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Abstract

The free electron laser (FEL) is a source of microwave power which makes use of the 

interaction between the electron beam and electromagnetic radiation. In recent years, most 

effort in FEL research has been concentrated on producing high power sources of tuneable 

radiation using high relativistic electron beams. This approach requires accelerators operating 

at megavolts potential using pulsed-power techniques. Hence, typical FELs are produced in 

large-scale facilities.

The purpose of this research is to bring the FEL back to the world of industrial processing, for 

which the FEL offers the prospect of a microwave source with a broad tuning range, high 

power and reasonable efficiency which is higher than the conventional FEL devices.

At the University of Liverpool, we are developing a prototype pre-bunched free electron maser 

(PFEM) that is compact, powerful and efficient for industrial applications, using available and 

affordable technology. The design, set-up and experimental result of this novel X-band 

rectangular waveguide PFEM are presented. Our device operates at 10 GHz and employs two 

rectangular waveguide cavities (one for velocity modulation and the other for energy 

extraction).

The electron beam used in this experiment is produced by thermionic electron gun which 

operates at 3 kV and produces beam current up to 5 mA. The resonant cavity consists of a thin 

gap section of height 1.5 mm which reduces the beam energy required for beam wave 

interaction. EM wave is used to pre-bunch the electrons, instead of using permanent wiggler 

magnets in conventional FEL system. A phase shifter is installed to ensure the correct phase of 

the bunched electrons and the EM wave in the output cavity. This novel design allows the 

PFEM to operate at a low current and accelerating voltage, maintaining a compact design.

The experimental result has demonstrated that coherent emission and gain with a beam current 

of up to 5 mA can be achieved. The gain curve has an interference pattern due to the phase 

variations of the electrons relative to the EM wave.
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1 INTRODUCTION

1.1 History

The first proposal and demonstration of the wave interaction between an electron beam and a 

wiggler (or undulator) was by Hans Motz in 1950, using the 1 GeV Stanford accelerator. The 

first practical device was developed by R. M. Phillips at the General Electric Microwave 

Laboratory in 1959. He called this device the ubitron (acronym for undulating beam 

interaction) and achieved significant levels of output power at relatively high frequency. His 

initial investigation of the beam-wave behaviour was observed on the X-band tube. The 

interaction region of this and his three subsequent S-band tubes had the appearance of classical 

FEL.

Hence, the ubitron would now be described as a low energy free electron laser. In 1971, J. M. 

Madey proposed a device called the free electron laser, which is operated at optical 

frequencies. An important step in the FEL development came in 1976 when Madey at Stanford 

University measured gain from an FEL configured as an amplifier at 10 pm wavelength. This 

experiment and the successful operation of the same FEL configured as an oscillator in 1977 at 

3 pm wavelength, sparked interest in the FEL as a new radiation source.

However, FEL has its disadvantages. Since its initial concept by Madey, the FEL has been 

considered as a large scale, high energy device and is therefore expensive, and not suitable to 

be placed in an individual investigator’s laboratory. Hence, the FEL has yet to evolve fully, as 

other lasers have done, into a commercial product, which is suitable for industrial applications.

An example of a central FEL facility is the Los Alamos National Laboratory (LANL) Average 

Power Laser Prototype Experiment (APEX) project, which have 46 MeV, 135 A pulsed 

electron beam driven by RF Linear accelerator, with an output radiation 0.37 pm wavelength 

[1], [2].

The FEL offers some advantages over currently used microwave tubes. The FEL is still a 

relatively new concept that offers the potential for a tunable source of powerful and coherent
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radiation. Its ability to recover a large percentage of the electrons kinetic energy means that it 

is efficient. In principle, an FEL as a fast wave device could be designed to operate in a wide 

band frequency spectrum, and then be tuned to any desired wavelength within that band, which 

is not easily achieved using slow wave devices.

These factors suggest that it is time that the application of FEL type devices at microwave 

frequencies to be rekindled and further investigated.

1.2 The Free Electron Laser Project in Liverpool

Researchers at The Liverpool University FEL group have designed various FEL devices for 

industrial applications since 1987. The word ‘industrial’ means that the device must be 

designed with cost and complexity comparable to available microwave power sources.

The early FEL designed and built in this group is the permanent wiggler magnet type FEL. In 

this particular FEL system, the permanent wiggler magnet is used to allow the interaction 

between the electrons in the electron beam and the EM wave. The alternating direction of the 

permanent wiggler magnets fields are transverse to the initial direction of the electrons causing 

them to be deflected from each side of the wiggler magnet, during which the electrons emit 

radiation [3]. This radiation is called the spontaneous radiation and is very weak [4], If the 

radiation is trapped in a high quality (Q) factor cavity, then, as the radiation builds up, it reacts 

back to the electron beam causing it to become bunched.

As each bunch of electrons oscillates through the wiggler magnetic field, they now tend to 

radiate in phase with each other and with each bunches. This is called the stimulated emission 

similar to the laser principles and can lead to intensity greater than that of conventional sources 

[5], [6]. The construction and set-up of wiggler magnets are very difficult, time consuming and 

costly. The individual permanent magnets have to be very carefully aligned and placed at the 

precisely correct location.

FELs which do not use permanent wiggler magnet will solve these problems. Other types of 

FEL which do not use wiggler magnet do exist. The helix travelling wave tube (TWT), for 

example, can be considered as the early FEL. The TWT, invented by Kompfner in 1944,
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consists of an electron beam travelling in a slow wave structure [7]. The slow wave structure 

consists of a wire with a helix shape. The function of this helix is to reduce the velocity of the 

EM wave close to the velocity of the electrons to allow them to interact. However, helix TWT 

is also difficult to construct.

Actually, in the first six months of the research study, several ideas have been explored and 

analysed for the realisation of the FEM that will be suitable for industrial applications. One of 

the ideas was the folded waveguide traveling wave tube (FWTWT). As the name suggests, the 

FWTWT is in fact a straight rectangular waveguide, in which the dominant TEio mode is 

propagating, formed into a serpentine shape by a series of E-plane bends to make several 

periods [8], [9], [10], [11]. The FWTWT is considered a slow wave structure. The study of 

FWTWT was performed in the backward EM wave -  electron beam interaction. At the same 

time, another co-worker, Dr Y.S. Tan also performed research on forward EM wave -  electron 

beam interaction [12].

However, due to difficulty in manufacturing the FWTWT at the m=0 spatial harmonic, the 
FWTWT had to be manufactured at m=l spatial harmonic, which resulted in non-satisfactory 

gain. Hence, the idea of FWTWT as FEM for industrial application was abandoned due to 

difficulty in constructing it.

The other idea was to develop a new Cerenkov FEM. This new Cerenkov FEM uses TMn 

mode using rectangular waveguide taper. This new Cerenkov FEM was an improvement to the 

work of another co-worker, Dr C. Petichakis who developed a cylindrical Cerenkov FEM for 

industrial application [13]. The Cerenkov FEM does not require permanent magnet wiggler of 

a helix. It consists of a dielectric tube fitted inside a copper pipe. The dielectric tube acts as a 
slow wave structure [14]. However, a small gap exists between the dielectric tube and the 

waveguide wall, which cannot be avoided in a practical implementation of the device. At lower 

electron energies, typical in microwave frequencies, the effect of even a relatively small gap 

can be considerable on the synchronism condition [13]. Similarly, the idea of the new 

Cerenkov FEM for industrial application was abandoned due to this construction difficulty.
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The new research project in this area is called the Pre-bunched Free Electron Maser (PFEM), 

where an EM wave is used to pre-bunch the electron beam. Two cavities are used, one the 

input cavity (to pre-bunch the electrons) and the other the output cavity (for interaction of 

bunched beams with the EM wave). The two EM waves come from the same RF source, and 

are splitted via a coupler, one will go into the input cavity and the other will go into the output 

cavity. A phase shifter is employed to ensure the bunched electron beams are in phase with the 

EM wave to ensure strong interaction.

1.3 Background of Research

The purpose of this research project is to produce a working, proof-of-concept prototype of a 

pre-bunched Free Electron Maser (PFEM). The aim is to realise practically a compact, low cost 

device that exhibits design features which make it suitable for industrial applications.

The FEL is a source of microwave power which makes use of the interaction between the 

electron beam and electromagnetic radiation. The purpose of this research is to bring the FEL 

back from the world of the strategic defense initiative to the perhaps more important world of 

industrial processing, for which the FEL offers the prospect of a microwave source with a 

broad tuning range, high power and reasonable efficiency. To achieve this objective, FEL 

should be able to be built at a cost comparable to conventional microwave sources.

A suitable design concept for a low power demonstrator has been derived using available and 

affordable technology. The result is an X-band microwave device operating at 10 GHz and 10 

mWatt seeded input power. For safety, economy and compactness, the device employs a low 

voltage (3kV), low current (5 mA) continuous electron beam and two waveguide cavities. The 

novel pre-bunching scheme allows operation at low current and accelerating voltage. Previous 

conventional FEL concept usually involves using permanent wiggler magnets to deflect the 

electrons so that it can interact in parallel and in phase with the TEi0 mode of the EM wave 

[15]-

The use of low beam current results in a signal gain which is less than the wall losses in the 

waveguide, resulting in no amplification of the EM wave [16]. To increase the gain, the beam
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needs to be pre-bunched. The novel approach for the PFEM is to induce velocity modulation 

on the electrons by using EM wave in the input cavity, before being interacted by the EM wave 

in the output cavity. In other words, the electrons are pre-bunched before entering the output 

cavity.

The pre-bunched electrons then interact with synchronism with the EM wave because the 

phase between the two is made equal by employing a phase shifter. Eliminating the use of 

permanent wiggler magnets allows a compact design to be maintained. The completed 

prototype will be expected to demonstrate power gains which are several orders of magnitude 

greater than that of previous FEL device at Liverpool University [17].

1.4 Applications of FEL

Compared with other lasers such as C02 and YAG lasers, the FEL has two significant 

advantages: they are readily tuneable within a very wide frequency range and can be 

engineered to very high power with relatively straightforward engineering.

At the present time, powerful lasers are making inroads for the applications of cutting, welding, 

surface treatment, drying, cooking and spot welding. Due to its technical superiority, FEL 

should be able to compete successfully in equal terms with lasers. The suitability of FEL 

depends on whether FEL is cost effective compared to lasers or other energy sources. The 

engineering of low cost high efficiency free electron laser is an important aspect of research at 

Liverpool University [18].

The main purpose of this project is to produce a prove of concept for an FEM that will lead for 

suitability for industrial applications. For example, for a tuneable power source in the X-band 

spectrum, the applications are microwave plasma torch and microwave driven plasma 

discharge. The applications of microwave plasma torch are for welding and cutting of metals 

and ceramics. The microwave-driven plasma discharge is used for breaking down of toxic 

organic substances into their less harmless constituent elements for pollution control. In both 

cases, the wavelength may be selected for optimum performance of the process.
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For future work, there may also be the possibility of use in radar, if the tuneability could be 

implemented with high output power and efficiency. If the wavelength ranges from 3 mm to 

300 pm, the ‘Industrial’ FEL may be applied as a variable wavelength source for optimising 

the increase in chemical reaction rates induced by the applications of microwaves. Applications 

for solid inorganic materials are transformation hardening of metals, heating of glass and 

ceramics, melting of concrete and stress hardening of glass. Applications for solid organic 

materials are cooking, drying, paint and welding plastics. Applications for liquid materials are 

pasteurization and sterilization, glue softening, crystallization and casting processes [18].

The 30 -  300 pm wavelength stage is designed to study the same problems as the previous 

wavelength range but the shorter wavelength would be expected to have different penetration 

and absorption characteristics.

In addition to that, future work in this THz spectrum (below 300 pm wavelength) will lead to 

the following benefits [19]:

(a) A tuneable EM wave source for researching the wave interaction of materials.

(b) Enhancement of industrial processes by THz plasma generation, fine chemical 

production, bio-engineering to use the EM wave to supply nutrients to promote cell 

growth and medical imaging to compliment X-ray imaging but without tissue damage.

(c) The military applications are for weapons and toxic gas detection.
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2 FREE ELECTRON LASER

The introduction of the conventional free electron laser (FEL) and pre-bunched free electron 

maser (PFEM) are presented in this chapter. For the conventional FEL, the basic operating 

principle, the spontaneous emission and the stimulated emission of FEL are discussed. Next, 

the PFEM is discussed. The chapters presented for PFEM are conceptual and mathematical 

analysis of PFEM, mathematical analysis of velocity modulation and the electron transit time 

in the PFEM waveguide.

2.1 Conventional Free Electron Laser

2.1.1 Basic Operating Principle

An FEL is a device which converts the kinetic energy of a relativistic electron beam into 

monochromatic, coherent optical radiation. Since the electrons in the beam are not associated 

with an atom or a particular atomic state, they are described as free.

The conventional free electron laser has three main components. These are:

(a) Electron beam source / Accelerator system

(b) “Wiggler” magnet

(c) Resonant structure

The first major component is the electron beam source. The basic mechanism of FEL operation 

is based on the fact that accelerating electrons radiate. In a quantum laser the radiation comes 

from the transition of excited electrons from higher atomic energy level to a lower atomic 

energy level. The FEL may simply consist of a high voltage electron gun which produces the 

beam directly. Alternatively, it may comprise of a thermionic electron gun which produces its 

electron beam into an electrostatic accelerator or RF linear accelerator. The beam voltage value 

will depend on the particular device and its operating frequency [20], [21], [22],

Pre-Bunched Free Electron Maser
Page 7



The second major component of the FEL is the “wiggler” magnet. It consists of a series of 

alternating magnetic pole pairs, arranged to produce sinusoidal magnetic field. Electrons 

passing between the poles of this magnetic array will oscillate or wiggle in the direction which 

is orthogonal to electron beam and the wiggler magnetic field. Under the influence of the 

accelerating forces, the wiggling electrons radiate. As a result, electromagnetic energy is 

radiated, with its electric field vector in the same direction as the electron’s transverse wiggle 

motion [20]. The wiggler’s function is further discussed in parts of chapter 2.1.3.

The third major component is the resonant structure. For “optical” and sub-mm FELs this 

would be a Gaussian mode resonator consisting of a pair of curved mirrors. For an FEL 

operating at microwave frequency spectrum, this resonator is a shorted piece of waveguide 

[20]. The PFEM also uses resonant structure in the form of short circuit wall of the waveguide.

Two forms of emissions in the FEL, the spontaneous emission and stimulated emission are 

described in the next two chapters.

2.1.2 Spontaneous Emission

In spontaneous emission, the electron beam current, e, is found to be proportional to the square 

root of the average electron beam current itself [20].

e oc Nl! 12 where Ne is the number of electrons

It is this fluctuation which is the source of spontaneous radiation and is not coherent. This is 

because of the random position of electrons in the beam giving rise to random phases between 

the electromagnetic waves they each radiate. Therefore it is expected the intensity (power), P, 

of this incoherent radiation to be proportional to the average beam current (or the number of 

electrons) and is weak [23], [24],

e2 oc Ne, hence P oc e2
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However, once captured and allowed to grow within a resonant cavity with a large Q factor, 

this spontaneous radiation field can provide feedback on the electron beam to produce a 

secondary and stronger interaction.

2.1.3 Stimulated Emission

The FEL mechanism which allows stimulated emission to occur requires an external 

electromagnetic wave to interact with the bunched wiggling electron beam. If the source of this 

input wave is external, the FEL is said to be an amplifier. Alternatively, if the spontaneous 

emission is allowed to build up in a high Q resonant cavity, the source of this input wave is a 

positive feedback process due to radiation from previous electrons [20], [25]. In this case, the 

FEL is an oscillator.

In an FEL, the electron interacts with free-space EM waves, which are transverse and travel at 

the speed of light. The process of stimulated emission can be described using a classical 

analysis similar to what is used to explain electron-microwave interaction in microwave tubes. 

The work done on an electron by an electromagnetic wave is given by

W = e Jv.Edt

Where W is the work done, E is the electric field vector, e is the electron’s charge and v is the 

velocity vector [26], [27]. The above integral is performed over the time of interaction.

From the above equation, the following condition must be satisfied to achieve a net transfer of 

energy between the electron and microwave. Firstly, the component of the electron s velocity 

must be parallel to the direction of electric field, or else the integral result will be zero. In order 

to achieve a net energy exchange, the electron is passed through a wiggler, forcing it to execute 

an oscillatory motion.

There are two functions for the wiggler. Firstly, the wiggler provides the electron with a 

transverse component of velocity, hence allowing it to couple to the transverse electric field of 

the EM wave. Secondly, by imposing this transverse velocity, the wiggler reduces the average 

longitudinal velocity of the electron, and hence it increases the slip of the electrons in the phase
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of the wave. For a chosen set of wiggler parameters, the electrons can be made to slip exactly 

one wavelength of radiation as it one period of its oscillatory motion. This allows the dot 

product v.E to maintain the same sign, since whenever v changes sign (due to electrons 

oscillatory trajectory), E does too (due to the slip of the electrons in phase of the wave). This is 

known as the synchronism condition [26], [28], [29]. The synchronism condition can be 

illustrated in Figure 2.1.

Figure 2.1: The synchronism  condition in FEL

So far, the case of a single electron has been discussed. A case where a beam of electrons are 

present is now discussed. To obtain a net transfer of energy between the electron and EM 

wave, not only requires synchronism, but also requires bunching of electrons on the scale of 

radiation wavelength. Whether energy is given to the wave or taken from it (that is whether the 

dot product v.E is negative or positive), depends on the initial phase of the wave that the 

electron sees. In a beam of electrons, uniformly distributed with respect to the phase of the 

wave, there will be equal numbers of electrons that take energy as those that give energy. 

Hence to obtain net gain requires not only synchronism, but also that the electrons are bunched 

in phase for which energy is transferred to the wave [26], [16], [30], [31], [32].

There exists a bunching mechanism in the FEL which can be utilised to obtain the desired 

condition. In a uniformly phase distributed beam of electrons, some electrons lose energy to 

the wave, while others gain energy. As the electrons travel down the length of the wiggler, the 

electrons that gain energy begin to catch up the electrons that have lost energy.
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Here, the electrons are represented by dots, as can be seen in Figure 2.2 . The three plots show 

the situation at different points along the length of the wiggler. Initially the electrons are 

uniformly distributed, but as they move the length of the wiggler, they begin to form a bunch 

around the electrons that feels no net force. In order to obtain a net gain, this bunch of electrons 

should occur around a phase for which energy is lost to the wave. This can be achieved by 

using electrons that have slightly higher initial energy that what is required to obtain 

synchronism condition, as can be seen in Figure 2.3. Hence, the electrons on average will slip 

forward relative to the EM wave and form a bunch in the decelerating phase of the EM wave 

[26], [33],

Figure 2.2: Electrons at the synchronous energy

Figure 2.3: Electrons with energy slightly greater than the synchronous energy

The radiated field will be much stronger than that due to spontaneous emission, because the 

waves from each electron are now in phase and hence constructively enhancing the amplitude 

of the EM wave. In this case, it is found that the intensity (power) of the coherent emission is 

proportional to the square of the beam current [23], [34], [35], [36].

e oc N e, hence e1 oc N 2 where P °c e2
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2.2 Pre-bunched Free Electron Maser (PFEM)

2.2.1 Conceptual analysis of PFEM

Standard
X-band TaPer
section section

Thin gap section
Standard

Taper X-band
section section

Figure 2.4: Diagram o f PFEM  showing the input cavity and output cavity

The PFEM structure appears to look like a klystron, with its input cavity and output cavity, as 

can be seen in Figure 2.4. Each cavity consists of three sections: the standard X-band section, 

taper section and the thin gap section [73]. The PFEM is operated in the X-band, at 10 GHz 

operating frequency. Hence the standard X-band section is used to interface the PFEM with 

other components operating in X-band region such as the E-H tuner, phase shifter, ferrite 

isolator, Moreno cross-coupler and X-band source. These components will be explained in 

later chapters.

The end of the thin gap section is terminated by a short circuit wall. The EM wave is fed into 

the standard X-band section of the input cavity, thus generating a standing wave TEio mode 

wave propagation pattern in the cavity. A taper section is constructed to interface between the 

standard X-band section and the thin gap section. This also allows a smooth transition of EM 

wave fed from the input of the standard X-band section to the thin gap section [73].

Apertures of 4 mm diameter are drilled at the centre of thin gap sections of the input cavity and 

output cavity respectively. An electron gun is placed just before the input cavity. Electron 

beams are emitted from this electron gun source. The direction of travel of the electrons is in 

parallel with the TEjo mode field of the EM wave, ensuring strong interaction between the 

electron and the EM wave.
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The thin gap section has a height of only 1.5 mm, and is designed to increase the intensity of 

the E-field strength, and also allows short electron transit time possible. The height of the thin 

gap section is chosen so that the transit time of electron in the thin gap section of the PFEM 

waveguide must be less than the time for half of a wavelength of the standing wave sinusoidal 

waveform [73]. Further analysis of this electron transit time can be seen in chapter 2.2.4.

The electrons are velocity modulated by the intense EM wave strength in the thin gap section. 

In other words, the electron beams are pre-bunched by the EM wave in the input cavity. At the 

same instance, the same EM wave fed into the input cavity from the X-band source is coupled 

out via a Moreno cross-coupler and coaxial cable and fed into the output cavity [73].

A phase shifter is placed at the output cavity, where the phase of the EM waves between the 

two cavities can be varied from 0 to 360 degrees. The phase in between the two cavities are 

varied so that, bunched electrons will arrive at the output cavity having the same phase as the 

EM wave, to allow synchronism with the EM wave which results in amplification of the EM 

wave in the output cavity.

However, the PFEM principle is different from the klystron. The klystron uses a drift space 

region in between the cavities, to allow the electrons to bunch. The output cavity is then 

located at a certain distance from the input cavity, where optimum bunching of electron occurs. 

The PFEM does not use the drift space region concept. In PFEM the two cavities are on top of 

each other, and there is no drift space (field free region) between them. A silicon ‘O’ ring is 

placed in between the two cavities for vacuum sealing purpose, and to separate the two 

cavities. Thin PTFE sheets are also placed in between the two cavities (in between the two thin 

gap sections). The separation of the two cavities allows current flowing across the apertures of 

the output cavity to be monitored.

PFEM uses EM wave to pre-bunch the electrons, instead of relying on drift distance as in 

microwave klystron. If the phase is correct between the two cavities, then the velocity 

modulated electron after passing the input cavity will interact with synchronism with the EM 

wave at the output cavity.
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When the phase of the EM wave is maximum positive, i.e. peak positive amplitude, the 

electron will be accelerated at the fastest velocity. Due to the use of phase shifter, the electron 

then reaches the output cavity and encounters the EM wave that has the same phase as the EM 

wave in the input cavity, i.e. peak positive amplitude. Due to the velocity modulation process 

in the input cavity, the electron gains velocity, v + Av, where v is the initial velocity of the 

electron. In the output cavity, the electron will interact with the peak E-field positive 

amplitude. This peak E-field positive amplitude opposes the electron travel. Energy exchange 

occurs where the electron beam transfers its kinetic energy into microwave energy.

When the phase of the EM wave is minimum negative, i.e. peak negative amplitude, the 

electron will be decelerated at the slowest velocity. Due to the use of the phase shifter, the 

electron then reaches the output cavity and encounters the EM wave that has the same phase as 

the EM wave in the input cavity, i.e. peak negative amplitude. Due to the velocity modulation 

process in the input cavity, the electron lost velocity, v - Av. In the output cavity, the electron 

will interact with the peak E-field negative amplitude. Energy exchange occurs where the 

electron beam transfers its kinetic energy into microwave energy.

In the first case (positive electron velocity interacts with positive E-field), the dot product of 

two positives results in positive value. In the second case (negative electron velocity interacts 

with negative E-field), the dot product of two negatives results in a positive value. Hence, by 

using the phase shifter, the phase between the electrons in the input cavity is ensured to be the 

same as the phase of the EM wave in the output cavity. Therefore, the signs of the two 

elements are always the same, ensuring strong interaction between the two and microwave 

amplification (positive value of the dot product). This is illustrated in Figure 2.5.
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Phase shifter
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v + Av
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v - Av

Phase shifter
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^ ---------

Dot product of Dot product of
two positives two negatives
results in results in
positive value positive value

Figure 2.5: Illustration o f interaction between the electron and EM  wave, where the phase Is
made the sam e using the phase shifter

The electron beams can be pictured as oscillating in a sinusoidal wave pattern which moves 

along the EM sinusoidal wave. In this sinusoidal path, some electrons are accelerated and some 

are decelerated, hence a bunching process occurs. The whole mechanism is amplified as the 

radiation in the cavity builds up. Once the electrons are bunched, they will radiate coherently. 

The radiated field will be much larger than that due to spontaneous emission, because the 

waves from each electron are now in phase and now constructively interfere. In this case, the 

intensity of the coherent emission is proportional to the square of the beam current.

Hence, to achieve synchronism condition, the PFEM uses the following principles, which 

replaces the wiggler:

• The electron beam is emitted just before the aperture of the input cavity to ensure its 

velocity component to be parallel to the direction of the TEio mode of the electric field

• The EM wave in the input cavity is used to bunch the electrons.

• The dot product v.E can be maintained to be positive by using a phase shifter to ensure 

the correct phase between the EM wave in the input cavity and the EM wave in the
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output cavity. Whenever v changes sign, due to electrons oscillatory path, E (in the 

output cavity) also changes sign

• The height of the thin gap section is selected to allow short electron transit time in the

gap-

The bunched beam interacting with the EM wave eliminates the need of using wiggler magnets 

in PFEM. Instead, higher gain can be achieved in the PFEM by using high Q factor resonant 

cavities. In wiggler FEL, higher gain can be achieved using more wiggler magnets and also 

changing the wiggler parameters.

As a conclusion, the PFEM is closely related to klystron in terms of the velocity modulation 

process in the input cavity, and closely related to the wiggler FEL in terms of the end result of 

achieving synchronism between the electron and the EM wave.

2.2.2 Mathematical Analysis of PFEM

The mathematical analysis of PFEM, with result in the derivation of the output power of the

PFEM is discussed in this chapter. Figure 2.6 

PFEM system [73].

Input Output
cavity cavity

Qi 02
Pis P2s

Electron
1

Ei E2
source

Vs VO VI

-3000 V Electron
velocity

Pi P2

<- s s

shows the experimental variables used for the

Q factor 
Seeding power

Electric field strength

Energy
recovery

Cavity power

p
—  Output power, Pout 
S 2 (To spectrum analyser)

Figure 2.6: PFEM  system  variables
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The electrons are initially accelerated through a voltage of Vs = 3000 V. The electron velocity

is

v0 = •
2eVs c 

m ~ 10
(2. 1)

where — is the rate of electron charge to mass and c is the speed of light in vacuum. 
m

Whilst passing across the input cavity, the electron velocity (vi) is modulated by the seeded

Vxelectric field iq = — , with an angular frequency ro. 
d

The conservation of energy equation is given below.

- mv2 =e(V1+Vs)

Hence, v = J — +VS) 
m

(2.2)

From (2.2), v = r 2eV*Yl + Vi_A

V m \  VsS /
<’2eV1 ''
V m )

1+ K
v (2.3)

Since 

becomes

«  1, hence the Binomial series expansion can be used. Hence, equation (2.3)

( InV \ (2eK
V m j

u l t i (2.4)

Using Equation (2.1), Equation (2.4) can be simplified to become

v = v„V 2 VsJ
(2.5)
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2 TVi in equation (2.5) becomes sii^af) after averaging from 0 to —, where T =2ti.
n  2

This sine dependence value of V) is substituted into equation (2.5) to obtain the electron 

velocity

I K . /  \v = v0+ vo-^sin (ffli) 
71 V„

(2.6)

The modulation velocity vi, relative to vq is given by

Vi =v0i n
n Y,

smM (2.7)

The modulation velocity, vi, above can be also derived from equation (2.31) in the next chapter 

(chapter 2.2.3). This is shown here.

v = v. MV,
2V

-sm(® 0 +1 (2.8)

sm
where M  =

i - i
is the gap coupling coefficient and 0 is the gap transit angle.

For the PFEM case, 9 - n , since the electron transit time in the thin gap section is less than

half wavelength. Therefore M  = —
n

Therefore equation (2.8) above becomes v = vc V{ ”"(cot0)+l
ttV

-smi which is similar to the

modulation velocity expression in equation (2.6) above.

The acceleration voltage expression is Vs = E,d = y]2Z0P, , and the characteristic impedance, 

Zq = 377 Ohms.
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Pi is the input cavity power and is related to the seeding power (Pis) via the Q factor and is 

given by Pt = QxPls.

