Q with the heating current
generated by a DC power supply as AC current would result in a changing of the
magnetic field at the cusp point in the cusp gun. The cathode heater power supply was
isolated from the double cable Blumlein pulsar by an isolating transformer with more
than 40 kV isolation capabilities. The high voltage which drives the electron gun was
therefore isolated from the heater coil preventing damage of the heater and cathode. A
picture of the power supply system used for heating the cathode is shown in Figure 6-13.
The variable transformer at bottom right was used to adjust the input voltage to the
isolating transformer in the centre of the picture, which was used to adjust the heater
power and temperature of the cathode. An AC-DC converter was used at the output of
the isolating transformer before the current flowed through the heater coil. A voltage
meter and current meter were used to monitor the voltage and current driving the heater
coil.

6.6 Solenoid Design and Test

In our gyrotron experiment, the cusp electron gun and the two solenoids are very
important to the success of our experiment. In order to achieve CW operation of our
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gyrotron, these solenoids needed to be operated DC and produce a uniform region of
magnetic field that was long enough for the beam-wave interaction cavity, and the
magnetic field needed to be as higher than our designed B-field requirement of 2.13 T.

Table 6-1 solenoid parameters

Maximum Magnetic Field ~2.16T

Layers 14 in centre and 16 at both end
Turns/Layer 103

Average Diameter 5.68 cm

Current required for Maximum B-field ~270 A

In order to optimise the design of the solenoids both the Matlab code and the 3D
PIC code MAGIC were used. Due to the requirement of the magnetic field (both in
amplitude and width), a model of the solenoid was built including number of turns,
layers and the driving current. The power deposited in the solenoid and the result heat
generated and also the requirement of cooling system were calculated. These calculated
results were used to revise the model of the solenoids until the magnetic field amplitude
required for the gyro-experiments, the size of the solenoid and cooling requirements
were optimised for CW operation. The design results are show in Table 6-1.

The wire used in building the solenoid was 2.2 mm by 2.2 mm square copper wire
which had varnish coating insulation on the surface. The main solenoid has 14 layers,
and each layer have 103 turns. Two layers of extra copper were added at both ends of
the solenoid to sharpen the magnetic field profile, and each extra layer had 15 turns of
wire. The approximate length of the wire needed for this solenoid was 285m, calculated
using the MATLAB code. The resistance of the solenoid was calculated using the
equation:

L-
R= Tp (6.4)
where p is electrical resistivity of the wire material in this case copper and A the
cross-section area of the wire. The current requirement for the maximum magnetic field
can be obtained through Amperes law:
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(6.5)

Where N is the turn density of the solenoid, thus the power of the heat produced by

the solenoid can be calculated usingP=1°R. The calculated results are shown in Table

6-2.
Table 6-2 Magnetic field and heating power produced by the main solenoid
B-field (T) 1.65 1.82 2.16
Resistance (€2) 0.99 0.99 0.99
Voltage (V) 209 226 267
Current (A) 2114 228.84 270.1
Power (kW) 443 51.9 72.2

Though in MAGIC simulation, a solenoid with small average radius produces an
electron beam with the highest quality by using a small cross-sectional area, but as the
cross-sectional area decreases the resistance of the solenoid will increase and this will
cause an increase of the heating power. The optimal wire size was found to be 2.2 mm
varnished square wire when all factors were taken into consideration.

To achieve such a high magnetic field, a high current is required to flow through
the copper windings of the solenoid which means there will be large amount of heat
produced in the solenoids. Thus, an efficient cooling system is required for the solenoid
especially when in DC operation. Two solenoids were used in the experiments to
produce the cusp magnetic field, mounted in together in series but with an opposite
direction of magnetic field in each solenoid. Strong forces therefore existed between
these two solenoids during the experiments, thus a firm supporting jacket was required
to hold and position the two solenoids without blocking the cooling water channel into
the solenoids.

In order to cool down the enormous heat produced by the solenoid, a large amount
of water was needed to flow through the solenoid removing the heat from each layer and
single turn of the coil. A 0.4 mm gap was designed between each layer of the coils, and
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by using square wire; the water channel between the layers enabled a smooth flow of
water to pass through the gap between each layer increasing the surface area of the
contact of the wire with the cooling water. When the cooling water pressure was 3 Bar,
simulation shows the temperature rise of the water was about 30°C at 2.16 T. The
configuration of the coil is shown in Figure 6-14. The reverse coil was configured the
same way although it was much shorter in overall length.
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Figure 6-14 The configuration of the winding in both the cavity and reverse coils

The attracting forces were calculated using a simple model consisting of thin
coaxial circular coils in air [154] as shown in Figure 6-15. Where R, R), are the average
radius of these two solenoid, a, b are the solenoids’ length respectively. and c is the
distance between the two coils from their centre point. The calculated force is about 800
N. Apart from this force; each turn inside the solenoid also experiences an
electromagnetic force.
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Figure 6-15 The configuration of two thin wall solenoids

To prevent the solenoid from deformation or shifting in position, the cavity

solenoid former was machined from a solid piece of stainless steel so the deformation
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and weakening of welding could be avoided. Furthermore, strong structures are required
at both ends of the solenoid to support the coils without blocking the water channel. The
water channel gap supports are needed to hold and to prevent the coil from shrinking,
and this support needs to have a minimal effect on the water channels and its ability to
efficiently pass water. Thus, nylon wire with a diameter of 0.5 mm was used between
each layer of the coils and also the channel between the coils and the former. These
wires went straight through the solenoid from one end to the other end, and each end
was tied to the supporting structure at both ends of the solenoid. .

