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Cover Figure: 
Current losses in the undulator waveguide. The electron beam current is 3 A, the pulse lenght 
is 20 µsand the intercepted current is 0.02%. See Chapter 6. 
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Chapter 1 

Introduction 

The Free Electron Laser (FEL) [Phi-60] [Mad-71] [Mar-85] is a very specific member of both 
the laser and microwave tube family. The radiation is not emitted in the transition that bound 
electrons undergo between atomic levels (as in conventional lasers), but is extracted from a 
propagating electron beam (as in conventional microwave tubes) that oscillates in an axially 
periodic magnetic field (produced by a device called 'undulator' -see Chapter 2-). The FEL is 
classified as a laser (Light Amplification by Stimulated Emission of Radiation) even when the 
generated radiation does not belong to the visible range of the spectrum because it is based on 
stimulated emission of radiation. In lasers, the wavelength of the generated radiation is 
determined by the characteristics of the gain medium and is independent of the dimensions of 
the cavity of the source. The fact that in FELs the electron beam (together with the undulator 
field) is both the source of radiation and the gain medium allows intrinsic and continuous 
tunability over a large range because the radiated wavelength depends on the electron energy. 
In tum, the emission of coherent radiation and the associated gain per pass of the stored field 
largely depend on the quality of the driving electron beam. 

At present, infrared FELs are used in a growing number of user facilities [Wie-95] and 
the PEL development is approaching very short (down to nm) and very long (up to m) 
wavelengths [Col-96] [Fre-96]. The distinction between long (~ 0.5 mm) and short 
wavelength FELs is natural because higher current and lower energy beams are usually 
employed at long wavelengths. To stress the importance of the wavelength, in this thesis the 
expression Free Electron Maser (FEM, where Maser stands for Microwave Amplification by 
Stimulated Emission of Radiation) will be used when we refer to millimetre/microwave 
wavelengths, and the expression Free Electron Laser when general considerations or 
principles are presented. 

High power millimetre wave sources have a wide variety of applications ranging from 
communication and defence to heating, current drive and diagnostics at the electron cyclotron 
resonance frequency (60-200 GHz) in present and future fusion devices such as ITER 
[ITE-95]. In these years of a 'space rush' there is a renewed interest in space power beaming at 
245 GHz to supply power to commercial satellites [Ben-95). The use of high power 
microwaves (hundreds of MW) at millimetre wavelengths is being considered for the heating 
of very high pressure air (thousands bar) in a wind tunnel in order to obtain up to Mach-15 
flow [Cap-95-pri]. High power (200-400 MW) microwaves (17-30 GHz) can be used to feed 
the accelerating sections in the next generation of high gradient ("" 100 MV/m) linear colliders 
[Ses-82] [Sch-90] [Bos-91]. High power, reliable, highly efficient and possibly long-pulse or 
continuous-wave systems are required for most applications. 



2 Introduction 

The reference power source at millimetre wavelengths is, at present, the gyrotron. 
Gyrotrons are routinely operated up to 170 GHz, with high output power("" 1 MW) in long 
pulses (up to 400 ms) [Thu-96]. Although the FEM has not yet reached the same level of 
development, it promises to supersede the gyrotron's performance in terms of higher 
operational frequency and higher output power with the further twofold advantage of intrinsic, 
continuous tunability over a large frequency range and fast tunability in a small range 
(b.v"" 10%). 

The principal thrust of current FEM research is the achievement of high average 
powers, high efficiency and broad tunability [Fre-96). A promising approach was initially 
proposed in [Wie-89) and is now being pursued at the FOM Instituut voor Plasmafysica 
Rijnhuizen, Nieuwegein (The Netherlands), by constructing the Fusion FEM [Urb-93). The 
design target is the production of 1 MW of mm-wave power in the frequency range from 130 
to 260 GHz at a system efficiency of over 50%. The principal foreseen application of this kind 
of device is to provide the fusion community with a versatile source for Electron Cyclotron 
Resonance applications on magnetically confined plasmas. 

1.1 Free Electron Lasers and the electrostatic concept 

Free electron lasers can be categorised in three broad families depending on the type of 
electron accelerator: Radio Frequency (RF), Induction Linac and Electrostatic. In the 
following section it will be shown why the electrostatic concept is preferred for operation at 
high average power with high overall efficiency. 

Induction linacs can generate high current("" kA), medium relativistic (several MV), 
short pulse (a few tens of ns) electron beams. An induction linac driven FEM (i.e. the ELF 
experiment [Orz-86]) has been operated at the Lawrence Livermore National Laboratory, 
USA. The world record extraction efficiency of 34% was achieved at 34.6 GHz with a peak 
output power of 1 GW. However, the induction linac concept is of difficult application to the 
production of a high efficiency, high average power, tuneable source. The very short pulse 
length requires operation at a high repetition rate (kHz level). The ELF experiment operated 
with a pulse length of 10-20 ns and a repetition rate of 0.54 Hz corresponding to an average 
power of"" 7 W. In addition, the electron pulse length is not sufficient to allow start-up and to 
operate the FEL as an auto-oscillator. This requires operation in the amplifier configuration 
and shifts the problem of tunability over a large range to the feeding source, without taking 
advantage of the intrinsic tunability of the FEL. Further, the electron beam emittance growth 
in an induction linac is unacceptably high, resulting in the necessity of beam scraping. In the 
ELF experiment 80% of the electron beam was scraped off. The overall efficiency was 7%. 

RF accelerators can produce highly relativistic electron beams. Although the peak 
current can be high (tens of A), the accelerated beam has a density modulation (i.e. micro
bunches) that depends on the RF accelerating field frequency. An RF-driven free electron 
laser can produce trains of extremely short, high peak power pulses [Oep-95). Large range 
tunability is routinely obtained, but for operation at high overall efficiency with high average 
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Figure 1.1 Electric scheme of an electrostatic Free Electron Laser equipped with beam 
recovery system. The values of the power supply voltages refer to (a simplified version of) the 
Fusion FEM case. 

power, RF-driven FELs can rely only on the achievable extraction efficiency because an 
electron energy recovery system is not practical. In fact, the electron beam deceleration in an 
RF decelerator is complicated by the energy spread induced by the FEL interaction and by the 
limited electron energy spread acceptance of the RF structure. In addition, for application on 
thermonuclear plasmas a DC pulse of constant power is preferred to an RF-modulated pulse 
with high peak power [Cai-91]. 

The electrostatic acceleration concept is a promising approach for producing a high 
average power. broad-tuneable, highly efficient, millimetre-wave source. A low emittance, 
DC electron beam. with negligible energy spread is produced in an electrostatic device. The 
charging current of high voltage generators is lower than the required beam current, thus CW 
operation is subjected to the achievement of a high degree of beam energy recovery in a 
depressed collector. Only current losses lower than the charging current of the high voltage 
generator are tolerated. 

The electric scheme of an electrostatic FEL equipped with beam recovery system is 
shown in Figure 1.1. The beam power is supplied by a high voltage, low current generator and 
by a low voltage, high current generator. The main power supply is the one at low voltage. 
The high voltage generator has to supply the current intercepted during 
acceleration/deceleration and inside the high voltage region. The beam recovery system 
consists of a DC decelerator and a collector. Indeed, decelerator and collector are what is 
called 'depressed collector' in microwave-tube engineering. Due to the high potential of the 
interaction region, deceleration and collection are performed separately. Firstly the 
decelerator (which is driven by the high voltage power supply) provides beam deceleration 
and recovers part of the beam power. Due to the electron energy spread induced by the FEL 
interaction, the amount of deceleration is lower than that of acceleration in order to allow the 
beam to exit the decelerator column. Additional deceleration is provided by using a multistage 
depressed collector. In such a device electron deceleration and collection are combined using 
an array of electrodes set at different potentials. Ideally each electron of the beam is 
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decelerated down to zero kinetic energy and then collected. This would lead to a global FEL 
efficiency of 100% but would require an infinite number of collector electrodes. In practice, a 
few collecting electrodes are sufficient to lower the dissipated power and to reach overall 
efficiencies of the order of 50%. 

The electrostatic technology with recirculating electron beam energy is successfully 
applied in the University of California, Santa Barbara (UCSB) FEM facility [Ram-92] (see 
Table 1.2). The UCSB FEM [Ami-85] [Eli-86] has demonstrated the capability to run a Van 
De Graaff accelerator at up to 3.0 A of beam current, in long electron pulses (25 µs), with 
only kilowatts of feeding power (0.2 mA of load current). The high energy (6 MeV), low 
current beam, together with the low extraction efficiency (11""0.3%) allows nearly total beam 
current transmission(""' 99.7%) through the device. 

The operation of an electrostatic free electron laser at high average power, high overall 
efficiency and long pulse length involves overcoming of several challenges: 

1) Loss-free electron transmission through the complete system is necessary in order to 
achieve long-pulse or CW operation of the high voltage system. Loss-free transmission is 
complicated by the high electron beam current required to match the target output power and 
extraction efficiency. To this extent the suppression of the beam halo current is mandatory 
because it can cause unacceptable current losses. In addition, a highly linear focusing system 
is needed. 

2) The multistage depressed collector must be designed to accept a large electron energy 
spread (several hundreds of kV) and to provide a uniform spread of the electrons on the 
collecting plates. The electrode shape must be carefully designed in order to trap both primary 
electrons scattered from the electrode surface and secondary electrons. Current leaks from the 
collector into the beam line are not tolerated because they can be accelerated backwards in the 
decelerator tube causing (partial) discharge of the high voltage terminal, activating electrical 
breakdown and producing a decrease of the overall efficiency. In addition, an array of 
(expensive) power supplies at the collector potential is required. 

3) High power microwaves make severe requirements to the microwave cavity and 
especially to the outcoupling window. The state-of-the-art window technology [Ort-96] can 
match the requirement set by the operation of high power (1 MW), pulsed (duty cycle 10-3) 
operation. 

4) Operation in fully CW regime is being pursued at UCSB [Ram-96] by constructing a 
low output power (kW level) FEM driven by a 2 A electron beam. The main issue which is 
being addressed is the residual gas ionisation and consequently beam space charge 
neutralisation during DC operation of a 2 A beam. The FOM and the UCSB FEM 
experiments can be seen as two complementary steps towards the demonstration of generation 
of high power, CW microwaves with electrostatic FEMs. 
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1.2 High Power Microwaves & Fusion Technology 

5 

Figure 1.2 Schematic 
representation of the operation 
principle of a tokamak device. 
The plasma current Ip and 
toroidal, poloidal and vertical 
magnetic fields, Bq,, B9andBv, 
respectively, are shown. The 
coils for the horiwntal and 
vertical plasma position 
control and the primary 
winding of the transformer in 
reality consist of several 
windings 

The confinement of a toroidal plasma is achieved by the combination of toroidal and poloidal 
magnetic fields produced (in the present tokamaks) by a set of coils wound around the torus 
and by a toroidal current flowing inside the plasma. The plasma column (see Figure 1.2) acts 
as the secondary winding of a transformer that provides both inductive current drive and 
plasma heating through ohmic dissipation. The resistivity of the plasma decreases with the 
electron temperature, so as the temperature increases ohmic heating becomes less effective 
[Cai-91]. This limits the temperature to about 3 keV. Moreover, ohmic current drive limits 
tokamaks to pulsed operation, because the primary current cannot be increased indefinitely. 
To reach the required high temperature(""' I0-30 keV), external auxiliary heating is required, 
for instance by launching electromagnetic waves with frequencies in resonance with 
fundamental plasma frequencies (e.g. at the electron Cyclotron -EC- resonance frequency). 
This will allow continuous operation. 

The principle of EC is basically simple; the energy is transferred to the plasma from an 
external radiation field in resonance with the electron cyclotron motion (e.g. in the ITER 
magnetic field("" 4.2 5.7 T) the fundamental cyclotron frequency is at most 170 GHz). Due 
to single value dependence of the magnetic field on the position, the cyclotron frequency, and 
so the resonance frequency, changes over the plasma cross section. For EC applications a high 
power source with adjustable frequency is attractive because current drive and heating can be 
easily and efficiently applied at all the flux surfaces in the plasma by a change of the 
frequency of the radiation. The current profile can be efficiently controlled by changing the 
resonance location producing improvement of the confinement, and suppression of plasma 
instabilities like disruptions. sawtooth oscillations and edge localised modes in tokamaks. The 
same source can be used for pre~ionisation and plasma start-up assist at a lower frequency 
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(90-130 GHz) with the advantage of providing fine control over break-down locations. In 
addition, a simple waveguide launcher is needed. On the other hand, fixed-frequency sources 
require rateable mirrors located very close to the plasma to adjust the toroidal launch angle 
and enable absorption at all the plasma flux surfaces [Mak-96]. A great advantage of a 
tuneable source is the ease with which changes in the specification of the tokamak can be 
followed. With the present parameters, the EC application on ITER requires a radiation source 
with a frequency of 170 GHz; tunability in the range 140-200 GHz, and fast tunability in a 
small range would be of great advantage. 

An extensive application of EC waves in plasma physics seemed unpractical only a few 
years ago due to the lack of powerful radiation sources in the 100-200 GHz (and higher) 
range. After the slow development of high power, high frequency gyrotrons, EC heating has 
been applied successfully in several fusion experiments [Loh-95] and now is one of the most 
serious candidates for ITER [Mak-96]. Other ways of heating seem unpractical either because 
the required particle energy is too high (e.g. in case of heating by injection of energetic 
neutral particles), or because the antenna is required to be too close to the plasma (e.g. in case 
of low frequency waves). The most important advantage of the EC auxiliary system is the 
high power density that can be delivered [Mak-96]. 

It has been calculated that ITER will require 100 MW of continuous feeding power 
[Mak-96]. In addition to start-up, EC can be used to provide up to 50 MW of simultaneous 
current drive and heating. This application is subjected to the development of high frequency 
("" 170 GHz), high power per unit (~ 1 MW), CW, and efficient (<:! 50%) sources. Next to EC 
other more conventional heating methods are being considered: ion cyclotron resonance 
heating, lower hybrid heating and neutral beam injection. A decision how to spread the 
required 100 MW over the four contending methods has not yet been taken [ITE-97]. 

1.3 Gyrotron and Free Electron Maser: two possible competitors as 
electron cyclotron source for thermonuclear plasmas 

At present, gyrotron oscillators for EC applications and for diagnostics on magnetically
confined plasma are commercially available. A sample of the up-to-date (millimetre-wave) 
gyrotron and FEL performance is reported in Table 1.1 and 1.2. Gyrotrons can deliver 
500 kW at 140 GHz at a pulse length of 2 sand a system efficiency of 33% [Thu-96-r]. The 
most impressive FEM performance has been realised at Lawrence Livermore National 
Laboratories (LLNL) [Orz-87] by producing a 20 ns pulse of 2 GW at 140 GHz with an 
extraction efficiency of 13%. 

At first sight, gyrotrons and FEMs could seem competitors for EC applications in fusion 
devices. Due to its present successful operation, the gyrotron could even appear to be the only 
option. However, the requirements of future experimental and demonstration fusion devices 
fall far outside the possible upgrade of the conventional gyrotron, whereas they can be 
fulfilled by an intensive research and development effort on the free electron maser and 
maybe on the coaxial gyrotron [Thu-96]. 



Introduction 7 

Institution 

TfE-CRPP-FZK-Euratom(ll 
Alb-96 25 

FZK<2l, Karlsruhe [Thu-96] 162.3 TE257 0.97 0.001 26/36 SDC 

JAERI, Toshiba (Sak-96] 170.0 TE22,6 1.13 0.0004 29 
0.525 0.6 32 (SDC) 
0.23 2.2 6 

GYCOM 140.0 TE22,6 0.85 0.4 36 

(SALUT, IAP) [Thu-96-r] 0.5 2 33 (SDC) 

(TORY) [Aga-96] 140 TE22,6 0.97 1 34 
0.53 3 40 

CPIC3l (USA) [Fel-96] 110.0 TE22,6 0.002 
2 

170 TE27s 1.5 3 x 10·6 35 

142.05 TE2916 0.95 (4) 24 

140 TE28 J6 (4) 23 

140.0 TE2113 (4) 14 
SDC: Single-Stage Depressed Collector 
(D Thomson Tubes Electroniques; Centre de Recherches en Physique des Plasmas Lausanne; Forschungszentrum 
Karlsruhe (fonner KfK), <2l fonner KfK, <3> Communications and Power Industry, fonner Varian, <4l Present 
experimental development status of short pulse (3-150 µs) coaxial cavity gyrotron oscillators. 

Table 1.2 Some o the FEMs close to the Fusion FEM o eration re ion. 

Institution Frequency Mode Ppeak Pulse length Voltage Current Accelerator 
[GHz] [MW] [µs] [MV] [A] 

150.0 0.008 5.5 2.3 6 Microtron 

250.0 TM11 0.001 10- 30 0.4 1.7 Electrostatic 

300 UC 0.16 3.5 1000 Ind:Linac 

34.6 TEo1 1000 0.02 34 3.5 850 Ind. Linac 

140.0 TE11 2000 0.02 13.3 6.0 2500 

100 UC 100 1.5 0.5 Electrostatic 

120-880 0.03 1-6 0.3 6.0 2 Electrostatic 

260 UC cw 2.0 2 

Fusion FEM, 130-260 HEJi UC 10 6 1.35-2.0 12 Electrostatic . 