The electrons then travel across the output cavity and transform kinetic energy into microwave 

energy. The energy change (AU) is obtained by multiplying the modulating factor by the 

voltage in the output cavity, V2, and is given by

1 VAU = —~ V 2 
n K (2.9)

where V2 = ^ 2 Z0P2

with P2 being the power within the output cavity. Substitution gives 

1 JlZJR  J2ZnP7AU = _  v— o_ry— o_i_ where y  = 3000 Volts 
n  V

(2. 10)

(2.11)

A U = 0.08 y^P 2 (2.12)

The power generated within the output cavity is (At/)/ where /  is the electron beam current. 

This is balanced by the power loss as indicated by the Q factor (Q2). In other words, due to 

conservation of energy, the power loss by the seeded power (P2s) is transferred to the output 

cavity (cavity power, P2) [73],

Hence

A  = o . o s ) a w
y 2

Squaring the LHS and RHS of the above equation gives 

P2 ={0.0064)Q22Q1PuI 2

The output power via a cross coupler with a Q factor of Ql is given by

(2.13)

(2.14)
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(2.15)
J _  = J _  J _
Ql ôc Ql

where Q2 is the cavity Q factor, Ql is the value of the cross coupler and Qc is obtained directly 

from the spectrum analyser.

The value of the cross coupler is usually quoted in dB. For example, if the cross coupler is 10

dB, hence —  = — . If the cross coupler is 20 dB, hence —  = ——
Ql 10 Ql 100

and if the cross coupler is

30 dB, hence
1 1
ql 1000

In the PFEM, it is important to have a cross coupler that extracts only a small amount of power 

in the cavity, in order to maintain a high Q factor in the cavity. A cross coupler value of 

between 20 dB and 30 dB is desirable to be used especially in the output cavity. In the input 

cavity, the cross coupler value is not that critical because the cross coupler is placed outside the 

input cavity circuit, and hence does not reduce the Q factor of the input cavity. Further details 

on Q factor measurements can be found in chapter 7.3.

A 24 dB Moreno cross coupler, used in previous Liverpool FEL research work is readily 

available. Hence, in the PFEM system, the 24 dB cross coupler is used to be located in the

output cavity. Therefore
Ql

1
2 5 ?

The output power, extracted from the cavity is given by

p
“

(2.16)

P„„ =(0.0064) ^ - P „ / 2 (2.17)

For the input cavity, a readily available 15 dB coupler is used and placed outside the input 

cavity circuit.
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The following parameters shown in Table 2.1 are used. Qc is obtained from the spectrum 

analyser, QL is the value based on the 24 dB cross coupler used in the output cavity. Q2 is the Q 

factor of the output cavity and is related to Qc and Ql via equation (2.15). Qi is the Q factor for 

the input cavity, and is derived directly from the spectrum analyser, since the cross coupler is 

placed outside the input cavity circuit. Pis is the seeded input power from the X-band signal 

generator source.

Qc 617
Q 2 178.4
Q l 251
Ql 893
Pis 10 mWatt (10 dBm)

Table 2.1: Main parameters used  in the PFEM

Table 2.2 shows the output power for various current, using the above values. Pout is derived 

from equation (2.17).
I Pout (Watt) Pout (dBm)
50 p A 1. 812xl0“8 -47.418
100 pA 7. 248x10“8 -41.398
200 pA 2. 899xl0'7 -35.377
1 mA 7. 248 x 10~6 -21.398
2 mA 2. 899xl0“5 -15.377
3 mA 6. 523xl0~5 -11.855
4 mA 1. 16xl0~5 -9.356
5 mA 1. 812xl0~4 -7. 418
10 mA 7. 248 x 10'4 -1. 398

Table 2.2: Output pow er o f PFEM  for various currents, using the fixed parameters in Table 2.1

The output power extracted to the spectrum analyser, Pout is shown to depend on the cavity Q 

factors, the seeded power and the beam current (equation (2.17)). The more relevant values are 

? 2  which is the power of the output cavity, derived from equation (2.14) [75]. The values of 

power in the output cavity, P2, for various currents (I) are tabulated in Table 2.3.
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I P2 (Watt) P2 (dBm) Pls (dBm) Gain (dB)=P2 
(dBm)- Pls (dBm)

50 pA 4. 548x1 O'6 -23. 422 10 -33. 422
100 pA 1. 819xl0~5 -17. 401 10 -27.401
200 pA 7. 277xl0“5 -11. 38 10 -21. 38
1 mA 1. 819xl0~3 2. 599 10 -7.401
2 mA 7. 277xl0"3 8. 62 10 -1. 38
3 mA 0.016 12.142 10 2. 142
4 mA 0. 029 14. 64 10 4. 64
5 mA 0. 045 16. 578 10 6. 578
10 mA 0. 182 22.599 10 12. 599

Table 2.3: Power o f output cavity (P2) o fP FEM  for various currents using the fixed
parameters in Table 2.1

The power of the output cavity, (P2) is shown in Table 2.3, where the gain can be derived by 

dividing the power of the output cavity (P2, in Watt) by the seeded input power (Pis, in Watt). 

Alternatively, the gain (dB) can also be obtained by subtracting P2 (in dBm) by Pis (in dBm).

2.2.3 Mathematical Analysis of Velocity Modulation

Velocity modulation (bunching) theory assumes that there are no space charge forces between 

electrons in a beam. This means once they leave a gap region, their trajectories are in straight 

lines. This chapter describes the velocity modulation theory of an electron travelling in the thin 

gap section of the PFEM. This theory is similar to the velocity modulation used in microwave 

klystron [37], [38].

The electrons in the beam enter the gap with energy

^m v02 =eVs (2-18)

vo is the initial injected velocity of the electron and Vs is the acceleration potential [39]. The 

electron energy is modified by the electromagnetic field at the gap, and the following 

relationship can be written for the exit velocity, v.
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(2.19)~ mv2 ~ ^ mvo2 = eMVy sin(<»i)

where Vi is the small AC voltage present across the gap of the input cavity and M is the gap 

coupling coefficient.

Substituting equation (2.18) into equation (2.19) yields,

v = 2eVs M — sin(iyt)+l
m --1__I

Equation (2.20) can be expressed in terms of v0 of equation (2.18),

v = v0 Im ~-  sin (cot)+1

It can be assumed that V) «  Vs. Hence, using Binomial series expansion,

K .
V 5 V f M ——sin (tut)+1

2V.

An alternative method can be used to arrive at equation (2.22).

According to [40], the velocity, v, of the electrons after crossing the gap is,

2e,v =
m

[V0 + Vs cos(û)t)]

[41] stated that the equation of motion of an electron is

•' eV, . / xmz -------Lsin(ö)t)
s

where s is the length of the gap and z is the distance travelled by the electron. 

By integrating equation (2.24), the velocity of the electron can be obtained,

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
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(2.25)z = v0-  e -̂]-  [cos(<y/2) -  cos(cotx)] 
msco

Equation (2.25) can be rewritten in terms of v, which is the exit velocity of the electrons as 

they leave the gap at time t2 .

v = v0 — ■ [cos(ot2) - cos(cyt))]
ms co

The modulating voltage, Vi is assumed to be 

Vs. Hence, the time taken for the electrons to 

DC velocity, vq. Let to be the time the electron

(2.26)

much smaller than the DC acceleration voltage, 

travel across the gap is highly dependent on the 

reaches the centre of the gap. Hence,

t\ —10 2Va (2.27)

tj t0 + (2.28)
2Vr,

By substituting equations (2.27) and (2.28) into equation (2.26), the new expression for v can 

be obtained.

2eVxv = v0 H-------sm
ms co

f  \cos

\ 2vo)
sin(cyt0 ) (2.29)

COS •Let 0 = —  where 0 is called the transit angle across the cavity gap.

Hence equation (2.29) can be written as

sin
eVx \ 2 ) . 

v = vo + — ^ T sinVn 0
\ 2 j

M (2.30)
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Since v0 =.
2eV

m

sin
and letting M

f(A
,2 ,

equation (2.30) can be further simplified to

v = vr MV . , v ,----Lsm(ötfn ) + l
2V v ° ' (2.31)

Equation (2.31) is similar to equation (2.8) and equation (2.22) in chapter 2.2.2.

The interaction gap in the first cavity is very narrow, hence at this moment, the finite transit 

time of travelling electrons can be neglected. The electrons enter and leave the first gap at time 

ti, then drift for distance S. Note that this is different from s, which is the gap length. They then 

arrive at the centre of the second gap at time t2 [39].

S_
v

t j  ~  "t------— t j  H-------- F
MV\ sin («/, ) 

2K
(2.32)

Again, using the small signal approximation, V i «  Vs, the binomial theorem can be used to 

expand the denominator of equation (2.32), and expressing in terms of angular frequency, co.

cot2 = cotx + coS coSMV. . ( \
-------- r i r - s m ^v0 2v0Vs

(2.33)

Equation (2.33) can be written as

cot 2 =cotl + 0 - X  sin j ) (2.34)

where 6 = and X  = is the dimensionless quantity called the bunching parameter.

The bunching parameter is therefore proportional to both the modulation voltage and the drift 

distance.
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2.2.4 Electron Transit Time in PFEM Waveguide

The transit time of electron in the thin gap section of the PFEM waveguide is an important 

factor in the design of the PFEM. The following condition must be satisfied, i.e. the transit 

time of electron in the thin gap section of the PFEM waveguide must be less than the time for 

half of a wavelength of the standing wave sinusoidal waveform.

5 1 (2-35)

2 f

where v„ = 2eV.
i m

where e = 1.69 x 10'19 and m = 9.109 x 10’31

The term —  indicates the time for half of a wavelength.
2/

For the initial analysis, the thin gap section of the waveguide is selected to be 4 mm. Hence, 

the initial fixed parameter, s in this case is 4 mm. Table 2.4 shows the values of S/ve and l/(2f) 

for various Vs, operating at 10 GHz frequency.

F
(GHz)

v s S/ve 1/ (2f)

10 18300 4.989 x 10~n 5 x IO'11
10 15000 bXr-HLOLO* 5 x IO“11
10 10000 6. 749 x IO“11 5 x IO“11
10 5000 9. 544 x IO“11 5 x IO"11
10 3000 12. 32 x IO"11 5 x IO'11
10 1000 21. 34 x IO“11 5 x IO"11

Table 2.4: Values o f S/ve and 1/2ffor various Vs, operating at 10 GHz frequency, and at 4 mm
height thin gap section

As can be seen in Table 2.4, the acceleration voltage, Vs, must be set around 18300 Volts to 

satisfy the condition for transit time of electron. Clearly, in order to operate at a lower voltage, 

the height of the thin gap section must be reduced accordingly. It is desirable to operate the 

PFEM system at 3000 Volts. The X-band spectrum is in the range of 8.2 to 12.4 GHz.
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In this analysis, the height of the thin gap section is still maintained at 4 mm. Table 2.5 and 

Table 2.6 investigate the effect on the electron transit time condition if the operating 

frequencies are changed to 12 GHz and 8.5 GHz respectively, which are well within the range 

of X-band frequency spectrum.

F
(GHz)

v s S/ve 1/ (2f)

12 26500 4. 146 x 10'11 4. 167 x 10“u
12 20000 4. 772 x 10’u 4. 167 x IO'11
12 18300 4. 989 x 10“11 4. 167 x 10“u
12 15000 5.51 x 10"u 4. 167 x 10’11
12 10000 6. 749 x 10"u 4. 167 x IO"11
12 5000 9. 544 x 10“11 4. 167 x 10“11
12 3000 12. 32 x 10'u 4. 167 x 10“11
12 1000 21. 34 x 10'u 4. 167 x 10~u

Table 2.5: Values ofS/ve and 1/2ffor various Vs, operating at 12 GHz frequency, and at 4 mm
height thin gap section

F
(GHz)

Vs S/ve 1/ (2f)

8. 5 13500 1Ot-HX00o00LO 5. 882 x 10“11
8. 5 10000 6. 749 x 10"u 5.882 x 10~n
8. 5 5000 9. 544 x 10“u 5. 882 x 10“u
8. 5 3000 12. 32 x 10~u 5.882 x 10~u
8. 5 1000 21. 34 x IO-11 5.882 x 10“11

Table 2.6: Values ofS/ve and 1/2ffor various Vs, operating at 8.5 GHz frequency, and at 4 mm
height thin gap section

It can be shown that for a fixed height of thin gap section, s, and the larger the operating 

frequency chosen, the larger the acceleration voltage needed to satisfy the electron transit time 

condition. However, if one still wants to select 4 mm height for the thin gap section, and use 

3000 Volts for the operating frequency, the operating frequency must be reduced to a much 

lower than 8.5 GHz, which results in operating outside the frequency range of an X-band 

region.
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s 1Therefore, in order to satisfy the condition — < —  for transit time of electron, and operating
Ve 2 /

the PFEM at Vs = 3000 Volts and frequency 10 GHz, the height of the thin gap section, s must 

be reduced to s = 1.6 mm. For simplicity purpose, the height of the thin gap section chosen is 

1.5 mm, which still satisfies the electron transit time condition. This is approximately equal to
x_
20"

Initially a height of 4 mm for the thin gap section was desired because this height is easy to 

manufacture by the lab technician. Selecting a height of 1.5 mm for the thin gap section 

increases the complexity of its construction. However, due to the high expertise of the lab 

technician, the thin gap section was successfully constructed at the height 1.5 mm.

The decision to construct the PFEM cavity at this small height for the thin gap section is taken, 

instead of increasing the acceleration voltage, because the aim of the PFEM research is to 

operate it using the easily available voltage supply of 3 kV, which makes it suitable for 

industrial applications.

Pre-Bunched Free Electron Maser
Page 28



3 OTHER MICROWAVE SOURCES

3.1 Klystron

As mentioned previously, the PFEM looks to appear like a klystron, with its input cavity and 

output cavity arrangement. However, klystron uses the drift space region between the two 

cavities, where the length depends on the optimum bunching condition of the electron beams. 

The klystron uses velocity modulation of electrons in the input cavity, and this concept is 

similar to the PFEM. Hence, in this chapter a brief introduction on klystron is discussed, 

indicating the similarities and differences with the PFEM.

The klystron body consists of two resonant cavities separated by drift spaces. Magnetic 

focusing fields in the gun and body are designed to oppose the space charge forces in the beam. 

These cavities are cylindrical in shape. The drift spaces in between the cavities are for 

transporting electron beams and attenuating the EM fields between the cavities. The length of 

the drift space is designed such that electrons drifting in this field free region can arrive at the 

output cavity at the right phase to obtain the optimum bunching [42], [43], [44].

Hence, the klystron is similar to PFEM in terms of the existence of input and output cavities. 

However, in PFEM, there is no drift space separating the two cavities, unlike klystron. In 

PFEM, the two cavities are connected on top of each other, separated by silicon ‘O’ ring for 

vacuum sealing purpose. The distance traveled by electrons in PFEM are much shorter than in 

klystron, and in PFEM, the operation is performed at low voltage and beam current, hence 

space charge forces can be neglected. Therefore, in PFEM, no magnetic focusing fields in the 

gun or body is needed, unlike in klystron.

The input cavity is driven by an RF wave, which causes the velocity modulation of the beam. 

The beam is allowed to drift in the field free region, and the faster electrons catch up with the 

slower electrons, creating a bunched beam.

The bunching process is achieved by modulating the continuous beam of electrons by the input 

cavity using time-varying electric field and through the presence of drift space between 

cavities. The electrons bunch within the moving stream, forming RF beam current, as the faster
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electrons overtake the slower ones. The RF beam current induces electric field within the 

output cavity. The output cavity has maximum bunching and current modulation. In the output 

cavity, the beam energy is converted to RF energy and is coupled out through a vacuum 

window barrier and transmitted via a transmission line. The remaining beam energy that is not 

converted to RF energy is passed to the collector. Magnetic defocusing fields at the collector 

spread the beam and distribute the energy to the surface of the collector [42], [45], [46].

The bunching process (velocity modulation) in klystron is similar to in PFEM. However in 

PFEM, the electron beam is bunched by using EM wave in the input cavity. The bunched beam 

then travels into the output cavity, where the phase of the bunched beam is the same as the 

phase of the EM wave in the output cavity. Strong interaction occurs between the bunched 

beams and the EM wave, resulting in the amplification of the EM wave. This is different from 

klystron, where the bunched beams are allowed to drift in a field-free region, and the output 

cavity is placed at the location of the optimum bunching.

3.1.1 Optimum Drift Distance for Bunching using Klystron principle

If the klystron principle is used, the following steps show the derivation to calculate the drift 

distance required for optimum bunching.

Let us take the value of the thin gap section, s, to be 1.5 mm. The derivation of this value has 

been discussed in chapter 2.2.4. The operating frequency chosen is 10 GHz.

The acceleration voltage, Vs = 3000 Volts

I ' 7 1Hence, the velocity of electrons v0 = J ------ =3.246 x 10 ms
V m

The gap spacing (of thin gap section), s = 1.5 mm.

The operating angular frequency, co=27tf where f  = 10 GHz

Hence, the beam coupling coefficient can be derived from [39], Pi = 0.684
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The voltage across the thin gap section is given by Vx = Z0P}| = 82.1 Volts

Hence, the drift distance for optimum bunching derived from [39] is AZ, = vo*K
coßy,

= 86.8 mm.

Therefore, a large drift distance of 8.7 cm is needed in between the input and output cavities in 

order to achieve optimum bunching using the principles of klystron. This is cumbersome 

because this long length means there is a need to use magnetic focusing method to focus the 

electron beam travelling at such distance from the input cavity to the output cavity. The novel 

method of the PFEM (using EM wave to bunch the beams) eliminates the need for this drift 

distance between the two cavities.

3.2 Folded Waveguide Travelling Wave Tube (FWTWT)

As mentioned previously in chapter 1.2, the FWTWT was also investigated in the first six 

months of the research project, to explore its suitability for industrial application. The structure 

of a 15 period of FWTWT is shown in Figure 3.1, as an example.
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A linear electron beam passing through small holes in the broad wall of a rectangular 

waveguide interacts with the collinear electric field of a propagating, fundamental TEi0 mode. 

The polarity of the electric field reverses at each E-plane bend with respect to the electron 

beams velocity vector [47]. This periodic structure allows the electron to travel in phase with 

the EM wave, which results in a net energy exchange between the wave and the electron.

The study on backward wave -  beam interaction showed a ratio of ^  is 19.2 for m=0 spatial

harmonic design, which is extremely large making it difficult and expensive to manufacture. In

Stuart paper [47] for forward wave -  beam interaction, the ratio of — is 6.8 for m=0 spatial

harmonic which is still large and difficult to manufacture. Due to this difficulty, Dr Y.S. Tan 

had to construct the forward wave FWTWT using m—1 spatial harmonic instead of m—0 spatial 

harmonic [12]. This results in a low gain condition of the FWTWT. As a conclusion, FWTWT 

is not a suitable for industrial application, due to its complexity to construct it, which can be 

expensive.
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4 WAVEGUIDE THEORY AND ANALYSIS

4.1 TE Modes in Rectangular Waveguide

Figure 4.1: Photo o f rectangular waveguide

The waveguides used in the PFEM are rectangular waveguides in the X-band frequency range 

(WR90), as can be seen in Figure 4.1. The electrons are emitted in the parallel direction as the 

TEio mode field of the EM wave. Therefore, the TE mode in a rectangular waveguide is 

analysed.

The final form of the TEmn mode field equations for each electric and magnetic field 

component, using Maxwell’s equation is shown below [48], [49], [50], [51].

Ex = E0x cos sin
\ a  )

. —— e
l  b J

-JP»*
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Ey = E0y sin
i  mnxß' cosi  n,7cy' -Jße2
\  a J V o y

£  =0

Hx = # 0, sin
'  m7ix^ 
v a ;

cos^ riTjy^ -]ß„z
\  D J

Hy = H0y cos
f  mTDĈ
\  a )

sm( nny' -)ßixz
\  ° )

H: = i / 0z cos
 ̂mm^ 

V a J
cos

V b J
-jßgZ

where m = 0,1,2,... n = 0,1,2 ,...’a’ is broad dimension of the waveguide and ‘b’ is the narrow 

dimension of the waveguide, as can be seen in Figure 4.1.

Pg is the waveguide wavenumber, and the relationship is shown below.

ßx +  ßy  +  ßz -  0)2 Me

For lossless propagation in the positive z direction, all E and H components must have e * 

dependence.

The propagation constant, y , is a  + j(3z . For lossless case, a  = 0. Hence y  = j/3z .

For this condition to be true, a 2 p s > (32 + J3y2.

It is known that /?, = ----  and p  = —-.
a b

The dominant mode in the rectangular waveguide is the TEio mode. Hence m=l and n=0. 

Hence the results for the TEio dominant mode fields are shown below,
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Ey =
j  copia 

n
(-  C)sin^ 7 0 ^

\ a  )

Ex = Ez = H y = 0

The field lines for TEio mode of a rectangular waveguide is shown below in Figure 4.2.
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Waveguide longitudinal length

Waveguide longitudinal length

Figure 4.2: Field Unes for TE10 mode rectangular waveguide

The TEio mode cut-off frequency of WR90 waveguide is 6.562 GHz. The next cut-off 

frequency is the TE20 at 13.123 GHz. The operating range for the PFEM is from 8.2 to 12.4 

GHz, hence only TE10 mode propagation is expected.
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The cut-off frequencies, fc0, for the WR90 rectangular waveguide are given by

f  =J  cm .n 2 n

/  \ 2  mn '
V a

+
C \2' nn

Mode m n fCm, n (GHz)
TE 1 0 6. 562
TE 2 0 13.123
TE 0 1 14.764
TE 1 1 16.156
TE 1 2 30. 248
TE 2 1 19.753

Figure 4.3: Cut-off frequencies for TEmn m odes in WR90 waveguide (a-22.86 mm, b =10.16
mm)

4.2 Dispersion Curve of Rectangular Waveguide

The phase velocity, vp, is the velocity at which the phase 0 = cot-(3z propagate along the 

waveguide. The expression of vp is shown in equation (4.1)

dz co

where p is the wavenumber given by,
(4.2)

where k2 = a>2ju0s0 and kc is the cut-off wavenumber given by

where Xc is the cut-off wavelength.

(4.3)
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Substituting the |3 and k values into vp, it can be seen that at frequencies near cut-off, vp is very 

large. At large frequencies, vp tends to (poSo)1/2- For a plane TEM wave, the phase velocity is 

(poSo)172 at all frequencies [52], [53]. This shows that the phase velocity in a waveguide varies 
with frequency. The phase velocity in a waveguide is also always greater than the phase 

velocity of a plane wave [52], [54], [55].

Since this velocity varies with frequency the waveguide is said to be dispersive. Figure 4.4 

shows the dispersion diagram for a waveguide.

CO

Q
As can be seen from Figure 4.4, the cut-off frequency for the TEio mode is —- ,  while the cut-

2 a

off frequency for the TE20 mode is - .  Hence, TEi0 mode is the dominant mode in a
a

rectangular waveguide because it has the lowest cut-off frequency compared to other modes.
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From Figure 4.4, it can be seen that for the plane wave case, the relation between its © and P is 

simply given by co = c/3, where the phase velocity, vp = c. The dispersion diagram to the right 

of the y-axis indicates forward wave, while to the left of the y-axis indicates backward wave.

4.3 Resonance method to determine dispersion curve

The resonance method is used to determine the dispersion curve of a rectangular waveguide. In 

this method, an inductive iris is placed at both ends of the waveguide to form a resonant cavity 

[56], [57], as can be seen in Figure 4.5.

Figure 4.5: Rectangular waveguide with irises near each end

This transmission line discontinuity can be represented as an equivalent circuit [56] as shown 

in Figure 4.7.

Figure 4.6: Symmetrical inductive iris

Figure 4.7: Equivalent circuit for inductive iris
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By observing the power transmitted or reflected by the cavity, it is possible to locate a series of 

resonances. Resonances occur at frequencies such that there is a whole number of half 

wavelengths in the length of the waveguide. Assuming this length to be len, then

n - ^ -  -  len where Ag n is the n-th resonant guide wavelength and n is an integer from 1 and 

above. The corresponding wavenumbers, pn are given by 

_ 2n _ n n

4.4 Example Design of dispersion curve for rectangular waveguide

A rectangular waveguide is constructed with the broad dimension of guide (a) 

narrow dimension of guide (b) = 10.16 mm and the length of the waveguide 

The length between each end of the waveguide and the iris is another 50 mm.

The dispersion equation of a rectangular waveguide is given as follows

2 2 2 .2  ® = 0) co + c -p

= 22.86 mm, the 

(len) =100 mm.

(4.4)

The cut-off frequency of this rectangular waveguide in the TEio dominated mode is given by

f = Aco 2-a
(4.5)

Hence fco= 6.569 GHz

At resonance frequency, the phase constant is given by

A =nn
len (4.6)

where « is a positive real integer
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Therefore, with a given number o f  n, the resonance frequencies o f the rectangular waveguide

can be determined, and is shown in equation (4.7).

f=
io9^

'c jP
\2-nJ

+ fCO

(4.7)

Therefore, for n=l,2,3,4,5,6,7 , hence [3—31.416 , 62.832, 94.248, 125.664, 157.08, 188.496, 

219.911. The resonance frequencies (in GHz) are 6.737, 7.22, 7.96, 8.894, 9.966, 11.137, 

12.379, 13.673 and 15.005 GHz.

The plot of power transmitted (Si2) across the waveguide versus the frequency, obtained from 

ANSOFT HFSS simulation is shown below.

The resonant frequencies correspond to the seven sharp peaks observed on the plot. The peaks 

occur at 7.22, 7.96, 8.90, 9.98, 11.16, 12.40 and 13.70 GHz. It seems that the starting 

frequency is shifted, i.e. it starts from 7.22 GHz and not 6.737 GHz as calculated previously 

from equation (4.5).
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It is found that in the frequency sweep setup, the starting frequency was chosen at 7 GHz, the 

stop frequency at 14 GHz and the step size at 0.02 GHz. This is the reason that the first 

resonant peak occurs at 7.22 GHz. The cut-off frequency for this particular waveguide, fc0 is 

6.569 GHz, derived from equation (4.5). Hence in the new ANSOFT HFSS simulation, the 

start frequency was set at 6.6 GHz. The new S12 parameter plot is shown below in Figure 4.9, 

where the first resonant peak is now at 6.74 GHz.

The dispersion curve (for the forward wave) for rectangular waveguide based on the theory and 

ANSOFT HFSS simulation result is plotted below in Figure 4.10.
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Phase
------Theory
XXX HFSS simulation

Figure 4.10: Dispersion curve o f rectangular waveguide, based on theory and AN SO FT H FSS
simulation

The theoretical values are compared with the simulation performed using ANSOFT HFSS, and 

the results show a perfect match between the two results. Hence, the resonance method works 

well for the determination of dispersion curve of a rectangular waveguide.

4.5 PFEM design by fixing the waveguide length

The initial method of designing the PFEM waveguide is by fixing the length of the waveguide. 

In this design, the operating frequency of the PFEM is restricted to the resonant frequency of 

the cavity. To satisfy the condition that the radiation electric field has to be zero at the end 

walls, there must be an integer number, n, of half wavelengths of radiation in the cavity. These 

are called standing waves.

One can choose the number of standing waves required in the waveguide, and from this, the 

operating frequency can be derived.
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Therefore, the resonant frequencies fn can be obtained from equation (4.7) for n= l to 40. The

values are shown in Table 4.1.

n 1 2 3 4 5 6 7 8 9 10
fn
(GHz)

6. 604 6. 731 6. 937 7.215 7. 558 7. 956 8. 403 8. 891 9.414 9. 965

n 11 12 13 14 15 16 17 18 19 20
fn
(GHz)

10. 54 11. 14 11. 75 12. 38 13. 02 13. 68 14. 34 15. 01 15. 69 16. 37

n 21 22 23 24 25 26 27 28 29 30
fn
(GHz)

17. 06 17. 76 18. 46 19. 16 19. 86 20. 57 21.29 22. 00 22. 72 23. 44

n 31 32 33 34 35 36 37 38 39 40
fn
(GHz)

24. 16 24. 88 25.61 26. 33 27. 06 27. 79 28. 52 29. 25 29. 98 30. 71

Table 4.1: Resonant frequencies for X-band rectangular waveguide o f length 200 mm

Table 4.1 shows the resonant frequency values for each of the number of standing wavelength 

(n) when the length of the waveguide, len, is 200 mm. For example, if it is desired to have 9 

standing wavelength, the resonant frequency of 9.414 GHz should be selected. As an example, 

the wave pattern for seven standing waves can be illustrated in Figure 4.11. The wave pattern 

for nine standing waves is shown in Figure 4.12.