(@) (b)

Part list: (1) water pipe connection; (2) electrode; (3) Outer former; (4) Nylon insulate; (5) Clevis

pins; (6) Coils; (7) Nylon Insulator; (8) Polycarbonate Mesh
Figure 6-16 The designed cavity solenoid (a) solenoid in former, (b) solenoid structure inside former
with cut-view at left end

The distance between each wire is kept to be around 10 mm in order to keep a ~10
mm wide uniform cooling channel between the coil layers and also between the coil and
the former. Thicker wires were deliberately chosen when winding the coils; for it is
found that the nylon wires will be compressed by approximately 0.1 mm. Clevis pins
were used to hold the horizontal position of the whole coil, and also to keep the input
and output water channel for cooling the main solenoid. As the strong force produced by
the coils may damage the varnish insulation layer, in order to keep the solenoid insulated
from the metal clevis pins, two 4 mm thick polycarbonate meshes were used at both
ends of the solenoid which had channels machined of the surface for passing water

-127 -



through the meshes. The design of the main solenoid in shown on the Autodesk Inventor
drawing, Figure 6-16.

When finished winding the solenoid, the two ends of the wire were then connected
to two copper electrical connectors (2) in Figure 6-16. These two electrodes sit inside a
nylon insulator were used to connect the DC current power supply to the coils. Rubber
O-rings were used between the electrode caps and the nylon to seal the water. The
picture of the main solenoid during the winding process is shown in Figure 6-17. Nylon

wires that were used to form the cooling channel can be seen in the picture.
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Figure 6-17 the main solenoid during winding process

The reverse coil used at the cathode side to produce the negative magnetic field
required for the cusp electron gun was designed in the same way as the main coil. It
contained 4 layers coils with 10 turns per layer. The maximum magnetic field produced
was about 68 mT at a current of 200 A. Approximately ~2.8 kW of heater power will be
produced at the maximum working point, which means its cooling requirement was
much less compared to the main solenoid, and the cooling water pressure used was about
1.5 bar. The reverse coil parameters are shown in Table 6-3:

Table 6-3 The reverse coil parameters

Magnetic Field (mT) 50.8 61.8 68
Current (A) 170 181 200
Power (kW) 2.0 2.3 2.8
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(@) (b)

Part list: (1) water pipe connection; (2) Outer former; (3) Nylon insulator; (4) connection to

mounting system; (5) Inner former; (6) Coils; (7) Clevis pins; (8) Electrodes
Figure 6-18 The design of the reverse coil by Autodesk Inventor, (a) solenoid in former, (b) solenoid
structure inside former with cut-view at left end

The same 2.2 mm square varnished wire was used to wind the solenoid; the
average diameter of the reverse coil is about 16 cm. The water channel between the
layers was supported in the same way as in the main coil by 0.5 mm thick nylon wire.
These wires are tied to a drilled hole which was machined horizontally through the
clevis pin. The resistance of the reverse coil was 0.7 Q.

The design structure of the reverse coil in Autodesk Inventor was shown in Figure
6-18. Part 4 in the picture was used to connect with the 3 axis mounting system which
allows the position of the reverse coil during experiments to be adjusted. Instead of
polycarbonate meshes a plastic cap was put on the top of the clevis pins to insulate the
coils from the pins.

The constructed main solenoid and reverse solenoid with water cooling
connections can be seen in Figure 6-19. Both solenoids are located on their own 3-aixs
adjustable mounting systems, so the position of these two solenoids can be adjusted and
locked during the experiments.
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Figure 6-19 the constructed main solenoid (left) and reverse solenoid (right) mounted on a 3-axis

adjustable mounting system

6.6.1 Cooling system of the two solenoid

As the main solenoid produces a large amount of heat during experiments, a
sophisticated cooling system was required. As we mentioned previously, about 3.5 bars
of water pressure was applied between the main solenoid water hose, and about 1.5 bars
of water pressure was applied on the reverse coil. The water needed to pass through
water filters before it passed through the solenoids, to avoid the possible debris in the
water blocking the gap between the layers of the solenoid as the gap between each layer
of coils of wire was only 0.4 mm. Two water filters were used in parallel to ensure the
water flow rate through the filter system. The diameter of the water connections for the
main solenoid was 2 inches, and 1 inch for the reverse coil to ensure enough water flow
and no pressure losses due to the changing of pipe dimensions.

