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ABSTRACT 

At the DTI National Free Electron Laser (FEL) Laboratory, University of Liverpool, 

a series of compact industrial FELs are being constructed for both research and 

applications studies. The objective in the long term is, therefore, to develop compact, 

efficient FELs which operate at modest electron beam energies (<500keV). Low 

voltage operation will be a great asset if FELs are to be built commercially for 

industrial and scientific use. This will lead to a reduction in the size of the device 

together with its capital cost. Low voltage operation is also intrinsically safer, 

reducing both electrical and X-ray hazards. 

To obtain practical experience and compare theory with experimental data, a 

prototype waveguide FEL has been constructed and successfully tested. The prototype 

operates in the X-band of the microwave region of the spectrum with an electron 

beam voltage of around 55 kV and an electron beam current which is limited to a 

maximum of 1 mA, by the power supply capability, in the interest of safety. The 

"“wiggler" consists of an array of 50 alternating permanent magnet pole pairs which 

produces a 25 period sinusoidal magnetic field along its axis with an amplitude 280 

Gauss. 

The gain of such a device is too low to maintain a free standing FEL interaction and 

some form of gain enhancement is necessary. In this case a microwave cavity of the 

type used in klystron tubes was built for the purpose of pre-bunching the electron 

beam at low voltage before acceleration to the operating voltage. This thesis details 

the design and construction of the pre-buncher cavity itself. In addition, using a two



cavity klystron set up and standard klystron theory, the degree of current modulation 

achieved is quantified in terms of the first harmonic component of the modulated 

electron beam current. Once the pre-bunching system is proven, the emission and 

gain in a waveguide resonator due to the electron beam interaction with the wiggler 

field and electromagnetic fields in the waveguide is examined. 

Firstly, the FEL experiments are performed with the apparatus in an "oscillator" 

mode. Results indicate that this devices’ emission curve, as a function of electron 

beam voltage, has a similar form to the spontaneous emission curve usually associated 

with FELs, however, the magnitude of the interaction is greater than expected, even 

from coherent spontaneous emission in a waveguide. The magnitude of the output is 

also shown to be directly proportional to the square of the electron beam current. A 

simple theoretical model for stimulated emission by a bunched electron beam in a 

resonator, below saturation, is also developed. A close correlation between 

experiment and theory is found. Finally, the FEL acting as an “amplifier" is 

examined. A gain curve is produced which has a series of fringes within its profile. 

A similar curve is derived from a numerical simulation, leading to the conclusion that 

the pre-bunched gain is dependent on the relative phase between the input radiation 

and the electron bunches, which in turn must vary with electron beam voltage.
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CHAPTER ONE 

THE FREE ELECTRON LASER: 

AN INTRODUCTION 

1.1 The Free Electron Laser 

The Free Electron Laser (FEL) is a relatively new source of coherent and tunable 

electromagnetic radiation which may be designed to operate at any frequency ranging 

from the microwave (10'° Hz) to the optical (10'* Hz) regions of the electromagnetic 

spectrum and beyond. Since the first FEL was successfully operated, and hence 

christened, by Maday and his co-workers at Stanford University, California, in 1976 

[1], many FELs have been constructed, some producing output power greater than 

any other source in their range [2]. 

The earliest development of what would now be called an FEL dates back to Phillips’ 

Ubitron in the 1960’s [3]. This predecessor of the FEL was a microwave amplifier



based on vacuum electron beam tube technology. Todays FEL is also based on this 

technology rather than conventional laser technology and as such they can be designed 

to be powerful, tunable and, with the addition of depressed collector technology to 

re-cycle the energy in the spent electron beam, they have greater efficiency than 

conventional lasers. A comparison between the state of progress of FEL devices as 

opposed to conventional sources is shown in figure 1.1 in terms of the peak output 

power produced against the wavelength of the output radiation. In the microwave 

region FELs already have been constructed which produce higher powers than the 

conventional technology. At the shorter wavelengths the FEL compares favourably 

with conventional lasers and has the potential to exceed the power capabilities of 

conventional devices in the future. The FEL does, however, have a distinct advantage 

in that it may be designed to operate at a specific frequency, with a degree of fine 

tunability, for a specific application. 

1.2 Principles of FEL Operation 

The physical principles on which the FEL operates are totally different from those of 

conventional lasers. Traditionally, a conventional laser has a lasing medium, a gas for 

instance. The molecules and atoms within this medium have electron shells around 

them. Various radiative transitions can occur in which an electron either absorbs a 

photon of radiation and go up to a higher energy level or emits a photon and drops 

to a lower energy level. A disproportionate number of electrons may be moved up 

into higher energy levels by, for instance, applying an electrical discharge to the 

medium (gas). After which they may occasionally fall to a lower level and 

spontaneously emit a photon of a given frequency or, as is usually the case for a 

laser, they may be stimulated into emitting a photon after being "hit" with a photon 
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of the same frequency (perhaps from the spontaneous radiation). The energy levels 

within the lasing medium and thus, the frequency of operation, is determined by the 

lasing medium itself. 

The FEL, on the other hand, has three main components, shown in figure 1.2. These 

are: 

i) Electron Beam Source/Accelerator System 

ii) “Wiggler" Magnet 

iii) Resonant Structure 

The first of these is the system that provides an energetic electron beam in a vacuum. 

It is this electron beam which is, in effect, the lasing medium for the FEL. This 

system may simply consist of a high voltage electron gun which produces the 

necessary beam directly. Alternatively, it may comprise of a thermionic electron gun 

which fires its electron beam into an electrostatic accelerator or RF linear accelerator, 

to name just two possible types of accelerator. The important point is that a high 

voltage electron beam with energies of anything from tens of Kilovolts to many 

Megavolts, is produced. The necessary beam voltage will depend on the particular 

device and its operating frequency. 

The second major component of the FEL is the "wiggler" magnet or undulator. This 

component is central and specific to the FEL. It consists of a series alternating 

magnetic pole pairs, arranged to ideally produce a sinusoidal magnetic field. Electrons 

passing between the poles of this array of magnets tend to oscillate or “wiggle” in the 

direction which is orthogonal to electron beam and the wigglers magnetic field. The 
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wiggling electrons radiate, as would any charged particle under accelerating forces. 

Electromagnetic energy is radiated, with its electric field vector in the same direction 

as the electron’s transverse wiggle motion. 

The final major component of the FEL is a resonant structure which is an essential 

part of a laser or, indeed, an oscillator of any type. For "optical" and sub-millimetre 

FELs this would be a Gaussian mode resonator consisting of a pair of curved mirrors. 

For an FEL operating in the microwave region of the spectrum a resonant cavity 

made from a “shorted" piece waveguide will suffice. The small amount of 

spontaneous radiation produced as a result of the electron beam passing between the 

wiggler poles is captured within the resonant cavity and is allowed to build up and 

react back onto the electron beam. The result of this is that the electron beam begins 

to form into a series of charge bunches, similar to the bunching process which occurs 

in the microwave klystron or the travelling wave tube. These electron bunches begin 

to radiate coherently and the device may then begin to lase. 

1.3 Spontaneous Radiation 

Now let us consider the spontaneous emission from electrons in more detail. When 

an electron passes through the wiggler magnet it oscillates from side to side as 

described previously. The frequency of this oscillation is given by v/L,, where v is 

the average axial electron velocity and L, is the wiggler magnet periodicity, 

sometimes known as the wiggler wavelength. The electron radiates an electromagnetic 

wave but at a higher frequency than the wiggle frequency. This increase in the 

radiation frequency or shortening of wavelength in the direction of the electrons 

motion is caused by the Doppler effect, which always occurs when radiation is 
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emitted by a rapidly moving source. Figure 1.3 clearly illustrates this process. As the 

electron passes through one wiggler period of length L,, in a time L,/v, the radiation 

wave front passes through a distance cL,/v, where c is the velocity of the radiation 

wave. Therefore, the wavelength of the radiation emitted is simply the difference 

between the distance moved by the electron and the radiation, 

c 
A =L(—-1) (1.1) 

v 

The Doppler upshift in the spontaneous radiation frequency is noticeable even for 

mildly relativistic electron beams (a few keV). For highly relativistic electron beams 

(a few MeV’s) this effect is critical and leads to a very large upshift in the frequency 

of the spontaneous radiation. As the electron velocity approaches the phase velocity 

of light and the ratio of the electrons relativistic mass to its rest mass becomes much 

greater than unity, it can be shown that equation (1.1) can be approximated, such that 

the radiation wavelength is given by, 

aly (1.2) 

2y? 
r 

where 7¥ is the ratio of the relativistic electron mass to its rest mass. 

Two important points become apparent. Firstly, the FEL can, in principle, be tuned 

by adjusting the electron energy, that is, the accelerating voltage. Secondly, that the 

dimensions of the FELs components do not have to be of the same order as the 

operating wavelength. Another effect of relativity which is helpful to the operation 

of high energy "optical" FELs is its effect on the radiation pattern produced by a 

wiggling electron. The cross section of the radiation pattern for an oscillating charge 

is shown in figure 1.4 to be symmetrical in both forward and backward directions. 
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A relativistic linear motion imposed upon this charge at right angles to the oscillation 

will severely distort the radiation pattern. The forward lobe has a much greater 

intensity and is compressed into a cone. For an "optical" laser this effect is essential 

as it channels most of the radiation along the axis of the laser thus allowing it to be 

captured in a Fabrey-Perot resonator. For non-relativistic microwave FELs, this effect 

is not present. However, in such cases the radiation is usually channelled along a 

waveguide which forms the resonator. 

If the electron beam was perfectly uniform the field components radiated from each 

individual electron would Settructively interfere and cancel each other completely. 

However, since electron emission is a statistical process, this is not the case. The 

slight non-uniformity in the electron beam current is found to be proportional to the 

square root of the average electron beam current itself. It is this fluctuation which is 

the source of incoherent spontaneous radiation, the amplitude of which is proportional 

to the magnitude of the fluctuation. Therefore, we would expect the intensity of this 

incoherent spontaneous radiation to not only be proportional to the average beam 

current (or the number of wiggling electrons) but also to be weak. However, once 

captured and allowed to grow within a resonant cavity with a large quality factor, this 

spontaneous radiation field can feedback on the wiggling electron beam to create a 

secondary and more powerful interaction. 

1.4 Coherent Radiation 

It is clear that if the electrons in the beam could be bunched together to form larger 

charges separated by one period of "optical" wave along the wiggler as they traverse 

it, these charges or bunches of electrons would radiate in phase with one another. 
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This radiation would become coherent if the electrons were tightly bunched together, 

rather like an array of antennas. The amplitude of the fields generated by the 

individual electrons in these bunches will constructively interfere and thus the 

amplitude of the radiation is now directly proportional to the number of electrons in 

the wiggler. In such cases, since the intensity of radiation is proportional to the 

square of the field amplitude, the power emitted by the wiggling bunches is now 

proportional to the square of the average number of wiggling electrons. Such coherent 

radiation would represent a very large increase over the spontaneous radiation 

produced and would thus be expected to increase quadratically with the electron beam 

current. 

Another point to consider is whether it be a single electron or a bunch of electrons 

passing through an idealized wiggler with a sinusoidal field pattern, in each case, a 

pulse of radiation is produced (a “top hat" function). Fourier analysis tells us that the 

resultant radiation will contain a band of frequencies [4], the amplitudes of which will 

vary with frequency as a sinc function about the central frequency which is defined 

by equations (1.1) and (1.2). Clearly the intensity of the radiation varies with the 

square of this function as shown in figure 1.5. 

Now let us consider the physical processes which usually cause an electron beam to 

bunch in the FEL. First, we must assume that a monochromatic electromagnetic wave 

of reasonable amplitude is present within the FELs resonator. This wave has either 

been injected from an external source or it is the result of spontaneous radiation being 

captured within a high Q cavity. The electromagnetic wave is polarized such that its 

electric field vector is at a right angle to the wigglers magnetic field but parallel to 
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the electron wiggle motion. Provided that the average electron velocity, as it traverses 

the wiggler, and the radiation wavelength adhere to the conditions set by equation 

(1.1), a net exchange of energy can occur between the electron and the 

electromagnetic wave. 

Lucas and Stuart have shown [5] that the rate of exchange of energy between the 

electromagnetic wave and electron varies as the cosine of the phase angle of the wave 

as the electron enters the wiggler, 

dyme*)__1 pp (1.3) 7 ri 9¥7c0s() 

E, is the peak electric field strength and v; is peak transverse wiggle velocity (see 

appendix 1). This equation may be re-written in terms of the electrons energy change 

in electron-volts during its time of flight, t;, through the wiggler magnet: 

aya V=5E,vtpos(@) (1.4) 

Clearly, if the electron beam is uniform and the electromagnetic wave is sufficiently 

strong, about half the electrons will lose energy to the wave and slow down and half 

will gain energy and speed up. The result of this energy or velocity modulation 

process is that the electron beam will start to bunch. The net exchange of energy 

between the electron beam and the electromagnetic wave due to this process in itself 

is negligible, however, the bunched beam now begins to radiate coherently, thus 

enhancing the amplitude of electromagnetic wave. Now we have a stronger 

electromagnetic wave and a wiggling bunched electron beam. It is the interaction 

between these two that leads to the next and much stronger process which ultimately 

causes the emission of radiation in the FEL. 

18



1.5 Stimulated Radiation 

In the previous section we discussed how electrons in the electron beam either gain 

or lose energy depending on their phase angle relative to the electromagnetic wave 

on entering the wiggler and that this leads to velocity modulation and bunching of the 

electron beam. If we now consider the wiggling electrons bunches, it becomes clear 

that a whole electron bunch can interact with the electromagnetic wave and if the 

phase angle is adjusted by suitable choice of accelerating voltage, the bunches can 

drift forward in phase, relative to the electromagnetic wave, such that the whole 

bunch loses energy through the emission of radiation. In other words the FEL is 

operated slightly above the "synchronous" voltage. 

In physical terms this process can be described by considering the system as a 

damped oscillatory system. By suitable choice of phase angle the wiggle oscillations 

of the electron bunches are damped by retarding electromagnetic fields. The lost 

kinetic energy of the oscillator re-appears as an increase of electromagnetic energy 

in the retarding fields, due to conservation of energy. Of course, as the field strength 

increases so does the rate of energy exchange and so on. This is, therefore, a process 

of positive feedback stimulated by the electromagnetic fields present in the FEL 

resonator. As such, it is the analogue of the stimulated emission process found in 

conventional lasers and it this process which greatly amplifies the intensity of the 

electromagnetic wave inside the FEL resonator. 

From equations (1.3) and (1.4) we can reasonably deduce that the gain through 

stimulated emission will increase in proportion to the number of interacting electrons 

or the average electron beam current and the amplitude of the radiation electric field. 
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In the unusual case of a pre-bunched FEL, operating at low current, it may be 

possible to envisage a situation in which saturation may not be achieved because of 

low electron beam current. In which case the stimulated emission and hence the gain, 

will be highly dependent on the input signal, that is, the coherent radiation from the 

pre-bunched electron beam. As we have already shown, the amplitude of the electric 

field from the coherent radiation is proportional to the electron beam current. So, for 

the pre-bunched FEL we might expect to see the power radiated through stimulated 

emission to increase with the square of the electron beam current for small signals. 

Normally we would wish an FEL to operate in saturation, which is when the 

electrons are losing the maximum amount of kinetic energy. In which case, the only 

way to increase the power output from the FEL would be to increase the beam 

current. The output power would then be expected to increase directly in proportion 

to the increase in the electron beam current. 

1.6 Saturation and Efficiency 

So far we have discussed how, under the influence of electromagnetic fields, the 

wiggling electron beam starts to bunch up and that if the electron velocity is slightly 

greater than the synchronous velocity at which this interaction is at its strongest, the 

bunches will drift forward in phase relative to the electromagnetic wave. When this 

occurs the whole electron bunch interacts in such a way that it slows down and the 

lost kinetic energy amplifies the electromagnetic wave. As the field strength increases 

so does the rate of energy loss. However, as this process occurs the electron bunches 

are continually losing energy and slowing down. Eventually they may fall back in 

phase and lose synchronism with the electromagnetic wave and the interaction may 
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invert to energy gain. At this point, the electron bunch has given up the maximum 

amount of energy and the system can be described as being saturated. 

For FELs operating at high energies (greater than a few MeV) the where the electron 

velocity is very close to the speed of light in free space, the interaction efficiency, 7, 

is related to the number of wiggler periods, N, by the equation [4], 

it =e 1. 7 aa (1.5) 

This basically corresponds to the situation where the electron loses so much kinetic 

energy that it falls back in phase, relative to its initial energy, by an amount equal to 

half a wiggle period. The effect of this is that the electron has fallen completely out 

of phase. 

This relation only holds at higher energies. At accelerating voltages significantly 

below an MeV the interaction efficiencies are best calculated through computer 

simulations. The general point which can be made is that if the wiggler magnet has 

too many periods, the FELs interaction efficiency will be low. Efficiency can, 

however, be greatly enhanced with the introduction of an energy recovery scheme. 

Energy recovery or depressed collector technology is very common in electron beam 

microwave tube work. Figure 1.6 outlines this method for enhancing efficiency where 

electrostatic acceleration has been used. Once an electron beam has interacted with 

the wiggler magnet and electromagnetic wave it still carries most of its kinetic 

energy. If a deceleration system, run off the accelerating power supply, is used to 

slow the electron velocity almost to rest then the beams kinetic energy is converted 

back into electrical energy due to conservation of energy. In this situation the power 

21



supply only needs to supply the power lost through radiation and electron beam 

interception losses and so the efficiency of an FEL operating with such a system is 

dramatically enhanced. This is only possible with an electron beam device such as the 

FEL and *.cs to the possibility of building FELs with far greater efficiencies than 

conventional lasers. 