4.11: Seven standing waves fora  fixed waveguide length o f200 mm
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4.12: Nine standing waves fora fixed waveguide length o f200 mm

The other method to design the PFEM waveguide is to fix the frequency, and adjust the length 

of the cavity accordingly. This second method is described in the next chapter.

4.6 PFEM design by fixing the operating frequency

In this system design, the operating frequency is set to 10 GHz. The following formula is used 

to determine the waveguide wavelength of the rectangular cavity.

where Xs = waveguide wavelength, Xco = cut-off wavelength of the X-band rectangular 

waveguide and X = operating wavelength for the X-band rectangular waveguide.

The operating wavelength is obtained as follows.

A = —= 2.9979x10~2m (*9)
f

The cut-off frequency, fco, for a TEio mode dominated X-band waveguide is as follows.

= — = 6.557 GHz 
2 a

(4.10)
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g
where ‘a’=22.86 mm is the broad dimension of the X-band waveguide, and c = 2.9979x10

ms'1 is the velocity of light in vacuum. The cut-off wavelength is obtained as follows.

Hence, the theoretical waveguide wavelength, Xg , derived from equation (4.8) is 39.7 mm. For

this design, it is desired to have 9 standing waves in the waveguide. Hence the length chosen 

for the waveguide is 4.5*7g = 178.65 mm.

Therefore, the standard X-band section is set at 1*waveguide wavelength (which consists of 

two peaks), the taper section consists of 1*waveguide wavelength (which consists of two 

peaks) and the thin gap section is set at 2.5*waveguide wavelength (which consists of five 

peaks). This is illustrated in Figure 4.13.

Figure 4.13: Standing wave pattern in the PFEM  waveguide, fora  fixed frequency o f 10 GHz

The reason 2.5*waveguide wavelength is chosen for the thin gap section is so that the apertures 

can be drilled on the third peak, and hence maintaining structure symmetry for the thin gap 

section.

(4.11)

5 standing waves =
2.5*waveguide
wavelength

2 standing waves = 
l "waveguide 
wavelength

2 standing waves = 
l "waveguide 
wavelength
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This method will be used to design the PFEM waveguide, as it is more convenient to operate at 

a fixed frequency, rather than fixing the length of the waveguide to have the desired number of 

standing waves along the horizontal length of the waveguide.

4.7 Dispersion Curve for PFEM

In chapter 6.4, the dispersion curve of the rectangular waveguide was obtained using the 

resonance method. This resonance method cannot be used to determine the dispersion curve of 

the PFEM waveguide. This is because, many discontinuities (peaks) will be seen in the S12 

plot. Hence, it will be difficult to obtain the true sharp peaks which correspond to resonant 

frequencies of the PFEM waveguide. This is caused by the reflections occurring from the taper 

section of the PFEM waveguide. This problem does not occur in standard rectangular 

waveguide.

Therefore, the resonance method is not suitable to determine the dispersion curve for the 

PFEM system. Another method needs to be investigated to find the dispersion curve of the 

PFEM waveguide. The method proposed is the Eigenmode method. In ANSOFT HFSS, there 

are three types of solutions available: Driven modal, Driven terminal and Eigenmode. Driven 

modal is the most commonly used method for electromagnetic simulation. However, in order 

to obtain the dispersion curve of the PFEM waveguide, the Eigenmode solutions type is 

selected.

The result can be seen below. In the ANSOFT HFSS, the frequency column lists the resonant 

frequency for each solved Eigenmode. The resonant frequencies for PFEM waveguide are as 

follows: 6.6395, 6.9171, 7.2986, 7.8194, 8.4807, 9.1576 and 9.9513 GHz.
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10

Figure 4.14: Dispersion curve o f the PFEM  waveguide

The above plot (result) is compared with the rectangular waveguide similar in length (i.e. 

3.5*Xg). The result for this ANSOFT HFSS simulation for the rectangular waveguide is shown 

below in Figure 4.15. The resonant frequencies for a rectangular waveguide (7 eigenmodes are 

chosen) are as follows: 6.6431, 6.8966, 7.2998, 7.8283, 8.4605, 9.1724 and 9.9456 GHz.

xo

10

9

8

7

620 40 60 80 100 120 140
Phase

Figure 4.15: The dispersion curve o f the rectangular waveguide
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This shows that the dispersion curve of the PFEM system is very similar to the rectangular 

waveguide (almost perfect match).

4.8 Use of Dispersion Curve in PFEM

In any FEL system, to have a sustained interaction, the electron and electromagnetic wave have 

to travel in phase. The electron must travel at a speed approximately equal to the phase velocity 

of the EM wave to enable a sustained interaction. This cannot be achieved since the electron 

velocity is always less than the velocity of light, c, and the phase velocity of the EM wave is 

always greater than c in a free space waveguide. This difference in speed means that the 

electron would slip in phase with respect to the wave and average energy exchange will be 

zero.

The dispersion curve (co-P diagram) can be applied to a wiggler FEL system where the Lw 

(lambda wiggler) value can be altered so that the dispersion curve of the EM wave in the 

waveguide can intersect the electron beam line. In the wiggler FEL system, the initial path of 

the electrons is in the same direction as the path of the injected EM wave in the rectangular 

waveguide. The aim is for these electrons to interact with the TEio mode direction of the EM 

wave.

As the electron travels along the z-axis it experiences a magnetic field due to the alternating 

polarity magnetic bars. Under the influence of this field, an electron travelling along the z-axis 

experiences a force which causes it to oscillate in the x-z plane. Hence, the wiggler provides 

the electron with a transverse component of velocity, hence allowing it to couple to the 

transverse electric field of the EM wave [23]. The diagram of the wiggler FEL is shown in 

Figure 4.16.
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Figure 4.16: Diagram ofw iggierFEL, showing the directions o f initial electron em ission and
EM  wave propagation

As a conclusion, in the wiggler FEL system, the initial path of the electrons is in the same 

direction as the path of EM wave. In order for the electrons to interact with the TEio mode 

direction of the EM wave, the wiggler is used. In other words, the electron beam line is now 

intersecting the EM wave curve in the dispersion diagram, by using the correct wiggler 

parameters.
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In the PFEM system, the path of the electrons is not the same direction as the path of the 

injected EM wave. In PFEM, the electron is emitted in parallel with the TEi0 direction of the 

EM wave, as can be seen in Figure 4.17.

E le c t r o n s  e m is s io n

s  = h e ig h t  o f  t h in  g a p  s e c t io n

a = 2 2 .8 6  m m  ( B r o a d  d im e n s io n  o f  

t h e  X - b a n d  w a v e g u id e )

Figure 4.17: Direction o f electron em ission in PFEM  waveguide

Hence, actually this dispersion curve diagram does not mean much to the PFEM case. In other 

words, in PFEM, the electrons are already in the same direction as the TEio mode of the EM 

wave. Hence there is no need to use the dispersion curve diagram to force intersection between 

the electron beam line and the EM wave curve. This is because the electron beam already 

interacts with the EM wave by having them emitted in the same direction (parallel) with the 

TEio mode direction of the EM wave.

The more important factor for the PFEM is the transit time of electrons in the thin gap section 

of the waveguide. This is to ensure interaction between the electrons and the EM wave occurs 

at the correct phase of the EM wave. The height of the thin gap section must be designed, such 

that the transit time of electrons in the thin gap section must be less than the time for half of a 

wavelength of the standing wave sinusoidal waveform. The transit time of electron in the thin 

gap section has been described in chapter 2.2.4.

That is the reason why the dispersion curve of a rectangular waveguide is similar (no 

difference) to the dispersion curve of the PFEM system as can be seen in Figure 4.15.
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5 SIMULATION AND ANALYSIS

5.1 Simulation and Analysis in D-Band

5.1.1 PFEM with 8 mm Thin Gap Section Height (1 Source Port and 1 Load Port)

At the beginning of the PhD research, the initial thought was to design the PFEM system in the 

D-Band (2.45 GHz), which is similarly used as the frequency of the magnetron. However, the 

Liverpool FEL group has waveguide and accessories mainly in X-band. At D-band, the 

waveguide and accessories are large in size and more expensive than in the X-band. Moreover, 

the magnetron operating at 2.45 GHz is available at a low price (around £50), and hence the 

PFEM is less likely to be able to compete or replace magnetron at this frequency. However, the 

disadvantage of magnetron is that it is not cheap to build it at a higher frequency. For example, 

a magnetron at 10 GHz costs around £22,000 per unit.

Hence, a PFEM that is compact and can be built at a low cost can be an attractive microwave 

source at 10 GHz. As an initial study, the PFEM cavity is simulated in the D-band (ranging 

from 2.2 to 3.3 GHz). The operating frequency chosen is 2.45 GHz which is similarly used in 

the magnetron. For D-band rectangular waveguides, the standard broad dimension, ‘a’ of the 

waveguide is 86.16 mm, and the standard narrow dimension, ‘b’ of the waveguide is 43.18 

mm. At a later stage, the waveguide dimensions (derived from operating at 2.45 GHz) can be 

scaled down proportionately to operate at 10 GHz. The ultimate aim of this project is to operate 

the PFEM in the X band (operating frequency of 10 GHz).

For connecting the standard D-band section to the thin gap section, a taper section is placed in 

between the two section components. The longitudinal length are chosen to be 300 mm for the 

thin gap section and 150 mm for the other sections initially, so that several peaks of E-fields 

can be seen in the simulation results. The height of the thin gap section is chosen to be 8 mm 

initially. As described in chapter 2.2.4, the height of this thin gap section depends on the transit 

time of electron, which in turn depends on the acceleration voltage. Hence, 8 mm height for the 

thin gap section is an acceptable value because this is considerably small compared to the 

narrow dimension of the standard D-band waveguide, for E-field strength simulation purpose.
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Figure 5.1 shows the 3D plot of the new PFEM. To simplify the design and simulation process 

in CONCERTO software, the FEL is tilted on its side, so as all sections have the same height 

in the Z direction. The length of the PFEM is represented in the X direction and the width is in 

the Y direction. In CONCERTO, one source port and one load port are defined.

Figure 5.1: PFEM  with 8 mm height thin gap section

Figure 5.2 shows the thermal plot for the PFEM system in the XZ plane. As can be observed, 

there is a large E-field at the centre of the waveguide. If the electron beam is injected into this 

strong E-field, a strong interchange of energy will take place between the electric field and the 

electron beam.
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0.965
V/mm

-0.965 
V/mm

Figure 5.2: Thermal plot for PFEM  with 8 mm height thin gap section overlooking the X Z  plane

The peak E-field amplitude is 0.965 V/mm derived from the CONCERTO simulation. The 

method for obtaining this E-field value in CONCERTO is described in Appendix A.

A thermal plot can also be viewed in the XY plane, as shown in Figure 5.3. The result in the 

XY plane confirms that the E-field at the centre of the waveguide is very strong.

0.965 
V/mm

-0.965 
V/mm

Figure 5.3: Thermal plot for 8 mm height thin gap section overlooking the X Y  plane
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Figure 5.4 shows the envelope of the propagating wave in the X direction. As expected, the 

electric field is sinusoidal in nature, and the magnitude of the wave is the largest at the centre 

of the waveguide, i.e. in the thin gap section. The wavelength of the waveguide, Ag is measured

as 168 mm in the CONCERTO simulation.

The well known relationship between operating wavelength, cut-off wavelength and 

waveguide wavelength is given by

J_ = _L , J_ 5.1
4  A*

where A is the operating wavelength, Ag is the waveguide wavelength and Ac is the cut-off 

wavelength. By substituting the relevant values, the waveguide wavelength, Ag is found to be 

174 mm, which is very close to the simulation result.

Figure 5.4: Envelope o f the propagating wave overlooking in the X  direction
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Figure 5.5: Envelope o f the propagating wave in the Z  direction

Figure 5.5 shows the envelope of the propagating wave in the Z direction. In other words, this 

envelope plot is the plot of the TEio dominated mode electric field in the rectangular 

waveguide. It can be seen in Figure 5.5 that the envelope of the electric field follows a perfect 

TEio mode envelope pattern, with the maximum electric field amplitude occurring at the centre 

of the broad wall dimension.
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5.1.2 PFEM with 8 mm Height Thin Gap Section and Flat Bottom (1 Source Port and 1 

Load Port)

Figure 5 .6 :3-D diagram o f the PFEM  system  with 8 mm height thin gap section and flat
bottom design

Figure 5.6 shows the 3-D representation of a pre-bunched FEM with a ‘flat bottom’ design. 

The rectangular waveguide components and the tapered waveguide section can be halved so 

that the bottom of the PFEM structure is now flat, hence the so-called ‘flat bottom’. Visually, it 

can be stated that the tapered waveguide section is halved. However, this statement is not 

accurate mathematically.

As can be seen in Figure 5.6, the narrow dimension of the waveguide is still maintained at 43 

mm, to ensure the connection of the tapered waveguide to the standard D-band waveguide. In 

essence, the new design consists of a flat horizontal base and one taper side which connect the 

upper side of the D-band waveguide and the upper side of the thin gap section. In the previous 

design, there is no flat base, but two taper sides. One taper side connects the upper side of the 

D band section to the upper side of the thin gap section. The other taper side connects the lower 

side of the D-band section to the lower side of the thin gap section.
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The other difference between the two designs is the gradient of the taper side. In the previous
fy j  5^

design, the gradient of each taper side is 0X = tan“1 —— = 6.65° and in the new design, theV150 y
f  35 ^gradient of the taper side is G2 = tan 1 ----  = 13.13°. Hence the flat bottom design has double
v!50j

the taper gradient compared to the non-flat bottom design.

In the practical implementation of the PFEM, the input cavity will be placed on top of the 

output cavity, separated by silicon ‘O’ ring. The two cavities will be clamped by metal 

brackets, supported by brass screws and nuts, placed on either side of the copper tubes. It is 

important that the two cavities as close to each other to maintain vacuum condition and to 

avoid drift space region between the two cavities. Hence, if the non-flat bottom design is 

maintained as seen in Figure 5.7, it will be impossible to clamp both cavities together.

In addition to that, a flat bottom design is easier to construct practically compared to the non

flat bottom design. The CONCERTO simulation is performed to investigate whether the 

electric field strength at the centre of the waveguide will still remain as strong as in previous 

design.
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Figure 5.7: Diagrams o f Non-fiat bottom design and Fiat bottom design for the PFEM

Figure 5.8 shows the thermal plot of the E-y field viewed in the XZ plane. Comparing this 

result to the one in Figure 5.2, it can be seen, that the thermal field pattern is similar.

1.561
V/m m

-1.561
V/mm

Figure 5.8: Thermal plot o f E-field viewed in the X Z  plane
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Figure 5.9 shows the 3-D propagation of the E-y field viewed in the XZ plane.

Figure 5 .9 :3-D propagation o f the wave in the X Z  piane

The largest E-field peak value for the above simulation plot is 1.561 V/mm, which is larger 

than 0.965 V/mm in the previous simulation result for the ‘non-flat bottom’ design. Figure 5.10 

shows the thermal plot for the E-y field viewed in the XY plane. It can be seen, the result is 

similar to the one in Figure 5.3.
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Figure 5.10: Thermal plot o f the E-fleld in the X Y  piane

Figure 5.11 shows the 3-D propagation of the E-y field viewed in the XY plane.

Figure 5.11: The 3-D propagation o f the wave in the X Y  plane
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The envelope of the propagating wave viewed in the X direction is shown in Figure 5.12. The 

waveguide wavelength measured from the simulation is 172 mm. The waveguide wavelength, 

Ag, (derived from equation 39) is 174 mm. Hence, the simulation result is very close to the

theoretical result.

Figure 5.12: Envelope o f the propagating wave in the X  direction

The envelope of the propagating field viewed in the Z plane is equivalent to the TEio 

dominated mode field pattern in the rectangular waveguide, as can be seen in Figure 5.13. As 

expected, this envelope pattern forms a perfect TEio mode field pattern.
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Figure 5.13: Envelope o f the wave in the Z  direction

It can be seen that the E-field patterns in figures 22 to 26 are similar to the E-field patterns in 

the previous simulations (for non-flat bottom design) in figures 16 to 18. Hence, the flat bottom 

design of the PFEM can now be used.

5.1.3 PFEM with 8 mm Height Thin Gap Section and Flat Bottom (1 Source Port and 0 

Load Port)

In previous CONCERTO simulation, a source port and load port are defined. This means the 

wave is emitted from the source and travels towards the load. The load then absorbs the 

sinusoidal waveform. Hence, a travelling wave situation occurs. An alternative and more 

accurate way of representing the PFEM system design is by only defining the source and not 

the load. Hence, the end of the PFEM system is effectively terminated by a short circuit wall.

The following figure shows the 3-D diagram of the PFEM. As can be seen, only the source is 

specified on the left wall of the PFEM.
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source

Figure 5 .14 :3-D diagram o f the PFEM  system  with 8 mm height thin gap section and fiat
bottom design

The following shows the thermal plot in the XZ plane. The E-field pattern looks similar to the 

previous CONCERTO simulation (using one source and one load).
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Figure 5 .15 :3-D propagation o f the wave in the X Z  piane

Although the above plot in Figure 5.15 look similar compared to the previous plot in Figure 5.9 

(when using one source and one load), the above plot shows a standing wave pattern, i.e. the 

wave is not travelling from left to right, but moves up and down. This means each peak will 

eventually becomes a trough and vice versa, i.e. the phase of the wave changes. In the previous 

simulation (one source and one load), the travelling wave situation occurs, where the wave 

travels from the source towards the load, and absorbed by the load.

The thermal plot in the XZ plane is shown in Figure 5.16 below.
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Figure 5.16: Thermal plot o f the wave in the X Z  plane

The 3-D propagation of the wave in the XY plane is shown below in Figure 5.17, while the 

equivalent thermal plot of the wave in the XY plane is shown in Figure 5.18.
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3.12
V/mm

-3.12 
V/mm

Figure 5.18: Thermal plot o f the wave in the X Y  plane

Figure 5.15 to Figure 5.18 to look similar to Figure 5.8 to Figure 5.11 from the previous 

simulations (one source and one load).

The important plot that shows a visual difference compared to the previous simulation (one 

source and one load) is the envelope plot in the X direction, as shown in Figure 5.19 below. 

This shows a standing wave pattern occurring in the PFEM, with a large E-field in the thin gap 

section of the PFEM. This plot is different from the envelope plot in the previous simulation 

(one source and one load) in Figure 5.12 which shows a travelling wave situation.
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Figure 5.19: Envelope plot o f the wave in the X  direction

The strength of the E-field at the peak in this simulation is 3.12 V/mm, which is larger than in 

the previous simulation of 1.561 V/mm. This shows that the E-field is doubled in this 

simulation (one source zero load) compared to the previous simulation (one source and one 

load).

The envelope plot of the wave in the Z direction is shown below, which indicates a perfect 

TEio mode propagation of the wave in the rectangular waveguide.
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Figure 5.20: Envelope plot o f the wave m the Z  direction

5.1.4 PFEM with 8 mm Height Thin Gap Section and Flat Bottom (1.5 * kg Length for 

Thin Gap Section)

One waveguide wavelength consists of one peak and one trough of standing waves, at any one 

time. Hence, in future simulation study, the longitudinal length of each section of the PFEM 

cavity will be designed so that positive integer numbers of the waveguide wavelength can be 

realised. Therefore positive integer number of peaks or troughs can be seen in each section of 

the PFEM cavity. For example, if it is desirable to have two peaks and a trough in the thin gap 

section, the longitudinal length of that section has to be designed as 1.5 * waveguide 

wavelength.

Another important factor for having a positive integer number of peaks or troughs is to 

maintain the cavity structure symmetry and stability. Apertures will be drilled on the centre of 

the thin gap section to allow electron beams to travel across them. Hence, it is important that 

the peak E-field occurs at the middle of the thin gap section, and the distance between this 

middle point to both end points of this section are equal.
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For example, in Figure 5.10, there are non-positive integer number of peaks and troughs in the 

thin gap section. This is confirmed by the value of waveguide wavelength of 174 mm, (derived 

from equation (5.1) which is different to the longitudinal length of the thin gap section of 150 

mm. Although the strong E-field strength is located in the centre of the thin gap section, there 

is more portion of trough on the left of this peak compared to the trough on the right of this 

peak. However, this plot still shows that strong E-field exists in the thin gap section of the 

PFEM cavity, which allows a strong interaction with the incoming electron beam.

Hence, the 3-D diagram of the PFEM is shown in Figure 5.20, where 1.5*A,g is the length of the 

thin gap section and kg is the length of the taper section and standard D-band section 

respectively.

43 mm

The 3-D propagation of the wave in the XZ plane can be seen in Figure 5.22 below.
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Figure 5 .22 :3-D propagation o f the wave in the X Z  piane

It can be seen that there are one peak and two troughs in the thin gap section, and one trough 

and one peak in each of the other sections. These numbers of troughs and peaks are confirmed 

again in the thermal plot of the E-field strength in the XZ plane, as seen in Figure 5.23 below.

Figure 5.23: Thermal plot o f the E-fieid strength in the X Z  plane
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The largest peak E-field is 3.12 V/mm, which occurs at the centre of the thin gap section. The 

3-D propagation of the wave in the XY plane, can be seen in Figure 5.24, and the equivalent 

thermal plot in the XY plane is shown Figure 5.25.

3.12
V/mm

Figure 5.25: Thermal plot o f the E-field strength in the X Y  plane

-3.12
V/mm
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The envelope plot in the X direction can be seen in Figure 5.26 below, which indicates a 

perfect standing wave E-field pattern, with three peaks in the thin gap section, two peaks in the 

taper sections and two peaks in the standard D-band sections, respectively.
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5.2 Simulation and Analysis of Apertures

5.2.1 Design of Apertures for the PFEM

Perfect electrical conductor

Figure 5.27: Materia! com position o f the PFEM  in CONCERTO

In CONCERTO software, the default medium in the drawing window is perfect electrical 

conductor (PEC) or metal. In order to design the required PFEM, each component of the 

waveguide is filled with air, i.e. the waveguide will be “hollowed out” of metal, as can be seen 

in Figure 5.27.

So far, the simulation performed is on a structure with no apertures existing at the middle of 

the thin gap section of the PFEM cavity. In CONCERTO software, it is possible to simulate the 

structure with apertures on either side of the wall of the structure. To simulate apertures drilled 

across the height of the thin gap section, a cylinder is drilled across this height. However, 

since, the spaces above and bottom of this thin gap section are metal, there will be reflection of 

electric field back into the cylinder and the waveguide due to this metal. If this happens, the 

result of the electric field pattern near to the apertures will not be accurate. To overcome this 

problem, the cylinder is extended on each side of the wall of the waveguide, as shown in
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Figure 5.28. This extended cylinder also allows us the simulation of the effect of the electric 

field leaking out from the waveguide.

Metal

Waveguide (air)

Extended 

cylinder ¡(air)!

Figure 5.28: Cylinder going through the waveguide, to simulate holes in CONCERTO

The length of the cylinder’s extension should be determined to ensure the reflection is very 

small (negligible) as the electric field is reflected from the metal back to the cylinder. Equation

5.2 shows the phase constant of the wave.

5.2

At frequencies below the cut-off frequencies (f < fc), the phase constant is imaginary, P=ja, 

where a is the attenuation below cut-off frequency. Substituting this value of P into equation

(5.2) the following equation (5.3) is obtained. Note that l c in equation (5.3) is the cut-off
£

wavelength and is equal to —

a = 2-71

y Xcj
( 2 j

-  \a> -U-S/
5.3
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Equation (5.3) can be re-written as

2̂-71̂ l - 5.4

Nepers/metre

Initially, the system is operated at 2.45 GHz. Hence the value of f in equation (5.4) is 2.45 

GHz.

The cut-off frequency for a circular waveguide (cylinder) can be determined as follows.

5.5
f c .  = 2

where a is the radius of the cylinder, and a — 5 mm in this CONCERTO simulation.

The dominant mode in a circular waveguide is the TEU mode, and p u = 1.841. p  — 47zxl0

and s  = 8.854xl0“12. Substituting these values into the equation (5.5), the cut-off frequency, fc 

is found to be 17.57 GHz. Substituting these two values into equation (5.4) give the value for ,

a = 364.46 Nepers/metre.

- ccz . . .
A reduction factor due to attenuation is given by e .In  this CONCERTO simulation, z is 8 

mm, hence the reduction factor value is 0.053. Therefore an 8 mm length cylinder with 5 mm 

radius will cause a high attenuation and the resultant E-field is only approximately 5.3 % of the 

initial amplitude. This means only a small strength E-field will be present at the 8 mm point of 

the cylinder (bordering the metal) and will be reflected back to the cylinder from the wall of 

the metal. This small reflection will not affect the larger E-field leakage near the aperture. 

Therefore, an 8 mm cylinder length is sufficient to be used in CONCERTO to simulate the 

leakage radiation caused by the apertures in the thin gap section.
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5.2.2 PFEM: 4 mm Height Thin Gap Section With 10 mm Aperture Diameter

43 mm

It is desirable to simulate the E-field leakage effect for apertures of 10 mm diameter. In terms 

of designing the apertures in CONCERTO, an open air cylinder is drilled in the required 

central position as shown in Figure 5.29, which has been discussed in chapter 5.2.1.

In other words, the apertures exist at the centre of the x axis, and the two apertures can be 

represented as a cylinder cutting across the waveguide in the y direction. As explained in 

chapter 5.2.1, the length of the cylinder will be set to 8 mm to avoid effect of reflection from 

the surrounding metal walls. The CONCERTO user defined object file, cyl.udo is used to draw 

the cylinder drilled across the thin gap section. The User Defined Object will be presented in 

greater detail in Appendix B. The bottom end of the cylinder is considered as the origin point 

for the cylinder, and the coordinate is given by (x,y,z)=(130.5, -8, 0) in CONCERTO.
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In the CONCERTO design, the lower left of the comer of the thin gap section is set to be the 

point of origin, (x,y,z)=(0,0,0) for the overall PFEM waveguide. Hence, the two apertures 

located at the middle of the thin gap section (at top and bottom walls) have the coordinates 

(x,y,z)=(l30.5,0,43) and (130.5,4,43) respectively. The coordinates also imply that the thin gap 

section has a height of 4 mm at the middle of the section.

Figure 5.30: TEi0 mode plot viewed on the YZ plane at the middle o f the x  axis for the case o f 
holes present on the waveguide, for the case o f 4 mm taper width and 10 mm aperture

diameter

Figure 5.30 shows the E-field distribution pattern propagating in the y direction. This E-y field 

represents the field for the dominant TE]0 mode. As can be seen in Figure 5.30, near to the 

apertures, the E field amplitude is reduced. Some of the fields propagate through the aperture 

and travelling away from the cavities. Without the apertures, the E-y field pattern is shown in 

Figure 5.31. This is a perfect 3-D TEio mode representation.
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Figure 5.31: TEw mode plot viewed on the YZ plane at the middle o f the x  axis for the case o f  
no holes present on the waveguide, for the case o f 4 mm taper width and 10 mm aperture

diameter

The wave plots can be converted into thermal plots. As can be seen in Figure 5.32 below, the 

thermal plot indicates when there are apertures in the waveguide, where there is an E-field 
reduction near the centre of the plot.
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4.61 V/mm

1.99 V/mm

Figure 5.32: Thermal plots looking on top o f the YZ plane for the case o f holes present on the 
waveguide, for the case o f 4 mm taper width and 10 mm aperture diameter (left plot) and for 

the case o f no holes present on the waveguide (right plot)

In Figure 5.32, the leakage of electric field due to the apertures for the case of thin gap section 

height of 4 mm and aperture diameter of 10 mm is 4.61 -  1.99 V / mm = 2.62 V/mm. To 

observe the effect of having apertures on the waveguide, the envelope plot can also be 

performed, in the Y direction, as shown in Figure 5.33.
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Figure 5.33: Envelope plot in the Y direction when apertures are present on the waveguide, for 
the case o f 4  mm taper width and 10mm aperture diameter

The two dashed lines are the position of the two apertures, which are located on the top and 

bottom of the thin gap section walls. As can be seen, outside the apertures, some E-fields 

propagate away from the cavities. Without apertures on the waveguide, the plot of the envelope 

of the E field can be observed below in Figure 5.34. It can be seen that since there are no 

apertures present, the E-field forms an almost rectangular shape, as expected in the case of a 

TEio mode pattern.
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No aperture present

Figure 5.34: Envelope plot in the Y direction when there are no apertures present on the 
waveguide, for the case o f 4  mm taper width

In previous chapters, it is explained the importance of having a positive integer number of 

peaks and troughs especially in the thin gap section. For example, if a non-positive integer 

number of peaks and troughs are present in the thin gap section, and if the apertures are drilled 

in the centre of the thin gap section, the effect of the apertures on the E-field peak amplitude 

will not occur at the largest E-field peak amplitude, as can be seen in Figure 5.35 below 

(envelope plot in the X direction).
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Figure 5.35: Envelope plot o f E-field strength in the X  direction (non positive integer number 
o f peaks and troughs in the thin gap section)

The simulation to obtain the result in Figure 5.35 is performed on the PFEM system where the 

longitudinal length of the thin gap section is 300 mm instead of 261 mm. This length of 300 

mm corresponds to 1.72 * waveguide wavelength which means 3.44 peaks (non positive 

integer number) occurring in the thin gap section.