The water cooling system is shown in Figure 6-20. After passing through the
filters, the cooling water was split into two so the reverse solenoid and main solenoid
can be cooled separately. A ball value was used at the branch pipe that goes into the
reverse coil to control the water flow into the reverse coil as the reverse coil requires
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much less water flow than the main solenoid. Two pressure gauges were installed at
each branch of pipes before the cooling water goes into the solenoids, so the water
pressure at the reverse coil and main solenoid can be monitored independently. Behind
each of the pressure gauges there is a flow rate meter to measure the flow rate inside the
water pipe, and ensure enough water fluid was passing through the two solenoids. Two
temperature detectors were mounted at the output pipes of the two solenoids, separately,
to monitor the temperature of the cooling water after passing through the solenoids.

Cooling Water Water
Filter .
Pressure Main | |Temperature
J Gauge Solenoid Probe ____ \Water
Water Connection
Filter
................................ Electrical
Ball : Connection
Valve Power Flow
; Interlock Rate
system Meter
Pressure T
Gauge eececeneaeny E
: Cooling Water
Flow
Reverse Temperature
- ) - — Rate
Coil Probe
Meter

Figure 6-20 The schematic drawing of the water cooling system

Both the temperature probes and the water flow rate meters at the reverse coil
water pipe and the main solenoid water pipe were connected to the power supply
interlock system. So if the cooling water temperature goes higher than the threshold
temperature or the water flow is lower than the given minimum value, the electrical
power to the solenoids will be switched off to protect the solenoid from overheating and
any further system damage. All interlocks needed to be initialised in the on state before

the power supply system to the experimental bay could be turned on.
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6.6.2 Power supply for the Solenoids

For the main solenoid it requires a maximum current of over 270 A, and as the
resistance for the main solenoid coils are ~1€) at room temperature, the power supply
output voltage was more than 270 V at a current of over 270A. Each single NADA
power supply in our lab had a maximum current and voltage rating of 300 A at 70 V. In
order to produce enough power to drive the main cavity solenoid, 5 NADA power
supplies were connected in series. Each single NADA power supply was also connected
to the power interlock distribution board which automatically shut down the power
supplies if any problem was encounter with the cooling system or engineering control
interlocks for the experimental area. The schematic drawing of the power system and a

picture of the power supply for the main solenoid are shown in Figure 6-21.
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Figure 6-21 Power supply system for the two solenoids

The NADA power supply system are also cooled by water, both the cooling water
system and the NADA power system are connected to the interlock which will shut

down the power supply automatically if anything goes wrong with the system. The
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reverse coil was powered by a Farnell power supply which an output voltage of 30 V at
a current of 200 A. The picture of the Farnell power supply is also shown in Figure 6-21.

6.6.3 Solenoids performance

The solenoids were tested and measured before being used in the CUSP gun beam
formation and Gyro-experiments to verify how well the designed magnetic field profile
of the solenoid matches measured magnetic field profile. A Gauss-meter with an axial
Hall probe was used to measure the magnetic field.
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Figure 6-22 The relationship between the solenoid magnetic field, cooling water temperature and

current of the main solenoid

Firstly, the Hall probe was put in the centre of the main solenoid along its axis
(basically at the maximum magnetic field point), then the solenoid current was increased
and the magnetic field increase measured as a function of the solenoid current. The
cooling water temperature after it passed through the solenoid was monitored. The
results of this measurement are shown in Figure 6-22. From the picture we can see the
increase of the magnetic field with the increase of current is very linear in agreement

with theory, and the temperature increase at 100 A was only 2 degrees. In further
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experiments, the current was increased to 250 A, and the temperature increase was about
10 degrees.

The probe was kept on the axis of the main solenoid and moved slowly to measure
the magnetic field profile along the axis of the solenoids. The results are shown in
Figure 6-23.
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Figure 6-23 The magnetic field of the main solenoid along its axis

This measurement is taken at a driving current of 70 A and the maximum B-field
was ~0.54 T. It was found that the measurement profile agreed very well on the left side
(cusp gun side), but the measured results at the right side (output and windows side) was
slightly lower and not so flat compared to the designed solenoid profile. After checking
the solenoid again, it was found that the last extra layers of coils at the right end of the
solenoid were wound in the wrong direction. Thus it almost cancelled the other extra
layers contributions, and caused the magnetic field profile to be lower and drop of faster
than the designed profile. Therefore, another simulation with the coils in the winding
configuration used in the experiment was taken (shown as the red curve in Figure 6-23),
and in this case it was found to be in good agreement with the measured profile. As in
agree with the design principles the experimental cusp region on the left side of the
profile was in good agreement with our designed profile, and the length of the flat-top
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region (+/- 1% of the maximum value) was ~10 cm and was of sufficient length to

incorporate the whole gyrotron interaction region.