1.7 Gain 

Perhaps the most important design parameter for any type of laser is the "gain". This 

parameter is usually defined as the amount by which the intensity of the "optical" 

wave is amplified through one pass through the laser resonator. If such a device is 

to lase or begin to oscillate then the gain must exceed all losses in the laser resonator. 

These losses would basically consist of the amount of light which escapes from the 

optical cavity and will include power absorbed at the mirror surfaces, possible 

diffraction losses and, of course, the power allowed to be coupled out of the cavity 

through partially reflective mirrors for external use (applications and measurement). 

For a waveguide FEL the "mirror" losses are in fact the attenuation in the walls of 

the waveguide and the coupling losses through the apertures in the waveguide walls 

though which the electron beam is allowed to enter and exit the resonator in addition 

to coupling losses to any external circuit. 

The gain of an FEL, at least in the small signal regime, is proportional to the electron 

beam current or number of interacting electrons. A distinctive feature of the gain 

spectrum as a function of beam energy (can also be a function of frequency) is shown 

in figure 1.7. Here we see that the gain in an FEL is proportional to the slope of the 

emission spectrum. This relationship, which is known as Madey’s theorem [6,7], was 
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first shown experimentally at Stanford but has now been demonstrated by numerous 

experiments. 

A relation which has been shown to give the maximum ideal gain achievaivlc for an 

FEL [5] with a planar wiggler and a plane polarised electromagnetic wave at high 

energy is in given by, 

G =5.44Bi(N YL (1.0 
Y 

where B, is the peak wiggler magnetic field strength, L,, is the wiggler period, N is 

the number of wiggle periods, I is the electron beam current and A is the cross 

sectional area of the optical beam. 

Clearly this relation only holds true for FELs operating in a certain regime and is not 

a universal relationship. However, in general, if high gain is to be achieved so that 

an FEL device may act as a free standing oscillator, a large electron beam current 

and a long wiggler are necessary whilst the beam energy is not excessively high. 

1.8 Types of Free Electron Laser 

The type of FEL described so far is known as a "Compton" or "Single-Particle" FEL. 

The physics which describes this type of FEL considers the individual electrons in the 

FELs electron beam to be interacting, with the wiggler magnet field and the radiation 

fields, independently of other electrons. Space charge fields and plasma oscillations 

within the electron beam are neglected. This treatment is acceptable when the length 

of the electron beam system is much less than the plasma wavelength of the electron 

beam and leads to a much simplified analysis of the physics involved. Based on these 
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valid assumptions, much insight may be obtained by analysing the behaviour of a 

series of single interacting electrons. FELs which operate with electron beam currents 

less than a fraction of an amp or those operating at energies in excess of a few MeVs 

can usually be described as Compton FELs. 

On the other hand, when the charge densities within the electron beam become large 

and the space charge forces between electrons become significant such devices are 

known as "Raman" or "Collective" FELs [6]. Here it becomes appropriate to consider 

the electron beam as a plasma through which waves may propagate and because of 

space charge effects the bunching process found in the Compton FEL is now replaced 

by waves of charge density propagating along the electron beam. Although these 

effects do make a significant difference to the gain of the FEL and also to the 

interaction efficiency, the synchronism condition of equations (1.1) and (1.2) is still 

valid. 

These two types of FEL are divided by the type of physics occurring in the electron 

beam itself. However, there are several variations on the FEL which are of some 

interest and the "Optical Klystron" [8,9,10,11] is perhaps the most common of these. 

The optical klystron operates in a similar fashion to the two-cavity microwave 

klystron. It consists of two wiggler magnets, usually of the same length, separated in 

its simplest version by a drift distance. In the first wiggler section, usually known as 

the “modulator” or “buncher", the wiggling electron beam interacts with an 

electromagnetic wave and as a result of this, velocity modulation occurs. The 

electromagnetic wave may be the result of captured spontaneous radiation or may 

have been injected into the system from an external source. As the velocity modulated 
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electron beam drifts it begins to bunch and if the drift distance is correctly adjusted, 

the electron bunches enter the second wiggler section in phase with the radiation wave 

and undergo stimulated emission. The second wiggler if often called the "radiator" 

or "catcher". Because of this bunching process, the electromagnetic wave is greatly 

amplified. 

In many FEL designs the electron velocity approaches the speed of light in free space 

and so the drift distance necessary is far too long and so must be replaced by a 

"dispersive" section. This may look something like a large wiggler with just three 

long wiggle periods for instance. The large undulations in the electron beam path 

increases the electron transit time between the two wigglers and effectively give the 

modulated beam a longer drift time in which they may bunch. 

Clearly the amount of amplification which takes place depends on the relative phase 

of the electron bunch entering the radiator and the electromagnetic wave. If the 

electron beams accelerating voltage is continuously varied around the synchronous 

operating voltage we might expect to see a sinusoidal variation in amplification or 

gain with accelerating voltage in addition to a decrease in gain as the accelerating 

voltage is moved further away from the synchronous condition. 

Perhaps a more elegant way to explain this phenomenon is to consider the 

spontaneous radiation emitted by both wigglers. The radiation power spectrum from 

both wigglers will tend to interfere with one another. Hence the power spectrum will 

look like the expected sinc squared function together with a series of superimposed 

interference fringes, rather like the intensity pattern seen in an optical double slit 
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interference pattern. By applying Madey’s theorem it becomes apparent that the gain 

profile of such a device will look similar to a pattern of fringes which varies as a 

function of frequency and therefore, as a function of electron beam voltage. 

1.9 Applications 

With reductions in defence spending and a general reduction in government spending 

throughout Europe and the USA due to economic constraints, it has become obvious 

that FEL research in the future will be lead by applications initially in the fields of 

fundamental scientific research followed by applications in medicine and industrial 

processing. 

The first applications of FEL radiation will come in regions of the electromagnetic 

spectrum where there are few sources of coherent radiation. The FEL with its 

potential for high intensity and tunability is ideal. These inaccessible regions in which 

applications lie include the far infra-red and the ultraviolet. In chemistry research, for 

example, there are no sources in these regions for non-linear spectroscopy. In 

aidieon? the short pulses available from some FELs will allow chemical reaction 

dynamics on time scales as short as a pico-second to be examined. Solid state physics 

will also benefit from FELs operating in the infra-red region of the spectrum. 

In medical research the effect of electromagnetic radiation on human tissue varies 

greatly with the type of tissue, the frequency of the radiation and the pulse length. 

Many different types of conventional lasers have been used for medical applications 

which include vaporizing tumours (CO,), coagulation of blood and "welding" arteries 

(Nd:YAG), re-attaching retinas (He-Ne) and re-shaping the cornea through a chemical 
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process with ultra-violet light (excimer) [11]. FELs have the ability to tune through 

many frequencies and may be used for more than one application or be optimized for 

frequency and pulse length for these and new applications. Many potential industrial 

applications for FELs exist, particularly microfabrication of semi-conductor circuits 

and components. It may be possible in the future for a scanning laser with a spot size 

less than a micron to directly print a pattern on the photo resistive materials prior to 

chemical etching. With sufficient intensity it may even be possible to directly remove 

layers of silicon dioxide. There is also the possibility that such processes could be 

used to microfabricate miniature thermionic vacuum circuits for use in harsh 

environments. There are also a whole host of specialist chemicals and isotopes which 

can potentially be photochemically produced, however, if these processes are to be 

viable the photochemical process and the cost of the FEL must be cheaper than 

existing and usually reliable processes which already exist. Therefore, in most cases 

photochemical production is only going to be cost effective in the event of a new 

process for which no other method of production has yet been found. 

The above applications are for many different types of FEL operating throughout the 

spectrum. However, as will be explained in the next chapter, the FEL programme at 

Liverpool is aimed at the microwave region of the spectrum and the specific 

applications related to this are discussed further in chapter eight. 

1.10 Summary 

FEL technology is completely different from that of conventional lasers and they offer 

the potential of greater intensity, greater efficiency and tunability. An FEL can be 

built to match a specific need or application because they can, in principle, be 
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designed to operate at any given frequency range from the ultra-violet to microwaves. 
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Figure 1.1: Peak Power From FELs 
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Figure 1.2: The Wiggler Magnet Array 

 



Figure 1.3: Doppler Shift of Radiation 

Electro 
path 

 



Figure 1.4: Dipole Radiation Patterns 
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Figure 1.5: Wiggler Emission Spectrum 
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Figure 1.6: Energy Recovery Technique 
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Figure 1.7: The Stanford FEL Results 
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CHAPTER TWO 

THE UNIVERSITY OF LIVERPOOL 

FREE ELECTRON LASER PROJECT 

2.1 The DTI National FEL Laboratory 

The Free Electron Laser (FEL) Project at the University of Liverpool is part of a new 

research and development scheme set up by the Her Majesty’s Government’s 

Department of Trade and Industry (DTI). The objective of this new scheme is to 

encourage and finance collaborative research between the Universities and industry. 

The DTI National Free Electron Laser Laboratory at Liverpool was born from this 

new initiative in 1990. In keeping with the collaborative nature of the project, funding 

is sought from industrial bodies who have an interest either in the FEL as a tool or 

future applied research at Liverpool using the FEL. 

The aim of the project in the medium term is to develop microwave FELs for 

industrial use. The decision to concentrate on this region of the electromagnetic 
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spectrum was made for two main reasons. Firstly, there are several interesting 

potential application for a device of relatively low capital cost which can produce a 

powerful and efficient source of tunable microwave power. Secondly, the experience 

of many research groups around the world has shown that FELs in the infra-red and 

optical regions of the electromagnetic spectrum are not easy to build. Therefore, for 

a first attempt to build an FEL of any type, the microwave region was deemed to be 

a sensible starting point. Also, with the abundance of X-band microwave equipment 

already within the Department of Electrical Engineering and Electronics at Liverpool, 

a decision was made to build an X-band prototype FEL for demonstration purposes. 

Using high voltage power supplies and high vacuum equipment which were available 

at the time, this prototype FEL was built to prove that an electron beam system, 

microwave resonators and a wiggler magnet could be constructed here at Liverpool 

University and that we could demonstrate an interaction between the electron beam, 

electromagnetic wave and wiggler magnet of the type which occurs in an FEL, and 

yet do this with relatively little financial outlay. 

Once the prototype FEL has been demonstrated the plan is to invest in a new and 

more powerful high voltage supply combined with a new Lanthanum Hexaboride 

electron gun to produce much larger electron beam current and in doing so develop 

a much more powerful and efficient output from an X-band FEL. After which the aim 

is to develop a further systems which operate at higher radiation frequencies. 

2.2 Industrial Free Electron Lasers 

In the past, FELs have been constructed for military applications as part of the U.S. 
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Strategic Defence Initiative. Because of their applications such devices tended to be 

very large (building size), very expensive using multi-Megavolt particle accelerators 

to produce optical, ultra-violet and even X-ray radiation. However, in recent years 

the trend has been to develop FELs for industrial and medical applications, 

particularly in Europe. If FELs are to be used in an industrial environment they must 

be able to operate at energies less than 1 MeV and preferably of the order of one or 

two hundred keV. Above these accelerating voltages power supplies become 

excessively expensive and the necessity for large insulating air gaps and careful high 

voltage design, to avoid breakdown, makes the overall system too large for most 

practical uses. 

The safety factor always has to be considered in high voltage accelerator design and 

even the relatively low voltages that are intended in our designs may be lethal if care 

is not taken. Another real danger lies in the production of harder X-rays as 

accelerating voltage is increases and with a greater intensity as electron beam current 

is increased. Increased electron beam energy, therefore, leads to a necessary increase 

in shielding so that any potential X-ray hazard is reduced, in the event of the electron 

beam hitting the stainless steel walls of the vacuum system. In summary, by limiting 

the operating voltage of an FEL, a safer, more compact and cheaper device may be 

produced. 

2.3 The Wiggler Magnet and the Prototype Design 

The most distinctive and well known feature of an FEL is the wiggler magnet. For 

a given operating frequency, the operating voltage and all other system parameters 

must be designed around the wiggler magnets operational parameters. The wiggler 

38



magnet for this particular FEL was designed and built by Mr. Ahmed Al Shamma’a, 

under the supervision Dr. R A Stuart, and is among the subjects of his thesis [1]. 

The wiggler design for the present system incorporates a set of permanent magnets 

made from a Neodymium Iron Boron composite material. These materials allow for 

magnetic fields greatly in excess of those achievable with a practical electromagnetic 

system and also have the advantage of not consuming large amounts of electrical 

power, which apart from being inefficient can also lead to thermal instability and 

damage to the electromagnetic coils through ohmic heating. To operate at a relatively 

low electron beam voltage it is necessary to make the wiggler period as short as 

possible. However, there are practical limitations. Firstly, the wiggler period may be 

limited by the dimensions of the permanent magnets made available by the 

manufacturer. Secondly, the wiggler dimensions are greatly influenced by the 

resonant system that must be placed between the poles of this magnets. 

In this particular design, a set of permanent magnets was obtained which allowed for 

a wiggler with a period of 1.9 centimetres to be constructed. Ideally, the resonant 

structure for the FEL would consist of a cavity made from standard X-band 

waveguide which has external dimensions of approximately 25 millimetres by 12 

millimetres. The gap between the jaws of the magnet is separated by the wider of 

these dimensions since the direction of the electric field in the TE,) must be in the 

same direction as the electron transverse wiggle motion. This motion is always 

orthogonal to the electron beam axis and the direction of the wiggler magnetic field. 

With standard waveguides, however, the wiggler gap tends to be too wide for the 

particular set of magnets used in this design of wiggler. This would lead to a non 
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sinusoidal field distribution and a very large reduction in the magnetic field strength 

at the wiggler axis, caused by an exponential decrease in field strength as the gap 

separation increases. A compromise was made and a wiggler magnet was constructed 

with a gap of 22 millimetres and a wiggle period of 19 millimetres for a length of 475 

millimetres consisting of 25 periods. The result is a sinusoidal field profile at the 

electron beam axis with a peak field strength of 280 Gauss. Figure 2.1 is a schematic 

diagram of a section of the wiggler and waveguide arrangement showing the relevant 

dimensions. In practice there are of course many difficulties in actually constructing 

a wiggler magnet which has a field profile that is anywhere near sinusoidal because 

each individual magnet does not have exactly the same magnetization. There is also 

the problem that because of the relatively low operating voltage, the end poles of the 

wiggler must be tapered to "steer" the electron beam through the wiggler and 

waveguide resonator without colliding into the walls of the waveguide. However, as 

mentioned previously these problems will be discussed in great detail in Mr. Al 

Shamma’a’s thesis. 

The dispersion relation graphical method of design for a waveguide FEL, developed 

at Liverpool by Dr. G Kong and Dr. R A Stuart is summarised in figure 2.2. The 

curve for the waveguide dispersion is shown in dimensionless units and is a general 

curve for any waveguide operating in TE,) waveguide mode. This relation shows that 

no signal can be transmitted within the waveguide below cutoff as a result of infinite 

attenuation. The electron beam line intersects the horizontal axis at a negative value 

whose magnitude is equal to the cutoff wavelength of the waveguide divided by the 

wiggler period and the its slope is the electron beams velocity as a fraction of the 

speed of light in free space. The figure shows a "normal" intersection between the 
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beam line and the dispersion curve. The line intersects with the horizontal axis at -2.1 

with a slope of 0.43. This equates to an operating voltage of just 55 kilovolts at a 

frequency of approximately 8.2 GHz with a cutoff wavelength of 40 millimetres and 

a wiggle, <criod of 19 millimetres. It is advantageous to have a “normal intersection" 

as indicated in figure 2.2. This type of intersection gives a broader interaction 

between the wiggling electron beam and the electromagnetic wave, allowing the 

operating conditions for this prototype device to be less stringent. A sharp intersection 

tends to lead to a narrow band interaction. 

2.4 Electron Gun and Accelerator 

The high voltage power supplies to be used in this prototype demonstrator system 

have a maximum current capability of 1 milliamp and need only produce an 

accelerating voltage of 55 kV in theory, however, the interaction will have a band of 

operation around this value and there is also the possibility that the actual operating 

voltage may be slightly larger than anticipated. The electron beam accelerator is a two 

stage electrostatic system. The wiggler and cavity resonator is kept at earth potential 

whilst the electron gun unit operates at high negative voltage. Each accelerating stage 

drops the voltage down by 25 kV and sit back to back, the first stage being held at - 

25 kV by one power supply and the second held at -50 kV by a separate power 

supply. The electron gun itself operates at -5 kV relative to the accelerator and is run 

off a battery operated high voltage supply which together with the battery "floats" at 

the -50 kV of the total accelerating voltage. Because of the low current capability of 

the accelerator power supplies the electron beam current is also limited to 1 milliamp 

and so an emitter in the form of a heated tungsten filament is all that is required. 

Also, the relatively low operating current allows the electron guns heater and cathode 
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circuits to driven for periods of up to several hours off "floating" batteries. The 

design of this part of the system is detailed in Dr. G Dearden’s Ph.D. thesis [2]. 

Calculations have indicated that an electron beam current in excess of 100 ‘iniliiamps 

is necessary if the round-trip gain of the electromagnetic wave within the cavity 

resonator is to exceed the waveguide wall losses and achieve a free standing FEL 

oscillator. Of course this is not possible with the present power supply and electron 

gun nor is it particularly desirable from a safety point of view for a prototype which 

must surely have the teething troubles associated with any new experimental 

apparatus. A method needs to found by which we can encourage an interaction 

between the electromagnetic and the wiggling electron beam in order that we may 

asses the performance of the whole electron beam system and the wiggler magnet. 