Therefore, it is also important to have an odd positive integer numbers as peaks in the thin gap 

section. Hence, the apertures located at the middle of this thin gap section will correspond to 

the peak of the E-field, and also provide structure symmetry for the thin gap section, resulting 

in stability and robustness of the structure.

If three peaks are desirable to be present in the thin gap section, hence 1.5 * waveguide 

wavelength must be designed for the longitudinal length of the thin gap section. For the other 

sections (taper section and standard D-band section), it is sufficient to have two peaks in each 

section respectively.
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Figure 5.36: Envelope o f the propagating wave in the X  direction

The above diagram of the envelope of the propagating in the X direction shows the effect of 

the aperture located at the peak of the E-field peak amplitude in the thin gap section, using 1.5 

* waveguide wavelength for the thin gap section.

Figure 5.37: TEw mode plot viewed in the Z  direction at the middle o f the x  axis for the case o f 
apertures present on the waveguide, for the case o f 4  mm taper width and 10 mm aperture

diameter
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The above diagram in Figure 5.37 shows the effect of the aperture on the E-field peak 

amplitude of the TEi0 mode propagation of the wave of the PFEM. As can be seen, the TEio 
mode pattern shows a reduction in E-field strength at the centre of the waveguide broad wall.

The effect of the aperture on the E-field peak amplitude can also be observed by plotting the 

thermal plot in the XZ plane as seen in the figure below.

4.61 
V/mm

-4.61
V/mm

It can be seen in the above plot that there is an E-field strength reduction at the centre of the 
thin gap section.

5.2.3 PFEM: 4 mm Thin Gap Section Height with 4 mm Aperture Diameter

Previously, the CONCERTO simulation for 4 mm thin gap section height and 10 mm aperture 

diameter PFEM has been performed. The next step is to observe the effect on the E-field 

pattern if the aperture diameter is reduced. A CONCERTO simulation is performed on a 

structure with thin gap section of 4 mm height with 4 mm aperture diameter.
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Figure 5.39: Envelope plot in the X  direction, where the effect o f the aperture on the peak E-
fieid amplitude is  shown

The envelope plot of the E-field strength in the X direction is shown in Figure 5.39 where the 

effect of a 4 mm diameter aperture can be seen to reduce the E-field strength at the centre of 

the peak amplitude in the thin gap section. However, this reduction is smaller compared to the 

previous simulation (10 mm aperture diameter).

Figure 5.40: Envelope plot o f the wave in the Z  direction
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The TEio mode propagation of the wave as seen in Figure 5.40 also shows a reduction of E- 

field at the centre of the broad wall of the waveguide, but this reduction is smaller than in the 

previous simulation (10 mm aperture diameter).

The thermal plot in the YZ plane, shown in Figure 5.41, indicates a reduction of E-field at the 

centre of the E-field peak amplitude.

4.61 V/mm

3.32 V/mm

Figure 5.41: Thermal plots in the YZ plane for the case o f apertures present on the waveguide, 
for the case o f 4 mm taper width and 4 mm aperture diameter
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Figure 5.42: TE10 mode plot viewed on the YZ plane at the middle o f the x  axis for the case o f 
apertures present on the waveguide, for the case o f 4 mm central width and 4mm o f aperture

diameter.

The 3-D propagation of the wave in Figure 5.42 shows this reduction of E-field strength on the 

centre peak amplitude.

4.61
V /m m

-4.61 
V/mm

Figure 5.43: Thermal plot in the X Z  plane, where the effect o f aperture on the peak E-fieid
amplitude is  shown
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Figure 5.43 shows the thermal plot in the XZ plane. As can be seen in Figure 5.42 and Figure 

5.43, the leakage of electric field through the 4 mm diameter aperture is smaller compared to 

the case of a larger aperture diameter of 10 mm, in previous simulation (Figure 5.30 and Figure 

5.32). It is even difficult to visually see this effect of apertures compared to the previous 
simulation in Figure 5.38.

In these two simulations, in both cases, the height of the thin gap section is 4 mm. Hence the 

peak E-field strength is similar in both cases. For the case of 4 mm aperture diameter, the E- 

field leakage through the aperture is smaller than in the 10 mm diameter aperture. In Figure 

5.41, the E-field leakage due to the 4 mm height thin gap section and 4 mm diameter aperture 

is 4.61 -  3.32 V / mm = 1.29 V/mm. This figure is much smaller than the leakage for the case 

of 4 mm height thin gap section and 10 mm diameter aperture, which is 2.62 V/mm

The next step is to view the envelope plot for the case of 4 mm aperture diameter and 4 mm 

height thin gap section. The result of this envelope plot is shown in Figure 5.44 below.
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y
Figure 5.44: Envelope plot overlooking on the Y direction when apertures are present on the 

waveguide, for the case o f 4mm aperture diameter.

From Figure 5.44 above, it can be seen that less E-field leaks out of the aperture compared to 
the case of the 10 mm aperture diameter in Figure 5.33.

5.2.4 PFEM: 8 mm Height Thin Gap Section with 4 mm Aperture Diameter

The alternative design is to make the height of the thin gap section larger, and observe what 

happens to the E-field strength in this thin gap section, especially near the apertures. For the 

CONCERTO simulation, the height of the thin gap section is set to 8 mm. The 3-D diagram of 
this new design is shown in Figure 5.45 below.
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Figure 5.45:3D  representation o f the new  FEL, for the case o f central width o f 8 mm, with
4mm aperture diameter

The E-field distribution (TEi0 mode) plot for the case of 8 mm height thin gap section, with a 4 

mm aperture diameter is shown in Figure 5.46 below.
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Figure 5.46: TE10 mode plot viewed on the YZplane at the middle o f the x  axis for the case of 
apertures present on the waveguide, for the case o f 8 mm height thin gap section and 4 mm

aperture diameter

As can be seen in Figure 5.46 above, the amount of E-field leakage through the holes are 

slightly less compared to the case of the 4 mm height thin gap section and 4 mm aperture 

diameter, in Figure 5.42.

The thermal plot in the YZ plane for the case of 8 mm height thin gap section and 4 mm 

aperture diameter can also be performed and the simulation result is shown in Figure 5.47 

below.
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3.38 V/mm

2.61 V/mm

Figure 5.47: Thermal plots looking on top o f the YZ plane for the case o f holes present on the
waveguide, where the centra! width is  8mm and the aperture diameter is 4mm

Comparing the result obtained in Figure 5.47 to the one obtained in Figure 5.41, for the case of 

4 mm height thin gap section with 4 mm aperture diameter, it can be seen that the E-field 

strength is slightly stronger in the 4 mm height thin gap section.

The E-field leakage due to the 4 mm diameter aperture for the case of 8 mm height thin gap 

section is 3.38 — 2.61 V/mm = 0.77 V / mm.

Pre-Bunched Free Electron Maser
Page 93



The envelope plot for the case of 8 mm height thin gap section and the aperture diameter of 4 

mm is shown in Figure 5.48 below.

From the envelop plot in Figure 5.48, it can be seen that the peak of the E-field has a wider 

distribution (i.e. less sharp and less narrow) compared to the E-field in the smaller thin gap 

section (4  mm height), as seen in Figure 5.44.
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Figure 5.49: Envelope plot o f the wave ¡n the X  direction, showing the effect o f the apertures
on the E-field peak amplitude

The effect of the aperture on the E-field peak amplitude is shown in Figure 5.49, where the 

envelope plot in the X direction is performed. As can be seen, a reduction in the e-field at the 

peak is observed due to the effect of the aperture.

The envelope plot in the Z direction is observed in Figure 5.50 below which represents the 

TEiomode of the propagation.
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Figure 5.50: Envelope plot o f the wave in the Z  direction where the effect o f the apertures on
the E-field peak amplitude is  shown

The thermal plot in the XZ plane is shown Figure 5.51, where the effect of the aperture can be 

seen to reduce the E-field peak in the peak E-field.

Figure 5.51: Thermal plot o f the wave in the X Z  plane where the effect o f the apertures on the
E-fieidpeak amplitude is shown
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The following table shows the summary result for the E-field strengths and leakages for 

different thin gap section heights and aperture diameters scenarios.

5.2.5 Analysis of Apertures Design for PFEM

E-field strength at 
the aperture

E-field strength 
with no aperture

E-field leakage 
due to the 
aperture

4 ram height thin 
gap section and 10 
mm aperture 
diameter

1.99 V/mm 4. 61 V/mm 2. 62 V/mm

4 mm height thin 
gap section and 4 
mm aperture 
diameter

3.32 V/mm 4. 61 V/mm 1.29 V/mm

8 mm height thin 
gap section and 4 
mm aperture 
diameter

2.61 V/mm 3.38 V/mm 0.77 V/mm

Table 5.1: Summary result for the E-field strengths and leakages for different thin gap section
heights and aperture diameters scenarios

It can be seen that if the thin gap section is large, the E-field strength in the thin gap section 
reduces. If the thin gap section dimension is similar and the aperture diameter is larger, the E- 

field strength near the aperture is smaller, as a result of E-field leaks across the aperture.

As can be seen in Table 5.1, if the height of the thin gap section is larger, the E-field leakage is 

smaller. However the original E-field strength is smaller for this smaller height thin gap section 

compared to a larger height thin gap section.

This is expected, as the height of the thin gap section is made larger, less E-field leakage will 

occur because more E-field is confined in this larger height of thin gap section. However, in 

this case, the total E-field strength is smaller compared to the smaller height of thin gap 

section.
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5.3 Simulation and Analysis in X-Band

5.3.1 PFEM CONCERTO Simulation at X-band Frequency

In previous designs, the taper section and standard D-band sections exist on both sides of the 

thin gap section. This is indicated in Figure 5.52(a), where AA’ and BB’ sections are indicated.

Figure 5.52: Diagrams o f fiat bottom design and half fiat bottom design for the PFEM

In the new design, the BB’ sections will be removed, leaving only the A A’ sections. This new 

design is called the half flat bottom design and is shown in Figure 5.52(b). There are two 

reasons for this new design to be proposed.

The E-field pattern is predicted to be similar in both designs. Hence section BB’ is redundant 

and can be removed. This prediction will be confirmed by performing simulations later in this 

chapter.

In the PFEM, there are two cavities placed on top of each other as seen in Figure 5.53. The 

overlapping parts are the thin gap sections. Waveguide flanges have to be placed at both ends 

of each cavity, for vacuum sealing and also for connecting to the input and output cavity
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circuits. These circuits are described in chapter 6. The proposed new design in Figure 5.53(a) 

will be a practical one because the two cavities can be placed on top of each other and in 

opposite directions. The previous design (flat bottom design) is not a practical one because the 

flanges will prevent the two cavities to be located as closed to each other, as seen in Figure

(a) Two H alf Flat bottom design cavities

—  (b) Two Flat bottom design cavities —

Figure 5.53: Configurations o f input and output cavities o f (a) half fiat bottom design and (b)
fiat bottom design

Previous simulations have been at 2.45 GHz operating frequency and have produced good 

results. The effect of apertures on the E-field peak amplitude has also been investigated. The
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simulation can now be performed at 10 GHz to view the electrical field pattern. The diagram of 

the PFEM is shown below in Figure 5.54. It has three sections: the standard X-band section, 

the taper section and the thin gap section. In CONCERTO, one source port and one source load 

are specified, for educational and comparison purposes.

Figure 5 .5 4 :3-D diagram o f PFEM  with half fiat bottom design and 2.5Xg for the length o f the
thin gap section

The E-field pattern in the XZ plane is shown below. Notice that there are three peaks and two 

troughs in the thin gap section, indicating 2.5 * waveguide wavelength. There is one peak and 

one through in the taper section, as well as in the standard X-band section, which indicates 1 * 

waveguide wavelength. It is also observed that the E-field is much stronger in the thin gap 

section, compared to the taper section and standard X-band section. This allows a strong 

coherent interaction with the incoming electron beam.

For the thin gap section, the length chosen is 2.5*waveguide wavelength, instead of the 

previous 1.5*waveguide wavelength. This is to provide more robustness and stability to the
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structure. It is predicted the E-field pattern will be similar to the previous simulation results 

using 1.5* waveguide wavelength for the length of the thin gap section. The simulation results 

are presented later in this chapter.

Figure 5.55: Thermal plot o f the wave m the X Z  plane for the half flat bottom PFEM  design

Thin gap section 
(V/mm)

Taper section 
(V/mm)

Standard X-band 
section (V/mm)

Strongest E-field 
(peak)

10. 264 7. 151 4. 635

Table 5.2: E-fie/d strength at each m ajor section o f the waveguide in the X Z  plane

The 3-D dynamic propagation of the wave in the XZ plane can be seen in Figure 5.56.
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Figure 5 .56 :3-D propagation o f the wave in the X Z  plane

The thermal plot and the 3-D propagation of the wave in the XY plane are shown in Figure 

5.57 and Figure 5.58 respectively. The plot in the XY plane confirms that strong and intense E- 

field occurs in the thin gap section of the PFEM.

2.088 
V/mm

-2.088 
V/mm

Figure 5.57: Thermal plot o f the wave in the X Y  piane
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Thin gap section 
(V/mm)

Taper section 
(V/mm)

Standard X-band 
section (V/mm)

Strongest E-field 
(peak)

2. 088 1. 553 0. 971

Table 5.3: E-field strength for each m ajor section o f the waveguide in the X Y  plane

Figure 5 .58 :3-D propagation o f the wave in the X Y  piane

The results in the above Table 5.3 (XY plane) are low compared to the results in the previous 

Table 5.2 (XZ plane). The results should be similar for both because the Ey field is measured in 

both cases. The simulation process is performed again to investigate this discrepancy. It is 

found that on the GOTO LAYER icon, the layer number previously chosen was 4 out of a total 

number of layers of 46. This value comes from 23 mm multiplied by 2, where 23 mm is the 

broad dimension of the X-band waveguide and the mesh size specified in this project is 0.5, 

therefore this broad dimension of the waveguide is multiplied by 2.

The value 4 was chosen because this value was chosen for the plot in the XZ plane. Hence the 

confusion arises as the value of 4 is chosen again for the plot in the XY plane.
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As can be seen in a TEio dominated mode of a rectangular waveguide, the largest Ey field 

occurs at the middle, i.e. at layer 23. Hence by choosing layer number 4 previously, the Ey field 

strength chosen is almost at the end and is weak and approaching zero value. Therefore, in the 

new simulation, the layer chosen is 23. The new results, compared with the previous results are 

shown below.

10.264
V/m m

-10.264
V/mm

Figure 5.59: Thermal plot o f the wave in the X Y  plane

Thin gap section 
(V/mm)

Taper section 
(V/mm)

Standard X-band 
section (V/mm)

Strongest E-field 
(peak)

10. 264 7. 151 4. 635

Table 5.4: R evised E-field strength for m ajor sections o f the waveguide (in X Y  plane)

The new simulation above looks similar to the previous simulation plot. Although it looks 

similar in terms of E-field pattern, the E-field strength is larger in this plot compared to the 

previous one. The pink colour in this plot signifies a higher value compared to the pink colour 

in the previous simulation plot. Hence the E-field legend in both cases has been adjusted by 

CONCERTO.
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The following simulation plot in Figure 5.60 shows the 3D propagation of the wave in the XY 

plane for the simulation (layer chosen is 23).

Figure 5 .60 :3-D propagation o f the wa ve in the X Y  piane (layer chosen is 23)

The following plot in Figure 5.61 is the thermal plot in the XY plane, where the layer chosen is 

4.

Figure 5 .61 :3-D propagation o f the wave in the X Y  plane (Layer chosen is  4)
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This shows that the E-y field strength at the centre of the broad dimension of the waveguide is 
much stronger than nearer to the edges.

Notice that the thermal plot in Figure 5.61 (i.e. layer chosen is 4) looks smaller in amplitude 

compared to the previous plot in Figure 5.58 (where layer chosen is also 4). This is because in 

the plot in Figure 5.58, the amplitude is adjusted to fit the screen, i.e. it is made look larger, 
although the amplitude is similar with the above plot.

The 3-D propagation of the wave in the YZ plane is shown below. This resembles a perfect 

TEio dominated mode, which is expected for a rectangular waveguide system.

Figure 5 .62 :3-D propagation o f the wave in the YZ piane

The envelope of the propagating field viewed across the X plane is shown below. This also 
indicates a strong E-field presence in the thin gap section of the PFEM system.
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Figure 5.63: Envelope plot o f the wave in the X  direction

One can choose the layer in CONCERTO to see the 3-D wave propagation in the desired 

section of the waveguide. The following 3-D plot in Figure 5.64 is the result obtained when 

layer 7/25 is chosen in the XZ plane. Choosing this layer allows only waves propagating in the 

standard X-band section and the taper section.

Figure 5 .64 :3-D propagation o f the wave in the X Z  plane (Layer 7/25 is  chosen)
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The following 3-D plot in Figure 5.65 is the result obtained when layer 23/25 is chosen in the 

XZ plane. Choosing this layer allows only waves propagating in the standard X-band section.

Figure 5 .65 :3-D propagation o f the wave in the X Z  piane (Layer23/25is chosen)

In the previous CONCERTO simulation in X-band, a source port and a load port are defined 

for comparison purpose. A more accurate way of representing the PFEM system design is by 

only defining the source and not the load. Hence, the end of the PFEM system is terminated by 

a short circuit wall. In other words, one source port and zero load port are now defined in 

CONCERTO. Figure 5.66 shows the thermal plot in the XZ plane.
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20.193
V/mm

-20.193
V/mm

Figure 5.66: The thermal plot o f the wave in the X Z plane (one source port and zero load port)

Figure 5.66 looks similar to the previous CONCERTO simulation in Figure 5.55, where 1 
source and 1 load are specified.

Thin gap section 
(V/mm)

Taper section 
(V/mm)

Standard X~band 
section (V/mm)

Strongest E-field, 
Ev (peak)

20. 193 13. 824 7. 883

Table 5.5: E-field strength at m ajor sections o f the waveguide (in the X Z  plane)

However, the strength of E-field at the peaks section of the waveform as seen in Table 5.5 are 

larger compared to the previous simulation (1 source and 1 load) as seen in Table 5.2.

The short circuit end means a reflection coefficient of -1, and the forward wave and the 

backward wave will meet to produce a standing wave pattern, instead of a travelling wave. The 

following plot in Figure 5.67 shows the envelope of the propagating wave viewed in the XZ 
plane.
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Figure 5.67: Envelope plot o f the wave in the X  direction

The above plot in Figure 5.67 shows a representation of a standing wave pattern compared to 

the previous simulation (1 source and 1 load) in Figure 5.63 which shows a travelling wave 

pattern.

5.3.2 PFEM Simulation Using ANSOFT HFSS

The simulation of E-field is now performed with ANSOFT HFSS.

Figure 5.68: Thermal plot o f the wave using AN SO FT H FSS simulation software
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As can be seen, the E-field is very strong in the thin section of the waveguide. It can also be 

observed that there are five peaks of electric field in this waveguide. The reason this is chosen 

is because the aperture can be placed at the third E-field peak location, so as to provide 
symmetry in the design of the thin section waveguide.

The reason why CONCERTO was preferred in most simulations was because in CONCERTO, 

the 3-D propagation of the wave can be displayed, unlike ANSOFT HFSS. However, the 

graphic display for the thermal plot of the waves is more attractive in ANSOFT HFSS than in 

CONCERTO. It is also easier to construct non-standard object in HFSS compared to 

CONCERTO. For example, to construct a taper section, in CONCERTO, the user has to 

specify a user design object (UDO), which is described in detail in Appendix B. In HFSS, the 

user can simply use the feature ‘CONNECT SURFACE’ to construct the taper section.
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6 OVERVIEW OF HARDWARE COMPONENTS AND CONSTRUCTION

PROCESS OF PFEM

6.1 PFEM System Components

The PFEM system diagram is shown in Figure 6.11 below. The main components are the 

electron gun, the input cavity, the output cavity. For the high beam transport, a high vacuum of 

10'7 mbar is provided by one compact turbo-molecular pump. All vacuum parts are fully 

interchangeable sections of stainless steel and uses standard flanges and copper gaskets, as 

seen in Figure 6.1. A single 5 kV (400 mA current limit) Glassman High Voltage (series LT) 

power supply provides high voltage for the electron gun. The supply polarity is negative. The 

High Voltage is not shown in the diagram of Figure 6.11 for simplicity purpose. The photo of 

the High Voltage power supply is shown in Figure 6.14.

Figure 6.1: Photo o f copper gaskets

The X-band source is provided by a microwave signal generator (Marconi) 6158A with 

operating frequencies from 8 GHz to 12.4 GHz, as can be seen in Figure 6.2. Moreno cross 

couplers are used in the input and output cavities respectively. At the input cavity, the 15 dB
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coupler is placed after the X-band source. A matched load, as can be seen in Figure 6.3 is 

placed at one of the coupler output to absorb EM wave signal, while a precision attenuator (as 

seen in Figure 6.4) is placed at the other coupler output. A coaxial cable is fed onto the other 

coupler output, via an N-type coaxial adaptor. The other end of this coaxial cable is fed into the 

input of the output cavity, also via N-type coaxial adaptor. The N-type coaxial adaptor is 

shown in Figure 6.5.

Figure 6.2: Photo o f Marconi signai generator

Figure 6.3: Photo o f m atched loads
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Figure 6.4: Photo o f precision attenuator
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Figure 6.6: Photo o f Ferrite isolator

At the input cavity, the ferrite isolator is placed between the source and E-H Tuner. It allows 

microwave radiations through only in the direction of the arrow. It prevents reflected power 

from reaching the microwave source and causing instability or damage to it. The ferrite 

isolator, as seen in Figure 6.6 consists of an absorber, presenting high impedance to 

microwaves travelling in ‘reverse’ direction in the waveguide.
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Figure 6.7: Photo o f E-H  Tuners

An E-H Tuner, as seen in Figure 6.7 is installed to minimise the reflected power by tuning the 

cavity properly. The E-H tuner is then connected to the actual PFEM cavity, which consists of 

standard X-band section, taper section and thin gap section. According to simulation using 

ANSOFT HFSS, the tapered length is made equal to the waveguide wavelength to minimize 

the return loss of RF power. As can be seen in previous photographs, some waveguide 

components have rectangular flanges, while others have circular flanges. Therefore, circular to 

rectangular waveguide adaptors, as seen in Figure 6.8 are used to connect two components 

where the flanges are not of the same type.
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Figure 6.8: Photo o f circular to rectangular waveguide adaptors

Figure 6.9: Photo o f copper tube

The filament is placed just before the input cavity aperture. The diameters of the apertures are 

4 mm. A copper tube, as seen in Figure 6.9 is constructed and placed on top of the input cavity. 

This copper tube houses the filament and its associated wiring circuitry. Ceramic isolator, as
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can be seen in Figure 6.10, is then placed on top of the copper tube to protect the user from the 

high voltage lines leading to the filament.

Figure 6.10: Photo o f ceramic isolator
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The lower section of the diagram is the output cavity of the PFEM. The input cavity is 

electrically isolated from the output cavity by a thin sheet of PTFE which is inserted between 

the two rectangular cavities. The gap between the input and output cavities is sealed using 

silicon “O” ring, which is shown in Figure 6.12. Initially, rubber ‘O’ ring as used, however it 

was found that when a voltage is applied in between the two cavities, a small current travels 

across the output cavity via the rubber ‘O’ ring (less than 1 microampere of current was 

recorded). Although this current was small, the rubber ‘O’ ring would get hot. Therefore the 

rubber ‘O’ ring was not suitable to insulate the two cavities because in this case it can be 

considered as a conductor of current. Tests performed on the silicon ‘O’ ring showed that no 

current flew across the output cavity.

Figure 6.12: Photo o f Silicon ‘O’ rings

Brackets and brass screws are used to tighten the two cavities together. Thin PTFE sheets are 

placed on the left and on the right of the silicon ‘O’ ring, but these PTFE sheets are not shown 

in the diagram for simplicity purpose. Currents flowing across the output cavity need to 

measured, and hence these PTFE sheets ensure the two cavities are separated.

At the output cavity, the EM wave which travelled via the coaxial cable will have its phase 

varied by the 360 Degree Phase shifter. Similarly, an E-H tuner is placed after this phase
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shifter to tune the cavity so as to produce a high cavity Q factor. The 24 dB coupler is placed 

after this E-H tuner. One output of the coupler is fed into a matched load to absorb the EM 

wave signal, while the other output is fed onto the spectrum analyser, as can be seen in Figure 

6.14, via N-type coaxial adaptor. The output result is displayed on the spectrum analyser. The 

spectrum analyser used is the ‘Rohde and Schwarz FSP Spectrum Analyzer 9kHz ... 30GHz’, 

as can be seen in Figure 6.13. The actual PFEM output cavity is then connected to this coupler.

Figure 6.13: Photo o f G lass Spacer
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Figure 6.14: Photo o f high voltage pow er supply and spectrum  analyser

A glass spacer, as seen in Figure 6.13 is connected to the bottom of the output cavity. Current 

flowing through the apertures of the output cavity need to be measured, and glass spacer 

prevents current from flowing into the vacuum pump, since it is at earth potential [58]. Its 

purpose is to ‘force’ the current to flow into a micro-ammeter, placed in between the output 

cavity and the earth. The ammeter is not shown in the diagram for simplicity purpose. The 

glass spacer is then connected to the Turbo-molecular vacuum pump.

Further discussions regarding the phase shifter and Moreno cross couplers are described in 

chapters 6.1.1 and 6.1.2 respectively.
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6.1.1 Phase Shifter

EM signals are characterised by amplitude and phase. The amplitude of EM wave can be 

controlled by attenuators, while the phase of the EM wave can be controlled by a phase shifter

[59].

The phase shifter used is the Demomay Bonardi WR90 phase shifter, fitted with low VSWR 

dielectric element. It is a 0 -  360 degree phase shifter with 10 degree resolution, and 1 dB 

insertion loss. The phase shifter was purchased as a used item from Western Test Systems, 

USA for only US$200. The price was considerably cheaper than a brand new phase shifter 

which would cost around £800. A photo of the phase shifter is shown in Figure 6.15.

Figure 6.15: Photo o f360 Degree Phase Shifter

The phase shifter is placed at the output cavity. The phase of the EM wave at the output cavity 

can be varied in relative to the phase of the EM wave at the input cavity. The EM wave in the 

input cavity is used to pre-bunch the electrons emitted from the filament. A correct phase 

between the electron beam and the EM wave in the output cavity will produce a strong
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interaction to achieve synchronism between the two. As a result, the EM wave in the output 

cavity is amplified.

6.1.2 Moreno Cross Couplers

In order to extract microwave powers, Moreno cross couplers are incorporated in both cavities. 

Two Moreno cross couplers were readily available in the laboratory (used in previous FEL 

research work at Liverpool University). The coupler crosses allows EM wave radiation onto 

the crossed waveguide. EM wave is coupled directionally [60]. This means EM wave travelling 

in one direction in the one waveguide couples only in one direction in the other crossed 

waveguide. The photo of the Moreno Cross Couplers is shown in Figure 6.16.

Figure 6.16: Photo o f Moreno C ross Couplers

Tests were performed on the network analyser and the coupler values were confirmed to be 24 

dB and 15 dB respectively. The coupler value of 24 dB means it couples out (1 / 251) of the 

available power in the cavity. The coupler value of 15 dB means it couples out (1 / 31.6) of the 

available power in the cavity.

For the output cavity, the cross coupler is placed in the output cavity circuit. Hence, a very 

good coupler must be chosen so that it extracts very little power from the available power in
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the cavity. Therefore, the 24 dB coupler is chosen for this output cavity. This coupler only 

extracts 0.398% of the available power in the cavity, and hence the cavity Q factor will not be 

highly affected by this cross coupler.

For the input cavity, the coupler is placed outside the input cavity circuit, hence a lower 

coupler value, the 15 dB Moreno cross coupler, can be placed here. However, this coupler is 

still good, as it only extracts 3.16% of the available power in the cavity. The dimensions of the 

crosses determine the coupling coefficient. Coupler design methods are given in [61], [62],

6.1.3 Photos of PFEM Cavity, Input Cavity Circuit and Output Cavity Circuit

The photo of the PFEM cavity is shown in Figure 6.17. The photo of the input cavity circuit is 

shown in Figure 6.18, while the photo of the output cavity circuit is shown in Figure 6.19.