Rfnhuizen 105 55 MDC 

MDC: Multi-Stage Depressed Collector, UC: Under Construction 

An intrinsic mechanism limits the simultaneous enhancement of both power and 
frequency in gyrotrons. As in other microwave tubes, the gyrotron frequency depends on the 
dimension of the cavity. To operate at high frequencies a small cavity is, in principle, needed. 
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On the contrary, to reach high power (2 1 MW) a large cavity is required since the sustainable 
thermal load is limited to about 2-3 kW/cm2. This contradiction is circumvented by operating 
the gyrotron on high order TEm,n modes (m >> n) in a non-overmoded cavity, and with high 
thermal loading (close to the maximum sustainable). The operation on high order modes 
introduces serious problems of mode competition and mode hopping because the frequency 
separation between adjacent modes becomes very small. These effects limit the combination 
of maximum frequency and power to 170 GHz and 1 MW. The operation of such a gyrotron 
in CW mode would represent a dramatic technological breakthrough in which the major 
microwave tube companies and research institutions are engaged (see Table 1.1). The 
situation is less critical in the case of coaxial gyrotrons: a coaxial rod is used to reduce the 
quality-factor of undesired cavity modes. The coaxial gyrotron (see Table 1.1 for examples) 
operates on high order TEm,n modes (m > n) with less severe thermal loading. 

In FEMs the interaction takes place in a low-loss cavity operating on low-order modes. 
This allows for high power per unit and provides a very good coupling to a gaussian beam 
output. In addition, longitudinal mode competition is limited to the start-up time. The FEM 
operational frequency can be chosen by an adjustment of period and field strength of the 
undulator and the electron beam energy. Hence, in principle, FELs can operate in a very large 
spectral range. In addition, the dependence of the wavelength on the electron kinetic energy 
allows continuous tunability over a large range. 

In gyrotrons a limited frequency (step) tuning is possible with a small reduction of the 
output power by changing the magnetic field or by tuning the beam energy. Since mode 
switching is involved, step tunability over a large range requires a change of the whole set of 
the gyrotron's parameters (current, voltage and magnetic field). This can involve dramatic 
changes in the output power [Ort-96]. The coaxial gyrotron being developed at FZK, 
Karlsruhe has shown step-tunability at constant power on a time scale of several minutes 
[Pio-96]. However, in such a device a (sophisticated) internal mode converter [Thu-96] is 
required in order to convert the internal high order 'volume mode' into a gaussian output 
mode. This is a great challenge for tunability, because converters have a limited bandwidth 
and can handle a limited number of cavity modes. 

Gyrotrons operate with high extraction efficiency (15-40%) and the application of the 
depressed collector [Sak-96] can enhance the performance of the actual gyrotron design in 
terms of overall efficiency (up to 50-60%) and pulse length. The typically low (a few percent) 
extraction efficiency of FELs [Mar-85] can be enhanced by tapering the undulator field 
[Kro-81] [Orz-86] [Bos-93]. In addition, deceleration and collection of the driving electron 
beam after the FEL interaction can enhance dramatically the system efficiency(= 50-60%). 
With the application of the depressed collector, the FEM system efficiency becomes 
comparable to the best gyrotron performance (see Table 1.1 and 1.2). The large electron 
energy spread induced by the FEL interaction (e.g."" 250 keV in the Fusion FEM) requires a 
multistage depressed collector. The thermal loading of the collector is high and introduces 
non-trivial cooling problems whose solution is the essential 'next step' towards the operation 
in CW mode of both FEMs and gyrotrons. 

The important advantages of FEMs with respect to gyrotrons are: 
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the possibility to operate at high power (;?:: 1 MW) in a frequency range not accessible to 
gyrotrons (;;:; 200 GHz), 
fast (ms scale) and continuous frequency tunability, 
the possibility to generate higher power per unit (multi-MW) [Cap-96-fel], 

• lower operational costs (the superconductive magnet with related liquid-helium cryostat 
is not needed). 
Even if the gyrotron seems to be the much simpler device, the FEM advantages 

motivate the present effort towards its development. Due to its present successful operation 
and development, the gyrotron (or the coaxial gyrotron) is expected to match the requirements 
for EC applications on ITER. The free electron maser is seen as a longer-term option for a 
widely-tuneable, multi-megawatt source. In addition, the FEM could be a possible solution, or 
even the only one, in the case that frequencies well above 170 GHz would be required. 

1.4 The Fusion Free Electron Maser 

The Fusion FEM [Urb-93] is the pilot experiment to demonstrate the generation of high 
power microwaves using an electrostatic FEL. The Fusion FEM main design parameters are 
given in Table 1.3 and a layout of the experimental device is shown in Figure 1.3. The FEM 
operates with a thermionic electron gun and an electrostatic accelerator. The whole system is 
housed inside a pressure vessel filled with SF6; the gun is at ground potential, the collector is 
at 'low' voltage, and the millimetre-wave system and undulator are within the high voltage 
terminal. The electron gun is of the triode type and delivers a 12 A, 80 kV electron beam. The 
high voltage generator is a low-current (25 mA), high voltage (2.5 MV) Insulated Core 
Transformer (JCT). In order to operate the FEM in long pulses or in CW regime, the current 
losses have to be lower than the JCT charging current. For this reason the 12 A electron beam 
is transported without bends from gun to collector to minimise the current losses to below the 
target value of 20 mA. The beam line is designed to have a high phase-space acceptance 
("' 60 1t mm mrad -rms value) and to minimise the emittance growth due to optical aberrations 

Table 1.3 Princival desi n varameters of the FOM Fusion FEM. 

Gun Volta2e SO kV Small-si1mal e:ain ner nass Gtin 7 - 10 

Electron beam current I 12A Non linear gain at saturation Gnl 3.5 

rms xx' emittance En ~ 20 re mm mrad Wave_guide cross section l5x20mm2 

Electron Ener!!V K 1.35- 2.0 Me V Wave1?:Uide mode HE11 

Pulse len2th tn lOOms Tvne of reflector stennP"1 wave1?:Uide 

Pulse length (Phase l) tn lOus Undulator period A.n l40mm 

Millimetre Wave Freouencv fmmw l30-260GHz Undulator periods. section l N1 20 

Millimetre Wave Net Power Pmmw lMW Undulator neriods. section 2 N2 14 

Tar2et overall efficiencv 11 <:50% Undulator field section I B1 0.2T 

Tar11:et current losses I toss <20mA Undulator field section 2 B2 0.l6T 
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Figure 1.3 Layout of the Fusion-FEM. The FEM consists of a step-tapered undulator driven 
by an electrostatic accelerator (2 MV). The high voltage terminal is at 2 MV, the gun is at 
ground potential and the collector is at 'low' voltage. The beam line is straight from gun to 
collector in order to minimise current losses. 

associated with higher order tenns of the applied fields. 
Since the electron beam path is straight, the radiation is directed sideways out of the 

electron beam. The mm-wave cavity consists of a waveguide inside the undulator and so
called stepped waveguides located at both ends of the undulator, see Figure 1.4 [Urb-95]. In 
the stepped waveguides the wave beam is split into two identical off-axis beams, so as to 
separate the mm-waves from the electron beam. At the position of full separation mirrors are 
mounted to reflect the beams back into the undulator waveguide. The low loss HE11 mode is 
selected by corrugating the sidewalls of the millimetre wave system. A tuneable reflector 
enables adjustments of the feedback power to match the required net output power of 1 MW 
during broadband operation. The radiation is coupled out of the system via a boron-nitride 
(BN), brewster-angle window. 

The FEM operates as an auto-oscillator, hence amplification of the spontaneous 
emission occurs. The frequency range from 130 to 260 GHz is covered by a variation of the 
electron beam energy, i.e. by a change of the accelerating voltage. The extraction efficiency is 
some 6% and provides the required 1 MW net output. The undulator consists of two sections 
of different magnetic field. It is the so called step-tapered configuration. The field in the 
second section is weaker than that in the first to keep the electrons in resonance with the 
electromagnetic wave and to reach an extraction efficiency higher as compared to Un-tapered 
undulators. 

Downstream from the undulator, the electron beam is transported through an 
electrostatic decelerating system and collected in a multistage depressed collector. The 
depressed collector provides further deceleration and acts as an energy analyser, deflecting the 
el.ectrons depending on their energy. This way, the electrons are collected at different 
potentials, minimising the thermal load and providing high overall efficiency. 
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Figure 1.4 Scheme of the mm-wave cavity of the FEM, showing the urululator waveguide, and 
the stepped wave guides located at both eruls of the urululator. 

The effectiveness of electron beam recovery is demonstrated by the UCSB FEM 
[Ram-92). However, the level of beam recovery which can be achieved is expected to 
decrease with increasing extraction efficiency due to the large energy spread induced to the 
beam. The UCSB multistage depressed collector has a current and energy spread acceptance 
of 2 A and 50 keV, respectively. Existing depressed collectors used in microwave tube 
technology handle electron beams with an energy spread in the range from 0 to 30 ke V 
[Kos-82). The typical electron energy distribution after the FEM interaction is one order of 
magnitude larger. 

The Fusion FEM is first operated in short pulses (10-20 µs) to demonstrate full electron 
beam transmission and mm-wave generation without the complications imposed by the beam 
deceleration and collection system. Development of the beam recovery system and operation 
in 100 ms pulses are then foreseen. The design of the Fusion FEM is compatible with full CW 
operation. The restricted pulse length of 100 ms has been chosen to relax the complexity and 
the cost of the collector power supplies during the development of the multistage depressed 
collector. 

At the moment, the Fusion FEM is the only FEL designed to provide high power, 
continuously-tuneable radiation in the spectral range from 130 to 260 GHz and it is the only 
microwave device potentially capable to operate with high power in the 170-260 GHz range. 

l.S This thesis 

This thesis is related to the overcoming of the crucial electron beam issues towards the 
demonstration of feasibility of a high average power, electrostatic Free Electron Maser: the 
design and operation of a low-loss electron beam transport and diagnostic system, and the 
design of an efficient, multistage depressed collector capable to handle high energy spread 
electron beams with zero leak current. 

In particular two aspects are stressed: design and demonstration. The design task ranges 
from the development of a general proposal for a high power Free Electron Maser 
(Addendum) to the detailed design of the electron beam transport, focusing, diagnostic and 
collecting system of the Fusion FEM (Chapters 3 - 7). Regarding the Fusion FEM, the design 
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task covers the complete project, from short pulse tests to full operation. The demonstration is 
limited to the electron beam transmission test (Phase I), whose target is the achievement of at 
least 99.8% transmission of a 12 A, 1.35-2.0 MeV electron beam through the undulator. The 
organisation of this thesis' contents emphasises what has been (or is being) realised (i.e. the 
Fusion FEM beam line) rather than the chronological sequence of the author's work 
(Addendum). 

In Chapter 2 a basic introduction to the Free Electron Laser and the numerical models of 
the Fusion FEM beam line are presented. The electron beam dynamics and the FEL 
interaction are studied with the 3-D particle tracking code GPT [Pul-96]. Routines modelling 
the electron beam initial conditions and some beam line components have been added to the 
code. The problem of simulating 99.8% of the total beam current is solved by using a 
relativistic version of the Herrmann theory of thermal effects in electron beams [Her-58] 
[Cap-96]. The theory enables to follow the dynamics of electrons generated at the cathode 
with high thermal velocities and to simulate up to 99.9% of electron beam current. 

Chapters 3 to 6 present the design of the Fusion FEM beam transport and diagnostic 
system and its operation during the electron beam transport test. First, the influence of the 
electron beam 3-D characteristics on electron dynamics and radiation gain in the Fusion FEM 
undulator is analysed numerically and the conditions for optimum performance are outlined. 
The design of the beam transport system is based on the measurement of the electron beam 
characteristics (radius, emittance, divergence and current density profile) at the gun exit. 
Some of the beam line design features, which are incorporated to ensure low intercepted 
current and low emittance growth are: straight beam line, DC acceleration, emittance 
conserving solenoid focusing system, halo suppression at the cathode using an edge emission 
suppression ring and large phase-space beam line acceptance. Non-intercepting electron beam 
diagnostics consisting of electrostatic pick-up electrodes are implemented in the Fusion FEM 
beam line. The beam position is determined by measuring the induced charge on electrodes 
arranged about the beam line axis. An Optical Transition Radiation monitor is used to analyse 
the electron beam profile. During initial operation of the beam line, low-loss ('.5: 0.02%) 
electron transmission of a 3 A, 20 µs long electron beam through the waveguide of the 
undulator has been obtained. The agreement between experimental results and simulations is 
excellent. The obtained results are directly significant for operation at the nominal current of 
12A. 

Chapters 7 and 8 present future evolutionary paths from the present device. Operation 
with a depressed collector at high average power and overall efficiency is foreseen in the near 
future. Due to the peculiar shape of the electron energy distribution (i.e. 'twin peaks') a three 
stage, depressed collector enables operation of the FEM at a system efficiency of up to 65%. 
The design of the collector electrodes is adapted to minimise current leaks due to electron 
reflection or to secondary electrons. As a long term development of the Fusion FEM, the 
fundamental design parameters of a multi-megawatt FEM are outlined in Chapter 8. A basic 
beam line design is also presented. 

In the Addendum an alternative approach to DC acceleration for high-power FEMs is 
presented. A new, onion-designed Cockcroft-Walton is adopted to drive an FEM operating at 
millimetre wavelengths. 
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Chapter 2 

Numerical modelling of the 
Fusion FEM 

After a brief introduction of the basic principles of the Free Electron Laser, the numerical 
tools used to simulate and design the Fusion FEM are presented. 

The electron dynamics and the FEL interaction are studied with the 3-D particle 
tracking code OPT. The code solves the equations of motion of a number of macro-particles. 
The gain of the electromagnetic wave in the undulator is calculated by imposing the 
conservation of energy in the system composed by the set of macro-particles and the 
considered modes of the electromagnetic wave. The undulator magnetic field is calculated 
self-consistently as the superposition of the fields produced by 'magnetically charged' plat~s 
each one reproducing the surface of a pole piece of the real undulator. This allows self
consistent simulations also in the entrance/exit region of the undulator, where other undulator 
models fail. 

The problem of simulating 99.8% of the total beam current is solved by using a 
relativistic version of the Herrmann theory of thermal effects in electron beams. The theory 
calculates semi-analytically the beam current profile along the beam line and enables 
simulations of up to 99.9% of electron beam current. 

Simulation results of the FEM performance and of the electron beam transport in the 
Fusion FEM are presented in Chapter 3 and Chapter 4, respectively. 
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Chapter 2: Numerical modelling of the Fusion FEM 
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Figure 2.1 Basic layout of a Free Electron Laser (FEL) oscillator with 'optical' resonator. A 
relativistic electron beam is injected into a periodic magnetic structure called undulator. The 
magnetic field forces the electrons to oscillate in the plane perpendicular to the field and to 
emit synchrotron radiation. In the oscillator configuration (shown in figure) the radiation is 
amplified by repeated interaction with the electron beam. The dimensions and the number of 
undulator periods are indicative. For mm-wavelengths, the optical resonator is replaced by 
an (overmoded) waveguide. 

2.1 Introducing the Free Electron Laser 

In FELs (see Figure 2.1) coherent radiation is generated during the transverse oscillations that 
a relativistic electron beam undergoes inside an axially periodic magnetic field. A self 
consistent description of the interaction is given by the so-called Maxwell-Lorentz equations, 
a combination of the Lorentz equations for the electron motion with the Maxwell equations 
for the evolution of the electro-magnetic wave [Col-77], [Bon-84], [Mar-85). The equations 
are usually manipulated analytically and then integrated numerically. The FEL is then 
described in terms of the electron motion in the ponderomotive potential produced by the 
combination of the radiation electro-magnetic field with the undulator magnetic field. 

In the past years, a lot of effort has been dedicated to manipulate the Maxwell-Lorentz 
equations to obtain physically transparent analytical models and reliable equations for FEL 
codes with the twofold target to include into the model as many effects as possible, and to 
limit the computer cpu-time required for the simulations [Sch-86], [Cap-93], [Fre-93]. The 
manipulation of the equations can be based on several approximations, such as: ( 1) Slow 
Variable Envelope Approximation (SVEA), in which the electro-magnetic wave is slowly 
varying with respect to the electron motion, (2) paraxial propagation, (3) 1-D approximation, 
(4) single frequency, single mode operation, (5) steady state operation, (6) interaction 
averaged over the undulator period. Each theory is characterised by the combination of 
several approximations and tries to provide a physically transparent picture of the FEL 
interaction. As an example, the well-known pendulum description of the free electron laser is 
easily derived from the Maxwell-Lorentz equations. 
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After some manipulation [Bon-90], the Maxwell-Lorentz equations look like: 

.!!_ e . = k (1 - y; J 
dz 1 

" Y7 
(2.1.a) 

d _ ks (D ) -yj - --a.a, cos 171 dz y1 
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where ()j = (ku + k9) Zj - k9ct is the phase of the j-th electron in the combined 'ponderomotive1 

(radiation + undulator) field, Yr is the 'resonant' FEL energy (Lorentz factor), r.; is the energy 
of the j-th electron, ks and ku are the radiation and undulator wavenumber, respectively, as 
and au the radiation and undulator dimensionless vector potential, respectively, and the 
average,<>, is calculated over all electrons. 