2.5 Pre-Bunching to Enhance Gain 

As explained in the previous chapter, electrons passing through the wiggler and 

waveguide resonator radiate spontaneously. The radiation is captured in the resonator, 

builds up and interacts with the wiggling electron beam, causing it to form into 

bunches. These whole bunches can then interact with the electromagnetic wave and 

in the right circumstances gives amplification. It is clear that in the normal operation 

of an FEL this process of bunching the electron beam is essential before gain can 

occur and of course this usually means that a reasonably large electron beam current 

is required to create a spontaneous wave which is large enough to promote bunching 

in the electron beam. 

The electron beam currents at which the prototype waveguide FEL should operate are 
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too low to produce this natural bunching process. However, if the electron beam can 

be bunched before it arrives at the wiggler and waveguide resonator then radiation 

should be produced and the interaction between the bunched electron beam, wiggler 

magnetic field and the radiation wave may be examined. 

There are two main methods by which the electron may be "pre-bunched" to enhance 

FEL gain. The first is the optical Klystron technique. Here there are two wiggler 

magnets, separated by a drift section in its simplest form or a dispersive wiggle as 

described in the introductory chapter. The second method is to incorporate a resonant 

cavity of the type used in klystrons or travelling wave tubes into the system, followed 

by a drift section. Microwave radiation may be fed into the cavity, forming an 

oscillating axial electric field which velocity modulates, or more strictly, energy 

modulates the electrons periodically at the frequency of modulation or in certain 

circumstances at a harmonic of it. The first method is better suited to a practical 

industrial device as it does not require any input radiation it may therefore be used 

as a genuine oscillator. For the purpose of our experiment, however, the second 

method is more convenient as it allows us to asses the quality of the bunching by 

building a two-cavity klystron and measuring its output. Once this has been done the 

catcher cavity is replaced by the wiggler system. 

2.6 Velocity Modulation 

To achieve pre-bunching in this prototype device, a short gap coaxial cavity of the 

type used in klystron microwave oscillators and multi-cavity amplifiers will be used 

to velocity modulate the electron beam. The design of this type of cavity will be 

discussed detail in the next chapter but first let us concentrate on a description of the 
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physical processes which lead to the electron beam being bunched before it reaches 

the wiggler and waveguide resonator. 

In this type of cavity resonator, most of the electrical energy is ideally stored in the 

capacitance of the cavity gap, generating an alternating electric field which is set up 

across the gap capacitance and along the axis of the electron beam. The loaded quality 

factor of any resonant cavity may be written in the form, 

_w(U,+Uy) 
yg (2.1) 

where w is the angular frequency of the microwave signal, Uy and U, are the 

magnetic and electric stored energies and P is the power dissipated in the cavity. At 

resonance the electrical and magnetic stored energies are equal and the power 

dissipated in the cavity is equal to that supplied to it giving the expression, 

_2wuU, 

Lp (2.2) 
in 

  

The average electrical energy stored in the gap capacitance of the resonant cavity, 

with a peak alternating voltage V, across it, is given by the equation, 

Ug OMe (2.3) 

This assumes that the gap capacitance is far greater than that of the rest of the cavity. 

In practice this is not always the case and the total capacitance of the cavity must be 

calculated and used instead. However, in principle we can calculate the modulating 

voltage developed across the cavity gap. 
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An individual electron takes a finite time to pass between the grids of the gap 

capacitance during which the gap voltage is varying sinusoidally. Assuming that the 

velocity or energy modulation produced is small relative to the electrons initial 

energy, if the transit time across the gap was equal to the period of the voltage 

oscillation then the net change in the electron energy after traversing the gap would 

be zero. At the other extreme, if an electron crosses the gap at the peak of the cycle 

in an infinitely short period of time then the modulation on the electron beam is equal 

to the modulation voltage across the grids. Obviously the real situation is somewhere 

between these two extremes and hopefully is closer to the latter, so to produce 

efficient modulation. 

The efficiency with which the gap voltage actually modulates the electron beam 

depends on the average voltage developed across the gap as an electron crosses it. Let 

us assume that an electron is half way between the grids of the gap capacitance and 

that the gap voltage is at a maximum at this point. If the electrons transit time 

through the gap is, 

(2.4) o
o
 

il 

< 
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where v, is the initial electron velocity through the gap and d is the gap separation 

and the modulating voltage across the gap is described in the form, 

Vit) = V cos(2nft) (2.5) 

then the beam modulation can be found by integrating and averaging the gap voltage 

over the transit time. Since equation (2.5) is a symmetrical function then the integral 

need only be done over half the transit time, 
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=f" Py ,cos(2nfi)dt 
beam [2 (2.6) 

Integrating with respect to time gives the expression, 

yp SED sin(nfd/v,) 

beam g (nfd]v,) (2.7) 

If the beam coupling coefficient of the pre-buncher is defined as the ratio of 

amplitude of the electron beam modulation to the voltage amplitude developed across 

the cavity resonator’s short gap then it may be defined as, 

= sin(nfd/v,) 

— (nfély,) 28) 

So far, only the efficiency of the pre-buncher to energy modulate the electron beam 

has been examined. In order to look at how the electron beam is velocity modulated 

by this process let us look at the equation of motion of an electron within the cavity 

gap. During their passage through the gap capacitance the electrons experience a 

periodic force due to the time varying electric field generated across the gap which 

is given by the differential equation, 

dv BY. 
me =e—Foos(2nft) (2.9) 

where m is the mass of the electron, v is its velocity and e its charge. By integrating 

this equation with respect to time across the cavity gap with an electron transit time 

of d/v, gives, 

eBV , rt,+dpv rE g [toro 2.10 vt.) [ tee cos(2nft)dt (2.10) 
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where t, is the time at which a particular electron crosses the centre of the cavity gap. 

Performing this integral gives a partial solution of the form, 

Hig= 2afly 2.11) 
  pi [deostanf pan 

Ideally the transit time is small and so the sine function can be approximated to its 

own argument. This simplifies the equation above. Taking into account the initial 

velocity the electron has on entering the pre-buncher, the complete solution is, 

v(t,)= (2.12)              

This equation describes how the pre-buncher velocity modulates the electron beam 

sinusoidally with time around a the mean electron velocity on condition that the 

modulating voltage is small in comparison to the electron beam voltage at the 

entrance to the cavity gap. 

2.7 Bunching of the Electron Beam 

On account of the velocity modulation produced at the pre-buncher cavity the 

electrons leaving the cavity gap with higher than average velocities tend to catch up 

those that leave earlier with lower than average velocities. As a result of the initial 

velocity modulation together with a sufficiently long drift distance the electron beam 

begins to experience charge density modulation. 

To examine this effect analytically, consider the fact that electrical charge is a 

conserved quantity in the physical world. If the charge leaving the gap over a time 

interval dt, is given by I,dt,, then this charge must exit the drift region as I,dt,. This 
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exit current can, therefore, be written as, 

at 
L=l— (2.13) 

é oO dt, 

If the drift length is L then the drift time from the pre-buncher gap to the exit of the 

drift region is defined, using the electron velocity, as, 

L 

eBV. 
Ecos(2rft,)] 

2 
mv, 

o) v,[1+ (2.14) 
  

and since the energy given to the electron electrostatically is equal to its kinetic 

energy (eV = mv’/2), this may be re-written as, 

  

ee a ee 2.1 v,[1 Sy. cos(2ft,)] (2.15) 

where V, is generally much smaller than V, and by looking at the first term of the 

binomial expansion, the following expression is obtained, 

  

oe eRe, ttyl te 7,05 nft,)] (2.16) 

By differentiating with respect to t, and substituting into equation (2.13), we obtain 

an expression for the beam current exiting the drift region, 

I 
o 

i 1+Xcos(2nft,) (2.17) 

where X is a dimensionless quantity known as the Bunching Parameter, 

_ wf V, 
Xe -&® (2.18) 

o 

The harmonic frequency components (nf) of the current on exiting the drift section 

can found by Fourier analysing equation (2.17). The exit current may be shown [3] 
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to be, 

=I, iF. 21,J,(nX)sin[n(27nft,-wL]v,)] (2.19) 

where w: v, is often referred to as the drift angle and J,(nX) is the n® order Bessel 

function. If we consider a two-cavity klystron operating in at its first harmonic, the 

amplitude of the first order harmonic component of the electron beam current is 

clearly 21,J,(X) where J,(X) is the first order Bessel function which is shown in figure 

2.3. The maximum first harmonic component occurs at a bunching parameter of 1.84. 

Of course, if the cavity is used to pre-bunch the electron beam for FEL experiments 

the bunching parameter need not necessarily be as large. 

2.8 FEL Prototype System 

The electron source consists of a tungsten filament electron gun operating at -SkV 

relative to the high voltage side of the accelerator (-55 kV relative to earth). This 

electron gun is powered from a filament current control unit and battery which "float" 

at high voltage. This high voltage section is pumped under high vacuum by an oil 

diffusion/rotary pump arrangement through a | inch internal diameter, 80 centimetre 

long glass tube with a 90 degree bend in it. The glass tube creates electrical isolation 

between the pumps, which are earthed, and the high voltage system. The next 

component in the vacuum system is the pre-buncher cavity. Between this and the 

electron gun there is an electromagnet coil wrapped around the vacuum tubing which 

acts as a magnetic lens and focuses. the electron beam through the grided apertures 

of the pre-buncher cavity. The pre-buncher cavity itself is floating at a voltage of -50 

kV and fed with microwave hie from an external source which is at earth voltage. 

Up to 2 watts of microwave power may be transmitted from the microwave source



to the pre-buncher. Electrical isolation is achieved by transmitting power through a 

PTFE insulator using a pair of microwave horn antennae, attached at the end of 

waveguides leading to the pre-buncher and from the microwave source. 

After the pre-buncher cavity there is a drift section of approximately 29 centimetres 

long which leads up to the entrance of the accelerator and in which the velocity 

modulated electron beam is allowed to form into bunches of electrons. The electron 

bunches are electrostatically accelerated in the accelerator which consists of two 

ceramic high voltage insulators mounted on 6 inch diameter vacuum flanges. The 

accelerator electrodes consist of large flat stainless steel plates within the vacuum 

which are held at the appropriate voltage. Each plate has a 1 centimetre diameter hole 

drilled at its centre to allow the electron beam to pass through. Obviously, the gun 

side of the accelerator is held at -50 kV with the main power supply, rated at 100 kV 

and 1 milliamp, whilst the middle electrodes are held at -25 kV with a second supply 

rated at 50 kV and 1 milliamp. The whole of the high voltage side of the rig is 

enclosed in a Faraday cage with curved edges to reduce corona and the risk of 

electrical breakdown. On the accelerator ceramic sections flanges, which are level 

with the accelerator electrodes themselves, a set of Rogowski profile electrodes have 

been placed to shroud the bolts on the flanges, thus preventing breakdown. They also 

effectively continue the accelerator electrodes outside the ceramics in order to 

effectively increase the diameter of the electrodes, which is necessary to produce a 

uniform accelerating field. The whole of the electron gun, accelerator and pre- 

buncher is enclosed in an earthed aluminium cage, mounted inside a wooden box, for 

electrical safety. Figure 2.4 shows a schematic drawing of acceleration system for the 

prototype FEL with the catcher cavity introduced at the exit of the accelerator, as it 
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would be for the two cavity klystron bunching test. Much of the vacuum equipment, 

such as gate valves and pressure gauges, is excluded for clarity. The pumps at the 

earthed end of the accelerator consist of a turbo-molecular pump backed off with a 

rotary pump. 

Figure 2.5 gives a general view of the system configured as an FEL oscillator with 

the details of the high voltage and electron beam system omitted. This figure also 

indicates how the high voltage cage is raised above the rig on a perspex table which 

is supported by Nylon columns. 

Also, shown on figure 2.5 is the external pre-bunching system. This system consists 

of an X-band signal source and amplifier which provide the necessary pre-bunching 

power for the two-cavity klystron test and the various FEL experiments. The 

microwave power is fed through to the pre-bunching system via a waveguide isolator 

to prevent back reflections which might damage the microwave amplifier. After this 

component, a 10 dB coupler may be attached to re-route about 10 percent of the pre- 

bunching power into the waveguide resonator circuit in order to perform FEL 

experiments in the amplifier mode or, as shown in the diagram, the system may 

operate in an oscillator mode, with no coupling from the pre-buncher circuit to the 

waveguide resonator circuit. 

The pre-buncher circuit continues with phase shifting components and a variable 

attenuator which serve to vary the amplitude and phase of the pre-bunching signal if 

it is necessary. At this point a 20dB coupler is introduced into the system which can 

be configured to measure both power reflected from and incident to the pre-buncher 
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cavity. These measurements determine the effectiveness of the pre-bunching system 

and the quality factor of the cavity itself prior to an experiment. During experiments 

the pre-buncher will of course be tuned for minimum reflection of power from the 

cavity and as such the measurement of reflected power gives a good indication of the 

systems performance during an experiment. Microwave power is finally delivered to 

the pre-bunching cavity, which is typically at a potential of -50 kV, through a high 

voltage isolator made from a pair of horn antennae with PTFE insulation. 

Beyond the accelerator and the first turbo-molecular pump is the FEL waveguide 

resonator (shown here in the oscillator mode) and the wiggler magnet. The various 

experimental arrangements of the earth side of the FEL system will described in detail 

in the appropriate chapters later in this thesis. At the far end of the waveguide 

resonator another turbo-molecular/rotary pump arrangement ensures that not only the 

waveguide, but also the collector section which completes the system are both 

pumped adequately. Various parts of the waveguide resonator and the collector itself 

are electrically isolated from one another. This allows electron beam losses in the 

system to be studied, which in turn helps the task of electron beam steering. The 

photographs 2.1 to 2.4 show different views of the completed prototype FEL’s high 

voltage, wiggler and microwave systems. 

2.9 Summary 

In this chapter the design and philosophy behind the prototype waveguide FEL has 

been introduced. The experimental work behind the building a new FEL is obviously 

extremely technical, time consuming and, therefore beyond the scope of an individual 

Ph.D. project. Hence, in addition to the important and essential theoretical work 
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being carried out within this group, the experimental work on the three major FEL 

components, introduced in the previous chapter, has by necessity been distributed 

between research students. These areas are: 

i) Construction of the electron beam system. 

ii) Construction of the wiggler magnet. 

iii) Construction of the pre-buncher and RF system. 

This thesis details the work covered on the latter of these titles and involves the 

design, construction and testing of the pre-buncher cavity and the microwave system 

to power it, together with the waveguide resonator system and the instrumentation 

required to analyze its performance as a resonator. After this, the ability of the pre- 

buncher to actually bunch the electron beam must be determined. This is most clearly 

demonstrated by the successful building and testing of a two-cavity klystron, which 

will necessitate the fabrication of an identical cavity to act as a catcher. 

Once the buncher has been proven to work, the task is to construct the FEL 

waveguide resonator and the instrumentation associated with it so that the various 

FEL experiments may be performed. Having experimentally investigated the 

performance of this FEL device, its performance is analyzed through a simple 

mathematical analysis coupled with single particle computer simulations. Table 2.1 

summarizes the prototype FEL Specification. 
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Table 2.1: Prototype FEL Specification 

Electron Beam: 

Wiggler Magnet: 

Buncher Cavity: 

Waveguide: 

Synchronous Voltage 

Maximum Current 

Diameter 

Period 

Gap 

Number of Periods 

Peak Magnetic Field 

Resonant Frequency 

Height 

Width 

Cufoff Frequency 

55 

55 kV 

1 mA 

1 mm 

19 mm 

22 mm 

25 

280 Gauss 

8.23 GHz 

10 mm 

20 mm 

7.5 GHz



Photograph 2.1: Accelerator (Side View) 
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Photograph 2.3: Microwave System 
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Figure 2.2: FEL Dispersion Relationship 
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Figure 2.3: 1st Order Bessel Function 

Harmonic Component of Beam Current 

as a Function of Bunching Param-zier 

oat Order Bessel Function, J(X) 

  
0 1 2 3 4 5 6 

Bunching Parameter, X
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CHAPTER THREE 

PRE-BUNCHER CAVITY 

AND RF SYSTEM DESIGN 

3.1 Introduction 

With an operating electron beam current limited toa maximum of 1 mA by the high 

voltage supply itself, the importance of a pre-bunching system cannot be overstated 

if we wish to examine the beam-wave interaction caused by a wiggler magnet in an 

FEL. It is essential that an efficient pre-bunching cavity is constructed. Short gap co- 

axial resonators of the type used in many microwave devices are the ideal solution to 

this immediate problem. 

3.2 The Short Gap Co-Axial Resonator 

An example of this type of resonant cavity and its equivalent circuit, according to the 

usual analysis, is shown in figure 3.1. The whole purpose of the pre-buncher cavity 
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is to produce a strong alternating electric field in the direction of the electron beam 

axis, so that the stream of electrons may be velocity modulated, with as little input 

power as possible. The short gap cavity is a convenient method by which this goal 

may be accomplished. The short gap creates a gap capacitance which is ideally larger 

than that distributed elsewhere within the cavity. As a result of this, most of the 

electric energy is stored within the gap capacitance. Another advantage of this form 

of cavity, from the point of view of velocity modulation, is that the short gap reduces 

the electrons transit time across the gap, thus improving the effective beam coupling. 