Figure 6.17: Photo o f the PFEM  cavity
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Figure 6.18: Photo o f Input Cavity Circuit
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Figure 6.19: Photo o f output cavity circuit
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6.2 PFEM Cavity Construction

The resonant cavities of the PFEM are constructed from the WR90 rectangular waveguide (X- 

band frequency region). Rectangular waveguide was chosen in this project to overcome 

overmoding problems. The constructions of various PFEM components are described in this 

chapter.

6.2.1 The Main Body of PFEM

Length of X-band rectangular waveguide
------------------------------------------------ - —

/s
--------------------------------- 1------11 A

Discarded /✓✓ Standard !
Discarded
sectionsection

✓
/T aper X-band 

section 1
Thin gap section section

V

< ------- --------X -------- X ----------->
2.5*kg kg kg

Figure 6.20: Diagram (side view) o f a long X-band rectangular waveguide where the PFEM  
waveguide cavity will be constructed from it

A long X-band rectangular waveguide is taken from the readily available waveguides in the 

laboratory. The diagram of the long X-band rectangular waveguide is shown in Figure 6.20, 

where the dotted line shows the section of the this waveguide to be cut using milling cutter. 

The horizontal length of the thin gap section is designed to be 2.5*kg, while the horizontal 

lengths of the taper section and the standard X-band section are kg respectively.

After cutting this waveguide, if one is to view the end result from the top (aerial view), the thin 

gap section and the taper section are now ‘topless’. In order to cover these two ‘topless’ 

sections, copper plates will be placed on top of the respective sections. These copper plates 

were aluminum soldered along the edges. In the later chapter, it is shown that leaks occurred 

along the edges when this aluminum soldering was used.
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As a solution, soft soldering (60% tin / 40% lead) was used and no leaks occurred. The soft 

soldering procedure was performed at about 200° Celcius. The soldering method was used in 

constructing the cavity instead of welding it. Despite the fact that welding will make the 

structure stronger and more robust, it was not used because the welding capability was not 

available by the laboratory technician. Although the waveguide cavity can be sent to the 

mechanical engineering workshop for it to be weld, this would incur extra cost for the project.

After covering the two sections (taper section and thin gap section) with thin copper plates, 

there still left an open air at the end of the thin gap section. In order to resonate, the cavity 

requires “mirror” at each end. These mirrors are needed to reflect the microwave radiation. In 

microwave frequencies, this can be provided by the short circuit wall at one end and an isolator 

at the other end which allows microwave in one direction and not the opposite direction.

Therefore, another thin copper plate was cut from an existing X-band waveguide, and this 

copper plate (1.5 mm width and 22.86 mm length) was soft soldered onto the end (open air) of 

the thin gap section. Apertures of 4 mm diameter are required to be placed at the centre of the 

thin gap section at both cavities. These 4 mm diameter apertures were drilled at the centre of 

the thin gap section of both cavities using milling cutter.

6.2.2 The Filament Housing

The filament would need to be placed just before the aperture of the input cavity. The filament 

needed to be housed by some sort of material to preserve the vacuum condition for the filament 

to operate in optimum condition.

A copper tube is used to house the filament. The outer diameter of this copper tube was 

measured at 22 mm. The diameter of the copper tube was larger than the aperture diameter (4 

mm) on the thin gap section, but smaller than the wide dimension of the X-band rectangular 

waveguide (22.86 mm). This copper tube was cut from the available long copper tube. It was 

cut at the centre. One copper tube was for the input cavity (for filament housing), and another 

copper tube was for the output cavity (for connection to glass spacer).
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The cut length of the copper tube was measured appropriately so that the length of the filament 

and its copper wires can be placed comfortably in it. One end of the copper tube is silver 

soldered to a 70 mm diameter standard vacuum flange (DN40CF). Silver solder was used for 

soldering copper to steel material such as the vacuum flange. The temperature used for silver 

soldering was at 600°, which was much higher than that of soft soldering. The other end of the 

copper tube was soft soldered on top of the thin gap section surface, encircling the aperture of 

the input cavity. The total distance from the vacuum flange of the copper tube to the surface of 

the thin gap section is measured at 48 mm.

6.2.3 The Silica Windows

In the input cavity, microwave EM wave enters through an aperture on one side of the cavity. 

The waveguide feeding the cavity from the microwave source is not evacuated. Hence, a silica 

window is bonded to the cavity to seal the input power aperture. The silica does not affect the 

microwave transmission significantly due to its low-loss dielectric characteristic. The output 

cavity also has a silica window seals on the output power aperture side.

One end of the input cavity and output cavity was soft soldered to standard UBR100 

waveguide flanges respectively, which can be seen in Figure 6.21. A 2 mm gap was left before 

the end of the waveguide cavity. This space is designated for the silica window that will 

terminate the waveguide cavity. These windows allow transition from the vacuum system of 

the resonant cavity to standard waveguide components in atmosphere.

Figure 6.21: UBR100 standard waveguide flange

The UV fused silica window was purchased from KnightOptical Ltd, UK. The window is of 40 
mm diameter and 2 mm thickness.
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24.5 mm

Figure 6.22: Two rectangular shapes cut from a circular UV fused  silica window

Two rectangular shapes, with 24.5 mm length and 12 mm width each, as shown in Figure 6.22 

were cut at the Chemistry department’s glass workshop.

Epoxy Araldyte adhesive was placed along the ridge of the waveguide cavity. The silica 

window was then placed on top of the waveguide ridge. The silica window was left for 

overnight for drying. The same procedure was applied to the other waveguide cavity. The 

windows are now secured to the respective waveguide flanges using the epoxy Araldyte 

adhesives.

It should be noted that the use of soft-soldering or epoxy adhesives are not recommended for 

high vacuum components as both soldering resin residues and epoxy out-gas quite badly. 

However, this is compensated by the high capacity of the vacuum pumping system. In a sealed 

system, more conventional high vacuum techniques would need to be used.

6.2.4 The Tightening of the Two Cavities

The now completed waveguide cavities (input cavity and output cavity) can be placed on top of 

each other. For monitoring the current flow across the apertures, a PTFE layer is placed in 

between the two cavities. Silicon ‘O’ ring was placed in between the two cavities for vacuum 

sealing purpose. Two brackets and four brass screws and nuts were used to clamp the two 

cavities together. The length of each bracket is 5 mm and its width is 1.5 mm. The length of 

each brass screw is 4.1 mm. Two holes were drilled at each bracket near to each end of the
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bracket. The brass screw could then be slotted into the hole of one bracket, and to the hole of 

another bracket located below the first bracket. The holes on the two brackets were aligned 

with each other, so that the brass screws could be slotted perfectly into the two brackets. Nut 

was used to tighten the two brackets. The same procedure is applied to the other two brackets.

The completed construction of the input and output cavities is shown in Figure 6.23.

Vacuum flange (DN40CF)

Figure 6.23: Completed PFEM  consisting o f input and output cavities, dam ped by brackets,
brass screw s and nuts

6.2.5 The Filament Circuit Housing

Chapter 6.2.2 described the cavity construction for housing the filament which is placed just 

before the aperture of the input cavity. A method is also needed to house the copper wires, the 

copper base and stanchions from the flange base. As a summary, these components can be 

called the filament circuit elements. The structure of the electron gun will be described in 

chapter 6.4.
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Initially, a bellows was used to house the filaments connections. This is because the outer 

diameter of the bellows is sufficient to house the filament connections. Moreover, the bellows 

already has standard 70 mm diameter vacuum flanges (DN40CF) at both ends. At normal 

atmospheric pressure, the length of the bellows was measured to be 73 mm from one vacuum 

flange end to the other vacuum flange end. This length is sufficient to cover the length of the 

filament connections.

However, when the vacuum pressure is lowered, the bellows will shrink, and will cause 

breakage of the bellows. The solution was to construct metal bars, with its length similar to the 

length of the bellows. Each metal bar could be inserted in between the vacuum flanges of the 

bellows. Four metal bars were constructed and were inserted in this way. As a result, these 

metal bars managed to hold the bellows together, when the pressure was lowered.

However, using bellows has its disadvantages. Extreme care has to be taken when tightening 

the vacuum flanges of the bellows. The bellows is are very flexible structure, and tightening 

the vacuum flanges caused the bellows to move from side to side. This resulted in the filament 

alignment not to be centred on the middle of the aperture.

The bellows had to be removed in this PFEM design. A copper tube with the same diameter as 

the bellows is used as an alternative to the bellows. This copper tube was cut to 73 mm length 

using the milling cutter. The copper tube was then silver soldered to two 70 mm diameter 

vacuum flanges (DN40CF) at both of its ends. Test performed indicated that the vacuum 

pressured was lowered to a satisfactory level (1 x 10'7 mbar). Hence no leakages were found in 

the newly constructed copper tube with vacuum flanges.

6.2.6 The Glass Spacer

The current flow across the apertures of the output cavity needed to be monitored for beam line 

measurement. If the output cavity is connected directly to the vacuum pump, this aperture 

current cannot be measured because the current will flow onto the vacuum pump and to the 

earth. This is because the vacuum pump is placed at earth potential. The solution is to place a 

glass tube in between the output cavity and the vacuum pump, so that an ammeter can be
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placed in between the output cavity and the earth to measure the current flowing across the 

apertures of the output cavity.

This glass tube was cut to a length of 40 mm from an existing available long glass tube. Epoxy 

Araldyte adhesive were placed along the ridges of the two vacuum flanges (DN40CF). Each 

end of the glass tube was placed on top of each of the vacuum flange ridge. The glass tube was 

left for overnight for drying. In the next morning, the glass tube is now secured to the vacuum 

flanges using epoxy Araldyte adhesives.

6.2.7 Methods to Locate Vacuum Leaks in PFEM System

During the construction of the system, leaks might occur on the waveguide or vacuum flange 

joints. This is because the joints of the cavities were soldered by the in-house technician and 

not welded by a more expert technician from the mechanical engineering workshop. Helium 

gas was used to test for vacuum leaks in the system. This is because helium is the lightest of 

the inert gases and readily penetrates small leaks. Furthermore, the presence of helium in the 

atmosphere is very small (5 parts per million) [74]. Helium is also readily available and 

relatively inexpensive.

In one example, the turbo pump pressure reading was at 2.2 x 10'4 mbar, which is not 

satisfactory for high vacuum operation of the PFEM. The helium gas was shot from the nozzle 

of the gas cylinder onto the area where leaks might be predicted. The size of the leak or leaks 

might be similar to a size of a pin hole, where these cannot be detected by the naked eye. When 

the helium gas reached the leak areas, the vacuum pressure reading immediately went to 1 x 

10’6 mbar in a matter of seconds. This means the helium gas penetrated the leak areas, and 

hence providing a temporary high vacuum condition for the PFEM system. When the helium 

gas was removed from the area, the pressure reading went back to 1 O'4 mbar.

As a temporary solution, blue tacks were placed on the leakage areas, and the pressure reading 

went to 10'6 mbar. The waveguide cavities were disassembled out of the PFEM system, and the 

leakage area was soft soldered to close the leakages. After the soldering process was 

completed, the waveguide cavity was reassembled back into the PFEM system, and the

Pre-Bunched Free Electron Maser
Page 134



pressure reading was checked again. It was found that the pressure reading showed a low 

pressure of around 10'7 mbar. Hence the leakage areas have been closed and solved.

The other alternative method used for detecting leaks was to immerse the cavity in a water 

tank. Each cavity (input and output cavities) can be tested in this way to detect for the leak 

locations. The aperture on the thin gap section is closed using blue tack. The nozzle is placed 

inside the copper tube, and the area between the nozzle and the inner wall of the copper tube 

was enclosed by using blue tacks. When helium gas was pumped into the cavity, which was 

immersed in the water, bubbles began to appear at locations where the leaks occurred. As the 

water tank uses transparent glass walls, the origin of the bubbles could be located by the naked 

eye, and recorded by using a permanent marker pen.

After being satisfied that all the leakage areas have been noted and recorded, the cavity was 

then taken out of the water, and was left to dry. After being completely dry, the leakage areas 

on the cavity were silver soldered. The cavity was then placed back into the PFEM system, and
j j

the pressure reading was checked. The pressure reading showed a low pressure around 10 

mbar. Therefore the leakage areas have been closed and solved.
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6.3 High Vacuum System

Figure 6.24: Photo o f Vacuum Pump System

The complete PFEM prototype employs a single high-vacuum pump: The Leybold Turbo 

molecular pump system PT 70 F-Compact as can be seen in Figure 6.24. The turbo-molecular 

pump is absolutely oil free and has a pumping speed of OJm3̂ 1. All vacuum parts are 

interchangeable sections of stainless steel using either 4.5” diameter or 2.75” diameter standard 

ISO vacuum flanges sealed with copper gaskets. The lowest pressure obtained from the PFEM 

experiments using the PT 70 F-Compact was 1 x 10 7 mbar.

The vacuum pump is effectively at earth potential and is placed on the experiment table. It is 

connected to the output cavity via a glass spacer. The glass spacer’s function is to isolate the 

vacuum pump from the output cavity. This is for the purpose of current measurement across 

the apertures of the output cavity. The entry of each of the waveguide cavity is vacuum sealed
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using silica window. The construction of silica windows has been described in chapter 6.2.3. 

The other area need to be vacuum sealed is the spacing between the input and output cavity. 

This is achieved by placing a silicon ‘O’ ring in between the two cavities, and tightening the 

two cavities together using brackets, brass screws and nuts.

The PT70 vacuum pump is designed as a table top unit, and consists of an integrated TW 70 H 

Hybrid turbo-molecular pump and dual-stage, oil-free DIVAC 0.8 T diaphragm vacuum pump 

used as the backing pump. This small size vacuum pump system is sufficient to be employed in 

the PFEM system due to the compact design of the PFEM system.

Previous FEL research at Liverpool University needed to use two vacuum pump systems, due 

to the large size of the wiggler FEL system. For example, Wright used two vacuum pump 

groups, where each pump group consists of a Leybold Turbovac 161 turbo-molecular pump 

backed by a Metro vac single stage rotary pump [23].

The PT70 can be operated in manual or automatic operation. In automatic operation, by 

pressing the START button once, firstly, the diaphragm (foreline) pump will be switched on. 

After reaching a sufficient low pressure for the foreline pump, the turbo-molecular pump will 

then be started automatically. The previous vacuum system used by Wright can only be 

operated manually.

In the previous system, although the turbo-molecular pump used was oil free, the rotary pump 

used oil for its operation. Hence, a Servo-vac automatic valve had to be placed in between the 

turbo pump and rotary backing pump. The Servo-vac automatic valve vents the rotary pump in 

the case of a power cut, i.e. to prevent oil being pulled from the pump to the vacuum system. 

The use of the PT70 vacuum pump instead of the oil vapour diffusion pumps results in a 

cleaner system and reduced maintenance requirements.

In the previous vacuum system used by Wright, vacuum pressure reading was measured by an 

external ion gauge, with Pirani type gauges as back-ups [23]. The PT 70 uses the ITR90 

combination Pirani and Bayard-Alpert Hot Cathode Ionization sensor for high vacuum pressure 

measurement. The PT 70-F also includes foreline sensor (Pirani -  TTR90) for the low vacuum
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pressure measurement. The pressure readings from the above sensors can be selected and 

displayed on the front panel.

The TW70H uses a turbo.drive controller (TDC) to interface with the pump and the power 

supply. TDC acts as a communication interface to provide a means for obtaining operational 

information from the turbo pump. In addition to the pressure readings, information on the 

pump’s rotational speed, current draw, temperature and others are available on the system’s 

front panel display.

In the system, it is important to be able to determine immediately whether the leak is in the 

PFEM system or the vacuum pumping system. A valve is present to work in the PT70 pump, 

which is connected near to the pump system. Its function is to keep vapours out of the PFEM 

cavities when the air is removed, and to aid in locating leaks. The vent valve component is 

located just above the turbo-molecular pump, as seen in Figure 6.24.

In the case of a tungsten filament as the gun source, a temperature of around 2600 Kelvin is 

required for electron emission. Depending on the thickness of the filament used, typically 0.2 

mm, and the subsequent heating current required to achieve such a temperature, up to several 

watts of electrical power can be dissipated within the gun during operation.

The resultant heating of gun housing, together with electron bombardment of the anode and 

input cavity waveguide due to fractional beam interception leads to substantial outgassing of 

metal surfaces near the gun area. For this reasons, the PT 70 F-Compact pump is placed as near 

to the electron source as possible.

6.3.1 Behaviour During Outgassing

Out-gassing occurs when heating by the filament and electron bombardment of the grid raises 

the temperature of the electrodes and surrounding surfaces above ambient temperature, which 

results in increases in thermal desorption rate of gas molecules from these surfaces. Out

gassing levels are particularly high when the vacuum system is turned on for the first time after 

exposure to ambient or high gas pressures.
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Both the glass and the metal parts of the PFEM system were cleaned with alcohol and 

petroleum ether before assembling them. A gas discharge was maintained off and on for a total 

of about eight hours. At first the gas pressure rose considerably, because of the evolution of 

gases from the surfaces by electron bombardment, but after a few hours of such treatment the 

pressure began to decrease steadily, indicating that smaller quantities of gas were being driven 

out by the surfaces. Once started, such a discharge will produce enough gas to maintain itself 

indefinitely, in spite of continuous pumping.

If the surfaces are temporarily out-gassed, and the system is allowed to stay idle for a few 

hours or left overnight, a new layer of gas will make its appearance on the surfaces, and the 

out-gassing must be repeated. This reemergence of gas is probably due to diffusion to the 

surface of gas from deeper in the material, and to vapours from the new gaskets. This process 

is not without end. Less gas is evolved each time, and after a few days of operation, gas ceases 

to be troublesome. In the system a vacuum condition of 10'7 mbar can be maintained, and this 

does not change significantly during operation.
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6.4 Electron Gun

An electron gun was designed, constructed and tested that can provide up to few mA of beam

current at a nominal voltage of 3 kV. In the initial stage, tungsten filament is used as the

electron gun source (cathode). As the initial result showed potential, Thoria coated iridium

filament (cathode) is used as the electron gun in the later stage. The input cavity acts as the
•  -8anode. If the total filament current is equal to 10 mA then the perveance at 3 kV is 6.09 x 10' . 

This value is less than or around 10'8, which is considered low enough to be able to ignore the 

effects of space-charge [63]. For such a relatively low voltage, low current gun, the 

development and operation of a tungsten filament is much simpler compared to the more 

complex “Pierce type” electron gun [16], [64], The effect of ionizing rays (X-rays) can be 

neglected since the beam voltage is less than 40 kV [16].

The filament is bent into hairpin, forming an inverted ‘V’ shape. The diameter of the tungsten 

filament used is 0.22 mm. Two copper wires are used and are attached to the filament legs 

using screw terminals and screws. The mounting layout for the filament is shown below in 

Figure 6.25. The photo for the mounting layout for the tungsten filament is shown in Figure 

6.26, while the photo for the mounting layout for the Thoria coated iridium filament is shown 

in Figure 6.27.
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Filament

Figure 6.25: Filament mounting m ethod using copper wires, screw s and terminal screw s
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Figure 6.26: Photo o f the mounting o f 
the tungsten filament

Figure 6.27: Photo o f mounting o f 
Thoria coated iridium filament

A circular nylon support base with 10.2 mm thickness and 31.2 mm diameter are used. Six 

holes are drilled on the nylon support base. A central hole is drilled in the middle of the nylon 

support base. The flange base section slot onto four stanchions fixed to the 70 mm diameter 

vacuum flange. In Figure 6.25, due to the diagram drawn in 2-D, only two stanchions are 

showed for simplicity purpose. The other ends of the stanchions are slotted onto the four holes 

on the nylon base. Hence, the function of the stanchions is to provide stability to the nylon 

support base and to hold it into stationery position. The stanchions are connected to earth, 

hence making the flange base section at earth potential. The presence of these holes on the 

nylon base also function to pump away efficiently gases generated during degassing.
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The filament legs are attached to two copper wires. The copper wires are flexible and are fed 

directly from the flange base. From the flange base, the copper wires are then fed through the 

other two holes on the circular nylon base. Then they are bended by hand to form arc curves as 

shown in Figure 6.25 before being straightened again. The screw terminal can be now placed at 

the end of the copper wire, and screws are affixed to the filament legs. Ceramic beads are 

placed along the length of the copper wires to prevent electrical breakdown.

The filament’s vertical position can be adjusted by sliding the terminal screws up and down 

respectively. The screws are used to attach the filament legs to the copper wires. The use of 

flexible copper wires is beneficial because they can be bended to adjust the filament’s 

horizontal location. As a result, the filament is aligned correctly onto the middle of the aperture 

of the input cavity. It is clear that only about a millimetre or so of the filament (at the tip) 

contributes to the emission and the shape of the remainder of the filament is of no importance.

A small 2.5 Volts light bulb is also placed inside the inner hole of the nylon base. Two leads 

are soldered to this light bulb. The two leads are connected to a power supply. When 2.5 Volts 

are applied from the power supply, the light bulb will light up, therefore allowing the user to 

view the alignment of the filament tip in relation to the aperture of the input cavity. After the 

two cavities are placed on top of each other, separated by silicon ‘O’ ring, the light bulb is no 

more used (light up) during the experimental process.

The flange base has four protruding rods attached to it. Two rods are used to attach to the 

copper wires, while two other rods are used to attach to the leads connecting to the light bulb. 

Electrical connection leads from the grid and filament posts all pass separately through the 

vacuum flange via ready-made ceramic ‘feed-throughs’ welded in.

Therefore, on the atmospheric side of the gun body, there are a total of 4 external leads 

encapsulated in a solid cylinder of epoxy. Two leads are for the two legs of the filament and 

the other two leads are connected to the light bulb. There is no internal lead specifically for the 

input cavity (anode connection). Hence an external ground wire is connected from earth to the 

outer wall (external surface) of the input cavity.
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Clearly it would be desirable to have the filament to anode spacing at a minimum, since this 

would lead to less interception by the anode (depending on its aperture size) [65]. The distance 

between the tip of the filament and the input cavity aperture is 1 mm. If the filament is set too 

near or in the aperture, the emission current will be limited by space charge. This separation 

distance is sufficient to allow reliable operation at 3 kV without breakdown. The input cavity 

(anode) aperture size of 4 mm in diameter provides a low anode loss and avoids excessive 

diverging of the beam.

6.4.1 Electron Gun Circuit

Figure 6.28: Electron gun circuit

The electron gun circuit can be seen in Figure 6.28. The filament is powered using a variac 

(variable auto transformer) and a step down filament transformer. The filament transformer 

used is the AT476 model from AWI Microwaves.

The variac determines how much voltage will go to the step-down transformer. A bench top 

model of variac is used so as to bring up the filament current slowly. The output lines of the
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transformer are connected to the filament. This secondary winding of the transformer provides 

AC heating or filament voltage for filament of the electron gun.

The step down transformer reduces the incoming voltage to about 3 volts when current flows 

through it before reaching the filament. This results in a current of up to 5 Amperes flowing 

through the filament. The photo of the electron gun circuit is shown in Figure 6.29.

Figure 6.29: Photo o f Electron gun circuit

Electrical resistance causes the filament to heat up and release electrons by thermionic 

emission. The higher the current, the bigger the heat and the greater the number of electrons 

released. The filament requires high current and low voltage because the filament resistance is 

very low, i.e. if the voltage flowing through the filament is too high, the filament will bum up.
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Higher current requirements are met by setting the filament transformers in parallel, if needed. 

When a high voltage is applied between the filament (cathode) and input cavity (anode), all 

free electrons released from the filament surface are accelerated towards the anode.

6.4.2 Free Electron Production

Electron emission is actually the basic of tube working principle, it is defined as liberation of 

free electron from a surface of a material caused by the external energy transferred to the 

electrons. The amount of outside energy require needed to remove an electron from the Fermi 

Level in a metal to a point in an infinite distance away from the surface is known as work 

function. The work function is usually defined in electron volt (eV) unit.

When applied to an electron escaping from a heated negatively charged filament in a vacuum 

tube, the work function is known as the thermionic work function. This involves the heating of 

material (filament) of work function, q> to a high temperature, T. Thermionic emission involves 

the Richardson-Duschmann equation:

( _  \
J  = DmT2 exp —

)

Where J is the current density, DTh is the constant of the material, T is the temperature in

Kelvin and kg is the Boltzmann Constant. As an example, for tungsten filament, the work

function, (p is 4.55 eV, and Dth is 7.5 x 103 Acm K . Therefore if T is 2600 Kelvin, the
-2current density is 1 Acm' .

The Child-Langmuir Law states that

3
1 = GV2

Where I is the current from the filament and V is the potential between the filament and the 

anode (input cavity). G is the perveance of the electron gun and is given by:
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It can be seen that the perveance, G is dependent on the effective area of the filament, A, and 

the distance between the filament and the anode (input cavity).

6.4.3 Filament Material

At the initial stage, tungsten filament is used because it is readily available in the laboratory, 

and it is easy to make a ‘V’ shape tungsten filament. Tungsten wire is also available at a low 

cost and performed reasonably well. Tungsten filament has a high work function (4.55 eV). It 

requires around 4 Amps of current to heat it and for it to initiate electron emission. The 

tungsten filament that is available can produce maximum emission current of around 200 pA at 

the tip. In order to produce greater than this current, another electron gun source need to be 

investigated.

Tungsten has the disadvantage of becoming very brittle (due to crystal growth) when it is 

heated, which means that it is easily broken by vibration. In addition it will instantly oxidise if 

exposed to atmospheric pressure while hot, resulting in the bum-out of the filament. The hot 

filament also generates CO and C02 in the vacuum system and causes larger gas molecules to 

be split into fragments. The solution is to investigate a filament material which is not easily 

oxidise, even when exposed to atmospheric pressure when hot. During the experimental 

process, the copper tubing need to be opened repeatedly to align the filament better to the 

aperture of the input cavity, after bringing up the vacuum pressure up to atmospheric pressure 

level. As a result, after several exposures to atmospheric pressure, the tungsten filament 

becomes more brittle and would eventually break. Hence a new ‘V’ shape tungsten filament 

has to be repeatedly constmcted and placed on the studding.

An option is to use Thoria (thorium oxide) coated tungsten filament. This is just a tungsten 

filament, much like that in a light bulb, except that a tiny amount of the rare metal thorium was 

added to the tungsten. The free thorium is released within the thorium oxide coating during the 

heating of the filament (about 2400 degree Celsius). This free thorium migrates to the surface
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of the oxide coating and emits electrons. It is this free metal film of thorium on the surface of 

the oxide coating that results in the emission characteristics of the thorium coated filaments.

The tungsten filament with thorium is a much better producer of electrons than the plain 

tungsten filament by itself. This thoriated tungsten filament has a maximum emission current 

of 5 mA [25]. Thorium has a lower work function (3.41 eV) than tungsten. The Thoria coated 

tungsten filament can last a very long time, and is very resistant to high voltages. Although 

Thoria coated tungsten filament has a lower work function, it still has the brittle characteristic 

from the tungsten. A method must be investigated to lower the work function while 

investigating for a new material having non-burnout or non-brittle characteristic.

A solution is found by using Thoria coated iridium filament. Iridium has a high work function 

(5.27 eV) compared to tungsten. This high work function can be lowered by coating the 

iridium with Thoria which also results in longer filament life. The filament also requires less 

power and it can be operated at lower temperatures. This filament can produce maximum 

current emission of 20 mA, which is much greater than the tungsten filament.

Figure 6.30: Photo o f Thoria coated iridium Filament

Having a lower work function allows Thoria coated iridium filament to be very efficient at 

releasing electrons by thermionic emission. This means that it can operate at a lower 

temperature than tungsten to release the same number of ionising electrons. Experiment 

performed shows that only about 2 Amps of heating current is needed for it to start emitting
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electrons. This result in less CO and C02 produced and less molecular cracking. Unlike 

tungsten, iridium could also be operated in air at atmospheric pressure without bad effects.

A slight disadvantage of Thoria is the environmental issues due to the exposure to the alpha 

particles emitted by thorium. Hence, care must be taken in its handling and use. Iridium 

filaments are widely used in mass spectrometry, organic spectroscopy and X-ray sources and 

many are coated with thorium oxide to improve electron emission. The Thoria coated iridium 

filament used in this project has been purchased from FILSERV Limited at a reasonable price. 