The magnetic field profile of the reverse coil was measured in the same way as the
main solenoid, and is shown in Figure 6-24. This measurement is taken at a driving
current of 100 A (black dot is the measured point). The green curve is the simulation
results of the reverse coil at a driving current of 92 A. As can be seen in the figure 6.24,
these two magnetic profiles are in very good agreement. The difference in the two
currents from 100A to 92A is caused by the power supply system of the reverse which
had an output current of about 8% less than the value displayed on the Farnell power

supply readout.
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Figure 6-24 The measured magnetic field of the reverse coil with its simulated results

6.7 Experiment setup overview

A schematic drawing of the whole experimental setup is shown in Figure 6-27, and
a picture of our electron beam and gyro experiments are shown in Figure 6-25 and
Figure 6-26 respectively.
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Figure 6-26 The setup of the Gyro-experiments
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6-27 The Schematic drawing of the setup in the Gyro-experiment bay

Figure
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Chapter 7

Experimental Results

7.1 Introduction

In this chapter, the experimental results will be presented, including all the cusp
beam and gyrotron millimetre wave measurements. In the gyro-experiment, the electron
beam and beam quality are very important. As the simulations show in chapter 3, the
electron beam parameters would affect the interaction efficiency and mode competition.
Such problems in the gyrotron operation are especially serious for the high harmonic
gyrotron which requires relatively higher velocity ratio a in the beam for better mode
selection and efficiency. Thus the electron beam experiment will be presented first in
this chapter including the power supply diagnostic results. The harmonic gyrotron

experimental results are also presented.

/.2 Beam Experiment Result

As mentioned in previous chapters, the electron beam used in the gyrotron
simulation in chapter 3 is 40kV, 1.5A axis encircling electron beam. To accelerate the
electron beam, a 40 kV power supply is required. This high voltage was provided by a
double Blumlein pulser with a self-break down spark gap switch in the experiments. By
adjusting the gap distance of the spark gap switch, the self-breakdown voltage of the
switch was set to be ~12.8 kVV. When this voltage was applied to the switch i.e. the
double cable Blumlein pulser was charged to this voltage, the spark gap switch would
breakdown, and a voltage pulse would be produced at the output of the pulser driving
the cusp electron gun. The parameters of the voltage pulse are important to the beam
parameters such as beam energy, velocity spread, and alpha spread. A voltage pulse with
a slow rise time and varying voltage during the pulse width will cause the electron beam

with varying energy and velocity.
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The pulse voltage signal produced by the double Blumlein pulser when connected
to the electron gun is shown in Figure 7-1. The rise time of the pulse is ~40ns; the
average voltage applied to the cusp electron gun is ~40 kV and the pulse width is ~400ns.
The fluctuation of the voltage amplitude in the flat-top region is ~5% from the average
voltage. The voltage pulse is slightly higher than 40 kV when not connected to the
cathode producing an average voltage of 44 kV. There was about 10% voltage amplitude
drop when the double Blumlein pulser was connected to the cathode load, this is because
the capacitive resistance of the electron gun system to which the pulser connected. This
changing voltage will cause the change of the beam energy and shifting the resonant

point, and also the shape of microwave radiation pulse, especially at high harmonic

operation.
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Figure 7-1 The voltage pulse produced to accelerate the electron beam by the cable pulser

The first series of experiments were to measure the beam current and cathode
emitting current. The cathode emitting current was measured by a Rogowski coil located
at the earth line of the electron gun chamber, as all the electrons emitted from the
cathode surface will finally hit the beam tube wall or the Faraday cup and then go back
to the earth line of the electron gun. The beam current was measured by a Faraday cup in

the centre of the beam tube when the gyrotron cavity was removed.
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The cathode emitting current was measured by firing several shots when the
cathode was at room temperature (without applying heating power to the cathode), with
several shots recorded as background signals from the Rogowski coil and Faraday cup.
These background signals were very stable which enabled them to be used as a reference
measurements of zero cathode emitting current. The heating power to the thermionic
cathode was then applied to the cathode and when it reached operating temperature, the
signals from the Rogowski coil and the Faraday cup were recorded again using a digital
storage oscilloscope. The cathode emitting current and the beam current were measured
by subtracting the background signal from the signal recorded when the cathode was a
full operating temperature. The recorded Rogowski coil signals are shown in Figure 7-2.
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Figure 7-2 The recorded Rogowski coil signals in the experiments.

The black curve in the picture is the background signal, and the red curve is the
Rogowski coil signals when cathode is at operating temperature. The two big pulses at
start and end of the signals (~0 ns and ~400 ns) were displacement current signals at the
rise and fall time of the driving voltage pulse. The cause of the displacement current is
that the electron gun diode acts as a capacitive load with capacitance Cyq. When the
voltage pulse is applied to the diode the builds up of voltage between the cathode and
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anode results in a large amount of displacement current which is needed to charge this
capacitor. For the same reason, there will be a large amount of displacement current
required to discharge the capacitive diode when the pulse falls. The amplitude of the
displacement current is proportional to the capacitance of the diode and the ratio of the

charging voltage pulse.
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Figure 7-3 The diode current pulse with the beam voltage pulse
The displacement current does not correspond to the real cathode emitting current
which can be measured by subtracting the background signal produced by the Rogowski
coil from the signal when the electron beam is present. The cathode emitting current
signal with respect to the driven voltage pulse is shown in Figure 7-3. The red curve is
the diode current signal (the subtraction of the two Rogowski signals with average
background signal) and the black curve is the voltage pulse. These two signals are in

very well correlated in time.