The equivalent circuit model shown figure 3.1 represents this system as a length of 

co-axial transmission line which is shorted at one end and has a capacitor across the 

other. This capacitance is results from the treatment of the short gap as a parallel 

plate capacitor. In practice, of course, both "plates" actually consist of a pair of 

meshes to allow the electron beam to pass through, however, this makes little 

difference to the parallel plate approximation. 

Using the equivalent circuit it can be seen that the electromagnetic wave within the 

cavity must have a node at the shorted end, that is , the electric field is zero. 

Whereas, at the capacitance the electric field tends to be at a maximum. The input 

impedance of the line at this point can be shown to be of the form, 

Z,,=iZ,tan( 2) (3.1) 
c 

where w is the angular frequency, | is the length of the cavity and Z, is the 

characteristic impedance of the line given by,



= R 

where R and r represent the inner and outer conductor radii of the circuit. In the 

region of the gap capacitance the imaginary impedance of the circuit must equate to 

zero, giving, 

/ 1 1 Z, tan(~*) + =0 
ee ce (3.3) 

g 

The gap capacitance, neglecting any fringing effects, is simply given by, 

2 
i €,ur 

g d (3.4) 
  

where d is the gap spacing. 

It should be stressed at this point that the method described above can only be an 

approximation to the real system. On application of this approximation, it was 

discovered, by trying to build a model resonator operating at around 8.2 GHz, that 

the real system parameters are somewhat different to those calculated. In fact, the 

constructed cavity would not resonate within the operating band of the Marconi 

6158A signal source (7.9 to 12.4 GHz) which was used for testing. It would seem 

logical to assume that the model cavity was resonating somewhere below 7.9 GHz 

rather than above 12.4 GHz. Clearly, if this is the case, the calculations under 

estimate the capacitance within the rest of the cavity, since this is usually considered 

to be small in comparison with the gap capacitance. 

At this point it appeared prudent to design the buncher cavity experimentally, after 

which the short comings in the mathematical model could be investigated. 
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3.3 Model Resonator Mk I 

Photograph 3.1 shows the first model resonator to be made, which consists simply 

of a short section of copper X-band wave of dimensions 10 by 22.5 by 22.5 

millimetres. One end of the resonant cavity is closed off with a variable short circuit, 

the position of which may be varied to change the resonant frequency. The "inner 

conductor" is made from a brass OBA (approximately 6 millimetres diameter) screw 

which protrudes through the roof of the cavity. This diameter is chosen because it 

allows for the inner conductor to be bored out to 4 millimetres, allowing reasonable 

passage for the electron beam. 

The input iris for this particular model cavity consists of one of a series of thin 

aluminium discs with circular apertures drilled in them with diameters ranging from 

3 to 9 millimetres at intervals of 2 millimetres. One of these is sandwitched between 

the model cavity and the external circuits waveguide using a standard waveguide 

screw coupling. The tight push fit appears to make a good contact and achieves 

electrical continuity. 

In order to investigate the frequency at which resonance occurs, the quality factor 

(related to the bandwidth), the amount of coupling between the cavity and the external 

circuit and how all these may vary with the width of the inductive aperture, the 

reflection coefficient of the cavity as a function of frequency is measured. A signal 

of the order of several milliwatts is launched into the external circuit with a 10 kHz 

square wave modulation so that it may be detected by a diode and voltage standing 

wave amplifier. Any microwave power reflected from the cavity is sampled by the 

diode detector through a directional coupler and the remainder is absorbed with a 
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waveguide isolator. 

Initially, the inner conductor or tuning post was withdrawn so that the cavity 

resonates in a TE, ), mode. As the aperture diameter was increased the re‘iection of 

the microwave signal became less, and so the impedance matching was improved. 

However, critical coupling, where the reflection is zero at resonance, could not be 

achieved even with the 9 millimetre diameter aperture. It was necessary to use a 10 

millimetre square aperture to achieve a perfect match (critical coupling). With the 

variable short circuit positioned such that the length of this X-band waveguide 

resonator was approximately 23 millimetres in length, the resonant frequency was 

observed to be around 9 GHz. 

The OBA (6 millimetre) capacitive tuning post was then screwed into the cavity, 

increasing the capacitance and in doing so, reducing the resonant frequency down to 

the required value of 8.2 GHz. It was, therefore possible to make this model operate 

at around 8.2 GHz and to use the variable short circuit to vary the resonant 

frequency. Once the position of the capacitive screw was set, fine tuning of the cavity 

resonator was accomplished by moving one of its the short circuit to vary the internal 

volume. Figure 3.2 shows the reflected signal from this resonator as a function of 

frequency, indicating the effect of changing iris dimensions on the cavity coupling. 

Normally, the resonant frequency would fall as the iris dimensions are increased, in — 

this case the cavity has been re-tuned using the variable short circuit which results in 

an approximately constant resonant frequency. 

As suspected, because of the large dimensions of this particular model the capacitive 
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gap is too big. The capacitive post only protrudes 2 millimetres into the cavity leaving 

a gap of 8 millimetres. Because of the transit time problems associated with such a 

cavity operating with a 5 keV beam from the electron gun, this gap needs to be less 

than 2 millime:res to achieve a reasonable beam coupling coefficient. This can only 

be achieved by reducing the overall size of the cavity resonator. 

3.4 Model Resonator Mk II 

The results of the previous section indicate that a smaller cavity dimensions are 

necessary if a resonator with gap less than 2 millimetres is to be produced. With time 

at a premium, a decision was made to make a second model cavity out another 

section of waveguide. This time, however, the section was cut to a length of only 16 

millimetres and was soldered into a standard X-band waveguide flange. A small block 

of copper was soldered across the back of the waveguide to form the back wall of the 

cavity and two tightly fitting copper inserts were slid into the cavity along the side 

walls and again soldered into place, flooding the inside surfaces of the cavity to 

achieve electrical continuity. The internal dimensions at this point were 16 millimetres 

long by 16 millimetres wide by 10 millimetres high. An OBA screw was used as the 

capacitive post, which protrudes through the roof of the cavity. 

The input aperture for this model was an inductive iris made from a pair of strips of 

aluminium foil glued onto a brass template. When the cavity is attached to an input 

waveguide for testing, using standard screw clasps, the aluminium foil is placed 

towards the cavity when the template is inserted between the cavity and input guide. 

When the clasps are tightened the foil is pressed against the cavity section ensuring 

good electrical contact. 
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This new model was tested using the methods outlined in the previous section, but 

again the gap was found to be large at around 6 millimetres, even though a perfect 

match was attainable at the desired frequency. The dimensions of the cavity needed 

to be recuced further and so the next approach was to gradually build up the floor of 

the cavity to reduce its height. This was done with copper shims of approximately 1.5 

millimetres thickness. The first such shim was soldered into place on the floor of the 

cavity and it was noticeable that although the floor had been brought up nearer to the 

capacitive post, the amount to which it protruded into the cavity did not change 

significantly and so the gap was effectively reduced by raising the floor towards the 

capacitive post. This procedure was repeated with a second shim and then finally a 

third shim. The sum of all three shims plus the thickness of solder between them 

raised the floor by 5 millimetres leaving the remaining cavity with a height of 5 

millimetres and a capacitive gap that was later measured to be 1.6 millimetres when 

the cavity was resonant at around 8.2 GHz and perfectly matched to the external 

circuit. 

Figure 3.3 shows how the different sizes of inductive aperture change the coupling 

between the external circuit and the cavity. It is also noticeable how the resonant 

frequency decreases with as the width of the inductive aperture increases. Widening 

of the aperture does in fact increases the inductance of the cavity resonator as a 

whole, resulting in a lowering of the resonant frequency. For aperture widths less 

than 6 millimetres the cavity resonator is said to be under-coupled, that is, not all the 

incident power enters the cavity. Between 6 and 6.5 millimetres width, the aperture 

critically couples the resonator, giving a perfect match. However, for aperture widths 

in excess of these values the cavity is over-coupled. An interpretation of this could 
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be that all the incident power enter the cavity but some of it tends to couple back out 

into the external circuit again. 

It is important, at this stage, to attempt to make this model resemble a buncher cavity 

more closely, through which an electron beam would have to pass. In an attempt to 

do this a 4 millimetre diameter hole was drilled through the floor of the model, 

opposite the face of the tuning post, through which a 3.5 millimetre hole was also 

drilled. No wider hole could safely be drilled through the capacitive tuning post 

because of the eaik of its thread. In practice, this had little effect on the matching 

of the cavity and produced only a slight broadening of the bandwidth of the cavity 

(reduction of the Q factor). With constant use the screw thread on the tuning post did 

start to run loose, effectively destroying the electrical continuity of the cavity. This 

in itself caused, not only a large reduction of Q factor, but also a poor match, giving 

a clear demonstration of the importance of good electrical continuity within a cavity 

resonator. This problem was easily solved in this particular case by purposely 

damaging the thread to produce a tight fit or by tinning the screw with solder and re- 

cutting it again if necessary. 

Obviously, once a cavity of this type was placed within a vacuum system then tuning 

the cavity by changing its gap capacitance would not be practical. Another method 

by which this cavity may be fine tuned was accomplished by introducing a 6BA 

tuning screw through the back wall of the cavity. The effect of this tuning screw is 

similar to the variable short circuit in the previous section only smaller. By reducing 

the effective volume of the cavity, the inductance is reduced, causing a decrease in 

the resonant frequency of up to about 0.1 GHz in this case. 
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A model short gap co-axial resonant cavity has been produced which has thus been 

matched to the external circuit (and the source). It may be tuned to the correct 

resonant frequency with some adjustibility and includes a capacitive gap of only 1.6 

millimetres which allows for a reasonable beam coupling coefficient of approximately 

0.85 to be achieved with a 5 keV electron beam. 

3.5 Model Resonator MkIII 

Before machining the pre-bunching cavity for the vacuum system, which needs to be 

bored out of metal bar, it is important that the same design is tested using another 

model. Based on the previous successful design, this cavity uses the same dimensions 

for the inner conductor radius, cavity height and hopefully the same gap. Instead of 

the 16 millimetre square outer conductor, this new design has the outer conductor 

bored out to 18 millimetres diameter, giving the cavity the same internal volume. The 

tuning post again comprises a OBA screw and the gap aperture was originally 

machined to 5 millimetres in width. Resonance and matching tests were performed 

using the previous method. As these tests were performed the inductive aperture was 

gradually filed out until an ideal match was achieved. With a 1.6 millimetre gap the 

resonant frequency was measured at just below 8.28 GHz, an increase of just 1 

percent, indicating that the conversion from square to circular dimensions of constant 

volume was a valid one. Photograph 3.1 shows the internal structure of this cavity 

resonator model. 

Figure 3.4 shows a matching curve for this model with various aluminium foil 

inductive apertures placed in front of the machined aperture. The half width of this 
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of the reflection curve at critical coupling is approximately 0.01 GHz, implying that 

the loaded quality factor for this device is around 828. Again, the introduction of a 

6BA side tuning screw can produce a decrease in resonant frequency by as much as 

0.1 GHz. These dimensions were copied in the final pre-buncher cavity design, but 

will obviously be incorporated into the vacuum system and will have metal meshes 

as the "plates" of the gap capacitance so that the electron beam may pass through the 

cavity. 

3.6 Vacuum Pre-Buncher Cavity Design 

A diagram of the final pre-buncher cavity which has been designed for the FEL 

vacuum system is shown in figure 3.5. The internal dimensions are those used in the 

model cavity described in the previous section. To incorporate the pre-buncher into 

a vacuum system the cavity is bored from a cylindrical cavity block made from 

copper. As illustrated in the figure, the cavity block is bored out from one end to the 

18 millimetre inside diameter of the co-axial cavities external conductor. This hole 

forms the floor and walls of the cavity resonator. A 6 millimetre diameter hole is 

drilled through the floor of the cavity to form an exit for the electron beam. Into this 

hole is placed a stainless steel insert with a tungsten mesh spot welded across it. The 

roof of the cavity resonator is formed by a copper insert which plugs into the cavity 

block to a depth such that the height of the cavity is 5 millimetres. Another stainless 

steel insert with a tungsten mesh is placed within the drilled out copper insert, but 

protrudes far enough to form the capacitive post with a gap of 1.6 millimetres. The 

tungsten meshes do, of course, form the "plates" of the gap capacitance. All these 

components were initially assembled together using a tight push fit. The inductive 

aperture was machined to 6 millimetres in width by 5 millimetres high ( the height



of the cavity). 

At this point the experiment for determining the quality factor of the resonator and 

the match between it and the external circuit was carried out. On completion of this 

test it was discovered that the performance of the cavity was very poor. This was not 

entirely unexpected because the cavity had been fabricated from several components 

which were "push fitted" together, leading to unsatisfactory electrical continuity. 

During the construction of the second cavity model it was noted that whilst soldering 

the cavity together the inside walls tended to receive a uniform coating of solder 

throughout. This coating appeared not to adversely affect the properties of the 

performance of cavity. On the removal of this coating, through filing the internal 

walls, the properties of the cavity were found not to have changed appreciably. In 

order to achieve continuity on this present design it was decided to heat the whole 

cavity up to the required temperature and "flood" the inside surfaces with solder. 

With reference to previous tests which indicated the importance of a tight fit when 

a capacitive tuning screw was used, it would be essential that a good electrical 

connection between the roof of the cavity and the capacitive post is produced. The 

solder will not, of course, fuse with the stainless steel inserts, however, adhesion 

between the two metal surfaces is sufficient to make the essential electrical contact. 

The solder will fuse to the copper cavity block and the copper insert producing 

excellent electrical continuity between them. 

Figure 3.6 shows the performance of the first vacuum cavity to be constructed. A 

resonance can be seen to be present at just over 8.17 GHz. Some tunability was 

achieved by including a 6BA screw, inserted through the cavity wall opposite the 
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input aperture. In practice, once the cavity is set to the required resonant frequency, 

the screw thread may be sealed from the outside with vacuum sealing Q compound. 

The figure also shows that by winding the 6BA tuning screw into the cavity, the 

resonant .equency is increased up to a maximum of just over 8.27 GHz with 9 turns 

on the tuning screw. Again, the effect of this is to reduce the volume of the co-axial 

section of the cavity, thereby reducing its inductance and increasing the resonant 

frequency. If the tuning screw is inserted beyond about 9 turns, however, it gets quite 

close to the inner conductor within the resonator and begins to become capacitive as 

well. Increasing the capacitance overcomes the effect of the decreasing inductance, 

leading to a reduction in the resonant frequency beyond 9 turns. 

The bandwidth of this cavity is of the order of 0.02 to 0.03 GHz which gives a 

quality factor of approximately 410 to 270. This particular measurement was made 

with a 1 millimetre thick section of glass, cut from a microscope slide, glued over the 

inductive aperture to form a vacuum window. Previous test on this method of 

providing a vacuum seal indicated that the presence of glass over the aperture has an 

effect on the match between the cavity and the external circuit. This resulted in the 

aperture width having to be filed out to approximately 7 millimetres to maintain zero 

reflection at resonance, by correcting for the change in the apertures impedance 

caused by the presence of the glass window. 

The external circuit is attached to the cavity on a flat surface recessed into the cavity 

block, in which the inductive input aperture is machined. The attachment itself is 

made with a square waveguide flange shown in photograph 3.2. This is not screwed 

down flush the surface of the recess because of the presence of the glass window. 
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This necessitates the insertion of washers between the flange and the recessed surface 

to hold the waveguide flange slightly above the window, thus preventing damage to 

it. The resulting gap has little effect on the performance of the cavity resonator. 

Once the microwave properties of this cavity have been tested and proved to be 

satisfactory the vacuum flanges were are mounted onto the cavity block. A reasonably 

tight “push fit" ensures that the flanges are secure and that the completed component 

is robust whilst at the same time the vacuum seal is made with a pair of rubber O- 

rings. 

As mentioned in the previous chapter, in order to prove that the buncher cavity 

actually bunches the electron beam, a two cavity klystron experiment must be 

performed. This necessitates the construction of a second identical cavity for the 

klystrons catcher. Once the second cavity is completed and tested both the cavities are 

installed into the FEL system for vacuum testing. Newly fabricated components often 

take a few days to achieve good high vacuum performance whilst outgassing from the 

surface of the metal and in this case , from the superglue seal on the glass window 

on the input aperture occurs. However, pressures as low as 107 millibars have been 

achieved, indicating that the Q compound vacuum seal at the side tuning screw works 

well. Both cavities were put into the vacuum system in preparation for the two cavity 

klystron experiment. 

Figure 3.7 shows a comparison between the resonance charactaristics of the buncher 

cavity, which is fed through the isolating microwave horn antennae with Rogowski 

profile electrodes built around them to prevent breakdown, and the catcher cavity. 
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The horn antennae isolator does tend to increase the bandwidth of the buncher system 

slightly as expected to do so since a little power must be lost at the isolator through 

radiation and reflection off the isolator material itself which is made from PTFE. 

These cavities nay be tuned to the same resonant frequency if so desired with the 

side tuning screw. 

3.7 Waveguide Resonator 

The other essential part of the RF system is the waveguide resonator in which the 

FEL interaction between the pre-bunched electron beam, the electromagnetic wave 

and the wiggler magnetic field takes place. The simplest way to design a TMjo,, mode 

waveguide resonator would be to use a constant length of waveguide, shorted at either 

end with iris apertures just large enough to allow the electron beam to pass. Such a 

design would have excellent resonant characteristics and a high quality factor, 

however, by its nature it would operate at a constant frequency. In principle this 

would not present a problem but in practice it is easier to tune the system up with a 

tunable waveguide resonator. Also, when operating as an amplifier it is easier to tune 

a resonator of this type to the source frequency than to try an adjust the source output 

to lie within the narrow band of the waveguide resonator. Hence, a tunable design has 

been developed. 