Its structure is similar to the previously used tungsten filament, which is inverted ‘V’ shape.
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7 EXPERIMENTAL WORK: INITIAL TESTING OF THE SYSTEM

7.1 Standing Wave Test for Rectangular and PFEM Waveguide

A method is needed to test the cavity strength and quality of a rectangular or X-band 

waveguide. This can be done by measuring the Voltage Standing Wave Ratio (VSWR) of the 

selected waveguide. An experiment is devised to determine the VSWR of the of the waveguide 

cavity.

The VSWR can be measured by using a VSWR meter. The VSWR meter measures the 

amplitude of the standing wave by having a small movable probe in the waveguide. A crystal 

detector containing a microwave rectifying diode is attached to this movable probe. This 

allows the maxima and minima of the standing waves to be measured. This ratio of the maxima 

to minima of the standing waves is called the VSWR. The larger the standing waves, the more 

reflections are present. This quantity can be measured on the multi-meter connected to the 

crystal detector.

The circuit under test consists of X-band source, ferrite isolator, E-H tuner, VSWR indicator 

and load as can be seen in Figure 7.1. The load under test will either be X-band rectangular 

waveguide or PFEM waveguide. The function of the ferrite isolator is to let the EM wave 

signal to travel in one direction, but to prevent it from traveling back to the X-band source, 

which could damage it.
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Figure 7.1: Setup for VSWR test for rectangular/PFEM  waveguide

After construction of the waveguide PFEM cavity, due to the soldering of its joints, there exists 

some chemicals left over (gas residues) from the soldering process in the waveguide PFEM 

cavity inner walls. Before cleaning these impurities, the VSWR of the non-cleaned PFEM 

cavity is measured. The VSWR result for this set-up is shown in Figure 7.2. The maximum 

amplitude occurs at 35.63 while the minimum amplitude occurs at 0.13. Therefore VSWR 

value for this set-up is around 274.

Figure 7.2: Voltage reading on SW R m eter against Points on SW m eter indicator for non-
cleaned PFEM
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A test has to be devised to check whether the microwave signal travels into the thin gap section 

(1.5 mm height) of the PFEM cavity. This is tricky, as the thin gap section has been short 

circuited at its end wall. The solution is to insert a wet paper at the end wall of the PFEM 

waveguide cavity. This wet paper absorbs EM wave signal and results in a reduced VSWR 

value for the PFEM cavity. Therefore, this ‘wet paper experiment’ is performed to check 

whether the EM wave travels into the thin gap section of the PFEM cavity, and not just into the 

standard X-band section.

Since the height thin gap section is very small (1.5 mm), a thin long wire is used to carry the 

wet paper and placed onto the end wall of the thin gap section of the PFEM cavity. When the 

wire is removed from the cavity, the wet paper is attached onto the end wall of the thin gap 

section. The waveguide cavity remains non-cleaned. Note that the experiment is undertaken 

when the paper is still wet, as the effect will be lost if the paper starts to dry. The maximum 

amplitude is 17.46 while the minimum amplitude is 6.78. Hence, the VSWR value for this set

up is around 2.58 as can be seen in Figure 7.3.

Figure 7.3: Voltage reading on SW R m eter against Points on SW m eter indicator when wet 
paper is  inserted at the inner end wall o f the thin gap section o f the non-cleaned PFEM

After this experiment, the wet paper can be removed by pouring Hydrochloric acid into the 

waveguide. The acid removes the impurities and also the wet paper itself. Then, the waveguide
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is soaked in a beaker of water to clean it, and also to avoid the chemical reaction between the 

acid and the copper waveguide wall as well with the paper. The PFEM cavity is left for some 

time (usually overnight) to let it dry. The VSWR experiment is repeated (cleaned PFEM 

waveguide, without wet paper) and the result can be seen in Figure 7.4. It can be seen that the 

VSWR is very large, as the EM wave signal is not absorbed by the wet paper. The maximum 

amplitude is 81.396, while the minimum amplitude is 0.972. Therefore the VSWR value for 

this set-up is around 83.74.

Figure 7.4: Voltage reading on SW R m eter against Points on SW m eter indicator with cleaned
PFEM

From Figure 7.4, it can be seen that the VSWR for the clean waveguide is much larger than the 

non-cleaned waveguide in Figure 7.2. This is because impurities in the waveguide will disrupt 

the signals and reduce the VSWR value. The experiment also shows that RF microwave signal 

travels into the 1.5 mm height gap section, because the wet paper absorbs some microwave 

signal, resulting in lower VSWR value.

The result for VSWR for internal of PFEM that is cleaned (Figure 7.4) is compared with the 

VSWR for internal of PFEM that is not cleaned (Figure 7.2). This comparison is plotted on the 

same graph and shown in Figure 7.5.
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■Non-cleaned PFEM 
waveguide, no wet 
paper

•Cleaned PFEM 
waveguide, no wet 
paper

Position on VSWR meter (mm)

Figure 7.5: VSWR for internal o f PFEM  that is  not cleaned and the Internal o f PFEM  that is  
cleaned, with no wet paper inserted into the PFEM

It can be seen from the above plot that impurities from gases residues of the non-cleaned 

internal PFEM causes the VSWR to be reduced compared with a cleaned PFEM.

The VSWR of the cleaned PFEM waveguide will now be compared with the VSWR of 

standard X-band rectangular waveguide. The X-band rectangular waveguide is short circuited 

by placing a copper material at the end of its waveguide. The VSWR plot of this X-band 

rectangular waveguide is shown below in Figure 7.6. The maximum amplitude is 42.23, while 

the minimum amplitude is 0.64. Therefore, the VSWR value is 65.53.
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Figure 7.6: VSWR for X-band rectangular waveguide (short-circuited)

The plot of VSWR for PFEM waveguide (Figure 7.4) and X-band rectangular waveguide 

(Figure 7.6) are shown in Figure 7.7 for comparison purpose.

>

90
80
70

£ 60
0)ClQ(04-*

50
40

o
> 30

20
10

0

50 70 90 110

Position on VSWR meter (mm)

—e—X-band rectangular 
waveguide, no wet 
paper

El.Cleaned PFEM
waveguide, no wet 
paper

Figure 7.7: VSWR for X-band rectangular waveguide and PFEM  cavity

Two conclusions can be drawn from the above result:
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There is some shift in the location of the amplitudes and troughs. This is expected because the 

x-axis indicates the relative position on the Voltage Standing Wave Ratio (VSWR) indicator. 

The frequency of operation is fixed at 10 GHz, therefore the peaks and troughs are determined 

from the short circuit end. The length of the two loads (rectangular cavity and PFEM cavity) 

are different, hence the location of the maxima and minima are different as seen from the 

standing wave indicator position.

The voltage standing wave ratio (VSWR) for the PFEM is better than the standard X-band 

waveguide. This is also expected because the height of the thin gap section of the PFEM is 

smaller, i.e. the narrow ‘b’ dimension of the PFEM (1.5 mm) is smaller than the narrow ‘b’ 

dimension of the rectangular waveguide (10.86 mm). Hence E-field strength of the signal is 

much stronger in the PFEM than in the standard X-band rectangular waveguide.
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7.2 Power Measurement of Cavity

The output power level is measured using the brand new Hewlett-Packard spectrum analyser. It 

is desirable to know the maximum achievable power level from the Marconi signal generator 

(X-band source). The dial of the X-band source is set at the maximum, hence maximum power 

level is obtained from the source.

Figure 7.8: Pow er level (dBm) for 10 GHz X- band frequency source

The above plot in Figure 7.8 shows the result for the EM wave signal from the X-band source 

measured on the display of the spectrum analyser. The peak reading is 10.00 dBm, at 10.00 

GHz exactly.

The dial on the X-band source is turned to maximum (i.e. maximum RF signal) at 10 dBm, and 

connected to the input cavity. Some of this RF signal will be coupled out through the apertures 

into the output cavity. Therefore power seeding is only performed on the input cavity but not 

on the output cavity. Therefore, there is no long coaxial cable is applied connecting the input 

and output cavities. The set-up for this is shown in Figure 7.9. The E-H tuners at the input 

cavity and output cavity circuits are tuned so as to produce maximum output power seen on the 

spectrum analyser. The output power (dBm) from the output cavity, observed using the 

spectrum analyser, is shown in Figure 7.10.
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Figure 7.10: Pow er level (dBm) for 10 GHz X  band source fed into the input cavity, and som e 
R Fsig na l is  coupled via the apertures into the output cavity

The above plot shows the power (in dBm) coupled through the apertures in the thin gap section 

of the cavities. This result shows that even without power seeding of the output cavity, some 

EM wave signal is coupled into this output cavity via the apertures from the input cavity.
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A high Q factor indicates a high quality waveguide, and this will result in the amplification for 

the EM wave in the output cavity.

There are many ways of describing Q factor in terms of experimental observables. The 

transmission method illustrated in Figure 7.11 is the simplest method for the measurement of 

Quality factor, Q [66], [67], [68]. On a test bench, with a spectrum analyser, one can measure 

the frequency bandwidth by measuring the points at which there is a 45 degree phase shift or 3 

dB change in reflected power.

An EM wave source is connected to the waveguide cavity separated by the E-H tuner and the 

coupler. The E-El tuner can be varied to produce the maximum power level amplitude in the 

cavity. The coupler is connected to the spectrum analyser so that the output power can be 

displayed. By varying the frequency of the signal generator, the transmission resonance curve 

can be observed where the cavity Q can be determined. The resonance curve can also be 

obtained by timing the cavity and keeping the frequency of the oscillator fixed.

7.3 Measurement of Cavity Q Factor

V
T o  s p e c t r u m  a n a ly s e r

Figure 7.11: Transmission method for measuring the Q factor o f the cavity

The quantity Af is known as the half power bandwidth of the resonance curve. If the signal 

generator and detector impedances are both matched, the measured transmission curve shown 

determines, QL. The unloaded Q can be calculated if the coupling coefficients can be measured 

separately.
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The Q factor measurements are performed separately for the input and output cavities. For the 

output cavity, the X-band source is fed into the system, followed by the phase shifter, E-H 

tuner, 24 dB coupler and PFEM cavity. The setup can be seen in Figure 7.12.

v
To spectrum analyser

Figure 7.12: System  arrangement for measuring the Q factor o f the output cavity

Initially, the E-H tuner is tuned so as to produce the maximum amplitude (power level) at 10 

GHz. After this, a frequency sweep is performed from 9.95 GHz to 10.05 GHz to measure the 

Q factor of the output cavity. The ‘Max Hold’ function is selected from the spectrum analyser 

in order to view this frequency sweep. The result for this frequency sweep is shown in Figure 

7.13.

Frequency sweep for output cavity

Frequency (GHz)

Figure 7.13: Frequency sw eep for output cavity, perform ed between 9.95 GHz to 10.05 GHz
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The centre frequency and the -3dB frequencies to the left and right of it are noted and shown in 

Table 7.1.
Frequency
(GHz)

Power Level (dBm)

10.0004 -3. 86
9.9926 -6. 84
10.0088 -6. 83

Table 7.1: Values o f pow er level corresponding to centre frequency and 3 dB frequencies

From Table 7.1, the 3 dB bandwidth can be derived, A/ = 10.0088 -  9.9926 =0.0162 GHz.

f
Therefore the Q factor of the output cavity is given by Q = -^=617.3

The arrangement (first method) to measure the Q factor of the input cavity is shown in Figure 

7.14. In this arrangement, the X-band source is fed into the ferrite isolator, the E-H tuner, the 

15 dB coupler and the PFEM cavity.

To spectrum analyser

Figure 7.14: System  arrangement (first method) for measuring the Q factor o f the input cavity

The frequency sweep for the input cavity is performed between 9.9 GHz and 10.1 GHz and the 

result is shown in Figure 7.15.
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Frequency sweep for input cavity

Figure 7.15: Frequency sw eep for the input cavity perform ed between 9.9 GHz and 10.1 GHz

The centre frequency, and the -3dB frequencies to the left and right of it are noted.

Frequency
(GHz)

Power Level (dBm)

10.0016 -4. 50
9.9884 -7. 48
9.9880 -7. 62
10.0100 -7. 49
10. 0104 -7. 71

Table 7.2: Values o f pow er level corresponding to centre frequency and 3 dB frequencies

From Table 7.2, the 3 dB bandwidth can be derived, A/ = 10.01 -  9.9884 = 0.0216 GHz.

f
Therefore the Q factor of the output cavity is given by Q = — =463.9

A/

The system arrangement (first method) in Figure 7.14 is the ideal way of measuring the Q 

factor for the input cavity. However, as the 15 dB coupler is placed in the input cavity circuit, 

some Q factor value will be lost in the cavity due to it being extracted out of the cavity via a
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coaxial cable. Hence, in a practical situation, the E-H tuner has to be located outside the input 

cavity circuit so that it does not affect the Q factor of the input cavity. The system arrangement 

(second method) to measure the Q factor of the input cavity is shown below in Figure 7.16.

Figure 7.16: System  arrangement (second method) for measuring the Q factor o f the input
cavity

However, with this arrangement (second method), one is not able to measure the actual Q 

factor of the input cavity circuit because the result obtained from the spectrum analyser 

indicates the Q factor from the X-band source up to only the 15 dB coupler. In other words, to 

measure the actual Q factor of the input cavity circuit, the cross coupler has to be placed in 

between the E-H tuner and the input resonant cavity. However, as mentioned earlier, this 

position of the coupler is not optimum since this will reduce the overall Q of the input cavity. 

In order to maintain a high Q in the input cavity circuit, the coupler is placed outside the cavity 

itself, i.e. not in between the E-H tuner and the input resonant circuit.

The solution (third method) is to use a combination of input and output cavities to measure the 

Q factor of the input cavity. After measuring the Q factor of the output cavity, the fully tuned 

output cavity circuit is now left unchanged. The input cavity arrangement consists of X-band 

source, 15 dB cross coupler, ferrite isolator, E-H tuner and input PFEM cavity. The microwave 

signal in the input cavity is allowed to be coupled out of the apertures of the input cavity, into 

the apertures of the output cavity. The microwave signal is then detected by the spectrum 

analyser at the end of the already tuned output cavity waveguide. In this way, the Q factor of
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the input cavity could be determined, although the 15 dB coupler is placed outside the input 

cavity circuit.

The system arrangement (third method) for measuring the Q factor of the input cavity is shown 

in Figure 7.17.
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The frequency sweep is performed from 9.95 GHz to 10.05 GHz, and the result is shown in 

Figure 7.18.

Figure 7.18: Frequency sw eep for input cavity, perform ed from 9.95 GHz to 10.05 GHz

The centre frequency, and the -3dB frequencies to the left and right of it are noted in the table 

below.
Frequency
(GHz)

Power Level (dBm)

10.0035928 -44. 02
9.9966088 '-46. 98
10.0077844 -46. 77
10.007984 -47. 36

Table 7.3: Values o f pow er level corresponding to centre frequency and 3 dB frequencies

From Table 7.3, the 3dB bandwidth can be derived, A/ = 10.0078-9.9966068=0.0111932

f
GHz. Therefore the true Q factor of the output cavity is given by Q = —̂ =893.72

A/
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7.4 Voltage Test for Electron Flow

Figure 7.19: Experim ental Set-up for Voltage Test for Electron Flow

The above initial set-up in Figure 7.19 is performed to check if electrons will flow by applying 

voltage between the copper tube and the tungsten filament. The input cavity and output cavity 

are omitted for diagram simplicity purpose. The potential difference between the tungsten 

filament and copper tubing is supplied by the 30V power supply.

A voltmeter is placed at the inputs of the transformer to measure the voltage coming into the 

transformer. An ammeter is placed in series with the transformer output and the tungsten 

filament to measure the current flowing into the tungsten filament. The micro-ammeter is 

placed in series with the power supply and the tungsten filament to measure the current. The 

following table shows the result of this experimental set-up.
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Current of Output 
Transformer (A)

Current between Tungsten 
Filament and Copper tube 
(pA)

Voltage (V)

3.8 0.4 240
Table 7.4: The Result for Voltage Test for Electron Flow

The above table shows that current (0.4 pA) flows when a voltage is applied between the 

tungsten filament and the copper tube of the input cavity. Another important observation is that 

electrons start to be emitted from the tungsten filament when the current of the output 

transformer reaches 3.8 Ampere.

7.5 Current Flow Test

The next step is to measure the current flowing in the tungsten filament and across the 

apertures of the thin gap sections. This can be done by placing a micro-ammeter in between the 

high voltage line and the tungsten filament. The set-up is shown below in Figure 7.20.
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As a summary, the High Voltage (HV) power supply supplies the high voltage to the tungsten 

filament, while the filament transformer supplies high current for the heating of the tungsten 

filament. The high voltage supply is also connected to the input cavity. Hence, the filament and 

the input cavity are set at a high voltage, while the output cavity is set at earth potential.

The above set-up in Figure 7.20 also shows a 9V battery which is placed in between the input 

cavity and the tungsten filament. The copper tube attached to the thin gap sections of the input 

and output cavities respectively have been omitted for diagram simplicity purpose. This 

potential difference (9V) is needed to push the electrons towards the aperture in the input 

cavity. Otherwise, the electrons will just be floating around the tungsten filament tip because 

the input cavity and the filament are at the same potential (high voltage).

The general diagram of the PFEM shown previously in Figure 6.11 had no horns or Perspex 

insulator inserted in the input cavity. That diagram was designed when the input cavity and the 

output cavity were both at earth potentials. For the experiment in this chapter, the input cavity 

is set to a high voltage and not at earth potential. Therefore horns are placed in the input cavity 

circuits as can be seen in Figure 7.20 to prevent high voltage from damaging the X-band 

source, A Perspex insulator is placed in between the two horns to further prevent the high 

voltage from reaching the X-band source.

The experiment was performed in the following way.

(a) The starting pressure reading is similar for all cases.

(b) The final pressure reading is similar for all cases.

(c) The total filament current is measured.

(d) The current passing through the apertures is measured.

The result is shown in the table below.
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Voltage (V) Output transformer 
current (A)

Total filament 
current (pA)

Current flowing 
through aperture 
(pA)

2000 3.8 2 0. 2
2500 3.8 4 0. 3
3000 3.8 6 0.4

Table 7.5: Current readings for various voltages

From Table 7.5, it can be seen that current flows through the apertures of the cavities. 

However, this current is very small, i.e. in the range of 0.3 pA, compared to the total filament 

current.

The next step is to check why this current flowing through the apertures is quite small. The set

up below in Figure 7.21 employs a power supply applied between the two cavities. The voltage 

between the two cavities will be varied to observe the effect on the electron (current) flowing 

through the apertures.
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The result of this experiment is tabulated below.

Voltage between 
cavities (V)

Output 
transformer 
current (A)

Current flowing between cavities, 
Ic (itA)

Total filament 
current , It, 
(pA)Cold filament Hot filament

5 3. 8 0. 5 0. 7 4
10 3. 8 0.9 1. 1 4
15 3. 8 1.3 1. 5 4
20 3. 8 1. 7 1. 9 4
25 3. 8 2. 1 2. 3 4

Table 7.6: R esu lt showing the current flows against various voltages applied between the two
cavities

When the output transformer current is then increased to 3.8 A by increasing the variac setting, 

the filament becomes hot and begins to emit electrons. The current that flows between the two
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cavities is then measured. From the above table, it can be seen that when a larger voltage is 

applied between the cavities, the larger the initial current (cold filament) will be. The result 

shows that the current difference between the cold and hot filament is 0.2 pA. This current 

difference is still a very small amount. A further test is needed to satisfy that this is the true 

current that flows through the apertures and not any other current.

The test performed to verify this current is by reversing the polarity of the power supply 

connected between the two cavities. The result of this experiment is shown in the following 

table.

Voltage between 
cavities (V)

Variac current 
(A)

Current flowing between cavities 
(pA)

Total filament 
current (pA)

Cold filament Hot filament
5 3. 8 -0.4 -0.4 2
10 3. 8 -1.2 -1.2 2
15 3. 8 -2.2 -2.2 2
20 3. 8 -3. 2 -3.2 2
25 3. 8 -4. 2 -4.2 2

Table 7.7: Result o f current flows when the polarity o f the pow er supply is  reversed

When the polarity of the power supply is reversed, the electric field now moves in opposite 

direction to the direction of electron travel. Hence the electron motion is retarded. Therefore, 

no current flow can be observed flowing through the aperture. This also proves that when the 

polarity is not reversed, the difference in current value between the cold filament and hot 

filament is the true current that flows in the aperture of the cavities. This is the first 

breakthrough in the project, i.e. making current flows through the apertures.

However, as mentioned previously, the current flowing through the apertures is a small 

amount, i.e. only 0.2 pA. The system is dismantled to check where the fault lies. It is found that 

the tungsten filament is not placed at the middle of the aperture of the input cavity. It is 

predicted that during the tightening of the vacuum flanges, the tungsten filament moved and as 

a result is not aligned properly to middle of the aperture of the input cavity. The following 

actions are taken to improve this situation.
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Initially, bellows is used to house the tungsten filament, as described in chapter 6.2.5. The 

bellows is now replaced by a copper tube with suitable dimensions. The copper tube is 

soldered with two standard vacuum flanges attached to both ends. Initially, aluminum 

soldering is used. Problems occurred because there is leakage on the edges along the vacuum 

flanges to the copper tube. It is decided that silver soldering will now be is used instead of 

aluminum soldering. After silver soldering the copper tube to the vacuum flanges, the pressure 

reading is checked again, and now it reads 9.48 x 10'8 mbar, which is excellent.

Larger brackets and longer brass screws are used to better tighten the two cavities together. 

Initially copper wires are used to support the tungsten filament from the base. Terminal screws 

and screws are used to attach the respective filament legs to the copper wires. Threaded rods 

(studdings) are now used to replace the copper wires, because they are stronger than the copper 

wires. As a result the filament is now stationery (fixed) and not moving even when the vacuum 

flanges are tightened. The details of this arrangement are described in Figure 9.7 in the later 
chapter 9.5.

After taking the above steps, the above experiment is repeated. As the tungsten filament is now 

better aligned and placed in the middle of the cavity aperture, optimum result has been 

obtained in terms of current flowing though the aperture. Table 7.8 shows the result of current 

flowing through the aperture against the filament current, for 1000V, 2000V and 3000V 
acceleration voltages respectively.

The plot of current flowing through the apertures against filament current for 1000 Volts, 2000 

Volts and 3000 Volts is shown in Figure 7.22. It can be deduced, that the current flowing 

through the aperture rises linearly when the filament current is increased.
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Total 
Filament 
Current (pA)

Current
flowing
through
aperture (pA)
at 1000 V
acceleration
voltage

Current flowing 
through
aperture (pA) 
at 2000 V 
acceleration 
voltage

Current flowing 
through
aperture (pA) 
at 3000 V 
acceleration 
voltage

2 0. 7 0. 5 0. 4
4 1 1. 3 1. 1
6 1. 7 2.0 2.0
8 2. 8 2.8 2.9
10 3.9 3. 5 3. 9
12 4.6 4. 3 4.2
14 5. 6 5. 5 5.4
16 7.2 6. 0 6. 5
18 7. 3 7. 2 7. 3
20 6. 5 8.2 8. 3

Table 7.8: Current flowing through apertures for various voltages and filament current

Current flow across apertures vs 
filament currents

-$ -3 0 0 0  Volts 
-0 -2 0 0 0  Volts 
—A—1000 Volts

Figure 7.22: Current flowing through the apertures against filament current for 1000V, 2000V
and 3000Vacceleration voltages
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8 EXPERIMENTAL WORK: DESIGN 1: APPLYING LOW VOLTAGE IN
BETWEEN THE FILAMENT AND THE INPUT CAVITY

Initially, there are two proposed methods on applying the acceleration voltages on the PFEM 

system. The first proposal (Design 1) is to apply a low voltage between the filament and the 

input cavity, while applying a high voltage between the input cavity and the output cavity. The 

second proposal (Design 2) is apply a high voltage between the filament and the input cavity, 

while the input cavity and the output cavity are at the same potential (earth).

Design 1 is described in this chapter. It is natural to start with the first proposal (Design 1) 

because low voltage is applied in between the filament and the input cavity. The high voltage 

can then be applied in between the input cavity and output cavity. Moreover, results obtained 

from chapter 7.5 (refer to Table 7.8) showed a high amount of current flowing across the 

apertures of the output cavity when high voltage is applied in between the input cavity and 

output cavity.

The purpose of the experiment is to learn more about the PFEM, and after gaining confidence 

on the operations of the PFEM system, the second proposal (Design 2), i.e. high voltage 

between the filament and input cavity can then be implemented. Design 2 is described in the 

chapters 9 and 10.

For this experiment, this low voltage is set-up in the range of 90 to 100 Volts. The phase shifter 

can be varied to observe the effect on bunching of the electrons. This can be called stage ‘a’. It 

is desirable to have the voltage between the output cavity and the input cavity at 3000V. This 

can be called stage ‘b \

8.1 System Setup

For the implementation of Design 1, the problem is to place the low voltage floating on the 

high voltage. This cannot be provided by a power supply, as it is grounded and not floated at a 

high voltage. The other alternative is to use 9 Volt batteries, cascaded with each other to 

produce a total of 90 to 100 Volts. However, this is cumbersome and a tedious process.
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The solution is to use a voltage divider placed in parallel with the high voltage supplies, as can 

be seen in Figure 8.1. The resistance values chosen are 590 kf2 for the bottom section and 19 

kQ for the top section of the voltage divider. The aim is to tap 90 to 100 Volts from the top 

section for the pre-bunching purpose (stage ‘a’), and 3000 Volts from the bottom section for 

the high voltage separation between the input cavity and output cavity (stage ‘b’). However, 

due to the potential divider nature of the circuit, the actual voltage varies between 2600 to 3000 

Volts, depending on the high voltage value from the power supply.

This set-up arrangement is shown below in Figure 8.1. The high vacuum system and the full 

input and output cavity circuits are not shown for simplicity of the diagram. The photo of the 

potential divider circuit is shown in Figure 8.2.
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Ground

T o Input Cavity 
circuits

Figure 8.1: PFEM  diagram with low  voltage between input cavity and filament, and high 
voltage between input cavity and output cavity
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Figure 8.2: Photo o f potential divider circuits

8.2 Results

For the experiment, the low voltage section (stage ‘a’) and high voltage section (stage ‘b’), as 

well as the correct phase between the input and output cavities have to be set up. This can be 

achieved using the voltage divider method as described in the previous chapter.

RF signal is coupled out from the 15 dB coupler in the input cavity, and fed into the output 

cavity. The purpose is to seed the output cavity and the input cavity from the same X-band 

source. Another 24 dB coupler placed at the output cavity extracts the output RF signal to the 

spectrum analyser. A 360 degree phase shifter is placed at the output cavity, where the phase of 

the output cavity in relation to the input cavity can be varied in between 0 to 360 degree. The 

E-H tuners at the input cavity side and the output cavity side are tuned, so that maximum 

received output power level is obtained.

The diagram of the PFEM for this experiment is shown in Figure 8.3. This diagram is similar 

to the one in Figure 6.11, except that horns and Perspex insulator are placed in the input cavity. 

The total filament current is set at 30 pA and 10 GHz operating frequency is chosen. It is 

important to keep the total current of the tungsten filament constant. This means the variac is
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operated to maintain a constant filament current of 30 pA. The RF input power level from the 

X-band source is set to maximum (10 dBm). It is observed that 50% of the total filament 

current flows across the apertures of the output cavity. This can be called the beam current 

flowing across the apertures of the output cavity. Hence, 15 pA beam current is observed 

flowing across the apertures of the output cavity.

The observed power level (dBm) minus the corresponding reference power level (dBm) at 

incremental phases from 0 to 360 is plotted in Figure 8.4. Therefore this value of power level 

minus the reference power level can be considered the gain (dB) of the PFEM system. The 

figure can also be called the gain-phase curve.
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Figure 8.4: Gain-phase curve for 3150 Volts and 15 pA beam current

The voltage is increased to 3300 Volts, and the similar plot is shown in Figure 8.5.

Figure 8.5: Gain-phase curve for 3300 Volts and 15 pA beam current
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The voltage is reduced to 3000 Volts and the plot o f  power level -  reference power level (dB)

(gain-phase curve) is shown in Figure 8.6.

Figure 8.6: Gain-phase curve for 3000 Volts and 15 pA beam current

The plot of power level - reference power level (dB) against phase (degree) (gain-phase curve) 

for voltages of 3000 Volts, 3150 Volts, 3300 Volts and 3450 Volts is compared and shown in 

Figure 8.7.

- e —3000 Volts and 15 
microamps beam 
current

-0 -3 1 5 0  Volts and 15 
microamps beam 
current

—A —3300 Volts and 15 
microamps beam 
current

Figure 8.7: Gain-phase curves comparison for 3300 Volts, 3150 Volts and 3000 Volts using 15
pA beam currents
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It can be seen that the highest gain is achieved at 3000 Volts at 150 degree phase.