Resonant electrons (with Lorentz factor= Yr) are characterised by constant 9 and move 
with an axial velocity equal to the velocity of the ponderomotive potential, Pz = ks I (ku + ks). 
In order to have gain, the initial electron energy must exceed the resonant FEL energy. The 
FEL resonance condition follows from Eq. (2.1.a) and y, "'~(l/2)..)(1 +a;): 

).,.,~(1+a2 ) 
2y2 • (2.2) 

where ). is the radiation wavelength, and ltu the undulator period. The dependence of the 
radiation wavelength on the beam and undulator parameters is evident. The radiation 
wavelength can be chosen by an adjustment of period and field strength of the undulator and 
the electron beam energy, allowing the FEL to cover a very large spectral range. In addition, 
continuous tunability in a large frequency range is possible even once the hardware 
characteristics have been set. 

The combination ofEqs. (2.1.a) and (2.1.b) gives more insight into the electron motion: 

d2 
-

2 
91 = -2Acos(91) 

dz 
where A is the multiplication factor arising from the combination of Eqs. (2.1.a) and (2.1.b). 
This pendulum equation describes the motion of the electrons in the ponderomotive potential 
well, thus the bunching process and the energy exchange. The ponderomotive wave bunches 
the electrons in the axial direction. This density modulation coupled with the transverse 
velocity of the electrons inside the undulator, generates a transverse current whose frequency 
is set by the characteristics of the system. The bunched electron beam acts as a source of 
coherent radiation strengthening the electromagnetic wave and further increasing the level of 
bunching. This 'self-instability' leads to the growth of the radiation field up to saturation that 
arises when the electrons go out of resonance with respect to the ponderomotive wave. 
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The extraction efficiency at saturation for FELs operating in the Compton regime1 

scales inversely with the number of undulator periods, while the linear gain per pass scales 
proportionally. The undulator length is chosen as a compromise between gain and extraction 
efficiency requirements, and extraction efficiencies of a few percent can be obtained. A 
tapered undulator provides an enhancement of the extraction efficiency, thus reducing the 
beam current required to match the target output power. In addition, the recovery of the 
energy of the electron beam after the FEL interaction produces an enhancement of the system 
efficiency. The electron beam is decelerated and collected after the FEL interaction. The 
extraction efficiency must be sufficiently high to match the target output power and the 
system efficiency is set by the electron energy recovery system. System efficiencies higher 
than 50% can be obtained (see also Chapter 7). The Fusion FEM operates in this regime with 
a (step) tapered undulator. 

2.2 A numerical approach to the FEL interaction and to the beam line 
design 

The design of the electron beam line and the numerical investigation of the Fusion FEM 
physics and performance is performed with the 3-D particle tracking code GPT [Pul-96]. The 
relativistic equations of motion for a set of macro-particles and a set of user-supplied 
differential equations are integrated in the time domain using a fifth order Runge-Kutta 
method with adaptive stepsize control [Pre-92]. 

In order to obtain an exact solution for the electron motion with a consistent model for 
the radiation wave evolution we renounce to any analytical manipulation (and hence to any 
further physical insight) on the FEL equations. The 3-D Lorentz equations of the electron 
motion and the differential equations describing the conservation of energy in the system 
composed by the considered modes of the radiation wave and the electrons are solved 
numerically. The approximations are restricted to: (1) the electron beam is modelled with a 
limited number (200-5000) of macro-particles, and (2) the energy lost by the electrons is 
entirely gained by the considered modes of the electro-magnetic wave (and vice versa). 

The beam space-charge fields are derived from the sum of the forces experienced by an 
individual macro-particle due to the others. A 2-D space charge model is used to simulate a 
continuous beam (e.g. to study the electron dynamics in the Fusion FEM beam line). The 
space charge fields are calculated assuming the electron beam to be composed by line-charges 
oriented in the direction of motion of the corresponding macro-particle. The space charge 
fields at the position of a certain macro-particle are calculated as the sum of the fields 
produced by all the line charges corresponding to the other macro-particles and then 
substituted in the relativistic equations of motion. The new position of the macro-particle is 
calculated and a new field is constructed. A 3-D space charge model is adopted in the FEL 
simulations. The electric field of each macro-particle on the other macro-particles is 

1 In the Compton regime the FEL is fully described by the interaction of the individual electrons with the 
ponderomotive wave. 
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calculated in its rest frame, and then transformed back in the laboratory frame. In its rest 
frame, each particle generates only an electric field that, when transformed back in the 
laboratory frame, results in an electric and a magnetic field [Jac-75]. The total fields due to 
space charge at the position of the generic particle are then calculated as the sum of the 
contributions of all the other particles. A disadvantage of this method is the price to be paid in 
terms of cpu-time because the particle-particle interaction is a N2 process, where N is the 
number of particles. 

The position x and the momentum p = ymv of a set of macro-particles are used as the 
coordinates. The equations of motion for the j-th particle are given by: 

dp. 
-'=F. 
dt J 

dx. p.c 
-'=v.= ' 
dt 

1 ~p~ +(mc)2 

Fi =q(Ej+vixBi) 

(2.3) 

where Fj is the total force (including the beam self-fields) at the location of the j-th particle, 
Ej and Bj are the total electric and magnetic field produced by electromagnetic fields, beam 
line components and other charged particles at the location of the j-th particle, and the other 
quantities have the usual meaning. 

The simulation of the FEL interaction is based on the conservation of energy of the 
system composed by the electrons and the considered modes of the radiation wave. The 
energy variation of the charged particles due to the electric field is simply the sum of the 
work done by all the particles in the radiation wave. In the corrugated waveguide of the 
Fusion FEM, the electromagnetic field of the radiation wave is assumed to consist entirely of 
HEm,n modes. In addition, in the present simulations we assume the existence of the HE11 
mode only. This further approximation is supported by time-dependent, multi-frequency 
simulations [Cap-95] [Eec-96] which indicate that mode purity can be maintained by 
optimising the adjustable experimental parameters (i.e. intra-undulator distance and reflection 
coefficient of the microwave cavity). 

The equations of the HE 11 mode used in the simulations are: 

Ex "" E0 sin( k,x )sin( kyy )sin( rut k,z + tp) 

Ey=O 

E, :;;:: - kx E0 cos( kxx )sin( k,y )cos( ©t k,z + <p) 
k, 

(2.4.a) 
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· Bx = Eo kxky cos( k,x )cos( kyy )sin( Wt - kzz + <p) 
(J) k, 
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where kx mn:la, ky = mrl b, k; ( w I c )2 k; - k;, being m, n the mode numbers (for the 
HE11 mode m-n-1), a, b the waveguide transverse dimensions, and the other parameters 
having the usual meaning. 

The radiation is decomposed in two basic waves, with amplitude [;and (: 
[; E0 cos<p 

s = E0 sinq> 

where E0 = ~ [;2 + ( 2
, and <p = arctan( I;/ s ). 

The total field is then represented as: 

E £Es+l;E, 

B ,;B5 +l;B, 
The electron beam energy variation is calculated as: 

(2.5) 

dWeleczron l:qjvjEj = £2:qjvJEs + SLqiviE, (2.6) 
dt J ' j 

where the sum is taken over all the electrons, qi and VJ are the charge and the velocity of the 
j-th particle and Ej is the total electric field at the location of the j-th particle. The expression 
of the wave energy variation is given by: 

dWwave =~fJJ, EoE·Ed3x=~(;c3e0E; k;+.k:) 
dt dt V dt kxki, k; 

(2.7) 

where the integral of the HEm,n modes is taken over the volume V = a b lb (with a, b being 
the dimensions of the waveguide and lb the length in which the macro-particles are distributed 
- assumed to be equal to multiples of the waveguide wavelength of the radiation, Az -). 

The variation of the wave amplitude is calculated by combining Eqs. 2.6 and 2. 7: 

1 k,kykz k
2 L ( ) =------•- v · E +E dt 2 TC3E k2 + k2 · qi j s J ( i 

0 x z J 

(2.8) 

Apart from solving the FEL equations in the time domain, the main difference between 
the GPT code and 'standard' FEL codes, [Cap-93), [Fre-93) consists in the precise calculation 
of the electron trajectories during the FEL interaction. The code retains the characteristics of a 
3-D particle tracking code, even calculating correctly the evolution of the radiation wave. As 
a consequence, it is possible to easily vary and scan all the electron beam and radiation 
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parameters (e.g. matching radius, emittance, non-ideal injection, and intracavity radiation 
level) to simulate their influence on both electron beam transport and FEM gain. Moreover, 
all possible 3-D effects can be taken into account. The latter flexibility is essential for the 
Fusion FEM in order to find tolerances for the operation of the electron transport system. 

At present, the results of the GPT code have been compared with the simulations 
performed with other codes (CRMFEL [Cap-93] and MFF [Eec-96]) showing good 
agreement. Unfortunately, the GPT code is highly cpu-demanding. For this reason, in the 
present simulations, some of the free parameters (such as the number of macro-particles and 
the length in which the macro-particles are distributed) are adjusted as a compromise between 
accuracy of the simulation and required cpu-time. 

2.3 Beam line components and numerical models 

In this section a description of the beam line components and of their numerical models is 
given. The electron beam line is shown in Figure 1.3. The electron beam is generated in a 
thermionic electron gun and accelerated by an electrostatic accelerator. The electron transport 
and focusing system consists of air-core and iron-core solenoids. Several sets of steering coils 
are placed along the beam line to maintain the electron beam trajectory on the beam line axis. 

2.3.1 Beam generation 
The initial conditions of the beam emerging from the gun have been measured at CPI 
(formerly Varian MPTP), Palo Alto, US [Cat-94]. Current density profiles were recorded at 
various axial positions behind the anode, in a region where the tail field of the gun is 
negligible. The results are a top-hat current profile, a beam radius of 8.7 mm at the waist close 
to the anode, a normalised rms xx' emittance in the range 4-12 n mm mrad, and halo current 
less than 0.1 %. In Figure 2.2 the current profile is shown on a logarithmic scale ( 4 ranges). 
The halo current is limited by using a cathode edge suppression ring. In addition, a focus 
electrode around the cathode enables control of the beam quality straight from the cathode. 
The determination of the electron beam emittance has been the subject of a long investigation 
performed both at CPI [Cap-93-r] and at the FOM Institute [Gee-94-r]. The value of 
4-12 n mm mrad is the result of the analysis presented in Chapter 4. 

For the simulation of the electron beam dynamics, the electron beam distribution in real 
space (x, y) is taken uniform, and the distribution in velocity space is modelled as a gaussian. 
In order to maintain statistical consistency with a manageable number of macro-particles 

(500-1000), the electron transverse velocities are distributed only up to 2cr, where cr is the 

width of the gaussian distribution. In tum, cr is adjusted to reproduce the phase-space 
distribution of a beam having rms xx' emittance equal to 15 or 20 1t mm mrad, hence larger 
than the expected emittance range, for safety reasons. The choice of the width of the initial 
electron velocity distribution sets the accuracy of the simulations, because 95.45% of the 
actual beam has transverse velocity at the cathode within 2cr. 
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Figure 2.2 Measured (normalised) current 
density profile 2 inches from the gun. The 
electron beam current is 530 mA and the 
anode voltage is JO kV. The data are shown 
on a logarithmic scale (4 log cycles). The 
total current in the tail is approximately 
0.1 %. 

For the FEL simulations the electron beam coordinates at the undulator entrance are 
calculated as the result of the electron beam dynamics computed with a simulation starting at 
the gun exit. Alternatively, the electron beam coordinates are generated ex novo at the 
undulator entrance by filling a 4-D hyper-ellipse in the phase-space (x, y, x', y'). The beam 
radius is chosen to match the expected dimensions achievable with the actual focusing system 
and the electron distribution in velocity space is adjusted to reproduce a beam emittance of 
12 1t mm mrad -rms xx' value. 

2.3.2 The Electrostatic Accelerator 
The electrostatic accelerator and decelerator consist of aluminium electrodes glued to glass 
insulator rings. Each acceleration modulus is 1 inch long and can support up to 42 kV. The 
diameter of the electrode aperture is tapered from the accelerator entrance to halfway the tube 
(from 90 to 50 mm) to handle large diameter beams. 

In the simulations, the accelerating field is modelled with a constant longitudinal 
electric field. This approximation has been investigated using the TOSCA code [Vec-92] and 
found to be in good agreement with the exact field configuration. In the entrance and exit 
region of the accelerator, the radial electric field provides beam focusing and defocusing, 
respectively. In these regions, the expression of the on-axis electric field fits the results of the 
TOSCA code: 

E(z,r"" 0) Eo 2 j = 1...5 (2.9) 
1+2:ajz' 

j 

where Eo is the electric field in the constant-field section (e.g. Eo == 1.1 MV/m for operation at 
1.75 MeV), a1 = 18.81, ai == -l.8xl03, a3 = I.692xlo6, a4 = -l.12xt08, as= 3.931x109, z is in 
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Figure 2.3 (a) Design (side view) of the iron core solenoid upstream of the undulator. The 
dimensions are in mm. (b) The measured longitudinal magnetic field on the axis (dots and 
dashed line) is compared with the results of the TOSCA code (solid line). z=O corresponds to 
the centre of the magnet. 

metres and ranges from -L to 0 in the entrance region and from 0 to L in the exit region 
(where L = 0.6 m is the length of the transition regions). 

The off-axis fields in the entrance/exit region are calculated with a fifth-order expansion 
from the on axis field: 

E,(z,r) = ~(-t (k~)2 (if E(zt2k' 

I 
( )

2k+I 
E,(z,r) = 2:(-)k+1 ' ' !:.. E(z)(2k+1> 

k=O (k.)(k+l). 2 
k=0 .. 2 

2.3.3 The Design of the Iron Core Solenoids 
The iron core solenoids (see Figure 2.3.a) have been designed using the finite element code 
TOSCA [Vec-92]. In Table 2.1 some of the design parameters are reported. The design 
optimisation is based on the minimisation of the following aspects: number of Ampere-turns 
(NI "" 20000 for the lenses upstream of the undulator and NI .,. 27500 downstream), maximum 
magnetic induction in the iron yoke (B.., 1.4 T) and electrical power (P"" 750 W upstream 
and P"" 1200 W downstream) at the required maximum focusing strength (/B2dz = 4.2 mm T2 
upstream and 7.2 mm T2 downstream) and magnetic induction of B .., 0.18 T. The 
minimisation of the required power is of importance because the magnets are to be operated 
inside the high voltage terminal, where both cooling and electrical power are limited. The 
magnets downstream from the undulator have a larger aperture due to the large size of the 
vacuum pipe required by the mm-wave outcoupling system [Urb-95]. This reduces the 
electron beam filling factor in the magnets, but increases the required power. 
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Table 2.1: DesiJ<n Parameters of the Iron Core Solenoids 

Gts S02 / S04 / S09 S03/SOS S06 /SOS 

Maximum induction 0.135 0.180 0.165 0.180 

Focusin2 stren2th mmT2 4.2 4.2 7.2 7.2 

NI A-tum 15000 20000 30000 27500 

Maximum induction in the iron T l.25 1.4 1.55 l.55 

Power w 500 750 1450 1200 

Inner/Outer Radius mm 80/ 170.5 80 / 180 1151242 l 15 / 242 

Len11:th mm 200 200 216 242 

The expression of the on axis magnetic field is obtained from a fit performed at first 
using the results of the computation of TOSCA and, after the manufacture of the lenses, using 
the measurements of the actual field. The formula that provides the best fit is: 

B 
B(z,r=O)= Lo 21 

1 + 
1 

a1z 
j= I .. 3 (2.10) 

where B0 is the peak value of the magnetic induction, z is in metres and z = 0 is the centre of 
the lens. The off-axis fields are derived from the on-axis field, B( z), by a fifth order 
expansion: 

1 
( )

2k+I 

B,(z,r) I,(-r1 ' ' !... B(z)<2k+1) 
k=o (k.Xk+ 1). 2 

k=0 .. 2 (2.11) 

The experimental test of the lenses showed a very high agreement between computed 
and measured fields (see Figure 2.3.b). In addition, there is almost perfect symmetry around 
the axis, perfect linear dependence of the magnetic field on the current, high reproducibility 
of the field (within 0.2%) after current variations and almost zero remanent field (Br::;: 0.5 G) 
after switch off. 

Initially the simulation of the electron beam dynamics has been based on the computed 
values of the lens field. In a second stage, the simulations have been repeated with the 
expression of the measured field. The refinement of the beam line settings is within 3%. 

2.3.4 Air-core solenoid models 
The air-core solenoids are simulated with three cylindrical current sheets, one corresponding 
to the inner winding, one to the outer winding and one in between. This model gives an 
accurate representation of the field of an actual solenoid and has been validated using a 
solenoid model composed by an array of current loops whose field was calculated exactly 
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using the expansion in elliptical integrals [Jac-75]. 
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Figure 2.4 A Steering coil set consists 
of 4 small coils placed around the 
beam line. Two opposite coils are 
connected together. The number of 
turns in the picture is indicative. 

The on-axis field of one current layer of radius a and length L, carrying a surface 
current density J [Alm] is given by: 

B( _ O) _ µ01 [ L/2 - z L/2 + Z l 
z,r- - 2 (a2+(L/2 z)2r + (a2+(L/2+z)2r 

(2.12) 

where z = 0 is the centre of the solenoid. The off-axis fields are derived from the on-axis field 
with the same fifth order expansion of Eq. 2.11. 

Steering coils are placed along the beam line to correct deviations of the electron beam 
trajectory induced by stray magnetic fields. A steering coil set is composed of four small 
circular coils located around the beam line (see Figure 2.4). The ratio between the radius (a) 
of the coil and its distance (r) from the beam line axis is chosen in order to limit field 
aberrations in the region of the electron beam, i.e. to avoid an increase of the rms emittance. 
The field is calculated using the expansion in elliptic integrals [Jac-75]. 