In the previous chapter we discussed how the dimensions of the waveguide in the 

resonator are dependent on the gap between the jaws of the wiggler. If this gap is too 

large the sinusoidal quality of the wigglers magnetic field along the axis of the system 

will be poor, as will the strength of the field itself. Therefore, a gap of 22 millimetres 

was chosen which allows for a waveguide with a broad internal dimension of 20 
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millimetres with a wall thickness of 1 millimetre. This dimension is only 2.5 

millimetres less than that of standard X-band waveguide and allows for a cutoff 

frequency of 7.5 GHz. The waveguide resonator arrangement is shown in Figure 3.8 

in the amplifier mode. 

The centre piece of this resonator circuit is the reduced dimension X-band waveguide 

inside the wiggler magnet. All other components within the system are standard 

components using standard X-band waveguide. It would not be practical to design and 

build a series of waveguide components made from the reduced dimension waveguide 

when standard components are adequate. On the electron gun side of the waveguide 

system (shown on the left of figure 3.8), the reduced waveguide couples onto a 

waveguide corner using a standard coupling with an O-ring seal inside them to 

maintain the vacuum which must exist within the resonator along the electron beam 

line. At this point there is a step up in the waveguide width from the reduced to the 

standard dimensions, amounting to 1.25 millimetres on either side of the waveguide. 

Experiment has indicated that this step leads to a reflection coefficient which is 

negligible and has little effect on the resonant mode within the cavity. This corner’s 

purpose is to take all the other microwave components out of the electron beam line 

to allow for measurement and tuning, outside the vacuum. The waveguide corner is 

attached to the vacuum system along the electron beam line with 4.5 inch vacuum 

flange arrangement. It is through this flange and the tube which connects it to the 

corner section that the electron beam passes into the resonator. The other end of the 

waveguide corner is vacuum sealed with a glued perspex window. The corner is 

followed by a 40 dB cross coupler (at atmospheric pressure) to sample the power that 

may build up inside the resonator with a bolometer type power sensor and digital 
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power meter. This side of the circuit is terminated with a variable short circuit, with 

which the resonator may be tuned. 

On the collector side (right), the reduced dimension waveguide couples onto a second 

waveguide corner with a standard O-ring flange, however, an inductive iris is placed 

at this intersection to act as the input aperture for the waveguide resonator. This 

waveguide corner, which makes up the first part of the external resonator circuit, is 

also vacuum sealed with a glued perspex window. The collector arrangement is placed 

on the other side of this corner sections vacuum flange, through which, of course, the 

resonator is also pumped with a turbo-molecular vacuum pump, just as it is pumped 

through the vacuum connection at the other end. The external circuit is completed 

with 20 dB cross coupler, which is used to measure the reflected power from the 

input aperture to the waveguide resonator, and a co-axial cable to waveguide 

transformer. 

To find the correct aperture size in the amplifier mode, microwave power at the 

operating frequency is injected into the system through the transformer and the 

reflected power measured through the 20 dB coupler with a power meter. A 10 

millimetre wide inductive aperture was shown to give approximately zero reflection, 

thus matching the resonator to its external circuit. Any gain in power developed 

within the cavity in this mode is sampled through the 40 dB coupler. In the oscillator 

mode the output may be measured by simply attaching the power sensor to the 

transformer, thus directly giving the power delivered to the load (power sensor). 

Figure 3.9 shows how the waveguide resonator may be tuned with the variable short 
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circuit, by effectively changing the length of the resonator. With the variable short 

circuit fully retracted, thus making the cavity as long as possible, the waveguide 

resonator has a series of modes, one of which is at 8.21 GHz. By moving the short 

circuit into the resonator, thereby shortening the resonant wavelength in this particular 

mode, the resonant frequency can be shifted up to that of the pre-buncher cavity, that 

is, 8.24 GHz. Clearly, all the different resonant modes will be shifted up in frequency 

as illustrated in figure 3.9 with the next mode up in frequency. Obviously the 

waveguide resonator can be tuned to any frequency around the resonant frequency of 

the cavity. This tunability will be seen to be advantageous in later chapters. 

A comparison between the waveguide resonator and the pre-buncher cavity, as it was 

when installed into the system for the FEL experiments, is given in figure 3.10. This 

particular measurement gives the pre-buncher a bandwidth of approximately 0.02 

GHz which would lead to a loaded quality factor of around 414. The waveguide 

resonator has a bandwidth of approximately 2 MHz, producing a loaded quality factor 

of 4120. The much higher quality factor found in the waveguide resonator is 

expected. As the volume of a resonator increases the internal surface area also 

increases but at a lesser rate. Hence, the electromagnetic energy stored in the volume 

of the cavity increases more rapidly than the power dissipated through the walls. As 

a direct result of the larger volume of the waveguide resonator, its quality factor is 

nearly an order of magnitude higher than the pre-buncher, even though their physical 

structure and that of the electromagnetic mode within them are very different. 

If a standard X-band waveguide was used, a loaded quality factor of the order of 4 

to 5 thousand would be expected at this particular resonant frequency. However, the 
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reduced dimension waveguide with its higher cutoff frequency has much larger 

attenuation, in fact the increase in attenuation is roughly proportional to the decrease 

in quality factor for the reduced dimension waveguide resonator. However, the 

bandwidth of the resonator is still quite small and so the ability to tune to the desired 

frequency becomes essential. 

3.8 Summary 

A co-axial short gap cavity with a quality factor of approximately 400 has been 

developed to act as the pre-buncher for the prototype waveguide FEL. To prove that 

it does bunch the electron beam, a second cavity of identical design has been 

constructed so that it may act as a catcher cavity in a two-cavity klystron experiment, 

described in the next chapter. Also, in preparation for the FEL experiments, a tunable 

waveguide resonator has been constructed which has a quality factor of approximately 

4000. 

80



  

        

Photograph 3.1: Model No. III 
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Figure 3.2: Cavity Model No.1 
Reflected Power as a Function of Input 

rrequency with Various Aperture Sizes 

Reflected Power (Arbitrary) 

  
8.1 8.15 8.2 8.25 8.3 

Frequency (GHz) 

~ 7 mm diam. — 9mm diam. 

——{O.mm.square. ~. = -S.0™ shorted 

Note: Re-tuned for resonance at 8.2 GHz 
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Figure 3.3: Model Cavity No.2 
Matching Curves for Cavity With 

Varying Inductive Aperture Dimensions 

Reflected Power (Arbitrary Units) 

  
7mm | 

6.5mm |} § & mm 

795 8 8.05 81 815 82 825 83 8.35 84 

Frequency (GHz) 

Dimensions: 16mm sqr x 5mm high 

Tuning post: 6mm diam. 

Gap: 1.6mm 
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Figure 3.4: Cavity Model No.3 

Reflected Power as a Function of Input 

Frequency with Various Aperture Sizes 

Reflected Power (Artitrary Units) 
a eee         ps Vb tele a eaeennks totte teae bs eth store nee 

  

8.26 8.28 83 832 834 836 838 84 

Frequency (GHz) 

Inductive Iris Matching 

Note: r=3mm, R=9mm, |=5mm 
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Figure 3.6: 1st Vacuum Cavity 
Matching and Tuning Curve Indicating 

the Range of Fine Tunability 

Reflected Power (Arbitrary Units) 

   

   

  

  

        
aomeenoeme roeenecieetoreenetisemnsnn ord nee 
  

     Natural Resonance | | Max. Tuned Resonance     
8.1 8.12 8.14 8.16 8.18 82 8.22 8.24 8.26 8.28 83 

Frequency (GHz) 

Vacuum Seal: imm Thick Glass Window 

Fine Tuning: 6BA Side Tuning Screw 
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Figure 3.7: Buncher/Catcher Resonance 
Comparison Between Resonant Frequency 

and Bandwidth of the Vacuum Cavities 

Reflected Power (Arbitrary Units) 

  Buncher/Isolator 

Catcher 

8.15 8.2 8.25 8.3 

Frequency (GHz) 
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Figure 3.9: Waveguide Resonator 

Tuning Curve Indicating Reflected 

Power as a Function of Frequency 

Reflected Power (Arbitrary Units) 

  | _| Tuned 

Natural _| Resonance 

Resonance 

8.2 8.25 8.3 8.35 8.4 

Frequency (GHz) 

Waveguide Cutoff Frequency = 7.5 GHz



Figure 3.10: Resonator Comparison 

Tuning Curve Comparing the Buncher and 

Waveguide Resonator Bandwidths 

Reflected Power (Arbitrary Units) 

  

Waveguide | 

Pre-Buncher _ 

8.2 8.22 8.24 8.26 8.28 8.3 

Frequency (GHz) 
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CHAPTER FOUR 

THE TWO CAVITY KLYSTRON 

EXPERIMENT 

4.1 Introduction 

In the last chapter the design and construction of the pre-buncher cavity was looked 

at in some detail. This chapter outlines the development of an experiment to 

investigate the ability of this device to produce a bunched electron beam, in order that 

the gain of the waveguide FEL may be enhanced. It is essential that the effectiveness 

of this device be assessed before any FEL experiments are attempted. In the event of 

any future problems with the FEL apparatus, it would be helpful if the pre-buncher 

could eliminated as the source of any possible failure. Therefore, the purpose of this 

experiment is simply to prove conclusively that the pre-bunching system works and 

produces a bunched electron beam at the exit of the electrostatic accelerator. 
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4.2 The Two Cavity Klystron Amplifier 

Before describing the experiment it may be useful to briefly look at how the two 

cavity klystron produces radiation in the catcher cavity. Assuming that the buncher 

cavity has produced a bunched electron beam through the process of velocity 

modulation combined with a suitable drift region and that both cavities are tuned to 

the same frequency then the first harmonic component of the electron beam current 

at the catcher cavity has a peak value given by [1], 

2BI,J,(X) (4.1) 

where J,(X) is the first order Bessel function of the bunching parameter X, I, is the 

average electron beam current and B is the beam coupling coefficient for the catcher 

cavity. If the catcher cavity has an equivalent shunt resistance Rs and R, is the 

effective parallel load resistance then the total resistance of the parallel cavity and 

load is, 

RR, 
(Rs+R,) (4.2) 
  

The harmonic component of the electron beam current induces an equal but opposite 

current in the walls of the catcher system. This results in a voltage being generated 

across the catcher of peak magnitude given by, 

Rehe (4.3) 

(Rs+Ry) 
  2BI,J,(X) 

The peak power delivered to the cavity is simply the product of equations (4.1) and 

(4.3) which leads to the conclusion that the time averaged power delivered to the 

catcher cavity, assuming it is tuned to the frequency of the fundamental component 

of the electron beam current, is half of that, 
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RM (4.4) 

RR) 
  5(2B1,1,00P 

To obtain the time averaged power that must be delivered to the load resistance we 

must consider the ratio of the microwave power delivered to this load compared with 

the total. This ratio is, 

ieken 
(R,+R,) (4.5) 

and so the power delivered to the load resistance is given by, 

2 

P -lropry oop — Rsk 
LOAD “> 1 (R,+R,)? (4.6) 

The catcher cavity in a klystron is matched to the external circuit in the same way as 

the buncher cavity. When the shunt resistance of the cavity itself is matched to the 

external circuit or the load, then R, = R,, and so equation (4.6) becomes, 

Proap=5 (BL ACOPR, (4.7) 

Under these conditions equation (4.7) represents the maximum power which can be 

delivered to the load. The shunt resistance of the resonant circuit is usually defined 

in the form, 

ae (4.8) 
wt 

where Q, is the unloaded quality factor of the cavity, w is the angular frequency at 

resonance and C is the total capacitance of the cavity. For a short gap coaxial 

resonator of this type equation 4.8 can also be written in the form, 
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R,=Q,Z,,=@,138log,4(%)tan) (4.9) 
r c 

where Z,, is the input impedance of the co-axial conductor section of the cavity 

resonator. Clearly, it is possible for us to make an estimate of the of the shunt 

resistance of the catcher cavity and, given experimentally determined examples of 

electron beam current and output power, an estimate of the value of the Bessel 

function and the degree of bunching may be made. 

In chapter three, where velocity modulation and bunching were introduced, it was 

shown that the square of the bunching parameter was proportional to the square of 

the gap voltage and is thus proportional to the input power at the buncher cavity. 

From this a theoretical plot of catcher power output as a function of the buncher input 

power may be produced. Figure 4.1 is an example of this function where the output 

power at the catcher cavity is directly proportional to the square of the first order 

Bessel function of the bunched electron beam current and the input power at the 

buncher cavity is proportional to the square of the bunching parameter. The first and 

largest peak in output power occurs when the bunching parameter has a value of 

1.84. 

4.3 Accelerated Klystron Configuration 

Having briefly described the operation of a standard two cavity klystron, the 

arrangement of the accelerated klystron is shown in Figure 4.2 . The only difference 

between this device and the standard klystron is, of course, the electrostatic 

accelerator placed in front of the catcher cavity, however, the general arrangement 

is as follows. A thermionic electron gun operating at approximately -5 kV produces 
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a SkeV electron beam which is focused and steered through the buncher cavi 

it is subjected to the necessary velocity modulation. The electron beam ther 

  

a drift distance in which the velocity modulation begins to cause the electron beam 

to form into bunches. The bunching of the beam is largely complete as it enters the 

accelerator system, at which point the electron bunches are accelerated up to energies 

of around to 55 keV. It should be noted that the whole system on the gun side of the 

accelerator is at negative high voltage and so the buncher input power is transmitted 

across an insulator through a pair of microwave horn antennae. The bunched 

accelerated beam then passes through the catcher cavity with some additional focusing 

and then terminates at the collector electrode. The catcher cavity, which is identical 

in to the buncher cavity, delivers microwaves to the output waveguide through a glass 

vacuum window and a bolometer type power sensor directly measures the power 

delivered to it (the load). 

4.4 Accelerated Klystron Experiments 

In order to perform this experiment both cavities are tuned to the same resonant 

frequency. This is done on the system by injecting power into both cavities from the 

same source using a directional coupler to split the microwave signal. The power 

reflected from the cavities, measured as a function of frequency, indicates a minimum 

reflection at the resonant frequencies of each cavity. Although they should ideally be 

designed to have the same resonant frequency this cannot be achieved exactly in 

practice and so some slight re-tuning is necessary. This is done with the side tuning 

screws described in the previous chapter. 

The first experiment which must be attempted is an examination of the catcher output 
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power as a function of the buncher input power for the accelerated klystron, a 

theoretical example of which was produced for the standard klystron as shown in 

figure 4.1. The power flowing from the microwave amplifier to the buncher cavity 

may be continuously changed using a variable attenuator placed within the branch that 

feeds the buncher cavity. Also, using a directional coupler, the power flowing to the 

buncher may be measured with an RF power sensor. As the input power is varied 

remotely with a motor drive unit both input and output power were recorded on a 

plotter. This was repeated at several intermediate accelerator voltages, however, the 

sole purpose of this experiment is to prove that electron bunches are produced at the 

exit of the electrostatic accelerator at a beam energy of approximately 55 keV and this 

result is shown in figure 4.3. The peak indicates the maximum harmonic component 

achievable for this bunched electron beam at the fundamental frequency. 

It is also possible to look at how the catcher power depends upon the frequency of 

the modulating signal. Figure 4.4 gives an example output power against input 

frequency. The position of this peak would depend upon the particular resonant 

frequency of the catcher cavity in question. Only when the modulation frequency 

equals that of the cavity resonance does the output power reach a maximum. This is 

because the bunched electron beam must induce a equal and opposite RF wall current 

within the catcher which coincides with its resonant frequency. 

From figure 4.4 it is also noticeable that from an examination of the buncher reflected 

input power curve, which is expressed in arbitrary units, that above condition does 

not necessarily have to exactly coincide with the resonant frequency of the buncher 

cavity. Again, the beam must be bunched at the same frequency as the catcher cavity 
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resonance. If this does not coincide with that of the buncher, then it is the efficiency 

with which the buncher uses the input power to modulate and, therefore, bunch the 

electron beam which suffers. In other words, the bunching parameter is less for the 

same amount of power if the cavity resonances do not coincide. 

It must be questioned as to why these cavity resonances do not coincide during the 

experiment when they were carefully tuned beforehand. It would appear that the 

resonant frequency of the cavities varies slightly with the amount of electron beam 

current passing through them. This experiment was also the first real test of the beam 

steering and focusing system and it did indeed prove difficult to get the electron beam 

through both cavity gaps because of their small dimensions. Interception of the 

electrons by the grids also progressively reduces the electron beam current. In 

practice this meant that although a beam current of 400 microamps was focused 

through the buncher only around 100 microamps was focused through the catcher. So 

there is a difference in the resonant frequency of the cavities, as a direct result of the 

difference in electron beam current, flowing in each cavity. 

Figure 4.5 gives an indication of this effect. In it, the reflected input power from the 

buncher, as a function of frequency is displayed with different values electron beam 

current passing through it, up to a maximum of 1 mA which is the limit of the high 

voltage power supply. 

4.5 Discussion 

It is clear that pre-bunching system is operating effectively and that a bunched 

electron beam does exit the accelerator section. Figure 4.4 gave some indication that 
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the properties of the buncher and catcher cavities do change with the amount of 

electron beam current which passes through them. Further examination of this effect 

(in figure 4.5) clearly indicates an increase in resonant frequency with electron beam 

current. 5 effect must be taken into account when the FEL experiments are 

performed because of the large Q factor of the waveguide resonator. Such 

discrepancies in the resonant frequencies of the buncher and waveguide resonator 

could lead to a serious reduction of gain and output power. Indeed, figure 4.5 will 

be used as a calibration chart for the pre-buncher for the waveguide FEL experiment 

so that this potential problem may be avoided. 