The total current of the tungsten filament is now increased from 30 pA to 50 pA. This means 

the beam current is now increased from 15 pA to 25 pA. The result for 3300 Volts is shown 

below in Figure 8.8.

Figure 8.8: Gain-phase curve for 3300 Volts and25pA beam current.

The voltage is now reduced to 3150 Volts, and the plot is shown in Figure 8.9.

Figure 8.9: Gain-phase curve for 31 SO Volts and25pA beam current
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The voltage is finally reduced to 3000 Volts, and the plot is shown in Figure 8.10.

Figure 8.10: Gain-phase curve for 3000 Volts and 25 pA beam current

The plot of power level -  reference power level (dB) against phase (degree) (gain-phase curve) 

for 3300 Volts and 25 pA and 15 pA beam currents is compared and is shown in Figure 8.11.

0 100 200 300 400
Phase (Degree)

—$—3300 Volts and 25 
microamps beam 
current

—B—3300 Volts and 15 
microamps beam 
current

Figure 8.11: Gain-phase curves for 3300 Volts and 25 pA and 15 pA beam currents
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The plot of power level -  reference power level (dB) against phase (degree) (gain-phase curve) 

for 3150 Volts and 25 pA and 15 pA beam currents is compared and is shown in Figure 8.12.

0)I0Q.Q)u
Ca;
V- CÛ

-D(u nr
CC 0)
j. s 
0) — s1
aj3oa.

Phase (Degree)

'0..3150 Volts and 25
microamps beam 
current

-e -3 1 5 0  Volts and 15 
microamps beam 
current

Figure 8.12: Gain-phase curves for 3150 Volts and 25 pA and 15 pA beam currents

The plot of power level -  reference power level (dB) against phase (degree) (gain-phase curve) 

for 3000 Volts and 25 pA and 15 pA beam currents is compared and is shown in Figure 8.13.

0 3000 Volts and 25
microamps beam 
current

-e -3 0 0 0  Volts and 15
microamps beam 
current

Figure 8.13: Gain-phase curves for 3000 Volts and 25 pA and 15 pA beam currents
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The plot of power level -  reference power level (dB) against phase (degree) (gain-phase curve) 

for 3000 Volts, 3150 Volts and 3300 Volts and 25 pA beam currents is compared and is shown 

in Figure 8.14.

Phase (Degree)

- $ —3300 Volts and 25 
microamps beam 
current

—0 —3000 Volts and 25 
microamps beam 
current

—0 —3150 Volts and 25 
microamps beam 
current

Figure 8.14: Gain-phase curves comparison for 3300 Volts, 3150 Volts and 3000 Volts. AH with
25 pA beam currents.

When the beam current used is 15 pA, the largest value for power level -  reference power level 

(dB) (gain) achieved at 3000 Volts is 0.17 dB. At 3150 Volts, the gain achieved is 0.16 dB, 

while the gain recorded at 3300 Volts is 0.14 dB.

It can be seen that if the total filament current is changed, the phase also changed, if other 

parameters remained the same. It can be seen that the phase changed by approximately 20 

degrees when the beam current is increased from 15 pA to 25 pA. The other observation is that 

the largest value for power level -  reference power level (dB) (gain) of 0.20 dB is obtained 

when the voltage is at 3000 Volts and beam current at 25 pA. When the voltage is increased to 

3150 Volts, the value is 0.17 dB and when the voltage is increased to 3300 Volts, the value
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obtained is 0.14 dB. This gain is larger when using a beam current of 25 pA compared to 15 

pA. For the case of the voltage of 3000 Volts, the gain at 25 pA is 0.20 dB (at a phase of 170 

degree) and the gain at 15 pA is 0.17 dB (at a phase of 150 degree), as can be seen in Figure 

8.13.

Overall, the value of power level -  reference power level (dB) (gain) is not satisfactory and is 

small. The reason for this is investigated and presented in the next chapter.

8.3 Analysis of Results

After performing the experiments and obtaining the results (chapter 8.2) further research was 

performed on this to explain the non-satisfactory gain from the system. It is found that Dearden 

in his research has proposed a novel pre-bunching scheme for a klystron where the klystron is 

pre-bunched at a low voltage before being accelerated at a high voltage towards the output 

cavity, and into the input of the wiggler FEL system [58]. The advantage of Dearden’s method 

[58] is that the drift space region in between the input cavity and output cavity of the klystron 

will be reduced significantly due to the low voltage used for velocity modulation, hence 

maintaining a compact design.

Dearden’s novel pre-bunching scheme appears to look similar to the PFEM system, in terms of 

structure (the existence of input and output cavities) and the use of velocity modulation in the 

input cavity to pre-bunch the electrons [58]. However it should be noted that klystron uses the 

drift free region where the electrons are bunched, and the output cavity of the klystron is 

positioned at the optimum bunching location.

PFEM does not have a drift space region in between the two cavities. This is because the two 

cavities are clamped together only separated by silicon ‘o’ ring, to maintain design 

compactness and high vacuum condition for the PFEM system. Therefore, this novel method 

by [58] cannot be applied to the PFEM.

The wiggler FEL system designed by [58] actually operates in two stages. The first stage (stage 

1) is the novel pre-bunching scheme performed on the klystron. The second stage (stage 2) is to
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feed these pre-bunched electrons into the wiggler FEL system to produce a strong interaction 

between the bunched beam and the EM wave (in the case of amplifier mode).

In effect, the process performed on the PFEM in the previous chapter (Design 1) is only one 

stage, i.e. stage 2: interaction of electron beams with EM wave. The beam is not pre-bunched 

optimally when interacting with the EM wave, because it is bunched at a low voltage. This 

results in non-satisfactory gain.

By using Dearden’s novel pre-bunching method [58], actually, the PFEM will need another 

cavity, in addition to the original two cavities. Hence the first stage (novel pre-bunching 

scheme performed on the klystron) will be performed by the first two cavities. The second 

stage (interaction of the pre-bunched beam with the EM wave) is performed by the third cavity, 

using the phase shifter to ensure the correct phase between the bunched beam and the EM 

wave. Incorporating a drift space region between the first two cavities will result in a non

compact design of the PFEM. This also requires focusing method to focus the electron beam 

along the drift space region.

Therefore the right solution is to apply high voltage directly in between the filament and input 

cavity for optimum bunching of the electrons (Design 2). This allows the PFEM to have only 

one stage instead of two stages as used by [58].

In Design 1, changing the phase of the EM wave in relative to the electrons causes the gain to 

vary. Although this gain is not significant, the phenomena of the bunching of electrons 

occurred. This can be observed from Figure 8.4 to Figure 8.14. The idea of bunching the 

electrons using EM wave can be used in the next stage of the experiment (Design 2), that is to 

pre-bunch the electrons at a high voltage, instead at a low voltage.

In the next stage, it is also decided to purchase a stronger current source, which is the Thoria 

coated iridium filament. It can produce up to 20 mA total emission current. The present 

tungsten filament can only produce maximum current emission of up to 200 pA.
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9 EXPERIMENTAL WORK: METHODS TO ENSURE CURRENT FLOW ACROSS 

APERTURES

9.1 Effect of Current Flowing Across the Apertures of Cavities When Resistors of the 

Potential Divider are Varied

The aim now is to be able to place a high voltage potential between the filament and the input 

cavity, and be able to allow current to flow across the apertures. In the previous experiments, a 

low voltage is applied in between the filament and input cavity, and a high voltage is applied in 

between the input cavity and output cavity. This was done using the potential divider method 

which allows a low voltage to be floated on top of a high voltage.

The first step is to vary the resistances to observe the effect of current flowing across the 

apertures. The present configuration consists of 19 kQ for the top section and 590 kQ for the 

bottom section of the potential divider. Actually, the top section consists of 9.9 kQ resistors 

cascaded in series (2 times), while the bottom section consists of 17.9 kQ resistors cascaded in 

series (33 times). Hence the top section has a total resistance of 19.8 kQ while the bottom 

section has a total resistance of 590.7 kQ. Therefore, the resistances for the top section and 

bottom section can be varied gradually to observe the effect of resistance variations on the 

current flowing across the apertures.

A high voltage of 3000 Volts is applied between the tungsten filament and the input cavity. A 

lOOkQ resistor is placed between the high voltage line and the tungsten filament for safety 

purposes. The resistor R1 is gradually increased and R2 is gradually decreased at the same time 

to see the effect of the current flowing across the apertures, fi. The total filament current, It, is 

fixed to 200 pA. The circuit arrangement is shown below in Figure 9.1.
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Figure 9.1: Circuit arrangement for resistance variations for the potential divider

RI (kQ) R2 (kQ) Total Filament 
current (It), pA

Current flowing 
across the 
apertures (Î , pA

10 597.4 200 172
20 587.4 200 133
55.6 551.8 200 15.4
91. 2 516.2 200 12
126.8 480.6 200 11
162.4 445 200 7. 7
198 409.4 200 7. 1
233.6 373.8 200 6. 3
269.2 338.2 200 4. 3
304.8 302.6 200 4. 7
340.4 267 200 4.9
376 231.4 200 4.8
411.6 195.4 200 3.2
447. 2 160.2 200 2. 9
482. 8 124.6 200 2. 1
518.4 89 200 1. 5
554 53.4 200 1. 3
607.4 0 200 0.9

Table 9.1: Current flowing across the apertures for variation o f resistances
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The above table shows the data in terms of R1 and R2. The table can also be written in terms of 

VI and V2 , and is shown below.

VI (Volts) V2 (Volts) Total Filament 
current (It), pA

Current flowing 
through the 
apertures (T), pA

49.4 2950. 6 200 172
98. 8 2901.2 200 133
274.6 2725. 4 200 15. 4
450.4 2549.6 200 12
626.3 2373.7 200 11
802. 1 2197.9 200 7. 7
977.9 2022. 1 200 7. 1
1153.8 1846. 2 200 6.3
1329. 6 1670.4 200 4.3
1505.4 1494. 6 200 4.7
1681.3 1318. 7 200 4.9
1857. 1 1142.9 200 4. 8
2034. 3 965. 7 200 3.2
2208. 8 791.2 200 2.9
2384. 6 615.4 200 2. 1
2560.4 439.6 200 1. 5
2736. 3 263. 7 200 1. 3
3000. 0 0.0 200 0. 9

Table 9.2: Current flowing a cross the apertures for variation o f resistances

The current flowing across the apertures (pA) is then plotted against VI (Volts). This is shown 

in Figure 9.2.
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Figure 9.2: Plot o f current flowing across the apertures against voltage between the filament
and input cavity

It can be seen that the current flowing across the apertures drops considerable from VI = 0 to 

VI = 300 Volts. This is not a satisfactory result because it is necessary to place a high voltage 

(3000 Volts) between the tungsten filament and the input cavity. Further investigation has to be 

performed on how to increase the current flowing across the apertures when a high voltage is 

applied between the filament and the input cavity.

9.2 Measurement of Current Flow Across the Cavities

Steps have to be taken to ensure why low current flows across the apertures when a high 

voltage is applied in between the filament and the input cavity. It is important to know where 

the current flows when a high voltage is placed between the filament and the input cavity. 

Hence, another micro-ammeter is placed between the input cavity and the potential divider 

circuit as shown in Figure 9.3 below. This is to measure the current flow across the apertures of 

the input cavity, h-
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The following table showed the result of I2 and all other current measurements when R1 and 

R2 are varied gradually in small steps. As usual, It is set at 200 pA and Ihv reading when It = 

200 pA (hot filament) is also tabulated. When the filament is cold (lt=0), Ihv= 4.69 mA.
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R1 (kQ) R2 (kQ) It (pA) 12 (pA) 11 (pA)

10 597.4 200 13 172
20 587. 4 200 56 133
55.6 551.8 200 178 15.4
91. 2 516.2 200 180 12
126. 8 480.6 200 196 11
162.4 445 200 198 7. 7
198 409.4 200 198 7. 1
233.6 373. 8 200 198 6. 3
269.2 338. 2 200 199 4. 3
304. 8 302.6 200 199 4. 7
340.4 267 200 199 4. 9
376 231.4 200 199 4. 8
411. 6 195.4 200 199 3. 2
447.2 160. 2 200 199 2. 9
482. 8 124. 6 200 200 2. 1
518.4 89 200 200 1.5
554 53.4 200 200 1. 3
607.4 0 200 200 0.9

Table 9.3: Current values across the apertures when the resistances are varied

The results of the currents flowing across the apertures, h  and f  are plotted against R1 and are 

shown in Figure 9.4.
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Figure 9.4: Plot o f Currents flowing across the apertures against Resistance R1

This shows the total filament current is fixed at 200 pA, and Ii + I2 = It. From R1 = 60 kQ 

onwards, I2 is approaching towards 200 pA, while f  is approaching towards 0 pA. This shows 

that at a high voltage between the filament and input cavity, the current flows across the 

apertures of the input cavity and diverges to the walls of the input cavity. Very little current 

flows across the apertures of the output cavity. This is not a satisfactory result, and further test 

need to be performed to investigate why very little currents flow across the apertures of the 
output cavity.

9.3 Measurement of Current Flow Between Input and Output Cavities

The nylon sheet is placed in between the brackets holding the two cavities. Hence, although 

both of the cavities are at earth potential, but physically they are separated and not connected to 

each other. Hence, the current flowing between the input and output cavities, I3 can now be 

measured. The I3 reading is recorded when the total filament current, It=0 and also when It=200
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pA. The high voltage is varied between 1000 and 3000 Volts. The circuit arrangement for this 

experiment is shown below in Figure 9.5.

Figure 9.5: Circuit arrangement for measuring current flow between the two cavities when 
high voltage is  applied between the filament and input cavity

The results are shown in the following table.

Voltage (Volts) It (pA) 13 (pA)
1000 0 0. 17
1000 200 200
1500 0 0. 25
1500 200 200
2000 0 0. 34
2000 200 200
2500 0 0. 43
2500 200 200
3000 0 0. 55
3000 200 200

Table 9.4: Current flow between the two cavities for high voltage applied between the filament
and input cavity
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This shows that all the current from the tungsten filament (It = 200 pA) flows across the two 

cavities, since I3 = 200 pA for voltages ranging from 1000 to 3000 Volts. This result is not 

satisfactory, since it is important that significant amount of current to flow across the apertures 

of the output cavity when a high voltage is applied in between the filament and the input 

cavity.

9.4 Measurement of Current Flow from Cavities to Earth

The next experiment is to investigate where the current flows when a high voltage is applied 

between the filament and the input cavity. Two micro-ammeters are set-up as shown below to 

measure the current flowing from each cavity to ground. Current flowing from input cavity to 

ground is I4 and current flowing from output cavity to ground is f .  The voltage is varied from 

1000 to 3000 Volts.

Figure 9.6: Circuit arrangement to investigate current flow when a high voltage is  applied in 
between the filament and the input cavity

The result for the current flow across the apertures is shown in the table below.
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Volts It ( M ) 11 ( M ) 14 (m A)
1000 200 0.9 195
1500 200 0.9 192
2000 200 0.9 185
2500 200 0.9 198
3000 200 1 197

Table 9.5: Current flow across the apertures when a high voltage is  applied in between the
filament and input cavity

The above result shows that a significant amount of the current flows across the input cavity to 

the earth. Very little current flows across the output cavity apertures to earth. Again, this is not 

a satisfactory result, as it is important to have significant current to flow across the apertures of 

the output cavity. Experiments 9.1, 9.2, 9.3 and 9.4 show that very little current flows across 

the apertures of the output cavity when a high voltage is applied in between the filament and 

the input cavity.
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9.6 Altering the Way the Filament is Mounted

V a c u u m  f la n g e

Figure 9.7: Filament mounting m ethod by coiling each filament leg on studdings

In the initial design, the filament is mounted as shown in Figure 9.7. The filament is bent into 

hairpin, forming an inverted ‘V’ shape. Two copper studdings are used instead of copper wires 

to ensure the filament will not move when tightening the vacuum flanges. Each leg of the 

filament is coiled around each of the copper studding, and its position is locked by using two 

nuts, one above and the other below the coiled legs. The height of the filament can be easily 

altered by sliding the nuts up and down the studdings. The filament is bended by hand to adjust 

it horizontally, so that the tip is located at the centre of the aperture of the input cavity.

A circular copper base is readily available in the laboratory, containing six apertures. Each 

studding is fixed to the aperture on the copper base. This filament is insulated from the copper 

base section by small ceramic rings on either side of the copper base. The diameter of each 

studding is smaller than the aperture diameters on the copper base. As a result, the copper base 

is not touching the studdings and each studding is insulated from each other.
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Four stanchions are used leading from the flange base and screwed to the apertures of the 

copper base. Hollow nylon ring is constructed with its inner diameter equal to the outer 

diameter of the copper base. Its outer diameter is constructed so that it just slots in between the 

copper base and the inner wall of the copper tube. Therefore, the copper base is now stationery 
and locked into position.

After performing various experiments from chapters 9.1, 9.2, 9.3 and 9.4, the copper tube is 

opened. It is realised that there is an electrical breakdown lines on the copper base between the 

two apertures of the studdings. The distance between the circumferences of the two apertures 

holding the studdings is 2 mm. This shows that the ceramic rings are not sufficient to insulate 

the two studdings, causing an electrical breakdown. An alternative method is to add additional 

ceramic rings above and below the apertures of the studdings. This might solve the electrical 
breakdown problem.

In addition to the electrical breakdown problem, a new problem is discovered. It is also 

observed that coiling the filament legs caused problems to the heating distribution to the 

filament. It is expected that when the tungsten filament is regularly and repeatedly exposed to 

atmospheric pressure, it will become more brittle, and eventually breaks. It is expected that the 

breaking of the tungsten filament will occur at the tip of the filament, since this is the hottest 

point. However, it is observed that the filament breaks near the legs of the filament, where the 

coiling of the legs took place around the studdings. This shows that by coiling the filament legs 

to the studdings, this in effect produced many tips (sharp points) at the filament legs. As a 

result, the heating when applied to the filament effectively heated the coiled legs the most, and 
not the filament tip.

The idea of using studdings is to provide a good support so that the tungsten filament does not 

move when tightening the vacuum flanges. However due to the problems described in the 

previous paragraph, clearly, new design has to be investigated. The alternative is to place one 

terminal screw on each studding and fasten the filament legs by using two screws attached to 

each terminal screw. Several terminal screws are readily available in the laboratory and can be 

used in this new design. However, the inner aperture diameter of the terminal screw (1.52 mm)
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smaller than the outer diameter of the studding (2.06 mm). Hence, this terminal screw cannot 

be placed onto the studding.

The alternative design is to remove the studdings altogether. Copper wires of 1.31 mm 

diameter are used to replace the studdings. Hence, the terminal screw can be placed onto the 

copper wire, and the leg of the filament can be inserted in between the copper wire and the 

terminal screw. Two screws are slotted from the side of the terminal screw via the terminal 

screw apertures (one on the top of the terminal screw and the other at the bottom of the 

terminal screw). These screws are used to fasten the filament legs onto the copper wires.

In the previous design, the use of studdings requires the use of the copper base. The studdings 

are then fixed to the copper base. Due to insufficient ceramic ring spacing above and below the 

metal base, electrical breakdown occurred. In addition to that, the small distance between the 

circumferences of the two apertures holding the studdings increased the likelihood of the 

electrical breakdown between the two studdings. Hence, in the new design, the copper base 

will also be removed.

The new design is shown in Figure 6.25 and described in detail in chapter 6.4. The circular 

copper base was replaced with a circular nylon base with similar thickness. Its diameter is 

larger than the copper base diameter because the nylon base is now touching the inner wall of 

the input cavity.

Although the copper wire is less stationery than the studding, but this new design eliminates 

the possibility of electrical breakdown. This is because the distance between the two apertures 

feeding the copper wires are much larger than the previous distance between the two apertures 

holding each studding. Moreover nylon base is now used instead of copper base. Tests 

performed showed that the filament tip still maintained central position to the input cavity 

aperture although after tightening the vacuum flanges.

Similar circuit arrangement is used as in Figure 9.1 and a high voltage (in the range from 1000 

Volts to 3000 Volts) is applied in between the filament and the input cavity. The current flow 

across the apertures of the output cavity is observed.
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The result obtained from this new mounting method of the tungsten filament is shown in Table 

9.6.

Tungsten filament with new mounting method

Volts It (pA) 11 (pA)
1000 200 7.6
1500 200 7.6
2000 200 7.6
2500 200 7. 6
3000 200 7. 6

Table 9.6: Current flow across the apertures o f the output cavity using the new filament
mounting method

The above results are compared with the table below, which shows the results obtained from 

using the old mounting method of the tungsten filament.

Tungsten filament with old mounting method

Volts It (pA) 11 (pA)
1000 200 0.9
1500 200 0.9
2000 200 0. 9
2500 200 0. 9
3000 200 1.0

Table 9.7: Current flow across the apertures o f the output cavity using old filament mounting
method

It is shown that more current flows through the apertures when the new mounting method of 

the filament is used.

However, the new result (current flowing across the apertures) is still not large. Hence further 

investigation need to be performed to find out why the current flowing across the apertures are 

still small.
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9.7 Mesh Constructed at the Apertures of Output Cavity

It is thought that the electron beam does not flow across the apertures of the input cavity and 

output cavity. That is the reason why when high voltage is applied between the filament and 

the input cavity, very small amount of electron beams flows across (only 1 0 % of the total 

filament current). It is thought that the electron flows to the edges of the aperture due to the 

shorter distance travelled compared to the centre of the aperture.

There are two thought solutions. One is to place a mesh on the aperture, and the other is to 

increase the diameter of the aperture. Increasing the aperture diameter will cause the E-field of 

the EM wave not to be vertical (will be rotated at certain angle). This will result in a weak E- 

field component when interacting with the incoming electron beam.

Instead, a mesh is placed on the aperture. This is a stainless steel mesh of 6  mm diameter, 

which is silver soldered on top of the aperture. In order to perform this soldering, the copper 

tube has to be removed, by heating the joints. In this process, the other joints on the input 

cavity also melted. Hence, after soldering the mesh onto the aperture of the input cavity, the 

next step is to reconnect the copper tubing by silver soldering it onto the thin gap section of the 

input cavity. Finally, the melted joints were soft soldered to close up all possible leakages.
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Figure 9.8: M esh constructed on top o f the aperture o f the cavity

The next issue is to decide in which cavity to place the aperture. The electron will travel to the 

shortest distance from the filament tip. If the shortest distance is the mesh at the input cavity, 

then the electron will travel in a straight line path to the mesh. After encountering this mesh, 

the next shortest distance will be the edges of the aperture at the output cavity. Therefore, the 

electrons will not flow across the apertures of the output cavity.

Hence, the solution is to place the mesh at the output cavity. In this way, the electrons will see 

the mesh as the shortest distance from the filament tip. Therefore, the electrons will flow in a 

straight line path from the filament tip to the mesh. In this way, the electrons are forced to 

travel into the apertures of the output cavity.

The input cavity is placed on top of the output cavity as usual, with silicon ‘O’ ring separating 

both of them. The vacuum pressure showed a good vacuum condition of 10' 7 mbar and the 

experiment can now be performed.
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The following arrangement in Figure 9.9 shows the set-up for the experiment.

Figure 9.9: Circuit arrangement for measuring current across the apertures with m esh located
on the aperture o f the output cavity

Two micro-ammeters are set-up as shown in Figure 9.9 to measure the current flowing from 

each cavity to ground. Current flowing from input cavity to ground is I4 and current flowing 

from output cavity to ground is Ii. The voltage is varied from 1000 to 3000 Volts. The result is 

shown in Table 9.8.

Volts It (p.A) 11 (pA) 14 (pA)
1000 50 25. 0 25.0
1500 50 25. 0 25. 0
2000 50 25. 0 25. 0
2500 50 25. 0 25.0
3000 50 25.0 25.0

Table 9.8: Current flow a cross the apertures when m esh is  located on the aperture o f the
input cavity
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The above result shows that 50% of the total filament current flows across the aperture of the 

output cavity. This result is satisfactory and hence the next stage of the experiment can be 

proceed because half of the bunched beam (50%) can now interact with the EM wave in the 

output cavity. This figure (50%) is consistent with the result obtained from Dearden’s 

experiment where he showed that a total beam transmission, from gun to collector, of 60% 

could be achieved [58].

This large value of current flowing across the aperture of the output cavity also indicates that 

this value of current can now be substituted onto the current I  of the Pout term of the PFEM 

(equation (2.17)). If only a small percentage of current flows across the aperture of the output 

cavity as previously recorded (5 -  10%), this value /  is small, which result in lower output 

power (Pom) result. The other option to increase this current is to increase the total filament 

current significantly. For example if the current penetration is only 10%, in order to achieve 25 

[iA current flowing across the aperture of the output cavity, the total filament current must be 

set at 250 pA. This is highly inefficient, and exceeds the practical limit of a tungsten filament.
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10 EXPERIMENTAL WORK: DESIGN 2: APPLYING HIGH VOLTAGE IN 

BETWEEN THE FILAMENT AND THE INPUT CAVITY

To recap, initially, there are two proposals for applying acceleration voltages on the PFEM 

system. The first proposal (Design 1) is to apply a low voltage in between the filament and the 

input cavity, while applying a high voltage in between the input cavity and output cavity. The 

details for Design 1 were described in chapters 8.1 and 8.2. The second proposal (Design 2) is 

to apply a high voltage in between the filament and the input cavity, while setting both the 

input cavity and output cavity at earth potential. Design 2 is described in this chapter.

The beam is to be pre-bunched before it enters the waveguide cavity so that a strong beam 

wave interaction can occur. The needed voltage modulation of the beam is produced by a very 

short gap, rectangular input cavity just beyond the electron gun. The electrons travelling into 

this gap have nominal energy of 3keV. The input power to the cavity and hence the voltage 

across the gap determines the strength of electron density modulation, travelling towards the 

output cavity.

After achieving satisfactory result for the current flow across the apertures of the output cavity, 

the next experiment can be performed. Since the purchase of new electron beam source, the 

Thoria coated iridium filament, this new electron beam source replaces the tungsten filament. 

The advantage of this new electron beam source is that it can produce a maximum current 

emission of 20 mA compared to 200 pA produced by the tungsten filament.

However, only 10 mA total filament current is used because if 20 mA total filament current is 

used, the value of the perveance is 1.22 x 10' , which is larger than 10' . Hence space charge 

effect of the gun cannot be neglected. Moreover, at a total filament current higher than 10 mA, 

the pressure reading goes up very quickly from 1 0 ' 7 mbar to 1 0 ' 4 mbar due to outgassing, 

which shortens the lifetime of the filament dramatically.

The beam current (current across the apertures of the output cavity) recorded is 5 mA for 10 

mA total filament current used, i.e. 50% of the total filament current.
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Figure 10.1: Gain-voltage curve for beam current o f 5  mA 

The result o f variation in output cavity pow er with beam voltage is shown in

Figure 10.1, for a seeding power of 10 mWatt. This plot can also be called the Gain-voltage 

curve.

For the above case, the beam current used is 5 mA. The voltages are varied in increments of 15 

Volts, ranging from about 2700 up to 3200 Volts. These are measured using high voltage 

meter. The curve obtained shows an interference pattern or oscillating characteristic and is 

deduced to be caused by the electron bunches moving successively in and out of phase with the 

EM wave as the beam voltage is varied. As the beam voltage is varied, so is the electron 

velocity. The maximum positive change in power, at 3.015 kV, is equal to a gain of 5.56 dB.
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Figure 10.2: Gain-voitage curve for 4 mA beam current

These results show that the PFEM prototype is producing gain which varies, in the correct 

manner with the beam voltage.

The theoretical output power is 45 mWatt (16.56 dBm) if the usual parameters are used. The 

obtained experimental result is 36 mWatt (15.5 dBm). The experimental result is 

approximately 20% less than the expected theoretical result. This is believed to be caused by 

the imperfection in the cavity construction, which causes losses. The copper mesh was 

constructed at a later stage, and this caused imperfection to the cavity especially near to the 

mesh and aperture areas. According to [23], at the X-band frequency of 10 GHz, the skin 

depth, 8, for the copper waveguide wall is 0.66 x 10'6, which is extremely small. Irregularities 

in the surface of the waveguide (in terms of solder material applied to the edges) can increase 

the loss of the waveguide.

The beam current is reduced from 5 mA to 4 mA. This means the total filament current is 8 

mA. The voltages are varied from about 2700 to 3200 Volts, as in previous experiment. The 

plot of power level -  reference power level (dB) against the beam voltage is shown in Figure
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10.2. The maximum gain of 3.65 dB is obtained at 3.015 kV. This shows that the gain is 

reduced when the beam current is reduced from 5 mA to 4 mA. The actual result is 13.65 dBm, 

and this value when subtracted by 10 dBm (seeded input power) will give the 3.65 dB. 13.65 

dBm is equivalent to 23.2 mWatt. The expected theoretical output power is 14.62 dBm (29 

mWatt). Therefore the difference between the theoretical and experimental value is around 1 

dB.