2.3.5 The Fusion FEM Undulator 
A sketch of the Fusion FEM undulator [Var-94] is shown in Figure 2.5 and the principal 
parameters are reported in Table 1.3. The undulator is constructed in the so-called step
tapered configuration and consists of two sections of different magnetic induction (i.e. 2.0 kG 
and 1.6 kG). The undulator is equipped with arrays of side magnets to provide additional 
focusing in the wiggle plane. The planar undulator consists of permanent magnets (SmCo) 
and pole pieces (iron). The side focusing arrays consist of permanent magnets only. 

Measurements [Iva-96-r] of the undulator magnetic field show that the field can be 
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side array magnet pole 

Figure 2.5 Schematic representation of the Fusion FEM undulator. 

represented by: 

B.= s.[.Ycosh }ix cosh }i y+.Xsinh:Jrx sinh }i y }ink.z + 

+ ZB. "12 cosh }ix sinh }i y cosk.z 
(2.13) 

where B u is the peak undulator field, ku is the undulator wavenumber, and the other 
parameters have the usual meaning. In the first and last period of the field of each undulator 
section, the peak field varies from zero to the nominal value. This is necessary to keep the 
beam centred. The induction of the Fusion FEM undulator is 114 Bu in the first (and last) half 
period of each section, 314 Bu in the second (and last but one) half period, and Bu inside each 
undulator section. 

The undulator field is modelled using the expression of Eq. 2.13, with the peak field 
being 0 outside the undulator, 114 Bu in the first (and last) half period of the undulator section, 
314 Bu in the second (and last but one) half period of the undulator section, and Bu elsewhere. 
The transition is modelled using the Er/function {Pre-92]. This model has the advantage to 
consist of an analytical expression, although it does not satisfy the Maxwell equations in the 
entrance and exit regions. 

To perform accurate simulations of the electron beam dynamics and of the gain of the 
electromagnetic wave in the undulator, an undulator model which satisfies the Maxwell 
equations has been developed. The undulator field is calculated as the sum of the fields 
produced by a set of magnetic plates, each one representing the surface of a pole piece of the 
real undulator. The field produced by a magnetically charged plate of coordinates z' = 0, lx'I 5 
a/2, ly'I 5 b/2 where a, bare the dimensions of the plate, is given in a compact form by: 
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B = -grad - 0
- J J --i============= 

[
µa a12 b12 dXdy l 
4tr -a12-b12 ~(x - x' )2 + (y- y )2 + z2 

(2.14) 

where a is the 'magnetic charge'. Dimensions (a, b ), location and orientation of each plate are 
chosen to reproduce the undulator pole pieces, and the 'magnetic charge' on each plate (a) is 
adjusted to reproduce the measured field of the actual undulator. Integrals and gradient in 
Eq. (2.14) are calculated analytically. The undulator field is then calculated as the sum of the 
field components of each magnetic plate. Since the field representation for each magnetic 
plate is self consistent, the aggregate field is also. It is clear that this model allows the 
simulation of imperfections of dimension (a, b), field (B +a), and orientation on a scale of 
half undulator period. This undulator model is highly cpu-intensive because at each time-step 
it requires the calculation of the field of each undulator.cell at the location of each macro
particle. For this reason, the non-Maxwell compatible model (i.e. Eq. 2.13) is used in most of 
the simulations. The self-consistent undulator model is used to validate the obtained results 
and to investigate the effect of a leak of longitudinal magnetic field from the focusing system 
into the undulator. 

2.4 Calculation of beam emittance 

The emittance is a collective variable that characterises the effective phase volume of a beam 
distribution [Hum-90]. It is a measure of the beam divergence and in a waist is proportional to 
electron beam size and angular divergence. It is defined in the trace space (x, x', y, y' ; where 
(x, y) are the transverse electron coordinates and (x', y') are the transverse angles of the 
electron orbits) as the four dimensional volume of the minimum-volume hyper-ellipse that 
surrounds all the orbit vector points. When the motion in x and y direction is separable, the 
emittance is defined independently in (x, x') and (y, y'): 

Exx' =-fr f dxdx' 

Eyy' = t I dydj 

The unit of emittance is then [1t m rad]. 

(2.15) 

In a thermionic electron gun the temperature of the cathode sets the distribution of the 
electron transverse velocity and (in principle) the beam emittance. "Emittance" is the 
definition of what in the language of microwave tube engineering is addressed as "thermal 
effect" or "beam temperature". The concept of emittance avoids the introduction of an 
"effective temperature" of the cathode to take into account that the "temperature" of the beam 
is usually larger than the temperature of the cathode (as it happens in the engineering of 
microwave tubes). 

The emittance is a conserved quantity when a beam is subjected to linear processes. 
Non-linear processes may distort the elliptic boundary of the beam distribution. Even if these 
interactions conserve the effective phase-space area, they may increase the emittance. The 
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Figure 2.6 Electron beam free expansion at 
80 keV and 2 MeV for different (rms xx') 
emittance values. The emittance sets the 
beam radius at high energy, while the space 
charge dominates at low energy. 

normalised emittance en = yf3e takes into account the fact that the trace space volume 
decreases during acceleration (because the transverse momentum remains constant while the 
longitudinal momentum increases) while the phase-space volume remains constant. Usually, 
the notation 'emittance' refers to the normalised emittance. 

It is common to distinguish between 'total' and 'rms' emittance. Both definitions depend 
on the electron beam distribution function, but only the concept of rms emittance is practical; 
in a waist, it is the area of the ellipse whose axes are equal to the rms value of the beam 
dimension (Xrms) and angular divergence (x'rms): 

(2.16) 

The xx' rms emittance is calculated from position (x) and angular divergence (x') of the 
macro-particles used in the simulations as follows: 

{ 
2 2 }1/2 e::., = rfJ ((x-(x)) )((x'-(x')) )-((x (x)Xx'-(x')))2 

where the brackets ( < >) indicate the average over all the macro-particles and the beam 
divergence is calculated from the canonical angular momentum. 

The effect of emittance and space charge on the electron beam free expansion at 
different electron energies is shown in the numerical simulations of Figure 2.6. The beam 
current is I = 12 A, and the initial radius is r = 9 mm (i.e. the parameters of the Fusion FEM 
electron beam). It is clear how the contribution of emittance on beam expansion becomes 
relevant at high energy, where the space charge force is marginal. As a consequence, in this 
case, the emittance sets a lower limit to the minimum dimension of the beam at high energy. 

2.5 A relativistic Herrmann theory of thermal effects in electron beams 

The simulations of the electron beam dynamics performed using the OPT code are accurate 
for the 'bulk' of the beam. Due to the limited number of macro-particles used (up to 5000 in 
the present simulations) particle codes have statistical difficulties in taking into account 
thermal electrons far out on the gaussian tail of the velocity distribution, which may cause 
small percentages of beam current outside the normal beam edge. 



Chapter 2: Numerical modelling of the Fusion FEM 27 

The importance of ensuring 99.8% transmission through the FEM beam line, motivated 
the development of a relativistic version of the Herrmann theory of thermal velocity effects 
[Cap-96], [Her-58], [Cut-55]. The theory calculates current distribution functions semi
analytically everywhere along the beam line, allowing the determination of beam envelopes 
containing up to 99.9% of the beam current. Basically, the theory describes the beam 
transport in terms of a superposition of the trajectories of electrons without thermal velocity 
emitted from the edge of the cathode, and of electrons with thermal velocity emitted from the 
cathode centre. The various trajectories are coupled via space charge. An initial uniform 
distribution in the real space and a gaussian distribution in velocity space are assumed. This is 
consistent with the actual gun characterisation measurements [Cat-94]. 

The paraxial equation of motion for an electron in the Larmor frame is given by: 

(2.17) 

where w ==(x + iy) expf-if(Jhdt], (Jh is the Larmor frequency, 1'/ is the electron charge-mass 

ratio (elmo), <I> is the electric potential, and p is the charge density as defined in Eq. (2.18). 
The paraxial equation for the motion of an electron in the periodic field of the undulator has 
the identical structure with B being the magnetic amplitude. The general trajectory for any 
electron is constructed from two independent solutions Re(t) and..J2a(t) where: Re(t) is the 
trajectory of the non-thermal electron emitted from the cathode edge with zero thermal 
velocity and ..J2a(t) is the trajectory of the thermal electron emitted from the cathode centre 

with rms thermal velocity. The equation for Re and a are coupled through a space charge p 
defined by Herrmann [Her-58] as: 

I I 
p== [ 2 21==--2 v,n R, + 2a v,n RH 

(2.18) 

where I is the electron beam current and RH == ~ R? + 2 a 2 is the Herrmann radius. The 

equation for RH in the non-relativistic case was presented by Herrmann [Her-58]. A single 

equation for r H ==RH {i1J is obtained in the relativistic case [Cap-96] as follows: 

(2.19) 

where En is the normalised emittance. 

The solutions for Re and a are: 

R, == RH cos 1/1' ..J2a ==RH sin 1/f (2.20) 
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where iii= ej r!. 
Since all possible trajectories are known in terms of Re and <J, the current density at any 

position z can be derived analytically in terms of a normalised electron beam radius Rei a 
assuming an initial Gaussian distribution in velocity space, an initial uniform distribution in 
real space, and an initial current density Jc [Cut-55]. The current density as a function of 
radial (r) and longitudinal (z) position is then given by: 

(2.21) 

where Re is the radius of the cathode, and lo is the modified Bessel function. The total current 
enclosed at a radius r is determined by integrating the current density and is given by a 
function Jr(rla, Re/<J). This function has been numerically tabulated so that for a given value 

ReiCT, the radius (r) enclosing a given percent of the total current can be determined. The 
maximum percentage of total current which can be followed is limited to 99.9% by the 
achievable accuracy of the calculation of the integral in Eq. 2.21. 

The main prediction of the Herrmann theory is that there are positions along a linear 
transport system where the initial beam profile is imaged. The current density profile evolves 
along the beam line from a uniform distribution to a gaussian distribution and back to uniform 
at the image planes. At these locations, all thermal electrons from the same initial point are 
focused at the same image point. The image planes correspond to the focal planes. 

Simulation results obtained with the Herrmann theory are presented in Chapter 4 and a 
comparison with actual beam transport experiments is given in Chapter 6. 
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Chapter 3 

Optin1isation of electron beam 
matching to 

the Fusion FEM undulator 

Electron beam transmission through the undulator and FEM operation at the design 
specifications of gain per pass and extraction efficiency strongly depend on the electron beam 
matching to the undulator. 

The gain spectrum, extraction efficiency and electron transmission in the undulator 
waveguide are calculated as a function of the electron beam characteristics at injection into 
the undulator in order to find tolerances for both the construction and the operation of the 
beam line. Full current transmission through the undulator and operation at the nominal 
output power ( 1 MW) require control of the electron beam injection into the undulator with a 
maximum offset and a beam angle below I mm and 2 mrad, respectively. 

The electron energy distribution at the undulator exit is calculated in case of optimum 
and non-optimum FEM interaction in order to enable a realistic design of both the beam line 
downstream from the undulator and the recovery system. 
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3.1 Choice of the basic design parameters of the Fusion FEM 

The Fusion FEM is designed to be of direct interest for EC applications in fusion technology; 
hence mm-wave power of the order of 1 MW, a high overall efficiency, long-pulse or DC 
operation, and continuous tunability in the frequency range from 140 to 200 GHz are required 
[Mak-96]. Rapid tunability in a short range (10%) around the central frequency of operation 
would be an advantage. 

Continuous operation at high overall efficiency requires electrostatic acceleration with 
electron beam recovery. The generation of high output power imposes high extraction 
efficiency from a powerful electron beam. The electron energy spread after the FEL 
interaction is high and even after deceleration, the electron beam retains a considerable power 
(1.5 - 2 MW). An efficient recovery of the 'spent' electron beam energy therefore requires a 
multistage depressed collector. The thermal load of the collector is high and imposes its 
location at ground potential, where the cooling problem can be effectively handled. As a 
consequence, the undulator and the millimetre-wave system must be located inside the high 
voltage terminal. The limited charging current of the electrostatic high voltage generators, 
together with the limited cooling capability available inside the high voltage terminal imposes 
a low intercepted current along the beamline. This is accomplished by using a straight, 
overdimensioned beam line and a gun capable of delivering a top-hat profile electron beam 
with low emittance and very little halo current. In the Fusion FEM, the maximum allowable 
intercepted current is 20 mA, because the high voltage generator (an Insulated Core 
Transformer) maximum charging current is 25 mA. 

Millimetre-wave losses must be minimised as well. A high gain per pass of the radiation 
wave (and consequently a high outcoupling coefficient) is required. In this way, the 
intracavity power remains low in most of the millimetre-wave cavity, except for the final part 
of the undulator waveguide, where it increases to the required level, and in the outcoupling 
system. The HE11 mode is selected by corrugating the waveguide sidewalls. This produces 
both a strengthening of the FEM interaction (thus a high gain) and a reduction of the wall 
losses of the mm-waves because the mode pattern is peaked in the region of the waveguide 
axis. 

Low current loss operation and high power microwave handling require a large 
undulator waveguide (20 x 15 mm2). In tum, the undulator pole gap is large (25 mm). 

Operation in the frequency range from 130 to 260 GHz, together with technological 
considerations on the possible combinations of the undufator parameters (i.e. field, gap and 
period) and the requirement of high gain per pass set the undulator induction to Bu = 2.0 kG, 
the undulator period to Au = 40 mm and the electron energy in the range from 1.35 to 

2.0 MeV. The tunability is achieved by operating the FEM as an auto-oscillator by changing 
the electron energy in the range from 1.35 to 2 MeV. 

The high power microwaves, combined with the electron beam voltage, require a high 
extraction efficiency in order to limit the electron beam current. An electron beam current of 
the order of lO A imposes the extraction efficiency to be around 5%. This extraction 
efficiency is considerably high for a Free Electron Laser and can be obtained only with a 
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planar, tapered undulator. In general, undulator tapering is difficult to realise and electron 
beam transport is complicated by progressive degradation of the focusing properties of the 
undulator in the tapered region. Step-tapering is a simple realisation; the undulator consists of 
two untapered sections. Furthermore, the focusing characteristics remain unchanged in each 
section and a proper adjustment of the distance between the two undulator sections provides 
mode purity control [Cap-95]. The very low allowed intercepted current requires the electron 
beam to be continuously focused, even inside the undulator. In a planar undulator this can be 
obtained by adding side arrays of focusing magnets [Var-94]. Numerical simulations of the 
FEL interaction set the electron current to 12 A, the undulator induction in the first and 
second undulator section to B1 = 2.0 and B2 - 1.6 kG, respectively, and the number of 
undulator periods in the first and second undulator section to N 1 - 20 and N1 - 14, 
respectively. These parameters provide both the extraction efficiency required to match the 
target output power and the required high gain per pass. The operation at millimetre 
wavelengths requires an xx' rms emittance lower than 30 1t mm mrad. This imposes a low 
emittance electron gun, and an emittance conserving electron beam line. 

3.2 Simulation of the FEM interaction 

The Fusion FEM operates in two separate regimes: (I) in the linear regime during the build
up of the radiation and (2) in a non-linear regime, which leads to saturation of the intracavity 
power at the end of the undulator. The simulations presented in this chapter refer to an 
electron energy of 1.75 MeV, corresponding to the central frequency of the Fusion FEM, i.e. 
200 GHz. The results for other frequencies are comparable. The electron beam is injected into 
the undulator on axis, with the longitudinal velocity parallel to the undulator axis. At 
injection, a beam waist of 1 mm radius is created one undulator period inside the undulator, 
and the beam rms xx' emittance is 15 1t mm mrad. 

Multifrequency simulations of the spectral dynamics of the Fusion FEM [Cap-95] 
[Eec-96] indicate that the operating frequency of maximum power is not at the peak of the 
linear-gain curve but shifts to near the peak of the non-linear gain curve at saturation. These 
simulations also indicate that the spectral purity can be maintained by adjusting the reflection 
coefficient of the mm-wave cavity and the distance between the two undulator sections. 

During operation in the linear regime the two undulator sections act as separate 
undulators. The peak of the linear gain curve shown in Figure 3.1.a corresponds to the 
resonant frequency of the first undulator section (201 GHz in Figure 3.1.b). In this regime 
(see Figure 3.1.b) the second section does not contribute to the mm-wave. Since the gain at 
the resonant frequency of the second section is not zero, non-desired modes can be excited. 

In the non-linear regime, the two undulator sections act as a tapered undulator and the 
gain curve is set by the combined action of the untapered and tapered section. The non-linear 
gain curve, and power along the complete FEM undulator are shown in Figure 3.2. The high 
value("" 3.5) of the non-linear gain at saturation limits the intracavity power (and hence the 
losses). In this simulation the recirculating mm-wave power is 450 kW, the power at the 
output coupler is almost 1.5 MW and 70% of the power is coupled out. 
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Figure 3.1 Simulated (a) gain curve, and (b) mm-wave power as a function of the position in 
the undulator in the linear regime. In (b) the mm-wave frequency is 201 GHz. 
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Figure 3.2 Simulated (a) gain curve, and (b) mm-wave power as a function of the position in 
the undulator in the non linear regime. The recirculating power is 450 kW. In (b) the mm
wave frequency is 198 GHz. 
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Figure 3.3 Simulated electron trajectories (a) in the wiggle plane, and (b) in the non-wiggle 
plane inside the undulator. A beam waist of 1 mm radius is created one undulator period 
inside the undulator. 
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Figure 3.4 Maximum beam radius inside the undulator as a function of the radius of the 
beam waist at injection into the undulator. The solid line corresponds to a waist created at 
the undulator entrance, the dotted line to a waist created one undulator period inside the 
undulator ( Zwaist = Au). 