Figure 4.6 shows the two-cavity klystron output with a total of only 10 kV 

acceleration. It is noticable that as the post acceleration voltages increase the input- 

output curve departs further from the theoretical curve of Figure 4.1. As this post 

acceleration increases, the input power necessary to produce the same output also 

increases. Figures 4.1 , 4.3 and 4.6 clearly shown how this curve is shifted to the 

right as the post acceleration increases. 

Using equations 4.8 and 4.9 the shunt resistance of the catcher cavity may be 

estimated using the cavity data from the previous chapter. With an unloaded quality 

factor of approximately 800, the shunt resistance is of the order of 57 kilo-ohms. By 

considering the output powers given in figures 4.3, 4.4 and 4.6 and their respective 

beam currents, the harmonic component of the electron beams may also be calculated. 

The respective values for their first order Bessel Functions are 0.16, 0.15 and 0.09. 

These are but a few examples of the two cavity klystron results. However, results as 

high as 0.18 and as low as 0.08 have been recorded (see Appendix Two). This 
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indicates that the bunching parameter for maximum output is several times lower than 

might be anticipated. It can only be concluded that the effect of post acceleration 

tends to cause considerable de-bunching. There might also be the possibility of a 

space charge effect prior to the accelerator. 

The experimentally determined results which describe the harmonic content of the 

electron beam are useful later in this thesis, when the performance of the FEL is 

assessed by comparing results of FEL experiments with theoretical predictions based 

on the harmonic content of the pre-bunched electron beam. 

4.6 Summary 

The two cavity klystron experiment has proven beyond doubt that the pre-bunching 

system does produced a bunched electron beam at the exit of the accelerator at 

operational accelerating voltages, i.e. 55 kV. However, the data indicates that the 

first order Bessel function for the electron beam on exiting the accelerator may only 

be in the range of 0.18 to 0.08 compared with the maximum of possible of 0.58, 

giving bunching parameters of only 0.36 to 0.16. 

4.7 References 

[1] O P Ghandi, Microwave Engineering and Applications, Pergamon Press (1981). 
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Figure 4.1: The Two-Cavity Klystron 
Theoretical Input-Output Relationship 

For a Klystron Without Space Charge 

4 Square of 2U(X) (Power Out) 
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Figure 4.3: The Klystron Experiment 
Catcher Output Power as a Function of 

Buncher Input Power 

, Catcher Output Power (uW) 
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Buncher Input Power (W) 

Catcher Beam Current = 37uA 

Beam Voltage = 55 kV 
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Figure 4.4: Input-Output Spectrum 
Catcher Output Power Spectrum in 

Relation to the Buncher Tuning Curve 

, Catcher Power (uw) 

  
8.15 8.2 8.25 8.3 8.35 

Frequency (GHz) 

— Catcher Output —— Buncher Reflection 

Collector Current Approx. 106 uA



Figure 4.5: Buncher Cavity Tuning 
Reflected Power as a Function of 

Frequency with Varying Beam Current 

Reflected Input Power (Arbitrary Units) 

  
8.2 8.22 8.24 8.26 8.28 8.3 

Frequency (GHz) 

— ZeromA —— 0.5 mA ~~~ 1.0 mA 
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Figure 4.6: The Klystron Experiment 
Catcher Output Power as a Function of 

Buncher Input Power 

, Catcher Output Power (uW) 

  

ramet AL ate has ee MP 

Foie ee hae ie. se ee Te 

a lits age 

ingen foals See deese tere fol 2 Eh 

0 
O° O14 ='0.2. 0:3. 0:4 | 0,5'¢-0264"" 0-7 --0:8, 0-9 -".1 

Buncher Input Power (W) 

Catcher Beam Current = 60 uA 

Beam Voltage = 10kV



CHAPTER FIVE 

THE FREE ELECTRON LASER 

"OSCILLATOR" EXPERIMENT 

5.1 Introduction 

Having proven, with the two cavity klystron arrangement, that the pre-buncher cavity 

performs its intended function efficiently and that electron bunches are being 

produced at the exit of the electrostatic accelerator, we are now in position to perform 

a series of experiments with the pre-bunched waveguide FEL. During this first set of 

experiments the FEL device will be operated in an "oscillator" mode. The output 

power produced will be examined as a function of the accelerating voltage and the 

variation of the peak output power with electron beam current will also be 

investigated. 

5.2 Experimental Arrangement 

The catcher cavity, which was originally placed at the exit of the electrostatic 

accelerator for the two cavity klystron experiment has been removed. This was 
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replaced by the permanent magnet wiggler which was discussed in chapter 2. 

However, because of the extra distance that the electron beam must pass through, the 

wiggler is preceeded by a beam alignment section [1]. This section includes four 

Helmholtz coils, which may be rotated around the vacuum tubing, for bec» steering 

and alignment. Also included within this section of the system is an electromagnetic 

lens which is used to focus the electron beam at some point down the wiggler to 

maximize the throughput of electron beam current. The arrangement of the 

microwave system together with its instrumentation for operation in the oscillator 

mode is shown in figure 5.1. At the output of the waveguide system is a standard 

waveguide transformer to which the RF power sensor is attached when the FEL is 

producing power. During the tuning of the resonator, prior to the experiment itself, 

this transformer becomes the input through which some power is introduced at the 

resonant frequency. At the output of this component there is a 20dB cross coupler 

which "faces" the resonator so that it may sample any reflected power during the 

tuning operation. A power sensor or diode is attached to the coupler to measure the 

reflection. Following on is a waveguide corner which allows the above components 

to be taken out of the electron beam line. 

The input of the waveguide resonator includes a 10 millimetre inductive aperture 

which is chosen to match the external circuit to the resonator as described in chapter 

3. The resonator itself consists of the reduced dimension waveguide which is placed 

between the jaws of the wiggler magnet, after which follows another waveguide 

corner and a variable short circuit which is used to tune the resonator to the desired 

resonant frequency by simply adjusting its lengtn. 
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5.3 Experimental Procedure    
Initially, the waveguide resonator is tuned to the frequency of operation whichas-me 

same as that of the microwave radiation that is supplied to the pre-buncher cavity. 

This is done b: injecting microwave power at the correct frequency into the circuit 

and adjusting the position of the variable short until the power reflected from the 

resonator is at a minimum. At this point the tuning source is removed and replaced 

with a power sensor. The microwave system is now ready to the perform the 

oscillator experiment. 

The accelerator voltage is brought up to its synchronous voltage and electron 

alignment checks are carried out at low current (a few microamps). These adjustments 

are made so as to maximize the electron beam current passing through the wiggler 

and resonator to the collector electrode. The electron beam current is then increased 

to its operating value and then the steering and focusing is re-adjusted to maximize 

the collector current once again. This normally coincides with a maximum of output 

microwave power which is indicated on the RF power meter. 

In the previous chapter, it was described how the pre-buncher input power was finally 

set at a value which produced the largest output from the catcher cavity. Two cavity 

klystron theory dictates that this is achieved with a bunching parameter of 1.84. It is 

likely that since the physics of the klystron interaction and the wiggling electron-wave 

interaction is similar that the bunching parameter which is necessary to achieve the 

largest FEL oscillator output will be the same and that the harmonic component of 

electron beam current is described in the same manner as the klystron. 
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5.4 Coherent Output against Acceleration Experiment 

Once the experimental apparatus has been set up to produce the largest microwave 

output at the operational electron beam current, the first FEL experiment may be 

performed. If an FEL type interaction is to take place it must be highly dependent on 

the accelerating voltage and so in the first experiment the electron beam voltage was 

be increased in steps of one hundred volts through the synchronous value and the 

output microwave power measured by the power sensor in the output waveguide is 

recorded. Adjustment were made to the currents passing through the system with the 

beam steering and focusing coils at each interval in order to ensure an approximately 

constant electron beam current with good beam quality throughout the experiment. 

A consistent set of data was obtained this way. The power sensor effectively acts as 

a matched load, giving a direct measurement of the power delivered to the load. 

A typical set of experimental data for the pre-bunched waveguide FEL operating in 

the amplifier mode is shown in figure 5.2. This coherent microwave output as a 

function beam voltage appears to be in the general form of a squared sinc function 

with some distortion which is mainly due to the dispersive characteristics of the 

waveguide resonator itself and also the variation in the quality of the electron beam 

with accelerating voltabe This general form of output profile is the result of the 

electron bunches spontaneously emitting a wave-train or pulse of radiation, as they 
  

pass through the wiggler magnet, which is the amplified in the resonator because of 

the system’s gain. The Fourier transform of this wave-train is related to the oscillator 

output as described in chapter one. 

Figure 5.3 is an example of an early set of data from the oscillator experiment. The 
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poor shape of the curve is due to inadequate beam alignment and focusing at each 

hundred volt step. This leads to non uniformity in the measured collector current and 

highlights the importance of adhering to the correct re-alignment procedure. It is also 

noticeable that even though the electron beam current used in this particular set of 

data is lower than that in the previous case, the power obtained is particularly low. 

This again emphasises to the necessity of properly focusing the electron beam through 

the waveguide resonator. 

The most noticeable feature in figure 5.3 is, of course, the double peak in the 

oscillator output power. After investigation it was discovered that the pre-buncher 

cavity and the waveguide resonator where not tuned to exactly the same frequency. 

All these points contribute to distortion of the output profile and must be minimized 

if accurate data is to be obtained. 

5.5 FEL Oscillator Output against Electron Beam Current 

This experiment was set up as previously described. However, once the necessary 

alignment and focusing checks had been performed the accelerator voltage was 

maintained at its synchronous value. The electron beam current is then reduced to 

zero and the power meter is re-calibrated and zeroed. Then the electron beam current 

was increased incrementally whilst the output being displayed on the power meter was 

recorded. At each increment the alignment was checked to ensure that the ratio of 

current being intercepted in the waveguide resonator to that reaching the collector 

electrode was relatively small and approximately constant. 

Figure 5.4 shows a typical example of one particular set of experimental data that was 
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obtained. The coherent microwave output increases with the collector current in a 

non-linear fashion. To quantify this result several sets of data are displayed in figure 

5.5. This figure shows the natural logarithm of the emitted power against that of the 

measured collector current. The results of several sets of data give a close fit to a 

straight line. In this format, the gradient indicates the form of the non linear 

relationship. A line of gradient equal to two represents a quadratic increase of emitted 

power with collector current. Such a line drawn through the data on figure 5.5 

indicates a close correlation to a square law. 

5.6 Discussion 

The band broadening double peak in the output profile shown in figure 5.3 was 

caused by the pre-buncher cavity and waveguide resonator not being tuned to exactly 

the same resonant frequency and is an effect that is common in many microwave 

devices. In fact, many multi-cavity klystron oscillators have successive cavities 

purposely tuned to slightly different frequencies to increase their bandwidth, being 

narrow banded by nature. This effect could be useful especially in communications 

and radar applications of FELs. 

It is interesting to note the square law increase in output power with electron beam 

current. Again, because the electron beam is pre-bunched, it radiates spontaneous 

coherent radiation. It was explained in chapter one how the amplitude or electric field 

strength of this emission is directly proportional to the electron beam current and 

therefore, the emitted power must be proportional to the square of the current. In 

addition, this coherent radiation is then amplified by the usual FEL gain process. At 

low field strengths, below saturation, the power produced through the feed back 
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interaction is proportional to the beam current and the electric field strength. 

However, as we have pointed out, in this particular case, the electric field strength 

is also proportional to the beam current. Therefore, for small signal levels one might 

expect the stimulated emission from a pre-bunched electron beam also to increase 

with the square of the electron beam current. 

The output in these experiments is, therefore, a combination of spontaneously emitted 

coherent radiation and stimulated radiation. Approximating the pre-bunched electron 

beam to an array of dipoles, it can be shown that for the beam current indicated in 

figure 5.2, the coherent spontaneous radiated power is of the order of a tenth of a 

milliwatt. For that particular result, the resonator is matched to the load and so the 

power delivered by the beam to the resonator is twice that measured at the load, that 

is, approximately a milliwatt. The coherent spontaneous makes a significant 

contribution to the output of the pre-bunched FEL but does not account for the whole 

output. There must be some gain. 

It might be expected that this relation decays as the output power increases, 

eventually becoming a linear relation once the saturation level for this device is 

reached. It is also clear that the device is therefore, far from saturation and this 

subject will be addressed in detail in the next chapter. 

The width of the output profile between the two first minima at around 51.5 kV and 

60 kV suggests that the electron beam may interact with the electromagnetic wave to 

produce gain at all energies between these two points. This suggests that an electron 

may be injected into the wiggler and resonator system with an energy of about 60 
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keV in saturation and will lose energy through radiation until it exits the wiggler with 

an energy of about 51.5 keV. In other words, it tells us that the maximum interaction 

or wiggler efficiency is approximately 15 percent in this particular case. 

5.7 Summary 

A coherent output profile has been obtained for the pre-bunched waveguide FEL 

operating in an oscillator mode, which has a width of approximately 8.5 kV. 

Synchronous operation occurs at an accelerating voltage of 55.7 kV. The output 

power of the device increases with the square of the electron beam current, for small 

signals. 

5.8 References 

[1] G Dearden, The Industrial FEL, Ph.D. Thesis, University of Liverpool (1993). 
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Figure 5.2: FEL Oscillator Results 
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Figure 5.3: FEL Oscillator Results 
Output Power as a Function of 

Electron Beam Voltage 
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Figure 5.4: FEL Coherent Emission 
Experimental Data Indicating Output 

Power as a Function of Beam Current 
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Figure 5.5: FEL Coherent Emission 
Experimental Data Indicating Coherent 

Emission Against Electron Beam Current 
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CHAPTER SIX 

THE FREE ELECTRON LASER 

"AMPLIFIER" EXPERIMENT 

6.1 Introduction 

In this chapter, the behaviour of the electron-wave interaction of the prototype 

waveguide FEL will be examined whilst operating as a low gain amplifier. The 

purpose of this experiment is to obtain the general profile of this particular device’s 

gain curve by looking at how an injected electromagnetic wave is “amplified" as the 

electron beam voltage is swept through its resonance value (55 kV). 

6.2 Experimental Arrangement 

The arrangement of the microwave system, and its associated instrumentation, which 

is necessary to operate the FEL as an amplifier is shown in figure 6.1. Approximately 

130 milliwatts of microwave power at a frequency of 8.23 GHz is re-routed from the 

pre-buncher circuit using a 10dB directional coupler and is transported across to the 
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waveguide resonator circuit via a short section of co-axial cable. This signal is 

launched into the section of standard X-Band waveguide at the entrance of the 

resonator by a waveguide transformer. A ferrite isolator is placed within this section 

in order to prevent a resonance being set up and also to stop any reflected power 

returning to the pre-bunching system. These components complete the input circuit 

to the waveguide resonator. It is important that both branches of the microwave 

system are effectively isolated from one another, even though they are effectively 

powered from the same source. Back reflections from one branch to the other are 

undesirable. 

Beyond the input section is the waveguide resonator itself. The entrance to this is an 

inductive aperture, the dimensions of which are chosen to match the input waveguide 

to the resonator section at the resonant frequency of 8.23 GHz. Obviously the 

transmission of power is close to 100 percent at resonance. The inductive aperture is 

followed by the section of the reduced dimension waveguide which is placed between 

the jaws of the wiggler magnet. For convenience, the waveguide resonator is 

completed by a standard dimension waveguide so that standard X-Band microwave 

components may be used. These consist of a waveguide corner to take the microwave 

instrumentation out of the electron beam line, a 40dB directional coupler with which 

the microwave power within the resonator may be sampled and measured with an RF 

power sensor and power meter. Finally, a variable short circuit with which the system 

may be tuned to the correct resonant frequency. 

6.3 Experimental Procedure 

Whilst setting up the amplifier experiment, the waveguide resonator was ideally tuned 
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to the resonant frequency of the pre-buncher cavity. However, as mentioned 

previously, beam loading in the pre-buncher tends to increase the resonant frequency 

of this cavity, and so the waveguide resonator was tuned to accommodate this as 

described in Chapter 5. Both cavities could therefore resonate at the same frequency 

with an electron beam, of suitable current passing through them. The beam voltage 

was increased to its synchronous value (around 55 kV) where beam steering and 

alignment checks were performed to achieve the strongest interaction between electron 

beam and electromagnetic wave. 

The electron beam voltage was then swept from approximately 51 to 59 kilovolts in 

intervals of 100 volts. Because the characteristics of the electron beam system change 

with accelerating voltage it was necessary to adjust the beam steering and focusing 

coils at each interval in order to ensure that the electron beam current remains 

approximately constant. This was necessary if a consistent set of data is be obtained. 

A reading of the power sampled in the resonator was also recorded for each interval 

in electron beam voltage. The digital power meter (Marconi 6960A RF meter) is 

programmed to account for the coupling coefficient and so indicated an absolute 

measurement of the microwave power developed within the waveguide resonator. 

6.4 FEL Amplifier "Gain" 

Experimental results for the pre-bunched FEL in the amplifier mode are shown in 

figure 6.2, in terms of the power (in milliwatts) developed inside the resonator as a 

function of the electron beam voltage in kilovolts. It can be seen that there are seven 

fringes within an envelope of width approximately 8 kilovolts and that the spacing of 

these fringes is of the order of 1.1 kilovolts. This result is somewhat reminiscent of 
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an optical klystron gain curve. An observation which should hardly be surprising 

when considering the fact that a pre-bunching scheme has been incorporated into this 

system to enhance the gain of this device. 