The plot of power level -  reference power level (dB) against phase (degree) at 3015 Volts and 

5 mA beam current is shown in Figure 10.3, while its equivalent plot using line of best fit 

method is shown in Figure 10.4. This plot can also be called as the Gain-phase curve.

Figure 10.3: Gain-phase curve for 3015 Volts and 5  mA beam current
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Figure 10.4: Gain-phase curve for 3015 Volts and 5  mA beam current using Une o f b est fit plot

The beam current is now reduced to 4 mA. The gain-phase curve for 3015 Volts and 4 mA 

beam current is shown in Figure 10.5. The corresponding plot using line of best fit method is 

shown in Figure 10.6.

Figure 10.5: Pow er level -  reference pow er level (dB) versus phase (degree) for 3015 Volts
and 4  mA beam current
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Figure 10.6: Pow er level -  reference pow er level (dB) versus phase (degree) for 3015 Volts 
and 4 mA beam current using line o f b est fit m ethod

The gain-phase curves for the 5 mA beam current and 4 mA beam current are plotted on the 

same graph, but on primary and secondary axis. This plot can be seen in Figure 10.7, while its 

corresponding line of best fit method plot is shown in Figure 10.8. It can be seen that the peak 

occurs at 200 degree for 5 mA beam current, and at 170 degree for 4 mA beam current.
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Figure 10.7: Comparison between 4 mA beam current and 5  mA beam current. The 4  mA 
current is  plotted on primary axis and the 5 mA current is plotted on secondary axis. 3015

Volts are used  in both cases.

Figure 10.8: Comparison between 4 mA beam current and 5  mA beam current, using tine o f 
b est fit method. The 4 mA current is  plotted on primary axis and the 5  mA current is  plotted  

on secondary axis. 3015 Volts are used  in both cases.
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The gain-phase curves for 5 mA and 4 mA beam currents are shown in Figure 10.9. This time, 

both currents are plotted on the same primary axis. The corresponding line of best fit method is 

shown in Figure 10.10.

Figure 10.9: Comparison between 4 mA beam current and 5 mA beam current. Both are 
plotted on the sam e primary axis. 3015 Volts are used  in both cases.

Figure 10.10: Comparison between 4 mA beam current and 5  mA beam current, using line o f 
b est fit method. Both are plotted on the sam e primary axis. 3015 Volts are used in both cases.
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It can be seen that if the beam current is changed, the phase also changed. The phase changes 

by approximately 30 degrees when the beam current is increased from 4 mA to 5 mA. The 

other observation is that the largest value for gain (power level -  reference power level) of 5.56 

dB is obtained when the voltage is at 3015 Volts and 200 degree phase. This gain is larger 

when using a beam current of 5 mA compared to 4 mA. For the case of the voltage of 3015 

Volts, the gain at 4 mA is 3.65 dB at a phase of 170 degree.

As can be seen in Figure 10.1, the gain fluctuates depending on the accelerating voltage 

applied due to the bunching of electrons. Further investigation and experiment are performed at 

voltages 2955 Volt and 3075 Volt. The gain-phase curve for 2955 Volt and 5 mA beam current 

is shown below in Figure 10.11.

Figure 10.11: Gain-phase curve fo r2955 Volt and 5 mA beam current

The equivalent gain-phase curve using line of best fit method is shown in Figure 10.12.
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Figure 10.12: Gain-phase curve fo r2955 Voit and 5  mA beam current using Une o f best fit
m ethod

Figure 10.13: Gain-phase curve fo r3075 Volts and 5  mA beam current
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The gain-phase curve for 3075 Volts and 5 mA beam current is shown in Figure 10.13. The 

corresponding gain-phase curve using line of best fit method is shown in Figure 10.14.

Figure 10.14: Gain-Phase curve for 3075 Volts and 5  mA beam current using line o f best fit
m ethod

-3075 Volts and 5 
mA beam current 

-3015 Volts and 5 
mA beam current 
2955 Volts and 5 
mA beam current

Figure 10.15: Comparison for Gain-phase curve for 3015 Volts, 2955 Volts and 3075 Volts. AH
using 5  mA beam current
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3075 Volts and 5 
mA beam current

3015 Volts and 5 
mA beam current

2955 Volts and 5 
mA beam current

Figure 10.16: Comparison o f gain-curves at 3015 Volts, 2955 Volts and3075 Volts, using line 
o f best fit method. A ll are using 5  mA beam currents

The comparison for gain-phase curves for 3015 Volts, 2955 Volts and 3075 Volts is shown in 

Figure 10.15 and Figure 10.16 (using line of best fit method). All are using 5 mA beam 

currents. As can be seen from these two figures, the best gain among the three voltages is at 

3015 Volts, followed by 2955 Volts and the least gain is at 3075 Volts.

The gain-curve plot for 2955 Volts and 4 mA beam current is shown in Figure 10.17. The 

corresponding gain-curve plot using the line of best fit method is shown in Figure 10.18.
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Figure 10.17: Gain-phase curve fo r2955 Volts and 4 mA beam current

Figure 10.18: Gain-phase curve fo r2955 Volts and 4 mA beam current using line o f best fit
m ethod

The gain-phase curve for 3075 Volts and 4 mA beam current are shown in Figure 10.19 and 
Figure 10.20 (using line of best fit method).
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Figure 10.19: Gain-phase curve for 3075 Volts and 4 mA beam current

Figure 10.20: Gain-phase curve for 3075 Volts and 4 mA beam current using line o f best fit
method

Pre-Bunched Free Electron Maser
Page 221



The comparison is performed for 3015 Volts, 2955 Volts and 3075 Volts. All are using 4 mA 

beam currents. The plots can be seen in Figure 10.21 and Figure 10.22 (using line of best fit 
method).

Phase (Degree)

..O' 3075 Volts and 4
mA beam 
current

—B—3015 Volts and 4 
mA beam 
current

—A—2955 Volts and 4 
mA beam 
current

Figure 10.21: Comparison o f gain-phase curves for 3015 Volts, 2955 Volts and 3075 Volts. A ll
using 4  mA beam currents

3075 Volts and 
4 mA beam 
current

-3015 Volts and 
4 mA beam 
current
2955 Volts and 
4 mA beam 
current

Phase (Degree)

Figure 10.22: Comparison o f gain-phase curves for 3015 Volts, 2955 Volts and2955 Volts, 
using line o f b est fit method. A ll using 4  mA beam currents
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As can be seen in Figure 10.12, the largest gain is achieved at 3015 Volts, followed by at 2955 

Volts and 3075 Volts. The comparison of gain-phase curves for 2955 Volts using 5 mA beam 

current and 4 mA beam current are shown in Figure 10.23 and Figure 10.24 (using line of best 

fit method). Meanwhile, the comparison of gain-phase curves for 3075 Volts using 5 mA beam 

current and 4 mA beam current are shown in Figure 10.25 and Figure 10.26 (using line of best 
fit method).

Figure 10.23: Comparison o f gain-phase curves fo r2955 Volts using 5  mA beam current and 4
mA beam current respectively.

-3075 Volts and
4 mA beam 
current

-3075 Volts and
5 mA beam 
current

100 200
Phase (Degree)

300 400

Figure 10.24: Comparison o f gain-phase curves a t2955 Volts, using line o f b est fit method. 
The beam currents used  are 5  mA and 4  mA
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Figure 10.25: Comparison o f gain-phase curves at 3075 Volts, using 5  mA beam current and 4
mA beam current respectively

CÛ2 ,
“53>Q)
OJsoQ.
0»uc
QJ

CÜ > 
QJ

OJ$oQm

Phase (Degree)

—  2955 Volts and 4 
mA beam current

2955 Volts and 5 
mA beam current

Figure 10.26: Comparison o f gain-phase curves at 3075 Volts, using line o f best fit method. 
Currents used  are 5  mA and 4  mA respectively.
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The gain-phase curves from Figure 10.23, Figure 10.24, Figure 10.25 and Figure 10.26 are 

analysed. There is a 30 degree phase shift when 5 mA beam current and 4 mA beam current are 

used, if the same voltages are used. The peak gain occurs at 200 degree for 5 mA beam current 

and 170 degree for 4 mA beam current.

Pre-Bunched Free Electron Maser
Page 225



10.1 System Photographs

The photo of the overall PFEM system is shown in Figure 10.27. All components are shown in 
this photo.

Figure 10.27: Photo o f the PFEM  system

A photo of the close-up of the PFEM system is shown in Figure 10.28. In this photo, the high 
voltage power supply and the spectrum analyser are not shown.
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Figure 10.28: Photo o f PFEM  system  (dose-up), The high voltage pow er supply and the
spectrum  analyser are not shown

The photo (close-up) of the input cavity circuit is shown in Figure 10.29.
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Figure 10.29: Photo o f input cavity circuit (ciose-up)

The photo (close-up) of the output cavity circuit is shown in Figure 10.30.
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Figure 10.30: Photo o f output cavity circuit (ciose-up)

The photo (close) of the input and output cavities is shown in Figure 10.31.
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Figure 10.31: Photo o f PFEM  input and output cavities (c/ose-up).
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11 CONCLUSION AND FUTURE WORK

11.1 Conclusion

A prototype PFEM has been built which complies with many of the requirements defined 

within this thesis for a FEL aimed at potential industrial applications. Using available 

technology, a compact design of PFEM has been realised which uses a 3kV, 5 mA electron 

beam, 10 mWatt seeded input power and X-band rectangular waveguide cavity. At this stage, 

the operating frequency used is 10 GHz.

The basic concept of Free Electron Laser has been presented, where the main components of 

FEL were described. The function of the wiggler was elaborated, i.e. to force the electron beam 

to be in synchronism with the TEi0  mode of the EM wave. The aim of the novel design of 

PFEM is to achieve the same end result, but without the use of wiggler.

The concept of the PFEM was described, where the EM wave is used to pre-bunch the electron 

beams instead of using the wiggler magnets. Phase shifter was used to ensure the correct phase 

between the modulated electron beam and the EM wave at the output cavity. Similarities and 

differences between the PFEM and klystron have been presented. The advantage of PFEM 

over klystron has been discussed in terms of compactness achieved using the novel concept. 

PFEM does not use time of flight (drift space region) concept as in klystron, therefore 

eliminating the need to have long field-free region in between the two cavities.

A brief chapter on FWTWT was presented. As mentioned earlier, the study on FWTWT was 

performed in the first six month of the research project, which runs in parallel with the work 

done by co-worker Dr Y.S. Tan. He found that the ratio of ‘a’ to ‘b’ for the FWTWT 

dimension was too large, meaning it could not be constructed using in-house technician, but 

need to be sent to specialised technician. As a result the cost will be increased, and hence 

FWTWT is not suitable for industrial application due to this problem.

A section on waveguide theory and analysis were also presented. Importance was given on the 

analysis of TEio mode on rectangular waveguide structure. Since dispersion curve was used in 

the analysis of wiggler FEL system in the past, it was also described briefly in this chapter. The
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PFEM design can be performed either by fixing the length or frequency. It has been decided 

that it is more beneficial to fix the frequency, so that the number of waveguide wavelengths 

can be tailored to a positive integer number. Initial attempt has also been made to determine the 

dispersion curve of the PFEM. It has been realised that due to the initial direction of the 

electron beam which is already in the same direction of the TEio mode of the EM wave, the 

more important factor is the electron transit time in the thin gap section.

Simulation and analysis of PFEM have been performed mainly by Vector Fields CONCERTO 

software and a small part by ANSOFT HFSS. This is because CONCERTO can display the 3- 

D propagation of the wave in the desired plane, which cannot be performed by ANSOFT 

HFSS. Firstly, the initial simulation is performed in the D-band (2.45 GHz). After confidence 

has been obtained in the design at this frequency, the structure can easily be scaled down to 

operate at X-band (10 GHz).

The first simulation was performed using the thin gap section of height 8  mm and the length of 

this cavity is 300 mm. The second simulation discards the bottom half of the structure, leaving 

the upper half, hence the so-called “flat-bottom” design. It is thought that the removal of the 

bottom half of the structure will not affect the result of the simulation. Furthermore, by 

removing the bottom half, this speeds up the simulation process and makes the construction of 

the structure easier. Results obtained for the second design prove that good electric field 

strength exists in the thin gap section of the structure.

The third simulation uses one source port and zero load port to make the end wall of the thin 

gap section a short circuit. This is the practical realisation of the hardware. There are no 

notable differences in terms of 2-D display of results, but the difference can be seen in the 

envelope propagation of the wave. The result showed a standing wave pattern, while the 

previous result (1 source and 1 load) showed a traveling wave pattern. The fourth simulation 

uses 1.5 * X,g as the length of the thin gap section. This makes three peaks of wave to occur in 

the thin gap section, which makes it easier to place the apertures at the second peak.

The next part of the simulation investigated the effect of placing apertures through the thin gap 

section of the structure. By incorporating the apertures in CONCERTO, the leakage radiation
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of E-field caused by the apertures can be analysed. Various heights of thin gap sections and 

apertures diameter were simulated. The structures analysed were (a) 4 mm height thin gap 

section with 10 mm diameter apertures, (b) 4 mm height thin gap section with 4 mm diameter 

apertures, (c) 8  mm height thin gap section with 4 mm diameter apertures. Interesting results in 

terms of TEio mode and envelope plots were obtained. These plots enabled the user to calculate 

the electric field leakage (in Volts/mm) through the apertures.

The conclusion obtained from various heights of thin gap sections and aperture diameters 

scenarios, is that if the height of the thin gap section is large, the E-field leakage is small. In 

terms of E-field strength, a small height of thin gap section produces a large E-field strength 

compared to a large height thin gap section. It is decided that the best design is the structure 

with 4 mm height thin gap section and 4 mm apertures diameter, because it produces the 

strongest E-field in the middle of the thin gap section. After gaining confidence in the 

simulations performed at the D-band (2.45 GHz), the structure was scaled down to operate at 

10 GHz (X-band). The CONCERTO simulation was performed in the X-band using a ‘half 

flat-bottom design’. The final simulation was performed using ANSOFT HFSS at 10 GHz for 
comparison purpose.

The PFEM system overview was discussed in the next chapter where the PFEM system 

components were discussed. A special sub-chapter on the phase shifter and Moreno cross 

coupler were also presented. The PFEM cavity construction was an important process of the 

project. The PFEM was constructed from scratch using affordable and available technologies 

and components readily available in the laboratory. The construction of the main body of the 

PFEM was discussed, followed by the filament housing, the silica windows, the filament 

circuit housing and the glass spacer. Methods used to tighten the two cavities were also 

presented together with the methods used to locate leaks in the system.

The high vacuum system was also discussed in the next chapter. Due to the compactness of the 

PFEM system, a small vacuum system was used for pumping down the system to reach a 

vacuum condition. The next component of PFEM is the electron gun. The design of electron 

gun was discussed, together with the electron gun circuit. The use of Thoria coated iridium 
filament was also discussed.
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After constructing the system, the first experimental work was to measure the VSWR strength 

in the waveguide cavity. Results showed that a strong VSWR exists in the thin gap section of 

the resonant cavity. The second experimental work was to measure the power of the cavity 

using the spectrum analyser. It was also found that the EM wave signal could be coupled out of 

the apertures of the input cavity into the apertures of the output cavity to be detected by the 

spectrum analyser.

The third experiment was to measure the Q factor of the cavity. A high Q factor of the cavity 

can be achieved by tuning the cavity properly using E-H tuner. A high Q factor will result in 

higher output power for the cavity. A special method was used to measure the Q factor of the 

input cavity because the Moreno cross coupler is placed outside the cavity circuit. The fourth 

experiment was the voltage and current tests for the PFEM. The voltage test was to show that 

current flows when voltage is applied in between the filament and the input cavity. The current 

test showed that current rises linearly when the filament current is increased.

The fifth experiment was applying a low voltage in between the filament and input cavity. The 

system setup was described where a potential divider circuit was installed in parallel with the 

high voltage supply. This is to float a low voltage on a high voltage, which cannot be provided 

by another power supply system. The phase shifter was used and varied between 0 to 360 

degrees. The beam currents used were 15 pA and 25 pA, corresponding to 30 pA and 50 pA 

total filament currents respectively. The high voltage supplies used are 3000 Volts, 3150 Volts 

and 3300 Volts. The results obtained showed that the system with 3000 Volts and 25 pA 

produced the highest gain (0.18 dB) at a phase of 200 degree. The setup was also analysed and 

compared with Dearden’s method of novel pre-bunching of klystron at low voltage before 

acceleration at a high voltage between the input cavity and output cavity.

The sixth experiment was to analyse the current flow across the apertures. A high voltage 

needed to be applied in between the filament and the input cavity. The effect of current flowing 

across the apertures when resistors of the potential dividers are varied gradually was analysed. 

Measurements were performed for current flow across the cavities, current between input and 

output cavities, and current from cavities to earth. Results showed that non-satisfactory amount
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of current flowed across the apertures of the output cavity when high voltage is applied in 

between the filament and the input cavity.

The seventh experiment was to investigate the mounting method of the filament and placing 

mesh on the cavity aperture. The initial method was to use studdings and coiling each leg of 

the filament onto the studding. It was found that the distribution of heat onto the filament 

targeted the coiled legs instead of focusing on the tip of the filament. The new mounting 

method was used. Copper wires were used to replace the studdings. There was improvement in 

the current flow across the aperture but not significant enough. The next step was to 

incorporate a mesh onto the aperture of the output cavity. With this arrangement, the electron 

travels to the mesh, and hence a significant amount of current flows across the apertures of the 
output cavity.

After successfully producing a significant amount of current flowing across the apertures of the 

output cavity, the final experiment was to apply a high voltage in between the filament and the 

input cavity. Thoria coated iridium filament was used with 5 mA and 4 mA beam currents. 

Results obtained showed that the highest gain was achieved at 3015 Volts with 5 mA beam 

current. The gain curve showed a bunching phenomenon of the electrons, where at different 

voltages, the gain varies sinusoidally. This showed that the electrons were in and out of phase 

from the EM wave depending on the voltage applied.

All other FEL research at universities or defense institutions either operates at very high 

voltage or current, or both. In all cases, the FEL cost is very expensive. The research project at 

Liverpool is unique because the FEM uses low voltage and low current.

Due to the low voltage, the output frequencies are in the microwave frequency range, where 

monitoring equipment are more readily available and cheaper. The equipment breakdowns are 

rare, and the ionizing (X-ray) radiation is not dangerous. Due to the low current, it is easy to 

maintain the high vacuum condition. Due to both (low voltage and low current), the PFEM 

system can be operated (powered) from the mains socket (240 Volts and 13 A).

The PFEM also requires minimal labour for design and construction. This means that the 

PFEM can be made at a cost cheaper than the currently available microwave source. These

Pre-Bunched Free Electron Maser
Page 235



experiments have shown a possible way forward in the design of a compact, low voltage and 

low current PFEM which may be developed for industrial applications. This is achieved by 

using the novel method of bunching the electrons using the EM wave instead of using 
permanent wiggler magnets.
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11.2 Future Work

Presently, the work has been performed for the amplifier mode of the PFEM. The next step is 

to perform the work in the oscillator mode. In the oscillator mode a feedback loop is created 

from the output cavity back to the input cavity. The fraction of the power fed back to the input 
cavity has to be adjustable as the power in the output cavity builds up [69].

The silicon ‘O’ ring can now be dismantled, and the two cavities can be welded together. The 

reason for employing the silicon ‘O’ ring is to separate the two cavities, so that current flowing 

across the apertures of the output cavity can be measured. Once this has been measured, and 

confidence has been gained on the PFEM system, the silicon ‘O’ ring can be removed. This 

will further improve the high vacuum condition of the PFEM system from 10‘7 mbar to 10' 8 

mbar.

Previously, the PFEM’s body was constructed by soft soldering the joints and edges. 

Regularly, leakages occurred in the system due to the non-perfection of the soft-soldering 

method. When an edge is soft-soldered at temperature of 200° C, other edges might be affected 

and melt. Therefore extreme care had to be taken during the soft-soldering process. Sometimes, 

very small leakage (similar to the size of a pin hole) occurred on the edges or joints and blue 

tack had to be applied to the pin hole location to temporary close the leakage. In the future, the 

PFEM system will be sent to the mechanical engineering workshop so that the PFEM cavities 

can be welded. It is expected that the high vacuum condition in the PFEM system will be 

improved from the present 10' 7 mbar to 10‘8 mbar if welding is used to construct the PFEM.

In the future, the output power of the PFEM will be raised to Watt level for industry 

demonstration purpose. Previously, the tungsten filament is used as a source of electron. The 

tungsten’s emission from the tip is 200 pA [25]. After gradually gaining confidence in the 

system, the next step was to use the Thoria coated iridium filament. Its maximum current 
emission is 20 mA.

Previously, the group has constructed FEL devices using Lanthanum Hexaboride (LaB6 ) 

crystals. The price for this LaB6  cathode was around $1000. However, LaB6  cathode has a 

mounting problem of its crystal. There was tendency for the crystal to fall out of their
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mounting piece when operating at high temperature [23]. Results showed that emission current 

for the LaB6  cathode is around 20 mA. This is not significantly large enough compared to the 

existing available emission current from the Thoria coated iridium filament.

In the future, a ‘Pierce’ type electron gun is proposed for the PFEM system. The ‘Pierce’ type 

electron gun can be provided by EEV Chelmsford, with the maximum emission current of 285 

mA [23]. Hence, with the acceleration voltage of 3 kV, and the beam current of 142 mA 

(assuming 50% of the 285 mA current flow across the apertures of the output cavity), the 

resultant output power will be around 45 Watt. This value is derived from equation (2.14). 

However, emission at higher beam currents will also mean that space-charge spreading of the 

beam must be taken into consideration [70].

Another possible improvement is to use an X-band signal generator that has a higher output 

power (seeded power) than the current available Marconi signal generator (10 dBm or 10 

mWatt). At the present moment, several manufacturers such as Rohde & Schwarz, Amritsu and 

Agilent claimed that they can provide 23 dBm of seeded power (0.2 Watt) with their latest 

model. In the future, this high seeded power signal generator can be purchased. Hence, with the 

acceleration voltage of 3 kV, the beam current of 142 mA and seeded input power of 0.2 Watt, 

the resultant output power will be around 0.73 kWatt. This value is derived from equation 

(2.14).

In the future, a collector will be incorporated in the PFEM system. The collector can be 

constructed in a form of a hollow cup that is attached to the inner wall of the copper tube of the 

output cavity. The hollow cup must be designed instead of a non-hollow cup because the 

PFEM system has to be pump down, via the hole of the cup to reach a high vacuum condition. 

The electrons are accelerated by a high voltage (negative polarity). After emerging from the 

apertures of the output cavity, the electrons will be decelerated by placing the same high 

voltage potential but in opposite polarity. These decelerating electrons will hit this cup, and 

this current will be fed back to the power supply to be reused. Previous collectors constructed 

by researchers in the group have managed to achieve 95% efficiency for the energy recovery of 

the system.
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The PFEM system can be scaled proportionately to operate at a higher frequency. For example, 

if the desired frequency is 20 GHz, the height of the thin gap section is 0.8 mm, while the 

acceleration voltage is still maintained at 3kV. Clearly, constructing the 0.8 mm height of the 

thin gap section will be complicated. Hence, the sensible approach is to increase the 

acceleration voltage to 10.3 kV. This voltage is still considerably lower compared to previous 

FEL work at The University of Liverpool operating at 10 GHz. The voltage of 55.7 kV was 

used in [58] and around 70 kV was used in [23]. At higher frequencies, the use of waveguides 

to contain the radiation is no more practical. This is because of the very small dimension, 

making construction really difficult and challenging. Therefore, the use of open resonators that 

propagates Gaussian beams should be investigated and considered [71], [72].
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13 APPENDICES

13.1 Appendix A: Method of Obtaining E-field Strength in CONCERTO

In CONCERTO, the result of the E-field strength cannot be obtained directly from the 

CONCERTO simulation window. In CONCERTO, the variables representing the field 

components in the programs are ex, ey, e2, hx, hy and h2. This is different from the physical field 
components which are Ex, Ey, Ez, Hx, Hy and Hz.

For example, in the thermal plot performed on the XZ plane, the component of interest is ey 

and its value obtained from the simulation window is ey = 0.264321.

The following is the expression for Ey.

E K  
e = ——r
y Ay

where k  is a dimensionless parameter, numerically equal to a square root of free space 
impedance expressed in ohms as

k  = (l 20^r)°5

In CONCERTO Editor, the user can draw the circuit in various possible units, but spatial 
dimensions are always defined in millimetres:

Ax, Ay, Az (mm)

In CONCERTO simulator, these values are further normalised to make them closer to unity:

Ax = • Ax
as tan d

Ay = Ay
as tan d
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Az =
Az

^ s t a n d

Since astand is a dimensionless parameter, the units for the normalised values (mm) are still 
maintained:

Ax’, Ay’, Az’ (mm)

The value of astand is determined for each project separately. It is numerically equal to the 
smallest of the three largest allowed cell size values (expressed in mm).

-̂stand — min (Axmax, Aymax, Azmax)

The values of Axmax, Aymax, Azmax are specified by the user in the Setup —> Mesh dialogue of 

CONCERTO Editor in the selected units but they are re-expressed in millimetres for astand 
determination.

For example, astand = 0.5 for the simulation in chapter 5.3.1. Hence by substituting all values 

into the formula, Ey can be obtained and is Ey = 10.264 Volts/mm for the thin gap section, as 

derived in Table 5.4. Ex and Ez can also be derived from the same method, but the component 
of interest is Ey due to TE]0 dominated field in the rectangular waveguide.
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To design non-standard object in CONCERTO can be very difficult. The user has to write a 

program to draw a user defined object (UDO).

For example to draw the taper section of the PFEM, a UDO program named ‘polygon’ is 

written. The program code is shown below. A brief comment is shown after the % signs.

comment-’polygon”;

bitmap-’prostpad.bmp”;

PAR(“Object name”,oname,”Solidm”);

PAR(“Length_horizontal(A)”,a,40); % a is the horizontal length of the trapezium 

PAR(“Length_verticall(B)”,b,3-2); % b is the left vertical length of the trapezium 

PAR(“Length_vertical2(C)”,c,20); % c is the right vertical length of the trapezium

PAR(“Height(H)”,h,23); % h is the height of the trapezium

PAR(“Medium”,med,”air”);

ENDHEADER;

OPEN OBJECT (oname);

ELEMENT(z,h,0,med, Polygon, IN);

NEWLINE(x,y,x+a,y+(b/2)-(c/2)); % This creates the first segment of a broken line

ADDLINE(x+a,y+(b/2)+(c/2)); % This adds the second segment of the line

ADDLINE(x,y+b); % This adds the third segment of the line

13.2 Appendix B: Using User Defined Object (UDO) in CONCERTO

Pre-Bunched Free Electron Maser
Page 250



CLOSELINE; % This closes the broken line to create a trapezium

% by introducing a segment

% between (x,y+b) from the last ADDLINE command 

% and (x,y) from the NEWLINE command

ENDELEM;

CLOSEOBJ;

Firstly, a trapezium object is drawn from polygon.udo user defined object file. The result is as 

follows. The red arrows at the right indicate the source and the green arrow at the left indicates 

the load. The thin gap section and the standard X-band sections are drawn using the available 

standard CONCERTO built-in UDO file, called solid.udo, which draws rectangular objects.

Figure B. 13.1: Design o fP FEM  in CONCERTO where a trapezium object is drawn and placed  
in between the thin gap section and the standard X-band section

A rectangular object is drawn and is placed intersecting the bottom half of the trapezium 

object.
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Figure B. 13.2: Diagram o f PFEM  in CONCERTO where a rectangular object is  drawn 
overlapping the bottom half o f the trapezium

The bottom half of the trapezium object is subtracted from the rectangular object. Choose 

SELECT OBJECT icon, then select P (passive) for the trapezium and A (active) for the 

rectangular object. On the EDIT menu, select JOIN and then CUT. This CUT option will cause 

the active element to make a hole in the passive one. The active element will be unchanged. 

The result is as follows.

Figure B. 13.3: Diagram o f PFEM  in CONCERTO where the bottom half o f the trapezium is 
subtracted from the overlapping rectangular object
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Finally, the rectangular object below the taper section can be discarded by selecting SELECT 

OBJECT icon, then select DELETE. The final diagram is as follows.

Figure B. 13.4: The final diagram o f PFEM  in CONCERTO
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