By changing the heating power of the cathode, the change of the cathode emitting
current with the heating power can be found as shown in Figure 7-4 . It can be seen from
this picture that the emitted current is linear to the heating power, which means the

cathode is operated in the temperature limited regime.
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Figure 7-4 The cathode emitting current changes with the cathode heating power

The transported electron beam current that passes from the diode through to the
interaction region was measured by the Faraday cup. The transported electron beam is
the beam that contributes to the gyrotron interaction. The Faraday cup was positioned at
end of the flat magnetic field (within 5%) region near the output. The transported beam
current was not only dependent on the cathode emitting current, but also dependent on
the magnetic field of the electron gun. When there was no cathode heating current no
cathode emitting current was measured and hence no beam current was transported to
the gyrotron interaction region. If the cathode emitting current is unchanged, the
transported beam current was found to be sensitive to the change of the magnetic fields
of the two solenoids. Normally, the main coil magnetic field was kept constant and the
transported beam current will increase with the decrease of the reverse solenoid
magnetic field until the loss of the cups. Namely, the transported electron beam current
increases with the decrease of velocity ratio o at the same main magnetic field.

When magnetic fields of the two solenoids were set to the same as the simulated
value i.e. within the designed velocity ratio a range, the transported electron beam
current increased with the cathode emitting current. But the change was very slow when
the cathode emitting current exceeded 2 A with the transported current of 1.4 A. The
beam current was still limited below 1.6 A when the cathode emitting current exceeded
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8 A. A typical transported electron beam current pulse is shown in Figure 7-5. The
electron beam current was~1.5 A with less than 4% variation at the flat region and same
width as the voltage pulse. The maximum beam transport ratio recorded was 96% at a
cathode emitting current of ~1.8 A.
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Figure 7-5 The transported electron beam current and the driven voltage pulse

The electron beam profile was recorded using a scintillator mounted perpendicular
to the electron beam inside the beam tube. The scintillator was placed at position Z, as
shown in Figure 7-6. It was about 11.5 mm inside the beam tube from the outside edge
of the window’s flange and located at the falling edge of the magnetic field (~90% of the
maximum magnetic field).The axial position of the scintillator of 11.5 mm was chosen
as it was the minimum distance required for the micro-lens used in camera to take the
pictures of the light emission from the scintillator.

From the profile of the electron beam, information can be obtained very directly
such as whether the beam is an axis-encircling beam or a solid beam, beam radius and
position, etc. The setup of the scintillator has been discussed in detail in Chapter 6. As
the diameter of the electron beam is less than 1 mm from the simulated results a micro-
lens was used to take the picture with a Nikon D50 digital camera. The micro lens

camera takes a 1:1 imagine of the object in the photo. As the electron beam is pulsed, in
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order to record the image, the camera was set in bulb mode while taking the picture of
the scintillator. Namely, the shutter of the camera is kept open during the experiment.
The shutter switch was opened and closed using a remote controller.
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Figure 7-6 The Schematic drawing of the setup of the electron beam experiments

As usual, a background signal was recorded when the beam was unable to be
formed in the cusp gun and transported through the interaction region, by having the
cathode heater at operating current and accelerating voltages applied to the electron gun,
but no beam image was recorded by the camera when current was not supplied to the

solenoids. In contrast a typical electron beam picture recorded when the two solenoids
generate magnetic fields is shown in Figure 7-7.

Figure 7-7 The scintillator image recorded by the camera (left) and the enlarged beam image (right)
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The left image is the full picture taken by the camera. The orange coloured ring is
light from the hot cathode passing through the scintillator holder which was used as a
dimension reference for the electron beam. The outside orange ring is the gap between
the scintillator holder and the beam tube, the inner orange ring is the 6 slot channels that
were made for vacuum pumping the scintillator. The blue circle is the electron beam
picture as the scintillator powder used in this measurement gave blue light when the
electron beam impacted in the copper disk of the scintillator. It can be seen clearly from
the picture that the blue ring showed evidence of an annular shaped electron beam which
means an axis encircling electron beam was formed.

The beam radius, and beam position inside the electron beam can be obtained from
the scintillator photos. From the diameter of the electron beam, beam voltage and the
magnetic field at the measured location, the velocity ratio of the electron beam at the
scintillator position can be calculated. By changing the reverse coil current, different
scintillator pictures were obtained with different beam radius, which indicates different
velocity ratio alpha. Processing this picture by mapping the blue light component,

another picture with better contrast was obtained as shown in Figure 7-8.