3.3 Optimisation of electron beam matching to the undulator 

The electron beam size in the FEM undulator is governed by the amplitude of the betatron 
oscillations rather than by emittance or s_pace charge. This is a setback of the double-focusing 
and step-tapering concepts. The double-focusing configuration provides a better beam 
transport and ensures that the electron beam nearly conserves cylindrical symmetry; 
unfortunately, betatron oscillations arise in both the wiggle and non-wiggle plane. The 
step-tapering provides the required output power, but leads to the impossibility to achieve 
matching conditions in both undulator sections. The electron phase-space ellipse must be 
matched to the emittance eigen-ellipse that characterises the undulator phase-space 
acceptance. For a given emittance, a unique waist radius is determined. The weaker focusing 
strength of the second undulator section involves a second eigen-ellipse that does not coincide 
with the emittance eigen-ellipse of the first section. As a result, the beam cannot be matched 
for both undulator sections simultaneously. This is relevant in terms of electron beam 
transmission, because the second undulator section ends with the last betatron oscillation 
incompleted (e.g. at a maximum for an electron energy of 1.75 MeV) and the electron beam 
transport downstream from the undulator is complicated if its radius is large. In terms of the 
FEL interaction, the electron beam radius, must be sufficiently small to have high current 
density at the position of the peak of the radiation mode and maximise the interaction. 

An ad hoe electron beam mismatch in the first section minimises the betatron 
oscillations in the complete undulator. At an electron energy of 1.75 MeV, this corresponds to 
the situation in which a waist of 1.0 mm radius is created one undulator period inside the 
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Figure 3.5 Effect of beam waist radius, R, on the FEM non-linear gain. The solid lines 
correspond to a waist created at the undulator entrance, the dotted line to a waist created one 
undulator period inside the undulator. 

undulator (i.e. at the end of the matching region -see Chapter 2-). The beam radius at the 
undulator entrance is 1.5 mm. In Figure 3.3 the corresponding electron motion in the wiggle 
and non-wiggle plane is shown. In this case the electron envelope inside the undulator is 
almost constant and has a radius of about 2 mm. The maximum beam radius inside the 
undulator for other radii and location of the beam waist at injection into the undulator is 
shown in Figure 3.4. It is clear how the maximum beam radius in the undulator decreases by 
shifting the beam waist inside the undulator. 

A leak of magnetic induction from the focusing system into the undulator may spoil the 
beam matching to the undulator. At the undulator entrance the magnetic induction is some 
1.5% of the operational value of the last solenoid of the focusing system. It reduces down to 
0.3% after one undulator period. For full operation this results in a longitudinal field of 20 
and 4 G, respectively. A numerical investigation based on the Maxwell-compatible undulator 
model presented in Chapter 2 shows that the deviation of both electron trajectories and 
radiation gain from the ideal case is within 1 %. 

3.4 Effect of electron beam 3D characteristics on electron dynamics and 
radiation gain 

The effect of the electron beam radius at injection into the undulator on the FEM non-linear 
gain at saturation is shown in Figure 3.5. A beam waist of 1 mm radius at the undulator 
entrance induces the best FEM performance even if the electron beam is matched only in the 
first undulator section. However, in this situation, electron beam losses in the undulator 
waveguide or in the downstream part of the beamline are possible. A beam waist of 1 mm 
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Figure 3.6 Simulation of the effect of(a) beam offset and (b) beam angle at injection into the 
undulator on the current losses in the undulator waveguide. 

radius created one undulator period inside the undulator (see also Figures 3.3 and 3.4) leads 
only to a small depression of the gain curve. The value of the linear gain slightly decreases as 
the beam radius at injection increases, leading to a longer start-up time for an unmatched 
beam. In spite of the excitation of large betatron oscillations (1 ::;; r::;; 4.5 mm) the FEM 
efficiency has a low sensitivity to the input beam radius. The FEL interaction in the first 
undulator section is optimized for a beam radius of 1 nun. As the beam size increases, the 
optimized interaction moves from the first to the second section and the net output power 
remains of the order of 1 MW. For larger input radii, the total extracted power decreases 
because the interaction moves away from optimum in both sections. 

In Figure 3.6 a simulation of the effect of off-axis and tilted electron beam injection into 
the undulator on the current losses is shown. The halo current is not included in the 
simulations. As a consequence, small percentages of current can fall outside the computed 
beam edge and can cause higher beam losses. The requirements on electron beam injection in 
the non-wiggle plane are more strict, due to the smaller dimension of the waveguide ( 15 mm). 
An injection angle in the wiggle plane produces higher beam losses because the amplitude of 
the wiggle motion increases (compare Figure 3.3.a and Figure 3.8.a). The conditions of full 
electron transmission can be achieved by the electron beam focusing and steering system. 
Simulations (not reported) indicate that even for injection angles of the order of 10 mrad and 
offsets of a few mm the expected current losses do not exceed 5%. This clearance is of 
importance during the commissioning of the beam line. 

An injection offset produces a distortion of the linear gain curve (see Figure 3.7.a), 
which may lead to the excitation of stray longitudinal modes. The non-linear gain curve at 
saturation (see Figure 3.7.b) is distorted as well: (1) the extraction efficiency drops due to a 
weaker interaction (low overlap) between electron beam and radiation mode (HE11), and (2) 
the frequency of maximum gain drifts towards lower values, because the interaction takes 
place off axis, i.e. in a region of higher magnetic field. Similar effects are produced by an 
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Figure 3.7 Simulation of the FEM gain (a) in the linear regime, and (b) at saturation, in case 
of an offset, dy, at beam injection into the undulator in the non-wiggle plane. 
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Figure 3.8 Electron beam trajectories (a) in the wiggle plane, and (b) in the non-wiggle 
plane for an injection angle of 5 mrad in the wiggle plane. 
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Figure 3.9 Electron energy distribution after the FEM interaction in case of (a) optimum, 
and (b) non optimum electron beam matching to the undulator. 
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injection non-parallel to the undulator axis. Injection angles of the order of 1 mrad are 
negligible on both output power and electron beam transmission, but injection angles of the 
order of 5 mrad either in the wiggle or non-wiggle plane compromise the FEM performance. 
An important setback of a tilted injection into the undulator is that the electron beam 
symmetry around the axis is not restored by the undulator focusing properties (e.g. see the 
electron trajectories for an injection angle of 5 mrad in Figure 3.8 ) and even if the beam is 
transported through the undulator, high current losses are possible in the downstream part of 
the beam line. 

3.S Electron Energy distribution 

Reliable calculations of the electron energy distribution after the FEM interaction are of 
importance for the design of the electron beam line behind the undulator, espec'ially for the 
design of the decelerator and the collector. The electron energy distribution is calculated with 
two codes: CRMFEL [Cap-93] and GPT [Pul-96]. Several cases are considered corresponding 
to ideal and non-ideal electron beam injection into the undulator and to single-mode and 
multi-mode operation. Two possible extreme cases of electron energy distribution are shown 
in Figure 3.9. The two cases represent optimum (Figure 3.9.a) and non-optimum FEM 
interaction (Figure 3.9.b). In both cases the electron energy spans almost the same range: 
from 1.56 to 1.82 MeV in (a) and from 1.55 to 1.85 MeV in (b).In Figure 3.9.a. the electron 
beam is injected into the undulator on axis, with zero injection angle. The net extracted power 
is of the order of 1.35 MW. In Figure 3.9.b the electron beam is injected into the undulator 
slightly off-axis, with non-zero injection angle and with a radius larger than the matching 
radius, so much as current losses do not occur on the waveguide walls. The net output power 
is 850 kW and the non-optimised FEL interaction is clearly visible from the almost uniform 
electron distribution over the energy spread range. In addition, the fraction of accelerated 
electrons in Figure 3.9.b is larger than in Figure 3.9.a. Electron energy distributions are 
calculated also in case of an incorrect setting of the reflection coefficient of the microwave 
cavity. In all cases, a reduction of the output power always leads to a reduction of the total 
energy spread and to an increase of the minimum electron energy and a narrower energy 
distribution. The electron energy evolution along the undulator during the FEM interaction is 
shown in Figure 3.10. The simulation is performed using the GPT code. The corresponding 
final electron energy distribution is shown in Figure 3.9.b. 

The step-tapering is not only the simplest form of tapering, is also the less optimised. 
This is visible in both the electron energy distributions of Figure 3.9. From low energy (left) 
to high energy (right): the first peak corresponds to the fraction of electrons which has been in 
resonance (thus transferring energy to the radiation wave) in both undulator sections, the 
second to the electrons which have been in resonance in the fmt undulator only, and the third 
to the electrons that have not contributed to the FEM interaction but have been accelerated. 
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Figure 3.10 Electron energy (relativistic factor y) evolution along the undulator during the 
FEM interaction. The initial electron energy is 1.75 MeV (Yo= 4.42). The final electron 
energy distribution is shown in Figure 3.8.b. 

3.6 Conclusion 

The dependence of the FEM performance on the characteristics of the electron beam at the 
undulator entrance is analysed numerically. Electron beam trajectories, linear gain of the 
radiation wave, extraction efficiency and electron energy distribution are calculated for 
several sets of beam parameters (radius, offset and angle) at injection into the undulator. 

Full electron beam transmission and operation at nominal output power, require control 
of the electron beam injection into the undulator with a maximum offset and beam angle of 
1 mm and 2 mrad, respectively. These tolerances are very well compatible with the 
achievable construction, alignment and operation accuracy. Although the FEM efficiency has 
a low sensitivity to the input beam radius, and the output power of 1 MW is generated for an 
injection beam radius in the range from 1 to 2 mm, the optimisation of beam transport 
through the undulator waveguide requires a beam waist of 1 mm radius one undulator period 
inside the undulator. The gain of the radiation wave is sensitive to beam offset and angle at 
injection into the undulator. During microwave generation, once the beam is transported loss 
free through the millimetre-wave cavity, the output microwave radiation can be used as a 
diagnostic to optimise the electron beam injection. 

As a consequence of the high extraction efficiency (Tl ""6-8%) the width of the electron 
energy distribution after the FEM interaction is large ("' 250-300 ke V). The minimum and 
maximum electron energy at the undulator exit are almost independent of the beam 
characteristics at the undulator entrance, but depend on the setting of the reflection coefficient 
of the microwave cavity. 
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Chapter 4 

The electron beam transport and 
focusing system 

for tl1e Fusion FEM 

The electron beam line is designed to obtain a current transmission as high as 99.8% through 
the entire system and to preserve the electron beam emittance for the FEL interaction. To this 
extent the dynamics of electrons starting from the gun with 'thermal' velocity larger than the 
'bulk' is critical as they can cause unacceptable intercepted current. In addition, the 
achievement of the beam injection conditions as outlined in Chapter 3, requires a system of 
steering coils located at specific positions along the beamline to compensate for the distortion 
of the beam trajectory produced by stray magnetic fields. 

The design of the beam line is based on simulations performed using the 3-D particle 
tracking code GPT and the semi-analytical Herrmann theory. Both approaches predict that the 
electron beam can be transported with low losses through the complete system for the 
expected range of emittance values. In particular, the Herrmann theory shows that 99.9% 
transmission is in principle possible. 

The measured electron beam parameters (emittance, radius, divergence and current 
density profile) at the gun exit are used in the simulations. In particular, the electron beam 
emittance is calculated from the measurements of the beam free expansion behind the gun. 
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Figure 4.1 Beam contour lines containing 
95, 98 and 99% of beam current as 
recorded during beam free expansion. The 
measurements start at z = 0. The gun is not 
shown (the cathode is at z = -53.2 mm, and 
the anode at z = -24.2 mm). The points on 
the right of the dotted line are meaningless 
because the beam expansion was limited by 
the beam analyzer wall. 

4.1 Calculation of electron beam emittance from free expansion 
measurements 

The evaluation of the electron beam emittance is of crucial importance for the design of the 
electron beam line and for the optimisation of the FEL interaction. The analysis is based on 
the measurement of the electron beam free expansion performed at CPI (formerly Varian 
MPTP), Palo Alto, US during the construction of the Fusion FEM electron gun [Cat-94]. The 
data have been interpreted with several methods envelope equations, particle tracking codes 
and the Herrmann theory, leading at each step to a more accurate determination of the 
expected range of emittance values. 

A test electron gun, identical to the one shipped to the FOM Institute, interfaced with a 
beam analyser was built for the purpose. The beam current was sampled using a shielded 
faraday cup. The beam current density was measured in the transverse plane in a 3 inch long 
region, starting at 1 inch behind the anode. At an anode voltage of 6 kV, the measured 
electron current was 245 mA, confirming that the gun perveance was the same 
( 0. 5 3 x 10-6 A y-312) as in the final gun. The performance of the test gun is a direct 
representation of the actual gun. At every axial position, the measured current density is 
integrated out to the beam edge to determine how much current is contained in a given radius. 
The calculated beam envelopes representing 95, 98 and 99% of the electron beam current are 
shown in Figure 4.1. The calculation of the radius containing a higher percentage of beam 
current is highly affected by the experimental resolution (the outermost I% of beam current 
corresponds to a detected current of the order of a few µA for each azimuthal position of the 
beam analyser probe). The last experimental points (as indicated in Figure 4.1) are not used 
for the analysis, because the beam expansion was limited by the beam analyser walls. 

The measurements have been analysed and interpreted in the past [Cap-93-r][Gee-94-r] 
using an envelope equation to fit the measured beam radius. An estimation for the emittance 
was obtained by measuring the point to point deviation of the experimental envelope data of 
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Figure 4.2 The beam envelope at 99% of the measured current (crosses) is compared (a) with 
the results of the 3-D particle tracking code GPT, and (b) of the Herrmann theory. The 
calculations start at the location of the first data (z=O). In (a) the xx' rms emittance is 
scanned from 8 to 15 7r mm mrad; in (b) the xx' rms emittance is taken equal to 12 7r mm 
mrad. 

the freely expanding electron beam from the curve corresponding to beam expansion due to 
space charge only. The value obtained for therms xx' emittance was 20 7t mm mrad. This 
value is much larger than the 'thermal' emittance, i.e. the emittance due to the gaussian 
distribution of the electron transverse velocities at the cathode, which is 2 7t mm mrad. The 
difference is so large that it cannot be ascribed to gun optical aberrations only. It can be 
generated by an overestimation which is intrinsic to the envelope equation approach. Firstly, 
the contribution to the beam radius coming from the electrons whose velocity lies in the tail 
of the velocity distribution, is not taken into account. These particles expand faster than the 
bulk (rms) of the beam and affect the radius of the beam edge. In addition, the evolution of 
the current density profile along the beam line (see the Herrmann theory) is not taken into 
account. In second place, the fit of the beam expansion starts at the location of the first 
experimental measurement, hence behind the anode, assuming that the electron beam 
dynamics inside the gun can be neglected. These errors are not quantifiable, but lead to an 
overestimation of the emittance. 

The use of the Particle Tracking Code GPT 
An alternative approach is based on the use of particle tracking codes. The GPT code is used 
to fit the experimental data. The initial macro-particle distribution is generated to fill the 4-D 
phase space hyper-ellipse with uniform distribution in 'real space' (x, y) and gaussian 
distribution in velocity space (x, y'). The gaussian tail is modelled up to 4a (being a the width 
of the gaussian distribution). The electron beam maximum radius is taken equal to the 
measured radius of the considered percentage of current at the beginning of the free 
expansion, and a is varied to scan a set of possible emittance values. 
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Figure 4.3 Beam envelopes representing 
99% of beam current as calculated using the 
Herrmann optical theory, starting from the 
cathode. Three emittance values (rms) are 
used in the calculations. The measured beam 
expansion (crosses) indicates an rms 
emittance of almost 4 tr: mm mrad. z = 0 
corresponds to the first measured data, the 
cathode is located at z = -53.2 mm and the 
anode at -24.2 mm. 

The measured initial radial velocity is reproduced for each emittance value by a proper 
rotation of the phase-space emittance-ellipse. The short length over which the data are 
collected enables the use of a large number of macro-particles (N - 10000). In Figure 4.2.a 
the experimental data (crosses) and the fitting curves (solid lines) computed using the GPT 
code are reported for 99% of the electron beam current. The best fit is obtained with a rms xx' 
emittance of 121t mm mrad. This value is in agreement with the result of the simulation based 
on the Herrmann theory starting at the location of the first data (Figure 4.2.b ). The contour 
line of 99% of beam current is shown. The measured radius and radial velocity of 99% of the 
measured beam current are used as initial conditions. However, this way of calculating the 
emittance is based on the assumption that the electron beam dynamics inside the gun can be 
neglected and leads to an overestimation of the emittance. 