Fringes observed in the gain profile of optical klystrons are said to be the result of 

interference between radiation emitted from two wigglers [1]. This, of course, cannot 

occur in this device because there is only one wiggler and, therefore, one source of 

radiation. In this case the presence of fringes is a direct result of the interaction 

between the pre-bunched electron beam and the radiation field that is already present 

within the resonator. It must be remembered that in this system the pre-buncher 

cavity bunches the electron beam at low voltage (SkV) and then accelerates this 

largely bunched beam up to the operating voltage. There then follows a further drift 

region due to the presence of beam steering coils and focusing coils in the beam line 

prior to the wiggler magnet itself. The time taken for a bunch to travel from the 

entrance of the accelerator to the entrance of the wiggler must obviously vary with 

accelerating voltage and accordingly, so does the time at which the electron enters the 

radiation field. Therefore, the phase angle at which the bunch enters the radiation 

field and the strength and sign of the interaction must vary periodically with the 

accelerating voltage. It is also clear that the magnitude of the interaction or gain 

decreases as we move away from synchronism and that the width of this gain curve 

must be related to the maximum amount of energy that may be extracted from an 

individual electron (around 8 to 9 keV) if the device was in saturation. 

6.5 Simulation of the Gain Curve 
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Using a simulation code, to be discussed in detail in the next chapter, based on a 

single particle model of the FEL interaction it is possible for us to simulate the 

exchange of energy between an individual electron and the radiation field. However, 

the drift section leading up to the entrance of the wiggler magnet must be taken into 

account during the simulation. Measurements and calculations performed on the 

experimental apparatus has indicated that the drift time from the accelerator entrance 

to the wiggler is of the order of 11.3 nanoseconds. It is the actual drift time that is 

important here and so in order to make the programming of the simulation easier this 

drift time is converted to an equivalent constant drift distance at the synchronous 

voltage. This equates to a drift distance of approximately 1.47 metres at 55 kV. These 

parameters may be programmed into the simulation code and the gain profile may be 

calculated. 

6.6 Summary 

Using the pre-bunched waveguide FEL in an amplifier mode, an experimentally 

determined gain profile has been produced which contains a series of fringes. These 

are the thought to be the result of bunches arriving at the wiggler with phase relative 

to the radiation that varies with accelerating voltage. The profile of the oscillator 

output and the gain envelope are of similar width, indicating a width of interaction 

of approximately 8 kV. 

6.7 References 

[1] P Elleaume, Theory of the optical kKlystron, Nucl.Inst.Meth. A250 (1986) 220- 

227. 
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Figure 6.2: FEL Amplifier Experiment 
Data Indicating Output Power as a 

Function of Electron Beam Voltace 
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CHAPTER SEVEN 

ANALYSIS OF A PRE-BUNCHED 

FREE ELECTRON LASER 

7.1 Introduction 

In the previous two chapters, the behaviour of the pre-bunched waveguide FEL has 

been examined experimentally in both the oscillator and amplifier modes. Although 

the experimental results are of the general form that might be expected, there is no 

quantitative explanation for the amount of power being produced which is clearly 

below any reasonable estimate of the saturated output. Neither do we have a 

understanding of the exact physics involved in the interaction. A simple model of the 

physics of the interaction between a bunched electron beam and the fundamental 

waveguide resonator mode will be presented in this chapter. Using the expected form 

of electron beam bunching or current modulation, derived from klystron experiment 

data, an estimate is made of the FEL output in an “oscillator” mode, through both 

analytical investigation and computer simulation. In addition, the form of the gain 

profile is also examined through simulation. 
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7.2 Analytical Single Particle Model 

Since the prototype FEL operates at electron beam currents which cannot exceed ImA 

because of the limitations of the high voltage supply currently in use, it is clear that 

space charge effects do not play a significant part. The physics of the interaction 

between the electron beam and electromagnetic wave within a cavity resonator whilst 

under the influence of the wiggler magnetic field may be described using a single 

particle or two-wave model. Firstly, let us examine how an individual electron might 

behave at synchronism under these conditions. 

7.2.1 Electron Beam Interaction 

A pre-bunched electron beam will produce some spontaneous emission, however the 

magnitude of this radiation will be relatively small. The process by which most 

electron kinetic energy is lost, is through the amplification of this initially weak 

electromagnetic wave through a process of stimulated emission. Classically, it can be 

shown that the power loss per electron varies sinusoidally with entry phase angle and 

may be described in the form [1], 

d(ymc*)__1 (7.1) = qeE Vos) 

where E, is the peak electric field strength of the electromagnetic wave and v, is the 

peak transverse "wiggle" velocity. All other symbols have their usual meaning. From 

this it may be shown that the energy loss per electron in electron-volts is, 

1 
AV= Bt oY 7teos() (7.2) 

where t, is the electron "time of flight" through the wiggler magnet. 
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These simple equations hold for small signals only in which case the energy loss per 

electron is small relative to its initial energy and the phase angle between the electron 

and the electromagnetic wave remains approximately constant. In real situations this 

is not always the case and the energy loss becomes a non-linear function of the 

electric field strength in the cavity resonator. The best method to determine this 

function is through a numerical computer simulation, which will be dealt with later 

on. For now, however, let us continue with the small signal linear approximation. 

The form of the pre-bunched electron beam may be analyzed in exactly the same way 

as that used in the two-cavity klystron [2], where the first harmonic component of the 

electron beam current is has a value of 2J,(X)I,, where J,(X) is the first order Bessel 

function of the bunching parameter, X, and I, is mean electron beam current. By 

multiplying the harmonic component of beam current by the energy loss, equation 

(7.2), the coherent power is given by, 

P== [2K HOI JE,t£05(¢,) (7.3) 

Using this expression we can now make an estimate of the amount of coherent 

stimulated radiation produced by a bunched electron beam with known current 

modulation in the presence of an electromagnetic wave of small amplitude. The next 

stage is to examine this process when the electron beam is enclosed within a 

waveguide resonator. 

7.2.2 Stored Electromagnetic Energy 

A feature of this X-band device is that the resonator consists of a shorted section of 

waveguide which may be tuned to various frequencies within its operating range. 
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When the resonator is matched to an external load (e.g. a power sensor ) the loaded 

quality factor of the cavity resonator is given by, 

w.(U,+Uy) ee (7.4) 
P aissipated 

where U, and Uy, are the time averaged electric and magnetic stored energies and w 

is the angular frequency. At resonance these are equal and so the total energy may 

be equated to twice that of the stored electrical energy, which is described in the 

following form, 

_1 * UrnZ | <oB-E "ds (7.5) 

where E is the electric field vector, E* its complex conjugate and dS is the volume 

element dx.dy.dz. For a TEp,,, resonator mode the electric field will be descibed in 

the form, 

E,(x,y,2,0) -E,sin(=>).sin(=™).e™ (7.6) 

where all other electric field components equal zero. By substituting equation (7.6) 

into the volume integral (7.5) and solving inside the cavity with dimensions a, b and 

1 the expression for the stored electrical energy becomes, 

U,=—-€.E2S (7.7) 
16 oo 

where S = abl is the volume of the cavity. The height and width of the waveguide 

resonator are given by a and b respectively whilst 1 represents the length of the 

waveguide resonator. If the power delivered to the resonator by the pre-bunched 

electron beam, given by equation (7.3), is dissipated equally between the cavity walls 

and a "matched" load then equation (7.4) may be re-written, 
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2wo-e JES S 

a (7.8) 

—P 
2 

or alternatively, 

1 2 
—€ WE, S nid (7.9) 

Q 

Now we have two expressions which relate the power radiated by the bunched 

electron beam for a given field strength to the electric field strength found within the 

cavity resonator. These are given by equations (7.3) and (7.9). 

7.2.3 Small Signal Output 

For small signals only (i.e. small values of electric field strength found below 

saturation), equations (7.3) and (7.9) can be solved simultaneously, eliminating E,, 

to produce an expression describing the emission of power from the electron beam, 

@ 
P= 

( we |S 
  Wv7ty 2, (XDI, Pcos*(6) (7.10) 

The transverse wiggle velocity is generally described in the form [1,3], 

eBL,, 

2nym 
_ (7.11) 
  

where B is the peak magnetic induction field and L,, represents the wiggle magnet 

periodicity. In addition, the time of flight may be expressed as, 

  == (7.12) 

where N is the number of wiggle periods and v, longitudinal electron velocity. 

Finally, by substitution, we can produce an expression for the power delivered to the 
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matched load, which will be half of that delivered by the electron beam to the cavity 

resonator, at synchronism, for a pre-bunched waveguide FEL oscillator. In terms of 

its system parameters, this expression is, 

ere Q, eBN 2 2 7.13 

BOA De ws Dame Sana WO COL] cost 213) 

This equation may be simplified somewhat by considering the wiggler parameter [3,5] 

for an FEL, a,, given by, 

BL 
ee (7.14) a 

He 2nmv, 
  

Finally, if the wiggler length L is defined as NL, and we assume that electron 

bunches are in phase with electromagnetic wave, then equation (7.13) becomes, 

Pe QW ay w L? F role (7.15) 

ane Ew wl y 2 ab 

Recently a paper by A Doria et al [4] in which the power emitted by a pre-bunched 

electron beam in a waveguide has been derived by considering the coherent 

spontaneous emission and the waveguide attenuation. Although derived by a different 

method, the result is clearly in the same form as equation (7.15). 

7.2.4 Comparison with Experimental Data 

During the construction of the prototype FEL, the pre-bunching system was tested by 

"catching" the modulated electron beam in a second klystron cavity. Using the results 

of this two-cavity klystron experiment, that is, the power output together with our 

knowledge of the "catcher" cavity parameters and standard klystron theory [2], an 

estimate of the amplitude of the electron beam current modulation, 2J,(X), can be 

made. Our experimental data indicates values that values for J,(X) of between 0.08 
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and 0.18, with an average of 0.13 were obtained (see Appendix Two). Using this data 

together with our knowledge of the FELs operational parameters in the "oscillator" 

mode we can calculate the power delivered to the load at synchronism (55 kV). This 

relation is shown in figure 7.1 together with lines indicating the likely maximum and 

minimum range. For comparison, several sets of experimental data, taken on different 

days, have also been plotted. This data indicates actual power delivered to a matched 

load (power sensor) as electron beam current is increased. There is good agreement 

between theory and experiment. As previously mentioned, the above analysis assumes 

that equations (7.2) and (7.3) remain linear with the increasing electric field strength 

which is sustained within the cavity resonator. For any arbitrary signal level this 

assumption may be false. Therefore, to predict the oscillator output, equation (7.2) 

must be replaced by a numerically calculated function which describes electron energy 

loss against electric field strength. With such a function, the solution to the 

simultaneous problem may be solved graphically, for any value of electric field 

strength. 

7.3 Simulation of FEL Interaction 

A single particle code, which runs on a personal computer, has been developed to 

examine how an electron interacts with the electromagnetic wave as it traverses the 

wiggler magnet and how this may vary depending on field strengths, electron energy, 

initial phase angle, the wiggle period as well as the number of periods. The three 

dimensional characteristics of the wiggler field and the dispersive nature of the 

waveguide are taken into account together with changes in the phase angle between 

an electron and the radiation field as energy is exchanged. 
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7.3.1 Physical Model 

The simulation code used for these calculations incorporates a fourth order Runge- 

Kutta algorithm to solve a system of simultaneous first order differential equations 

which describe the motion of an electron under the influence of the various 

electromagnetic forces involved. The first three differential equations describe the 

motion of a particle in the three dimensions x, y and z. 

Gay, (7.16) 
dt 

yy (7.17) 
at si 

ay (7.18) 
dt * 

In the system of co-ordinates used here the x direction is that of the electric field lines 

in a TE9, waveguide mode or the direction of the electron wiggle motion. The y 

direction is that of the transverse wiggler field whilst the z direction is along the 

electron beam axis. The next three equations are basically the Lorentz equation 

broken down into its vector components. 

dv 
ym—* =-eE,—e(v,B,-v,B,) (7.19) 

dv 
ym— = +ev,B. (7.20) 

ym L2=-erB, (7.21) 

The final system equation describes the rate of change of total electron energy. In 

other words it describes the power loss of the electron, which is given by the vector 
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product of the force and velocity equation. This reduces to a scalar quantity which 

can be shown to be simply, 

d(ymc?) 

dt 
Ave) =-ev E, (7.22) 

Clearly it is also necessary to define the electromagnetic fields expressed in the 

equations above. The electric field strength of the of the electromagnetic wave within 

the TE), waveguide mode is in the form, 

E,=E,sin[2 ce mee +]cos(—~ >) (7.23) 

& 

where the guided wavelength is defined as, 

(i= 
: {dy (7.24) 

“GP 

and b is the broad dimension of the waveguide. The wiggler magnet field is often 

described in its component form by, 

| Bia pez, ee ey 
Tota eee ye (7.25) 

and 

B,-B. cos( ="). cosh( =") (7.26) 

where B is the peak wiggler field. However, when describing the total magnetic 

induction field used in the system equations we must also take into account that due 

the electromagnetic wave. This leaves us, finally, with the following, 
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E payee (7.27) 
c 

B.=B,,, (7.28) 

Using this model, the rate of electron energy change may be calculated for different 

values of field strength, initial phase angle, initial electron velocity and energy for 

various FEL system parameters. 

7.3.2 Synchronous Operation 

Figure 7.2 shows the result of a simulation which examines the synchronous 

interaction as the phase angle between electron and electromagnetic wave is varied. 

At relatively small signal levels we see a sinusoidal variation in the interaction 

strength with phase angle, as suggested by equations (7.1) and (7.2). As the electric 

field strength is increased the profile of the interaction becomes non-sinusoidal, but 

still with balanced amounts of loss and gain. When the field strength becomes very 

large the distribution becomes very sharp because the phase angle of electrons relative 

to the electromagnetic wave changes dramatically as they traverse the wiggler, losing 

or gaining energy as they do so. In this paticular FEL design, the maximum energy 

exchange can be in excess of 4 kV at synchronism at certain values of phase angle. 

However, it is clear that the energy exchange is "symmetrical" at synchronism and 

hence the net exchange of electron beam energy is negligible for a uniform electron 

beam. Also, the maximum and minimum interaction values indicate a range of 

interaction in excess of 8 keV. 

The prototype FEL operating at less than 1 mA of beam current cannot produce 

sufficient gain to "lase". Hence, a pre-bunching technique is essential to perform FEL 
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experiments. By bunching the electron beam, a non-uniform distribution of electrons, 

in phase, relative to the wave is produced and so gain is dramatically enhanced when 

peaks in beam current correspond to the maximum point on the energy exchange 

curve. In figure 7.3 the simulated optimum energy loss is more clearly displayed as 

a function of electric field strength. The curve is linear at very small values of 

electric field strength and then begins to saturate at increased values, reaching a 

plateau above 350 kV/m. The initial phase angle at which the electrons must enter to 

achieve maximum energy loss will vary with the electric field strength, as this 

directly effects the rate at which energy is lost, and therefore, the rate at which phase 

changes during an interaction. 

7.3.3 Graphical Simultaneous Solution 

To obtain values for the power radiated by a pre-bunched electron beam at arbitrary 

values of electric field strength we must solve equations (7.3) and (7.9) graphically. 

The method used was to find the intersection between equation (7.9) and the product 

of the simulated energy loss function (shown in figure 7.3) and the calculated 

harmonic component of the electron beam current. The intersection of these curves 

gives the equilibrium point reached during coherent stimulated emission. From such 

graphical solutions we can obtain an estimate of the power produced by bunched 

electron beam interacting with the wiggler field in a waveguide resonator at arbitrary 

signal levels. 

Figure 7.4 is an example of experimental data produced by the prototype waveguide 

FEL in an oscillator mode. It shows how the power delivered by coherent stimulated 

emission to a matched load varies with electron beam voltage at a fixed frequency of 

137



8.23 GHz. Note that the width of this interaction is of the order of 8 kV. It has been 

shown experimentally that the values of the first order Bessel functions, J,(X), which 

describe the harmonic content of the electron beam current vary from 0.08 up to 0.18 

with a mean value of around 0.13. Because the signal level is small we must look 

near the origin of the energy loss curve as indicated in figure 7.5. Equation (7.9) is 

plotted against the energy loss function multiplied by 2J,(X)I,, as explained 

previously. The figure shows that the intersection between the two curves occurs at 

a field strength of approximately 425 volts per metre where the power radiated by the 

electron beam is just over 1 milliwatt and therefore approximately 0.5 milliwatts of 

power is delivered to the matched load. 

Clearly, in the small signal regime, this method and the analytical method give the 

same result. However, for much larger electron beam currents (hundreds of 

milliamps) equation (7.15) breaks down and the graphical method is the only reliable 

method by which the output power may be predicted. 

7.3.4 Non-Synchronous Operation 

A high power FEL would clearly be designed to operate with a large electron beam 

current. In saturation, a large fraction of the initial electron energy would be lost as 

radiated energy. Such a device would operate above the synchronous electron beam 

voltage. Figure 7.6 shows a series of simulated curves which indicate interaction 

strength verses relative electron phase angle at the high field strengths which would 

be expected near saturation. Again it is clear that there is an even interaction profile 

at synchronism, however, as electron beam voltage is increasingly it becomes clear 

that more electrons begin to lose energy as opposed to those which gain energy. This 
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in itself indicates the self-bunching process which occurs in high power 

operating with large electron beam currents. In this case an initial beam    
about 60 kV is required at saturation. Electrons would bunch up by "falling" into 

what is effectively a potential well, dissipating a maximum of around 8 keV of 

energy. Again, this simulation data indicates an interaction width of approximately 

8 kV, agreeing with the experimental results shown in figure 7.4. 