Figure 7-8 The process of getting the beam information from the electron beam picture

In these pictures, only the blue component of each pixel point remained. By
measuring the outside scintillator rings’ dimension, the dimension of the picture was
calculated as shown in Figure 7-8. The dimensions of the two outside rings, the gap
between the scintillator holder and the beam tube, and other the 6 slot channels that
made for vacuum pumping of the scintillator were known to be 8 mm and 6.4 mm
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respectively. Calculation shows that the sizes of the two rings are in good agreement
with each other in the picture.

The beam size and beam radius can be calculated from the picture (for example,
the outer ring of the electron beam has a diameter of 0.76 mm, and the inner ring has a
diameter of 0.5 mm). From these parameters and the location of the scintillator in the
measurements, the average beam alpha can be calculated. When the electrons are
encircling in the magnetic field, the velocity component perpendicular to the magnetic
field (v, ) and the electron circling radius r, magnetic field B are related by equation:

eB

vV, =—r (7.2)
ymg
where, y is the Lorentz factor and can be calculated from equation (7.2).
y=14 2V (7.2)

V is the accelerating voltage measured to be 40 kV in the experiments, the
magnetic field B can be calculated from the main solenoid current and the position of the
scintillator; average r can be calculated from the outer ring and inner ring diameter
obtained from the beam image. Thus the electron perpendicular velocity can be
calculated. The total velocity v of the electrons can be calculated using the Lorentz

v=cC- /1_(1)2 (7.3)
e

As v, = V2 —V? , thus the velocity ratio o at the scintillator position can be

factor y given by equation (7.3).

obtained through =V, /v, . The scintillator lies in position Z, in Figure 7-6 where the
magnetic field is only 90% of the maximum magnetic field. In order to get the beam
velocity ratio a value at the gyro-interaction point while the gyrotron cavity were put
inside the beam tube, or namely, at the maximum magnetic field (as position Z; in
Figure 7-6), a series simulations were carried out using the 3D PIC code MAGIC. In
these simulations, an electron beam with the same parameters as measured were
produced at position Z,, thus the beam parameter at position Z; could be obtained from

the simulation.
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Figure 7-9 The measured velocity ratio a valued at position Z, compared with the simulated,
and analytical calculated velocity ratio a at pesition Z, and corresponding
simulated velocity ratio o value at position Z;.

By changing the reverse coil and main coil current, different velocity a can be
obtained. Due to the limitation of the reverse coil power supply, the maximum measured
velocity ratio a at position Z, is 1.34, with a corresponding velocity ratio a of 1.56 at
position Z;. The measured velocity ratio o value at position Z, was compared with the
simulated and analytical calculated velocity ratio o value at position Z, and
corresponding simulated velocity ratio value at position Z; are all shown in Figure 7-9.

They were in good agreement with each other.

7.3 Gyrotron Experiment

A harmonic gyrotron experiment was carried out for the 2.6 mm diameter cavity.
The microwave signal was measured by a crystal detector as mentioned in Chapter 5.
The illustrated picture of the experimental setup is shown in Figure 7-10. The detector
was connected after a W-band horn with a W-band attenuator, and then followed by a
load to terminate the millimetre wave radiation. The whole detector system was put in a

metal box for RF shielding and minimise background noise. A double shielded BNC
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cable delivers the detector signal to the oscilloscope in the screen room outside the
experimental bay. The detector was placed at the far-field of the output taper about 110
mm away, with ~ 20° angle with respect to the axis of the output taper.

Vacuum
connection Cavity and
output taper

Electron gun

Microwave

Reverse coil .
window

Figure 7-10 The illustrative picture of the harmonic gyrotron experimental setup

As the harmonic gyrotron was designed to work at different harmonic numbers at
different magnetic fields, we started with the second harmonics. In the first round of
experiments, the detector used in the experiment was PJ crystal detector, no: SN99, 2801,
which gave a negative signal when receiving millimetre wave radiation. Millimetre
wave output signals were observed at a cavity coil current of 266 A to 269 A on the
reading of Ampere meter on the cables to the solenoids (260A to 263A on the power
supply), with the reverse coil current in the range from 206 A to 216 A. These
correspond to a cavity magnetic field of 2.074 T ~ 2.097 T, and a reverse coil magnetic
field from 66.0 mT to 69.1 mT. Namely, millimetre wave output was observed at a beam

velocity ratio from 1 to 3.