The Herrmann Optical Approach 
The Herrmann theory (see Chapter 2) can follow the electron beam dynamics straight from 
the cathode. The electric potential inside the gun is modelled with the analytical solution for 
the Pierce gun with spherical cathode and is then matched to the potential computed at CPI 
[Cat-93]. The width of the gaussian distribution of the transverse velocities is adjusted to scan 
several emittance values. The calculated beam envelopes at 99% of beam current are shown 
in Figure· 4.3 together with the measured data. The comparison between simulations and 
measurements indicates that the electron beam rms xx' emittance is in the range from 3 to 5 1t 

mm mrad. This value is close to the expected emittance due to the temperature of the cathode 
only (2 1t mm mrad -rms). The calculation also reproduces the slow electron convergence 
inside the gun as simulated at CPI. 

This approach is very sensitive to the computation of the electric potential inside the 
gun. The gun has been designed to provide a beam area convergence of 2: 1 [Cat-93]. This 
implies a beam waist at the gun exit of 7 mm radius. However, the measured waist radius is 
8.7 mm. It means that the gun simulations may be not completely reliable for the calculation 
of emittance, whose effect is very small compared to space charge. 
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Figure 4.4 Visualisation of the initial 
emittance ellipse used to fit the measured 
beam expansion. The modelling of the 
initial electron transverse velocity far out 
on the tail of the distribution corresponds 
to a process of emittance ellipse 
'stretching' in the phase space. The 
projection on the X coordinate is 
conserved, but the emittance ellipse is 
extended towards higher values of 
transverse velocity. 

Some important conclusions can be drawn about the evaluation of the electron beam 
emittance from the beam free expansion: 

(1) The evaluation of the electron beam emittance from the measurement of the beam 
free expansion is very difficult due to the small effect that emittance plays at such a low 
energy compared to space charge. This amplifies the sensitivity of the calculation with respect 
to the assumptions. 

(2) The use of envelope equations [Cap-94-r] gives inaccurate results for three reasons: 
(a) the evolution of the current distribution function along the beam line is not taken into 
account, (b) the variables have an intrinsic rms meaning, and (c) the analysis neglects the 
electron dynamics inside the gun. 

(3) An upper limit of the emittance can be found using particle tracking codes or the 
Hermann theory using the measured beam initial conditions and neglecting the electron 
dynamics inside the gun. 

( 4) The use of particle tracking codes is expected to lead to accurate results. The results 
depend on the initial distribution of the macro-particles used in the simulations. Due to the 
limited number of macro-particles used (10000 in this case), particle codes have intrinsic 
statistical difficulties in modelling the tail of the gaussian distribution of the electron 
velocities. Only 0.264% of the total number of particles is in the range from 30' to 4a. When a 
total of 10000 macro-particles are used, only 27 are in the above mentioned range. In 
addition, the accurate modelling of the edge of the beam current density profile is very 
difficult, due to the limited experimental resolution. In the present simulations, a perfect top 
hat profile has been assumed. It is interesting to note that modelling the electron transverse 
velocity far out on the tail of the distribution, corresponds to a process of 'stretching' the 
initial emittance ellipse used to fit the measured beam free expansion (x in Figure 4.4). 
Especially in evaluating the emittance from the measurement of the electron beam free 
expansion, the more the initial emittance-ellipse is 'stretched', the lower should be the 
corresponding value of the emittance needed to fit the data. This is understandable, because 



44 Chapter 4: Design of the Fusion FEM beam line 

the more the phase-space emittance is 'stretched', the larger is the fraction of transverse 
velocity that is emittance-independent. Indeed, simulations performed modelling the velocity 
distribution up to cr (in which 68.268% of the actual distribution is included) give an 
emittance of 20 1t mm mrad (rms xx'), in agreement with the result of the envelope equation 
analysis. When the gaussian tail is modelled up to 2cr (95.45% of the actual distribution 

included), the emittance is 15 7t mm mrad (rms xx'), while a width of 4cr (99.994% of the 
distribution included) leads to arms xx' emittance of 12 7t mm mrad. 

The computed emittance value (121t mm mrad -rms xx') agrees with the one calculated 
with the Herrmann theory assuming the same (measured) initial beam conditions. In tum, this 
value is much larger than the one calculated with the Herrmann theory starting from the 
cathode ( 4 7t mm mrad -rms xx'). This indicates that the basic assumption (i.e. that the 
electron beam can be modelled at the location of the first measured data) affects the result 
more than the statistical looseness of the particle tracking code may do. 

As a conclusion, the actual emittance can be assumed to be in the range from 4 to 12 1t 

mm mrad (rms value) with the actual value being closer to 4 1t than to 12 7t. The operation of 
the beam line could lead to a more precise value. 

4.2 Simulation of electron beam transmission through the Fusion FEM 
beam line 

4.2.1 Beam line set-up 
Some of the beam line design features, which are incorporated to ensure low interception 
current and low emittance growth are: straight beam line, DC acceleration, emittance 
conserving solenoid focusing system, halo suppression at the cathode using an edge emission 
suppression ring, large beam line acceptance ("" 60 7t mm mrad -rms xx' value) and large 
diameter of the magnetic lenses. The transport and focusing system (see Figure 4.5 and Table 
4.1) consists of air-core (lenses 1-4) and iron-core (lenses 5-12) solenoids and of several sets 
of steering coils (xl/yl-xlO/ylO). 

The electron beam line is first assembled in an inverse set-up in which the undulator 
and the millimetre-wave system are located at ground potential, outside the SF6 tank. The 
electron gun is mounted inside the high voltage terminal which in tum is inside the pressure 
tank. The beam line set-up is shown in Figure 4.5.a and Figure 4.5.b. Position and 
performance of the beam line components are presented in Table 4.1. This configuration is 
adopted to demonstrate low-loss electron transmission and microwave generation. In terms of 
electron beam transport, this configuration is equivalent to that of the nominal set-up except 
for an extra transport section which is presently mounted at the end of the accelerator. This 
results in a beam path 1521 mm longer than that of the nominal set-up. In this section, two 
additional air core solenoids (lenses 3 and 4) are used to transport the beam. The present 
simulations refer to the central electron energy of operation, i.e. 1.75 MeV. Results for other 
electron energies are presented in section 4.5. 
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Figure 4.5.a Schematic representation of the Fusion FEM beam line. The detailed position 
of the beam line components is reported in Table 4.1. 

Table 4.1 Fundamental elements of the Fusion FEM beamline in the inverse set-up. The 
position of each element is calculatedfrom the RUnflanfle. 

Location Element Setting Location Element Setting 

fmml fGl fmml fGl 

6 Lens 1 22 5690 Steering Coil Set x6/v6 0 

320 Lens2 105 5690 Wave1mide Entrance 

460 Steering Coil Set xl/vl 0 5775 lst Undulator Section Entrance 

740 Accelerator Entrance 6655 lst Undulator Section Exit 

2261 Accelerator Exit 6685 Steering Coil Set x7 0 

2390 Steering Coil Set x2/v2 0 6715 2nd Undulator Section Entrance 

2570 Lens3 150 7355 2nd Undulator Section Exit 

3350 Lens4 150 7406 Waveguide step, 
Solitter Entrance 

3790 Steering Coil Set x3/v3 0 7445 Steering Coil Set x8/v8 0 

4010 Lens5 600 7535 Lens9 1300 

4500 mm-wave reflector entrance 8018 Lens 10 850 

4590 Steering Coil Set x4/v4 0 Steerin!! Coil Set x9/v9 0 

4755 Lens6 1000 8718 Lens 11 1000 

5155 Lens7 800 Steerin!! Coil Set x 10/v 10 0 

5340 Steering Coil Set x5/v5 0 8906 mm-wave end-mirrors 

5585 Lens8 1450 Lens 12 600 
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Figure 4.5.b Fusion FEM Inverse Set
up. The gun, the accelerator column and 
a drift space are placed inside the SF 6 
filled tank. The gun is at high (negative) 
voltage and the accelerator exit is at 
ground potential. Two air-core 
solenoids are placed between the gun 
and the accelerator column and two 
other solenoids are located in the drift 
space. Outside the tank, the beam is 
transported·by four iron-core solenoids 
and focused at the undulator entrance. 
Behind the undulator, four iron-core 
solenoids transport the electron beam 
through the mm-wave system to the 
beam dump. 
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Figure 4.6 Multi-particle simulation of beam edge (solid line) and rms radius (dotted line) up 
to the undulator exit. The electron energy is 1.75 MeV. The maximum radius is reduced to 
less than 2 mm at the entrance of the mm-wave cavity, it is less than 5 mm in the reflector and 
is matched the undulator. 

4.2.2 Electron beam transport from gun to undulator exit 
The performance of the beam line from the gun to the entrance of the undulator is relevant for 
the achievement of full electron beam transport through the undulator. A properly injected 
electron beam is fully controlled by the undulator focusing properties (see Chapter 3). The 
position and the operational parameters of the lenses are chosen in order to produce two 
'natural' focal points at the entrance of reflector and undulator, to conserve the electron beam 
emittance, and to minimise the flux leak from the transport system into gun and undulator. 

A simulation of the electron beam transmission from gun to undulator exit is shown in 
Figure 4.6. The simulation is performed using the GPT code and the PEL interaction is not 
included. The distance from axis of the outermost macro particle at each position along the 
beam line is called 'beam edge'. The simulation shows that the electron beam is transported 
well inside the boundaries of the beam pipes. 

A focusing lens is required in between gun and accelerator because the natural focusing 
of the accelerator entrance is not sufficient to ensure safe beam transport through the 
accelerator tube. Due to the high electron current (12 A) and the conservative value of the 
accelerator electric field (0.75 - l.25 MV/m), the space charge force produces a defocusing 
effect which is higher than the focusing of the accelerator. The electron beam expands freely 
behind the gun exit, and is matched to the accelerator by a large radius solenoid (lens 2). The 
large electron beam radius ensures that the electron dynamics in the entire accelerator is 
driven by the accelerator's focusing properties and beam blow up due to space charge is 
avoided. The low filling factor of the beam in lens 2 keeps the emittance growth to a 
minimum, almost 15% (see Figure 4.7). A bucking coil (lens 1) cancels the tail magnetic field 
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Figure 4.7 Normalised rms xx' emittance up to the undulator entrance. The emittance grows 
behind the gun and is almost constant along the beam line. 

and its first derivative on the cathode surface. The total magnetic field inside the gun is below 
0.5 gauss. 

The injection into the accelerator (see also Figure 4.17.a) critically affects the electron 
beam characteristics along the entire beam line. Other injection schemes could be used as 
well. Our choice was based on criteria of technological simplicity and minimisation of the 
emittance growth. Two air core solenoids (lenses 3 and 4) focus the beam just behind the 
accelerator and an iron core solenoid (lens 5) focuses the beam into a waist of 2 mm radius at 
the entrance of the mm-wave cavity. Three iron core solenoids (lenses 6-8), which form a 
periodic focusing system, transport the beam through the reflector of the mm-wave cavity and 
match it to the undulator. This lens configuration has been chosen because, with proper 
tuning, ensures beam transport in a small radius inside the mm-wave cavity for the complete 
range of electron beam energies (from 1.35 to 2.0 Me V) and for a large range of electron 
beam currents (up to 25 A). 

In Figure 4.7 the electron beam emittance is shown along the beamline. It is clear that, 
apart from the initial increase, the emittance is almost conserved. 

4.2.3 Electron beam transport downstream from the undulator 
The design of the beam transport system downstream from the undulator is roughly a reversed 
version of the part of the beam line in front of the undulator. However, the establishment of a 
suitable set of operational parameters is complicated by the electron energy spread which is 
some 15% (see Figure 3.9). Full electron transmission is complicated also by the small 
horizontal dimension (20 mm) of the mm-wave cavity. In addition, a large beam radius 
("" 4 mm) at the undulator exit is expected in case of incorrect injection into the undulator. 
Behind the undulator, three rotationally symmetric iron-core lenses (lenses 9, 10 and 11, see 
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Figure 4.8 Multi-particle simulation of the electron beam edge behind the undulator. In (a) 
the solid line is calculated assuming that the electron energy distribution is as in Figure 3.9.a 
and the dotted line represents a mono-energetic beam having energy equal to the average 
energy (1670 keV). (b) The trajectories of the maximum-energy and the minimum-energy 
electron are shown in the total beam envelope. 

Table 4.2) transport the beam through the outcoupling system of the mm-wave cavity. A 
fourth lens (lens 12) is used to inject the beam into the dump (the decelerator tube in the final 
set-up). 

The effect of the electron energy spread is included in the simulations of Figure 4.8. In 
the simulation of Figure 4.8.a, the electron beam is assumed to come out of the undulator with 
the radius of a matched beam (r "" 2 mm, see Chapter 3). The edge of the actual FEM electron 
beam having the electron energy distribution as shown in Figure 3.9.a is compared with a 
mono-energetic beam of energy equal to the average energy of the actual beam (i.e. 1670 
keV). The effect of energy spread on beam transport inside the mm-wave cavity is shown to 
be marginal; the beam can be transported and focused at the location of the outcoupling 
mirrors. The large electron energy spread becomes eventually important in the final set-up of 
the experiment, during electron beam deceleration. In Figure 4.8.b the radial position of the 
maximum-energy and the minimum-energy macro-particle leaving from the beam edge is 
shown in the total beam envelope. The high magnetic field required by the high energy part of 
the electron beam overfocuses the slowest particles, which blow up in the decelerator and set 
the maximum beam dimension after deceleration. 

4.3 Compensation of the effect of undesired magnetic fields 

The optimum position and strength of the focusing lenses has been set without taking into 
account the effect of the earth magnetic field or stray magnetic fields (e.g. the residual 
magnetisation of the tank or transverse magnetic fields produced by misalignment of the 
lenses). 
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The long Fusion FEM tank (length = 11 m, diameter - 2.6 m) shields an external, 
perpendicular to axis magnetic field down to 1/25 - 1/50 of its value [Rik-87], [Val-94-r]. The 
magnetic background inside the tank has been measured to be $ 0.1 G. It is not possible to 
distinguish whether this field is the result of the shielded earth magnetic field or is produced 
by the residual magnetisation of the tank itself. Anyway, with the FEM configured in the 
inverse set up, a long part of the beamline is outside the tank, where the earth magnetic field 
is not shielded. 

The number, position and strength of the steering coils have been set in order to keep 
the centre of the electron beam as close as possible to the beam line axis and to minimise the 
beam offset and angle at injection into the undulator below the tolerances outlined in 
Chapter 3. A constant field along the entire beam line of magnitude corresponding to the earth 
magnetic field (0.5 G) has been assumed. The effect of other stray fields or misalignments on 
the electron beam trajectory can be corrected by appropriate (but similar) settings of the 
steering system. The location of the steering coils is shown in Figure 4.5 and presented in 
Table 4.1. Computer simulations show that the beam trajectory is already visibly affected by 
a transverse stray field of the order of 0.05 G. Fields below 0.01 G have a negligible effect. 
The combination of stray transverse fields and axial focusing fields causes a rotation of the 
electron beam centre around the beam line axis. For this reason, the most suitable way to 
bring the beam on axis is to force it to move along a curved path of decreasing radius. It is 
more convenient to correct the beam trajectory behind and not in front of a focusing lens. In 
this way, the focusing and steering process can be (at least partially) separated, simplifying 
the interpretation of the diagnostics output. 

A set of simulations has been performed assuming the magnetic axis of the lenses tilted 
with respect to the mechanical axis. It turns out that a misalignment of the magnetic axis of 
the order of 1 ° induces a visible deviation in the beam trajectory which causes current losses 
of the order of several percent of the total beam current. For this reason, each magnetic lens is 
adjustable within a few degrees around each mechanical axis. Each magnetic lens has been 
first aligned on the mechanical axis of the beam line, and then magnetic field patterns have 
been recorded to check whether the magnetic axis coincides with the mechanical axis. 

At first, the simulations have been performed with one particle initially on axis, to 
investigate the behaviour of the centre of the electron beam. At a later stage, the setting of the 
steering coils have been fine-tuned with multi-particle simulations. A constant, transverse 
magnetic field of magnitude corresponding to the earth magnetic field (0.5 G) is assumed and 
the electron energy is 2 MeV. Figure 4.9.a shows that the FEM focusing system brings the 
electron trajectory to axis at the location of the focal planes, i.e. at the reflector and undulator 
entrance, even without steering. Unfortunately, the beam deviation from axis, at other points, 
becomes too high, and the beam would be lost. A possible electron beam envelope in the 
presence of the earth magnetic field and steering fields is shown in Figure 4.9.b where a 
multi-particle simulation has been carried out. The refinement of the steering system setting 
introduced by multi-particle simulations is within 2%, confirming the correctness of the 
single particle approach. In Figure 4.9.b the displacement of the centre of the beam and the 
beam profile in the ideal case are also shown for comparison. 
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Again, a crucial point is the injection into the accelerator. It is not possible to steer the 
electron beam when it is inside the accelerator. In this region, a stray magnetic field, with the 
same orientation and amplitude of the earth field, produces a deviation of the centre of the 
beam of the order of 10 mm. In order to have the beam close to the axis behind the 
accelerator, a deviation out of axis must be allowed at the entrance of the accelerator. This is 
possible because the vacuum pipe has a large diameter there (132 mm), and the diameter of 
the first accelerating section of the accelerator tube is 90 mm. 
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Figure 4.9 (a) Single-particle simulation representing the deviation of the centre of the beam 
from the axis due to a perpendicular field of 0.5 G: without steering (dashed line) and with 
steering (solid line). (b) Multi-particle simulation of the electron beam edge up to the 
undulator entrance. The radial displacement due to the stray magnetic field (dotted line) 
modifies the ideal beam edge (solid line). 
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Figure 4.10 (a) Electron beam path seen from the gun with the combined effect of focusing 
and steering coils in the presence of a stray magnetic field of 0.5 G along they-direction. The 
first steering coil set bends the beam off axis to compensate for the displacement induced in 
the accelerator by the earth magnetic field. The beam path behind the accelerator remains 
closer to axis than without steering coils. (b) Horiwntal coordinate (x), and vertical 
coordinate (y) of the beam centre of mass up to the undulator entrance. One can see the large 
deviation in the horiwntal direction in the accelerator. The electron beam enters the 
undulator on axis and parallel to the undulator axis. 
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Figure 4.11 Multi-particle simulation of the electron beam edge including (solid line) and not 
including (dotted line) the effect of 'thermal' electrons. 