7.4 FEL "Amplifier" Gain Profile 

This simulation code can also be used to investigate interaction strength as a function 

of electron beam voltage. This is effectively the gain profile of the FEL. In this 

experimental set-up there is a drift region between the pre-buncher and the accelerator 

(see figure 1) and between accelerator and the wiggler magnet. This drift distance is 

taken into account during simulation. Therefore, the time it takes for electrons to 

reach the wiggler changes with accelerating voltage. For the purpose of measuring 

the gain profile the FEL is operated in an "amplifier" mode by injecting microwave 

power into the cavity at its resonant frequency. Hence, the electron bunches enter the 

wiggler at a phase angle relative to the electromagnetic wave which varies with beam 

voltage. Figure 7.7 indicates the form of the simulated gain profile at field strengths 

typical of those present during the actual experiment. Also shown on this figure for 

comparison is the experimental gain data. 

The experimental and simulated FEL amplifier data show a close relationship between 

the number of fringes, their width and the width of the whole pattern. Although, there 

is some discrepancy between the amplitude of fringes away from synchronism. This 

may largely be due to the fact that the beam steering and focusing characteristics 
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change quite rapidly away from synchronism, at these relatively low voltages, causing 

beam quality to be reduced away from the original operating point. 

Gain simulations have also indicated that there is great sensitivity in the synchronous 

electron beam voltage to the cutoff frequency and therefore the dimensions of the 

waveguide. In fact, because we are operating so close to cutoff, where the dipersive 

properties of the waveguide are prominent, then a change of the appropriate 

waveguide dimension by as little as 3 thousandths of an inch can shift the 

synchronous voltage by half a kilovolt. 

7.5 Summary 

With the introduction of an approximation to the form of the bunched electron beam 

with a bunching parameter determined from previous experimental data we are able 

to give a reasonable estimate of the FEL oscillator output for a given set of 

parameters as a function of electron beam current. We thus have a method by which 

we can predict the behaviour of a low current pre-bunched FEL and in addition, a 

good insight into the underlying physics involved. 

The simulated results for the "oscillator" and" amplifier" case give a good 

approximation to experiment in terms output power, width of interaction and "gain" 

profile. However, it is clear that saturation cannot be achieved in the present system 

without a substantial increase in the amount of electron beam current in conjunction 

with an improvement in the quality factor of the waveguide resonator. 
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Figure 7.1: FEL Coherent Emission 
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Figure 7.2: Synchronous Interaction 

Simulated Electron Energy Exchange as a 

Function of Phase at Wiggler Entrance 
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Figure 7.3: Synchronous Interaction 
Simulated Electron Energy Exchange as a 

Function of Electric Field Strength 

, Electron Energy Loss (keV) 
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Figure 7.4: FEL Oscillator Results 
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Figure 7.5: FEL Equilibrium Point 
Coherent Emission and Cavity Power as a 

Function of Electric Field Strength 
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Figure 7.6: FEL Electron Interaction 

Simulated Electron Energy Exchange as a 

Function of Phase at Wiggler Entrance 
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Figure 7.7: FEL ”Gain” Profile 
Comparison Between Amplifier Experiment 

Results and Simulated Data 
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CHAPTER EIGHT 

FUTURE WORK 

AND CONCLUSIONS 

8.1 Introduction 

So far, this thesis has outlined the design and construction of the pre-bunched X-band 

FEL which has been built to investigate FEL physics, the effect of pre-bunching and 

demonstrate coherent emission and gain. This final chapter is concerned with some 

of the future work to be done with the prototype FEL. Work being done within the 

whole FEL group, at Liverpool, will also be introduced. The aim of this work is to 

produce useful FELs for research and industrial applications . In addition, some of 

the potential applications of microwave power of particular interest, produced by 

these future devices, are discussed. 
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8.2 Prototype FEL and Pre-Bunching 

Our experiments have shown that pre-bunching with a microwave cavity greatly 

enhances the gain of an FEL type device. This scheme has proven to be adequate for 

the present investigation but it will be necessary, in future, to determine how the pre- 

bunching system can be designed so that it is itself genuinely tunable as the FEL. In 

addition, the pre-bunching method has to be able to operate at lower levels of input 

power for greater overall efficiency and clearly the ability to do this at higher and 

more useful frequencies is desirable. 

A pre-buncher cavity of the type used in our experiments may be designed for greater 

tunability via mechanical means. However, it would not have continuous tunability 

like an FEL, even when used in conjunction with a tunable power source. To achieve 

greater efficiency, the buncher cavity can be incorporated into the electron gun itself. 

By modulating the electron beam closer to its source and at lower beam voltages, less 

modulation is necessary and with that, less modulating power is needed. A pre- 

bunching electron gun of this type would have much in common with microwave 

triode tubes but it might also share their limitations. The operating frequency would 

be limited, not to mention the effect modulation close to the source of the electron 

beam would have on electron trajectories and quality of the electron beam exiting the 

gun. 

Another common problem with high frequency pre-bunching cavities is that because, 

by necessity, they need to small, the apertures through which the electron beam 

passes is also small. These apertures are often gridded so that a uniform modulating 

field may be created across the aperture. Both of these facts lead to electron beam 
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interception which leads to potential degassing problems as electron beam currents are 

necessarily increased when building useful devices for applications work. All of these 

potential problems make the use of pre-buncher cavities in higher frequency, higher 

power devices unlikely. 

8.3 Optical Klystron Schemes 

The optical klystron, outlined in chapter 1, is essentially a method for pre-bunching 

the electron beam and in doing so, enhances the overall gain for this type of FEL. A 

line of research which may be followed on the prototype demonstrator could be the 

incorporation of such a scheme on the system with the aim of investigating the 

potential of the optical klystron configuration in low voltage waveguide FELs [1]. In 

such a re-design, the buncher cavity could be removed and the electron gun would 

be placed directly in front of the entrance to the accelerator. By reducing the distance 

between electron gun and accelerator and by removing the buncher cavity gridded 

apertures, the electron beam quality and current will be enhanced. 

The first experiment to be performed would involve the building of an X-band optical 

klystron. This would require a second wiggler magnet of identical period to the 

present one to be built. Both wiggler magnets would share the same waveguide 

resonator which may be "seeded" with up to 1.5 watts of X-band microwave power 

provided by the same external source used in the previous experiments. Figure 8.1 

gives a schematic representation of lay-out of this system. In this design the seeding 

power is used to produce velocity modulation in the first wiggler magnet through its 

interaction with the wiggler field and the wiggling electron beam. The electron beam 

then traverses a short drift distance where it bunches up. In the radiator wiggler, the 
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bunched electron beam interacts with the same electromagnetic wave and stimulated 

emission occurs. Hence more efficient usc is made of the input radiation. Of course 

when the radiation is amplified in the radiator wiggler it is effectively fed back to the 

modulating wiggler, because they share a common waveguide resonator, and the 

bunching process is further enhanced and so on. 

There is also the option of replacing the 100 kV, 1mA Brandenburg high voltage 

power supply with a newly acquired 80 kV, 20 mA Glassman unit. This would allow 

useful output to be attained. With this modification of the high votage system, the 

effect of high field strength on the bunching and radiation processes could be 

examined with the possibility a self starting oscillation being achieved. 

It has been proposed that the optical klystron configuration may be adapted to act as 

a frequency multiplying amplifier through the generation of harmonics [2,3]. A 

possible arrangement for such a device is shown in figure 8.2 whereby the electron 

beam is pre-bunched at a sub-harmonic of the desired output radiation frequency. For 

example, the present 19 mm wiggler and waveguide system injected with X-band 

radiation at, say 8 GHz, given a sufficient drift distance will produce electron 

bunches entering a second wiggler. If the second wiggler is designed to radiate at a 

harmonic of the bunching frequency, say 16 or 24 GHz, but at the same electron 

beam voltage (55 kV) with a shorter period wiggler, then it will radiate coherently 

at the desired harmonic of the buncher frequency. If the harmonic output is captured 

in its own separate waveguide resonator then it may also feed back on the bunched 

electron beam causing stimulated emission to occur. 
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With the ability of bunching at any frequency in the X-band range (8-12 GHz) and 

the possibility of using up to the fifth harmonic it is clear that substantial gain 

enhancement can be achieved at frequencies of up to 60 GHz, at beam voltages of 

around 200 kV (due to limitations on the wiggler period). With a pre-bunching 

technique using moderate amounts of relatively cheap X-band power, the advantages 

of this type of gain enhancement are considerable. 

In the 40 to 60 GHz frequency range there are many applications in fields of high 

resolution radar, secure and localized communications. In order to build an FEL in 

these ranges with sufficient gain to reach saturation, with reasonable electron beam 

power (200 kV, 20 mA Glassman), the required length of the might well be of the 

order of a few metres. To reduce this length and yet still maintain the same levels of 

gain we must increase the beam current. An approach which is acceptable for 

applications where large amounts of output power are necessary. If, on the other 

hand, we wish to produce a more compact device and less powerful oscillator, then 

harmonic pre-bunching must be a sensible option. 

8.4 High Power FEL 

This year work has begun, in parallel to that detailed within this thesis, on a high 

power electron beam delivery system designed to be the basis for a whole series of 

powerful FELs to be used for applications work. This new system has been built by 

Mr. A Shaw and Mr C. Balfour under the supervision of Dr. R A Stuart. This system 

is to be proven as an X-band FEL oscillator operating with a 4 kW electron beam (20 

mA, 200 kV). The wiggler for this device was designed and built by Mr. A Al 

Shamma’a. It is expected that this system will provide at least 100 W of microwave 
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power for applications work even before the instalment of an energy recovery system. 

8.5 Plasma Welding Torch Application 

One potential application for the high power FEL, introduced in the previous section, 

is the use X-band microwave power to induce a plasma in an inert gas, such as 

Argon, for welding and cutting. A 2.45 GHz microwave plasma torch has been built 

and successfully tested in Professor Lucas’ welding group here at Liverpool. This 

new type of welding torch basically consists of a microwave cavity resonator and as 

such, the linear dimensions of the cavity are roughly of the same order as the 

wavelength of the microwave radiation used to excite the cavity. Therefore, an X- 

band device will be considerably smaller and lighter than its lower frequency 

counterpart. It is also likely that the higher frequency radiation may excite the plasma 

more efficiently. 

The operation of the plasma torch has much in common with the pre-buncher cavity 

described in chapter three. In the pre-buncher cavity, the electron beam is velocity 

modulated. In this case the modulation is only small relative to the initial electron 

beam energy and the transit time of electrons crossing the short gap capacitance is 

small compared with the period of oscillation of the modulating signal. In the case of 

the microwave plasma torch, a jet of Argon gas, enclosed within a ceramic (Boron 

Nitride) tube, is passed through the cavity resonator instead of the electron beam. 

When the gas becomes a plasma the electrons and positive ions are violently shaken 

by the microwave fields across the short gap capacitance. In doing so they absorb 

energy from the radiation fields and the plasma gets hotter. By correctly adjusting the 

gas flow rate into the cavity, a jet of plasma may be formed which can be used to cut 
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materials. The ions absorb a lot of energy because their transit time across the gap 

is usually greater than the period of oscillation of the excitation fields. The 2.45 GHz 

torch has shown that with input power of the order of a few hundred watts the plasma 

usually needs to be initially excited using a Tesla coil. After this, the microwave 

power maintains the plasma and heats it although microwave excitation of the order 

of a kilowatt has initiated the plasma itself. It is hoped that the X-band cavity, with 

it smaller internal volume, will allow greater power densities to be achieved and that 

self excitation may occur. 

The design for this type of microwave torch is given in the engineering drawing 

shown in figure 8.3. This is a design similar almost identical to the short gap cavity 

used in the pre-buncher, except that there is no high vacuum requirement. Rough 

tuning can be done if required by varying the gap itself to change the capacitance and, 

therefore, the resonant frequency of the cavity. Finer tuning may be done by adjusting 

the position of the three side wail tuning screws situated around the cavity. This 

design would, by virtue of its small size, produce high power densities with moderate 

input. 

An alternative design is indicated in figure 8.4 where the cavity consists of a shorted 

section of waveguide which is matched to the external circuit with inductive 

apertures. The cavity is tuned by varying the position of the variable short circuit. 

Again, the gas/plasma is passed through a Boron Nitride tube which passes through 

the cavity parallel to the electric field lines. Easy tunability is the advantage of this 

version. Both designs will be tested when the high power X-band FEL comes "on 

line". 
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8.6 Pollution Control 

Those scientists and engineers with some familiarity with communications and radio 

wave propogation will be aware that the atmosphere contains several different 

absorption bands in the microwave region of the electromagnetic spectrum. These are 

mainly due to resonances found in the oxygen (O,) and water (H,O) molecules. 

Indeed, vibrational and rotational spectra are found in many molecules in these 

frequency ranges. 

If toxic gases could be contained within a vessel which also acted as a microwave 

resonator and a large amount of microwave power injected, tuned into the vibrational 

frequency of the molecules, perhaps it may be possible to shake the molecular bonds 

apart directly. Alternatively, the strong electromagnetic fields within such a cavity 

might create a plasma which in turn could promote the dissociation of toxic 

molecules. The non-toxic broken down molecules could then be safely released to the 

atmosphere. An example of this might be poisonous Nitrogen Dioxide being returned 

to the atmosphere as Oxygen and Nitrogen. 

Clearly, with regard to new regulations on toxic emissions, such a process if made 

efficient and adapted to many different chemicals, could be of tremendous benefit to 

industry and the environment. In response to this new approach ICI and the Science 

and Engineering Research Council are to set up a new laboratory at Daresbury to 

investigate the potential of such a process. FELs are seen a promising source for very 

high power, tunable and efficiently produced microwave power for such an 

application. 
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8.7 Achievements and Conclusions 

The prototype waveguide FEL constructed at the University of Liverpool is the first 

such device in the U.K. to display an FEL interaction by demonstrating coherent 

emission from an electron beam travelling through a wiggler magnet. In addition, 

results have been obtained which show amplification of an electromagnetic wave, or 

gain, in the waveguide resonator, consistent with that expected from a pre-bunched 

electron beam. These results have been achieved with a remarkably low amount of 

electron beam current, solely due to the gain enhancement produced by the pre- 

bunching technique used in this series of experiments. 

The system operates with a low current pre-bunched electron beam, and thus the data 

indicates certain phenomena, not usually seen in a conventional FEL scheme. In 

addition to the spontaneous coherent emission which must result from a bunched 

electron beam, we see that at small signal levels the emission increases quadratically 

with the electron beam current and in excess of the expected coherent emission. This 

result agrees closely with a simple theoretical model of the interaction which 

considers the harmonic content of the pre-bunched electron beam current. This model 

describes the stimulated emission from a bunched electron beam in the 

electromagnetic fields generated in a waveguide resonator at small signal levels and 

confirms the experimental results and our theoretical understanding of the physical 

processes. 

Above all else, these experiments have shown a possible way forward in the design 

of compact, low voltage FELs which may be developed for industrial use and that 

pre-bunching techniques can be useful in the design of low to moderate power FELs 
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where excessive electron beam current is not desirable for reasons of economy and 

safety. In addition, such gain enhancement can help to reduce the number of wiggler 

periods needed to produce the gain required to sustain an FEL interaction for a given 

electron beam current. In doing so this method may lead to an increase in the 

wigglers interaction efficiency. 
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APPENDIX ONE 

DERIVATION OF 

WIGGLER PARAMETER 

Al Wiggler Transverse Force 

The total force on an electron in the presence of electric and magnetic fields is known 

as the Lorentz force and is given in the form, 

F=-e(E+vxB) (A1.1) 

where F, E, v and B are vector quantities representing force, electric field strength, 

velocity and magnetic field strength. 

If the electron beam axis is taken to be in the z-direction, the wiggler field in the x- 

direction and the electric field of the TE mode in the y-direction, then the transverse 

force on the electron due to the wiggler field and the electrons forward motion may 

be written in the form, 
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) (A1.2)   

dv, (0) nth ; (eave 

eee. 

If the amount of wiggle velocity v, is small compared with the axial electron velocity 

v, then the axial velocity deos not vary much and may be approximated by the 

average value v,. Equation (A1.2) may be solved to give the electron velocities, 

2nv,t 
  

eB 
ww cos 

2nym L 
w 

v,()= ) (A1.3) 

The peak transverse wiggle velocity may then be defined as, 

jee (A1.4) 
2nym 
  

The "wiggler parameter" is a measure the ratio between the peak wiggle velocity to 

the mean longitudinal electron velocity in relation to the electron mass and is defined 

  

as, 

Ow Yr (A1.5) 

Therefore, 

BL 
fon” (A1.6) 

" 2nmv, 
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APPENDIX TWO 

COMPARISON OF 

EXPERIMENTAL DATA 

A2.1 Klystron/FEL Experimental Data 

Figure A2.1 shows experimental data which indicates the maximum output power for 

both the klystron and FEL "Oscillator" experiments, as a function of electron beam 

current. The figure shows the square law dependence of both these devices on 

electron beam current. Having a knowledge of klystron theory together with the 

klystron catcher cavity parameters, the average value for the degree of current 

modulation may be determined and the average theoretical output compared with 

experimental data as indicated. If this experimentally determined knowledge of the 

current modulation is incorporated into the FEL theory developed in chapter seven, 

a mean theoretical FEL output may then be predicted, as shown. This theoretical 

output is comparable with that found experimentally. 
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Figure A2: FEL/Klystron Experiments 
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