A typical millimetre wave signal observed is shown in Figure 7-11. Millimetre
wave radiation was generated at 269 A in the main coil and 214 A of current in the
reverse coil while the beam current was ~1 A. The resonance point was found to be
sensitive to the voltage pulse. It can be seen that the resonance point is very close to the
calculated resonance point in chapter 3, and has a very good agreement with our design
and calculated value. The magnetic field in this experiment is a little higher than

expected due to the voltage pulse (average 41 kV) being slightly higher than the design
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value of 40 kV. The gyrotron performance was optimized by slightly changing the main
coil and reverse coil current. The strongest millimetre wave signal was recorded by the
detector of more than 200 mV at a cavity coil current of 266 A with a reverse coil
current of 212 A.
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Figure 7-11 Measured microwave signal and voltage pulse

In the second round of experiments, the detector was changed to NJ crystal
detector SN: 135.2701 (which gave 1/3 of the voltage output signal at the same incident
power at 95GHz compared to the PJ crystal detector ), which gives a positive signal
when millimetre wave radiation is incident on the detector. The gap of the self-break
down gap-spark switch was adjusted to lower the cathode driving voltage and the
magnetic field of the resonance point was reduced. Optimized millimetre wave output
were observed at a main coil current of 264 A (Ampere meter reading), and a reverse
coil current of 210 A, which corresponded to a main cavity magnetic field of 2.06 T.

The observed millimetre wave signal is shown in Figure 7-12. Cut-off filters were
used to measure the frequency of the millimetre wave pulse. The full millimetre wave
pulse could still be observed after propagation through the 106 GHz cut-off filter which
was positioned in front of the detector, an obvious decrease in the amplitude of the
millimetre wave pulse could be observed when the 108 GHz cut-off filter was placed in

- 149 -



front of the detector. No millimetre wave signal was obtained when the 110 GHz cut-off
filter was put in front of the detector, which meant the millimetre wave frequency was in
the range of 108 GHz to 110 GHz. The millimetre wave frequency observed was very
close to the calculated frequency of the 2" harmonic at 112 GHz. The slight difference
may be caused by the error in the diameter of the cavity when in manufacture or the
expansion of copper cavity at high temperature. Calculation shows if the diameter of the
gyrotron cavity changes from 2.60 mm to 2.64 mm then the frequency of the 2"
harmonic will drop to 109 GHz with the 2" harmonic resonance point shifting to 2.08 T
from 2.09 T.
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Figure 7-12 The positive microwave signal measured by the detector

A good agreement was found with the experiment results and the calculation in
chapter 3, and this has verified the design of the 2" harmonic gyrotron. The resonance
cavity magnetic field range of the harmonic gyrotron is very small (less than 0.02 T at
2" harmonic), and also it is very sensitive to the beam voltage. If the beam voltage pulse
were reduced to 38 kV, the main cavity magnetic field of the 2™ harmonic resonance
point would shift to 2.02 T (258 A). A power cut in our lab one night damaged the
vacuum of the gyrotron system and the cathode was exposed to the air overnight. This
caused the poisoning of the cathode, and stopped the experiment in search of the 3", 4™
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and even higher harmonic gyrotron interactions. This experiment will be delayed to the
future work when the thermionic cathodes are replaced.

7.4 Summary

In this chapter, the results of the cusp beam experiment and harmonic gyrotron
experiments are presented. In the beam experiment, a 40 kV 400 ns voltage pulse with a
~320 ns flat top and 40 ns rise and fall time was produce to drive the electron beam
emitted from cathode. More than 1.5 A of current were measured by the Faraday cup at
different velocity ratio o values from 1-3. The profile of the electron beam captured by a
scintillator diagnostic demonstrated that the beam produced by the cusp gun is an axis
encircling electron beam. Also, the dimensions of the measured beam which in
conjunction with the measured beam current and voltage enable the beam alpha to be

ascertained was in very good agreement with the simulated velocity ratio o value.

In the harmonic gyrotron experiments, 2" harmonic radiation was observed by
crystal detectors. Cut-off filters were used in the experiment, and the radiation frequency
was determined to be in the frequency range of 108~110 GHz. The resonance point and
frequency of the millimetre wave radiation were in very good agreement with the
calculations presented in chapter 3. The pursuit of 3, 4" and even higher harmonic
radiation will be carried out in the future after the acquisition of the detectors in the 200-
400 GHz frequency range.
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Chapter 8

Conclusion & Future Work

8.1 Introduction

In this chapter, the achievement of this project by now will be concluded, and then
the research needed to be carried out in the future with some possible improvements in

the experiment will be discussed.

The aim of this project was to design a high harmonic gyrotron. As has been
demonstrated in the previous chapters, the following achievements were made and the

main goal of the project satisfied as summarized below

1. Design of harmonic gyrotron cavities, (a) 2.11 mm diameter 7" harmonic
cavity and (b) 2.6 mm diameter 2", 3, 4™ and 5™ harmonic cavity.

2. Manufacture of these gyrotron and setup the experiment infrastructure.

3. Beam experiments and harmonic gyrotron operation.

8.2 Gyrotron Design

Two gyrotron cavities with different diameters have been designed, the following
consideration were taken into account in the design of the two harmonic gyrotron

cavities.
1. Resonant frequencies and relative mode with respect to the cavity diameter.