In Figure 4.10.a the electron beam trajectory seen from the gun is shown up to the 
undulator entrance. Clearly visible is the slow rotation that the electron beam centre 
undergoes along the beam line due to the combination of stray perpendicular field, focusing 
magnetic fields and steering coil fields. In Figure 4.10.b the displacement in the X and Y 
planes is shown. The injection into the undulator is within the maximum tolerances in terms 
of offset and angle as outlined in Chapter 3. 

The mutual influence of the beam lenses and the beam line components which contain 
ferromagnetic material (e.g. vacuum pumps) is investigated using the TOSCA code. The 
location of the beam line components is chosen such to minimise magnetic disturbances to 
the electron beam. During the assembly of the beam line, magnetic field patterns have been 
recorded in front of the accelerator. In this region, due to the low energy (80 keV), the 
electron beam is very sensitive to small stray magnetic fields. The agreement between 
measured and calculated fields is within 0.01 G. Electron beam transport simulations based 
on both calculated and measured magnetic fields confirm the suppression of stray effects. 

4.4 The problem of simulating ;::: 99.8% of the electron beam current 

The predicted beam transport, using the 3D particle tracking code GPT shown in Figure 4.6, 
indicates full beam transmission. However, due to the limited width of the initial distribution 
of the electron transverse velocity (see Chapter 2) the simulation is accurate for the 'bulk' of 
the beam only. To obtain more precise results for the dynamics of the halo current, a few 
particles with a larger transverse velocity (thermal electrons) are introduced in the initial 
conditions of the beam (see Figure 4.11 ). Even if it is not statistically correct, this procedure 
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Figure 4.12 (a) Beam envelopes at 95, 99, 99.8 and 99.9% of the beam current are shown up 
to the undulator exit. In (b) an enlarged view of the beam motion inside the reflector and the 
undulator waveguide is given. 

can give a reasonable estimation of the situation in the region in which thermal effects are 
relevant. However, the electron beam behaviour at low energy, where the dynamics is space 
charge dominated, is indicative. Alternatively, simulations based on the Herrmann theory 
have been carried out. The beam envelopes containing 95, 99.5, 99.8, and 99.9% of beam 
current are shown in Figure 4.12. It is clear that the beam is well within the boundaries of the 
beam pipe. Also shown in the plot is the electron motion in the undulator. The FEL 
interaction is not included. 
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Figure 4.13 Current profiles at different locations along the beam line. The current profile 
evolves along the beam line. The electron current distribution at the cathode is imaged at the 
focal points (top row) corresponding to the entrance of the mm-wave cavity and the 
undulator. In the bottom row, the current profile is shown at various locations in the drift 
sections. 
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Figure 4.14 Comparison of the total beam envelope computed with GPT (dotted line) and 
with the semi-analytical Herrmann optical theory (solid lines). The GPT simulation 
represents the total beam envelope with the effect of thermal electrons included. 
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Figure 4.15 Multi-particle simulation of the electron beam edge along the Fusion FEM beam 
line. The electron energy is 1.35 (solid line) and 2 MeV (dotted line). 

According to the prediction of the Herrmann theory, the initial beam current profile is imaged 
at the focal planes, i.e. at the entrance of reflector and undulator (see Figure 4.12). This is 
visible in the simulated current profiles shown in Figure 4.13. As a consequence, the 
Herrmann theory shows that the envelope equation with the approximation of homogeneous 
electron distribution along the beam line is basically incorrect. 

The electron beam envelope computed using the GPT code, including 'thermal 
electrons' is shown in Figure 4.14 together with the beam envelopes containing 95% and 
99.9% of the beam current. Note that the GPT simulation up to the undulator corresponds 
well to the 99.9% line in the high energy part of the beam line, where emittance effects 
dominate over space charge. In the low energy part, the 95% contour line is comparable with 
the result of the GPT code. It is interesting to note the good agreement between the GPT 
result and the Herrmann theory, even if the initial electron distribution used in this GPT 
simulation is not statistically correct. 

4.5 Large range and short range tunability 

The FEM tunability in the range from 130 to 260 GHz is achieved by changing the electron 
energy in the range from 1.35 to 2.0 Me V. A particle tracking simulation of the electron beam 
transport at 1.35 and 2.0 MeV is shown in Figure 4.15. The electron beam injection in the 
accelerator appears to be particularly critical for the 1.35 Me V case. At this energy the 
focusing at the accelerator entrance and the focusing of lens SO 1 are just sufficient to ensure 
the beam transport. However, the simulation does not include the effect of the halo current 
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Figure 4.16 Electron beam envelopes at 99.9% of total current in case of an energy change 
of ±5% around the central value of 1.75 MeV. The lens settings are unchanged. 

and the Herrmann theory shows that a considerable amount of current is outside the beam 
edge computed using particle tracking codes (see Figure 4.14). The situation improves 
dramatically if part of the accelerator tube is shorted. This reduces the accelerator length. In 
tum, the focusing at the accelerator entrance during operation at 1.35 is as high as in the 1. 75 
MeV case, providing better beam transport. In the 2.0 MeV case, the electron beam is 
transported through the accelerator with a smaller radius, due to the stronger focusing at the 
accelerator entrance. With a proper adjustment of the beam line settings, the beam size in the 
millimetre-wave system is almost constant in the full energy range of operation of the Fusion 
FEM. Fast tunability in a short range is obtained by changing the electron energy on 
millisecond scale with fixed beam line optics. In Figure 4.16 the effect of a 10% change of 
the electron energy around the central value of 1.75 MeV for fixed beam optics is shown. The 
curves represent the beam envelope at 99.9% of total current. It is shown that full current 
transmission is possible. This corresponds to a frequency tunability of 20%. A decrease of the 
electron energy within each electron pulse is expected, due to the discharge of the high 
voltage terminal. 

4.6 Sensitivity analysis 

The sensitivity of the beam line to magnetic misalignment and tuning is numerically 
investigated by introducing a small deviation from the nominal setting of the magnetic 
components. 

Figure 4.17 .a shows the radius of 99 .9% of the beam current up to the accelerator exit 
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Figure 4.17 (a) Enlarged view of the beam injection into the accelerator for several settings 
of lens 21. The envelope at 99.9% of total beam current is plotted. (b) The nominal setting of 
the lens focusing the beam at the entrance of the mm-wave system (lens 5) is scanned. 

for different settin~s of the first focusing solenoid (lens 2). It is clear that the electron beam 
behaviour depends critically on this setting. A deviation of the magnetic field of± 5% around 
the nominal value ("" 105 G) produces a large distortion of the electron beam profile, and 
beam losses are expected at mistuning of 10% ("" 10 G). Partially, it is due to the 
non-optimised situation of the inverse set-up (see Figure 4.5). In this configuration the 
accelerator is rotated by 180° and to fit in the high voltage terminal, two electrodes have been 
shorted. As a result, the transport section from gun to accelerator (optimised for the final 
configuration) is some 60 mm longer and the injection into the accelerator becomes more 
difficult. 

The magnetic field of the lens which focuses the beam inside the reflector of the mm
wave system (lens 5) is scanned in Figure 4.17.b. Although the setting of this lens is not 
critical, tuning errors produce a slight shift in the position of the waist and may cause the 
beam radius inside the reflector to become critically high. The maximum beam radius is 
almost not affected by an inaccuracy of 5% in the setting of the other lenses. This facilitates 
the operation of the beam line. 

4. 7 Beam line phase-space acceptance 

In Figure 4.18 the profile of 99. 9% of beam current is shown for a range of beam emittance 
values. The electron beam energy is 2 MeV. It is clear that the beam line is capable to handle 
a beam emittance far higher than the expected values (4-12 n mm mrad -rms value). An rms 
emittance of the order of 60 1t mm mrad leads to current losses of the order of 0.2%, while a 
value of 100 1t mm mrad definitely compromises the electron beam injection in the 
accelerator. As a result, the beam line acceptance (rms xx') can be considered to be 60 1t mm 
mrad. 
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Figure 4.18 Electron beam envelopes at 99.9% of total current for different values of the rms 
xx' emittance. The ( rms) acceptance of the beam line is 60 1C mm mrad. 
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Figure 4.19 Multi-particle simulation of electron beam edge (solid line) and rms beam radius 
(dotted line) in the final configuration of the Fusion FEM beam line. 

4.8 Electron beam simulation in the fmal set-up of the Fusion FEM 

During full operation of the Fusion FEM the electron beam is decelerated behind the 
interaction region and collected in a multistage depressed collector. Beam edge and rms beam 
radius calculated using the GPT code are shown in Figure 4.19. The FEM interaction is 
included in the simulation. The output power is as shown in Figure 3.2.b. 
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Chapter 5 

Design of the 
electron beam diagnostics 

for the Fusion FEM 

Real time beam position monitoring is required in the Fusion FEM beam line in order to 
operate the beam steering system. The required very high electron beam transmission, 
together with the high power of the electron beam, the small diameter and long beam pulses 
make any contact diagnostic extremely difficult. An additional required feature of the 
diagnostics is not to perturb the electron beam. These reasons motivate the development of 
electrostatic pick-up beam position monitors. The beam position is reconstructed by 
measuring the induced charge on electrodes arranged about the beam line axis or on insulated 
sections of the mm-wave cavity. The intercepted current is measured on apertures located 
along the beam path and on several beam line components such as the waveguides. An 
Optical Transition Radiation (OTR) system is incorporated in the beam dump and is used to 
monitor the electron beam profile. Since the OTR screen is mounted at the end of the beam 
line, its effects on the beam quality are unimportant for the operation of the FEM. 
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Figure 5.1 Illustration of the electron beam diagnostic system. Electrostatic Beam Position 
Monitors are located at the accelerator exit and at the entrance of the millimetre-wave cavity. 
Electrodes are also incorporated in the walls of the waveguide at the entrance and exit of the 
undulator. Current losses are measured on apertures, on the reflector waveguide, and on the 
undulator waveguide. 

5.1 General 

Electron beam diagnostics in the Fusion FEM is complicated by the fact that most of the 
electron beam trajectory is enclosed in beam line components such as the accelerator and 
decelerator tube and the microwave cavity, which do not allow access to the beam (see 
Figure 1.3 and Figure 5.1 ). The very little space the beam travels outside these elements 
allows only for simple, compact and reliable devices. An additional complication is that 
several diagnostics are needed in the microwave cavity. Since the FEM cavity [Urb-95] 
consists of waveguides which are closed on all sides, diagnostics have to detect the position of 
the electron beam without inducing any disturbance in the microwave beam. The requirement 
of very high electron beam transmission (~ 99.8%), together with the high electron beam 
power (from 16.2 to 24 MW), the small diameter and long beam pulses (already 10 µs during 
the demonstration stage and 100 ms during foll operation), requires non-intercepting 
diagnostics. 

The position of the centre of mass (in fact the centre of charge) of the beam is 
reconstructed by measuring the induced charge on curved electrodes arranged about the beam 
line axis, inside the vacuum pipe (see Figure 5.2.a). Being based on the induced charge 
principle, this diagnostic system can detect the beam only when it is turned on and off and 
when its centre of mass drifts. The profile and the emittance of the beam emerging from the 
gun are not monitored because they have been measured at CPI [Cat-94] during the 
construction of the gun. 
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(a) (b) 
Figure 5.2 (a) Sketch of an electrostatic pick up composed by four electrodes. (b) The 
waveguide walls as a 4-electrode electrostatic beam position monitor. The side walls are 
insulated one from another. 

The electron beam diagnostics are shown in Figure 5.1 and described in Table 5.1. The 

position is as for the beam line configured in the inverse set-up of Figure 4.5. The intercepted 

current is measured independently in the reflector waveguide, in the undulator waveguide and 

in the splitter waveguide (see Figure 5.1). The intercepted current is measured also on 

apertures located along the beam line, on the mirrors of the microwave cavity and on the 

undulator waveguide. The first Beam Position Monitor (BPMl) is placed behind the 

accelerator tube, inside the SF6 tank, but at ground potential. 

Table 5.1 Description of the beam diagnostics used during the electron beam transport test of 
the Fusion FEM. The vosition is calculated from the ~un flan~e. 
Position Type Code Output Dimensions 

[mm] 

2350 Aperture+ BPMl Intercepted Current Aperture l.D. = 40 mm 
Electrostatic Pick up Beam Position Plates Length = 25 mm 

Beam Size Plates I.D. -40 mm 
4400 Aperture+ BPM2 Intercepted Current Aperture l.D. = 30 mm 

Electrostatic Pick up Beam Position Plates Length - 25 mm 
Beam Size Plates I.D. - 30 mm 

4500 Reflector Mirrors Intercepted Current Aperture for the beam: 
20x 10mm2 

4500-5690 Reflector Walls Intercepted Current cross section 20 x 50 mm2 
5700 Electrostatic Pick up BPM3 Beam Position cross section 20 x 15 mm2 

(part of the waveguide walls) length = 25 mm 
5720-7400 Waveguide Walls Intercepted Current cross section 20 x 15 mm2 
7410 Electrostatic Pick up BPM4 Beam Position cross section 20 x 15 mm2 

(part of the waveguide walls) length = 25 mm 
7450-8970 Splitter Walls Intercepted Current cross section 20 x 50 mm2 
9370 OTR screen OTR Beam Current Profile 

Beam Position 
Beam Size 
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Figure 5.3 Sketch of OTR emission in case of normal and oblique incidence on a conductive 
foil. 

Computer simulations show that this is sufficient to provide proper beam injection into the 
accelerator. This choice is also motivated by the need to skip (in this early stage) the difficulty 
of high speed signal transmission from high voltage to ground potential level. A second beam 
position monitor (BPM2) is located in front of the reflector of the microwave cavity. 
Electrostatic pick-ups are also incorporated in the waveguide at the undulator entrance 
(BPM3) and exit (BPM4, see Figure 5.2.b). An aperture is placed in front of the electrodes of 
BPMl and BPM2, with the twofold function to shield the electrodes from the beam halo 
current and to measure the intercepted current, giving additional information on beam position 
and beam dimensions. The beam profile is monitored using the principle of Optical Transition 
Radiation (OTR) emission. An aluminium foil is placed on the beam line axis with an angle 
of 1T/4 and backward-emitted transition radiation is coupled out from the beam line through an 
optical window and recorded by a CCD camera (Figure 5.3). The OTR monitor is part of the 
beam dump. Thus, at each assembly step of the beam line, the electron beam is analysed 
before being dumped. 

5.2 Conceptual Design of the Electrostatic Beam Position Monitors 

An electron beam flowing close to a conductive surface, induces a charge on that surface. 
This principle is used to construct non-intercepting electron beam diagnostics. The linear 
charge density of the 12 A, 2 Me V beam is 40 nC/m. The same linear charge density (with 
opposite sign) will be induced on electrodes placed in between the beam and the wall of the 
vacuum pipe. Obviously, the closer the beam is to one of the electrodes, the larger is the 
induced charge on that electrode. 

With proper signal processing, three electrodes are enough to determine the position of 
the centre of the beam. However, four electrodes arranged in two pairs (one oriented 
vertically and the other horizontally) require a simpler and more straightforward signal 
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Figure 5.4 Mirror charge layout used to calculate the induced charge on a cylindrical 
conductive wall. 

processing. The difference of the charge collected by the electrodes facing along the 
horizontal and vertical direction (SHor• Sver• respectively) is used as a measure of the 
horizontal and vertical displacement of the beam centre of mass. This operation still gives 
enough information to steer the beam through the centre of the beam line, but the use of only 
four electrodes and especially the elimination of the original signals, precludes the possibility 
to reconstruct additional information such as beam current and radius. 

It is interesting to note that, as a principle, the beam profile can be reconstructed from 
the charge induced on a ring of electrodes placed about the beam line axis. The more 
electrodes are used, the more detailed the beam can be reconstructed. An electrostatic beam 
profile monitor has been studied and proposed for the Fusion FEM [Gee-95-r]. Due to the 
sophisticated signal processing needed, this option has not been pursued. 

5.2.1 Basic principles 
In order to calculate the induced charge on the electrodes, the electron beam is modelled with 
a line charge of 40 nC/m located at the position of the centre of mass of the beam. The 
electrodes are assumed to lay on an equipotential surface. Since the diagnostics are used for 
on-line corrections of the beam trajectory, the original position of the beam is reconstructed 
assuming that the measured signals (SHor• Sver) are linearly dependent on the horizontal and 
vertical coordinate of the beam, respectively. 