2. The Q factor of the two cavities were calculated and the starting oscillation

thresholds for mode competition in the gyrotrons

3. Output taper design along with mode conversion considerations in the output

taper.
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4. Manufacture method and comparisons by millimetre wave measurements.
5. Beam spread and thickness effect on the gyrotron interaction

By solving the small signal theory equations, the dispersion and growth rate curve
were obtained for the gyrotrons and the parameters for the interaction such as the
resonant frequencies, relative mode, cavity size and interaction magnetic field. The
cavities Q factors have been studied with the changing of the cavity length and output
angle. The Q factors were chosen carefully to suppress the unwanted mode interaction in
the gyrotron but satisfy the starting oscillation threshold requirement for the designed
mode. The mode conversion at the output taper has been considered in the designing
with the 6 degree, 10 mm output taper causing less than 10% mode conversion to other

modes.

The 3D PIC code MAGIC was used to simulate the interaction of the high
harmonic gyrotron. For the 2.11 mm diameter gyrotron, about 600 W of output power
was predicted at the design frequency of 390 GHz and the design TE;; mode at the 7™
harmonic. When 0.1 mm beam thickness and 25% beam velocity ratio spread were
considered in the simulation, it was found that the total output power will drop to ~500
W. and competing modes were found at the output, especially the competing TEg mode.
It became slightly dominate at the output, causing the output power at the design
frequency and mode to drop to ~200 W.

The gyrotron cavity was manufactured in two different ways: spark erosion and
drilled. The cold millimetre wave measurements using the high frequency VNA shows
that the spark erosion cavity has a lower transmission loss than the drilled cavity. The
transmission curves of the cut-off filter manufactured by spark erosion were measured
and the construction technique was shown to be of high accuracy..

8.3 Beam and Gyrotron Experiments

The platform for the cusp electron gun and gyrotron experiment were built up
including the vacuum system, water cooling system and the power supply system and
tested A double Blumlein pulser was built to produce a 40 kV, 400 ns width pulse to
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drive the electron beam. The power supplies for cathode heating and for driving the
solenoids were also commissioned. Two water cooling DC solenoids were built for the
cusp electron gun and successfully operated. The main solenoid has been operated at DC
under 269 A of current producing approximately 2.1 T magnetic field. A series of
diagnostic systems was designed and constructed to measure and monitor the parameters
during of the experiment such as: voltage divider for high voltage measurement, cooling
water temperature and fluid monitors, Faraday cup and scintillator for beam
measurements.

The cusp electron gun has been tested, experiment results shows that the electron
gun has a good agreement with our design, and satisfied our requirement. The data that
the cathode emitting current changes with the cathode heating power demonstrated the
cathode is operating in temperature limited regime. More than 1.5 A of transported beam
current was measured at different beam velocity ratio a and under different main coil
magnetic fields. The change of the transported beam current with the change of beam
velocity ratio at the same cathode emitting current has been measured. The profile of the
electron beam obtained by the scintillator proved the form of the electron beam to be of
an annular shape. From the beam profile, the velocity ratio a, beam thickness and beam

spread can be calculated. All the results were in good agreement with our design values.

Successful harmonic gyrotron experiments were carried out with a millimetre wave
pulse observed at the 2" harmonic resonance point of the 2.6 mm harmonic gyrotron
cavity. The frequency of the radiation has been measured by cut-off filters, and the
millimetre wave radiation measured to be in the range of 108 GHz -110 GHz. The
results of the frequency and resonance point have a very good agreement with our
analytical calculation.

8.4 Future Work

Harmonic gyrotrons provide an alternative way to approach the terahertz region
with moderate magnetic field and relatively high power and has been studied around the
world. The 2nd harmonic gyrotron experiment has proofed our design and calculation of
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the gyrotron. In the future, the crystal detectors and accessories will be acquired for
investigation at these higher frequencies. The acquisition of a power meter will enable
the power of the millimetre wave radiation in this frequency range to be measured.

A broadband window will be designed in the future. The single layer sapphire
window has resonant transmission only at single frequency and its’ harmonics. This is
ok for the proof of principle experiment presented in this thesis. A multi-layer broad
band window is under design which will be useful for the harmonic gyrotron and will
improve the performance of the harmonic gyrotron. The pursuit of the 3, 4" and even
higher harmonic resonance radiation of the 2.6 mm harmonic gyrotron will be carried
out in the future, including measurement of the power, frequency, and radiation pattern.
Also, the attainment of the 7" harmonic gyrotron using the 2.1 mm gyrotron cavity will
be carried out after further experiments with the 2.6 mm harmonic gyrotron.

A corrugated gyrotron structure for the harmonic gyrotron has been analytically
studied and presented in the 2008 IRMWW conference. The idea of a corrugated
gyrotron should have better mode selection inside the gyrotron and improve the
efficiency of the gyrotron. In the future, a new version of the 3D PIC MAGIC code
which has parallel calculation capability will enable the simulation of the corrugated
gyrotron structures in high harmonic operation at high frequency. More studies will be

carried out to proof the idea.
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