The surface charge density, cr(0), induced by a line charge parallel to the axis on a 
circular cylindrical conducting wall (of radius a) is calculated with the aid of the image charge 
argument [Ram-84]. An image line charge of linear charge density equal to the beam is placed 
outside the conducting cylinder at a distance R = a2/r, where r is the radial position of the line 
charge with respect to the cylinder axis (see Figure 5.4). The surface charge density is given 
by: 

2 2 
a(e) oc a - r 

a2 -2arcose + r2 (5.1) 

where the quantities have the meaning as indicated in Figure 5.4. 
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The charge induced on an electrode which extends from 0 == 01 to 0 == 02 is, apart from a 
constant factor: 

Ja( 8}18 oc lr~ [ arctan(: +~tan( 82
; ~) )- arctan(: +~tan( 81 ~ ~))] (5.2) 

where <!> is the angular position of the beam centre of mass (zero in Figure 5.4). It is clear that 
for small radial displacement of the centre of the beam, the induced charge has a linear 
dependence on the beam position. 

The effect of the electrode angular extension on the accuracy of the reconstruction of 
the position of the beam centre of mass is shown in Figure S.S. The diagnostic signals 
(i.e. Eq. S.2) are calculated from the original positions of the beam centre shown in 
Figure S.S.a. In Figures 5.5.b and 5.S.c the electron beam positions are reconstructed using the 
expected signals of electrodes having angular width of 1t/4 (Figure S.5.b) and 1t/2 (Figure 
5.5.c). 

./ 
~·l 

_....__~_ ........... / 

(a) 
Electrode 

(b) 

Electrode 

~ 

(c) 

Figure 5.5 (a) Set of original positions of the beam centre used to calculate the expected 
signals from electrodes having angular extension of Jr/4 and Jr/2. The electrodes are also 
shown (i.e. solid-thick line in (b) and (c)) In (b) the set of beam positions is reconstructed 
using electrodes n:/4 wide. In (c) the angular width of the electrodes is n:/2. 
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Figure 5.6 Contour lines of the reconstructed beam displacement (a) and azimuthal position 
(b) for electrodes of angular extensions n/4 and 1C/2. In the region of accurate reconstruction 
of the beam position, the contours are straight equidistant lines. 

The correct response of the diagnostic should reproduce the original set of beam positions. 
Figure 5.5.c indicates that electrodes having 1t/2 angular extension can reconstruct almost all 
the possible radial positions of the beam centre of mass (i.e. the circular lines in Figure 5.5.a 
and 5.5.c). It is also clear that the diagnostic response is more accurate along the vertical and 
horizontal directions. At large beam displacement (r/a > 0.5, where a is the radius of the 
electrodes) the accuracy decreases when the azimuthal position approaches the electrode edge 
(<!> - ± 1t/4 and <I> - ± 31t/4). The reconstruction of the beam azimuthal position (i.e. the radial 
lines in Figure 5.5.a and 5.5.c) is correct for beam azimuthal positions close to the electrode 
edges. The distortion for other azimuths increases with the beam radial displacement. It is 
maximum when the beam approaches the electrode angular centre. On the contrary, Figure 
5.5.b shows that the accuracy of the 1t/4 electrodes is restricted to a region close to the axis 
(r/a < 0.25). Outside this region, the response of the diagnostic largely depends on the 
azimuthal position of the beam. In particular, the diagnostic fails to reconstruct the beam 
position when the azimuthal position lies outside the angular extension of the electrodes (i.e. 

in the range n:/8 <<I>< 3n:/8, 5n:/8 <<I>< 7n:/8, and -3n:/8 <<I>< -n:/8, -7n:/8 < <I>< -5n:/8). 
Although the qualitative response along the horizontal and vertical directions is good, the 
reconstructed values are overestimated for large beam displacements. 

An alternative way to analyse the effect of the electrode angular extension on the 
diagnostic performance is to plot the contour lines of the expected signals (rms value; 
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Figure 5.7 The beam position in 
the transverse plane is 
reconstructed by using the 
electrodes incorporated in the 
waveguide walls; a and bare 112 
the horizontal and vertical 
waveguide dimensions, 
respectively. The original beam 
positions (circles) are 
reconstructed (crosses) assuming 
that the signals are proportional 
to the beam displacement. 

R ~S!0r + S~er) as a function of normalised beam radial and azimuthal position (r/a and <j>). 

In the region where the signals have a linear dependence on the position, the contours are 
straight equidistant lines. The result is plotted in Figure 5.6.a for electrodes having angular 
extension equal to 7t/4 and rc/2. It is clear that the useful range of the 7t/2 electrodes is much 
larger than the one of the 7tl 4 electrodes. It is also clear how the diagnostic fails at large radial 
displacement and azimuthal position close to the electrode edges. Shown in Figure 5.6.b are 

contour lines of the reconstructed azimuthal position of the beam(<!>= arctan(Sver• SHor)) in 

the same (r/a, <I>) plane. Again, the useful range can be recognised as the region of straight 

contour lines. The plots are shown for electrodes with angular extension of 1t/4 and 1t/2, 
respectively. For a large deviation (r/a > 0.8) from the axis the 7t/4 electrodes are better. In the 
region r/a < 0.6, the 7t/2 electrodes are still better. As a conclusion, electrodes with angular 
extension of 1t/2 about the beam line axis are more suitable than smaller ones to reconstruct 
both beam radial and azimuthal position. Furthermore, the larger is the electrode the stronger 
is the signal (see Eq. 5.2). 

5.2.2 The waveguide walls as beam position monitor 
The induced charge principle provides a non-intercepting diagnostic for the electron beam. 
However, the location of curved electrodes inside the microwave cavity produces obvious 
problems, because the metal electrodes do disturb the microwave beam. However, the 
(rectangular) metallic walls of the microwave cavity can be used as pickup electrodes too. The 
four sides of a short longitudinal section (a few centimetres) of the waveguide are insulated 
one from the other and from the other waveguide parts (see Figure 5.2). This is expected to 
produce only a negligible effect on the microwave beam when the slits are smaller than AJ2 

(where A is the radiation wavelength). 
The charge on the walls is calculated by requiring that the total electric field produced 

by the electron beam charge and the wall charges is perpendicular to the waveguide walls 
[Gee-95-r]. As it is done for the curved electrodes, the charge collected on opposite sides is 
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subtracted to fonn the signals. In Figure 5.7 some possible positions of the beam and the 
corresponding positions as calculated from the expected signals are shown. The 
reconstruction of the beam position assumes that the signals are proportional to the 
displacement (see section 5.2.1). The distortion visible for values of x/a > 0.5 (where a is 1/2 
of the horizontal waveguide dimension and x is the horizontal coordinate of the beam 
position) is acceptable in a beam position monitor, since the beam should be steered close to 
the axis anyway. 

5.2.3 Operational Issues 
A minimum electrode length of 25 mm is chosen in order to be able to process the induced 
charge. The total induced charge on a complete set of electrodes is 0.025m*40nC/m - 1 nC. 
Since the switching time of the gun is 100 ns, the total effective current pulse is 10 mA. This 
sets the range of the integrator [Geer-95-r]. 

An expected operational difficulty is the discrimination between the halo current falling 
on the electrodes or secondary electrons leaving them, and the signal. The beam halo current 
is expected to be 0.1 % of the total beam current (i.e. 12 mA during operation at the designed 
specifications) and the expected signal from the induced charge is 10 mA. The signal 
corresponding to the induced charge disappears completely after the raising and decaying 
time of the electron beam("" 100 ns), while the intercepted current produces a DC-like signal 
whose decay time depends on the characteristics of the electronics(= ms). This enables the 
operation of the diagnostic both for measuring the intercepted current and the position of the 
beam. An aperture is placed upstream from the set of electrodes as a shield for the halo of the 
beam. Electrode radius and aperture dimension (see Table 5.1) are chosen as a function of the 
expected beam dimension. The measurement of the intercepted current on the aperture 
provides an additional diagnostic. Obviously, the diagnostics located inside the microwave 
cavity are not equipped with apertures. 

The charge of secondary electrons due to ionisation of the residual gas is expected to be 
much less than I nC. To diminish further the effect of secondary electrons, both aperture and 
electrodes are given a bias voltage. 
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5.3 Conceptual Design of the Optical Transition Radiation Beam Profile 
Monitor 

Optical Transition Radiation (OTR) is the visible part of the radiation emitted when a charged 
particle moving uniformly on a linear path crosses the boundary between two materials with 
different dielectric constants. In the Fusion FEM the OTR screen consists of an aluminium 
foil. Some of the OTR characteristics which motivates.its application as electron beam 
diagnostic are presented in the following section and are hereby summarised. 
I) The photon yield has a linear dependence on the number of electrons, and since most of the 
radiation is emitted in the visible range, a conventional optical systems focused on the OTR 
screen is sufficient to measure the current density profile. 
2) OTR is emitted when an electron crosses the interface vacuum-to-foil (and foil-to-vacuum), 
thus time resolved measurements are possible using fast detectors or cameras. 
3) The angular pattern of OTR depends on the electron direction and the radiation is emitted 
in an hollow cone whose width depends on the electron energy. This enables measurements of 
the electron direction, when an optical system focused at infinity is used. In addition, the total 
OTR angular pattern of the electron beam is the convolution of the patterns of the individual 
electrons, and it is related to the electron beam divergence. 
4) Although a foil is placed along the beam path, it can be as thin as a few tens of nm, thus 
full electron beam transmission without energy losses is possible. 

OTR is used as a diagnostic and detector tool for highly relativistic particles [War-73] 
[Fio-88]. In the energy range of the Fusion FEM (1.35-2.0 MeV}, the OTR angular pattern is 
large and widely asymmetric (see next section) and the electron scattering on the foil atoms 
becomes relevant because it induces an additional divergence in the beam. Anyway, OTR 
seems to be the only viable option to measure the complete electron beam transverse current 
profile of each electron pulse. Its complexity is comparable to that of a normal fluorescent 
screen, and in addition to the above mentioned advantages, is free from the saturation effects 
and surface granularity of fluorescent screens. 

5.3.1 Basic principles of OTR emission by 2 Me V electrons 
When an electron crosses the surface of a metallic foil placed on its direction of motion, 
Transition Radiation (TR) is emitted. If the foil is thinner than the electron range, the electron 
passes through and transition radiation is emitted around the beam direction of motion at both 
interfaces vacuum-to-screen (backward transition radiation) and screen-to-vacuum (forward 
transition radiation) in opposite directions. In an experimental set-up (see Figure 5.3), the 
screen is placed at an angle of 1tl4 along the beam line axis. In this case, backward transition 
radiation is emitted around the direction of specular reflection of the electron trajectory, and is 
coupled out from the beam line through an optical window. 

For normal incidence of the electron on the foil, an expression for the intensity (I) of the 

forward emitted TR per electron, in a frequency interval dro and in a solid angle dO is 
[War-73]: 
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dl (Psin9cos9J2 [ (e-1)(1-p2 p.Je-sinze) ]2 
dwdD. ex: l-/J

2
sin8 (ecose+.Je-sin2 9)(1-p.Je-sin2 9) 

(5.3) 

where 13 is the normalised electron velocity, 0 is the observation angle with respect to the 

normal of the interface, and £ is the dielectric constant of the medium. The expression for the 

backward emitted radiation can be obtained exchanging 13 with -13. It is clear how the radiated 
intensity depends both on the energy of the generating electron and on the dielectric 
properties of the foil. 

In the case of oblique (7tl4) incidence of the electron on the foil, the general formula is 
rather complicated and cumbersome [Ash-67), but a simple expression can be derived 
assuming a perfectly conducting screen and using an image (positive) charge [War-73]: 

dI ( sin9 
dwdD. <X 1 - fJ cos 6 

_s1_· n(~e...,..-_1C_/2~) -J2 

1-Pcos( 6 - 7t/2) 
(5.4) 

where all the quantities have the usual meaning. It can be shown that the emission is peaked 
around 0 - l/y (where 'Y is the Lorentz factor) and that the OTR pattern is characterised by 
zero intensity along a direction close to the direction of specular reflection of the electron 
trajectory. In Figure 5.8 the angular pattern of the OTR intensity emitted by a 2 MeV electron 
(Eq. 5.4) is shown. A specific feature that is evident at low electron energy is that the 
direction of minimum intensity does not coincide with the specular reflection of the electron 
trajectory. For an electron energy of 2 MeV, the angle of zero intensity (00) is almost -40 

mrad. The dependence of 00 on the electron energy is quite accurately described by 00 "" 

l/(2'f). From Figure 5.8 it is also clearly seen that at 2 MeV, the distribution is wide and 
largely asymmetric. The asymmetry vanishes at high energy. 

The collective OTR emission pattern of an electron beam is the convolution of the 
expression of the single electron emission (Eq. 5.4) with the gaussian profile of the electron 
divergence. Thus, in the resulting OTR pattern, radiation is emitted also along the direction of 
minimum intensity. The ratio of the minimum and maximum of the radiation distribution 
gives an estimation of the beam divergence. However, it is worth noting that at this low 
electron energy (2 Me V), there is no appreciable difference between the single particle OTR 
distribution of Figure 5.8 and the convoluted OTR distribution obtained using a realistic value 
of the beam angular spread (~ 6 mrad). Hence, measurements of the electron beam emittance 
are very difficult. 

There are no requirements on the minimum thickness of the metallic foil. We may 
assume that the foil thickness should be comparable with the formation zone, i.e. the 
maximum depth from the foil surface in which the radiation emitted by the induced time 
dependent polarisation superimposes coherently to form OTR. It is of the order of: 
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l:ry a 2 MeV electron on an oblique screen (rc/4). 
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where y is the relativistic factor of the electrons, c is the velocity of light in vacuum, and OOp is 
the plasma oscillation frequency of the foil's conduction electrons. In the Fusion FEM case 
(y""' 5) the formation zone in aluminium is of the order of. 50 nm. Anyway metals are not 
transparent for optical or quasi-optical frequencies, even for a thickness of a few tens on nm. 
Thus we can conclude that OTR is emitted in a layer thinner than the formation zone and that 
the OTR emission is not affected by the choice of the foil thickness. 

The emitted spectrum can range from microwaves to X-rays depending on the energy of 
the producing particle and most of the emission is in the visible range [Jae-75). The total OTR 
intensity (I) per interface per charged particle is: 

I - ( a/3 ) y 1i rop 
where et is the fine structure constant. The order of magnitude of the OTR yield in the visible 
region is thus of one photon per 100 incident electrons. This linear behaviour of the emitted 
radiation on the number of electrons, makes OTR a suitable tool for current density profile 
measurements. 

S.3.2 Interaction between the beam and the OTR foil 
A particular concern is given to possible disturbances induced to the electron beam by the 
OTR foil. The principal interactions between the electron beam and the OTR screen are: 
collisional energy transfer from the electrons to the screen's atoms, Bremsstrahlung and 
electron scattering on the screen atoms. Collisional losses are the principal way in which low
relativistic electrons lose energy in the screen and the collisional stopping power of 2 Me V 
electrons in aluminium is 4 MeV/cm. Thus, full electron transmission and almost null induced 
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energy spread are ensured even using screens a few microns thick. Unfortunately, for low
relativistic electrons, the scattering on the atoms of the screen is relevant because it induces an 
extra-divergence to the beam. Assuming a foil thickness of 50 nm, the rms scattering angle 
(6.5 mrad) is of the order of the intrinsic electron divergence due to emittance and it is clearly 
unacceptable. Therefore, OTR is not suitable as a resident diagnostic in the FEM beam line. 
This extra divergence becomes irrelevant if the OTR screen is located in the region of the 
beam dump. This way, it might even be helpful in spreading the electrons over the dump 
surface. This motivates the location of the OTR diagnostic as a part of the beam dump and the 
choice of normal aluminium foil (a few µm thick) as OTR screen. 

A second order of problems is related to the screen life-time because the high beam 
current and the foil thickness cause a large thermal stress. The beam radius at the location of 
the OTR screen must be of the order of 5 mm in order to limit the screen temperature below 
the melting point. Mechanical distortion and consequently degradation of the optical 
properties of the screen are anyway possible. 

5.3.3 Operational Issues and Applications 
An expected experimental difficulty is related to the optical system needed to record the 
complete OTR pattern. Due to the wide distribution of the emitted radiation (see Figure 5.8), a 
large-diameter, short-focal-length, aberration-free focusing system is needed to focus the 
OTR pattern on the detector (a TV camera). Initial experiments may be performed simply 
with a normal CCD camera focused on the OTR screen. This way, only a part of the OTR 
angular pattern is recorded. This is sufficient to measure the beam current profile, the beam 
position and the beam size. Measurements of beam direction and beam divergence require the 
complete angular pattern (with the optical system focused at infinity). However, the 
measurement of the beam divergence may be ineffective due to the very small difference 
between the collective OTR distribution of a beam and the single particle distribution. The 
above mentioned focusing system is needed in order to place the TV camera in a shielded lead 
box to avoid radiation (X-rays) interference and damage to the optical and electronic systems. 

A second issue is related to the choice of the CCD camera. Experimental tests showed 
that a normal CCD camera is capable to record light pulses as short as 1 µs. However, OTR 
can be used to perform time-resolved beam profile measurement on a much shorter time scale. 
At present this option has not been pursued due to the complexity and the cost of the required 
equipment. 

A relevant issue is related to the expected intensity of the OTR signal. A normal CCD 
camera collects the OTR emission from all electrons of each pulse. When the collected signal 
saturates the camera's detectors, the intensity of the current density profile of the beam cannot 
be reconstructed. For this reason, an ad /we observation angle must be chosen (compare 
Figure 5.8). 

The OTR signal is expected to be disturbed by an X-ray background or by fluorescent 
light emitted when the electrons cross the OTR screen. X-rays are produced by the electron 
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beam either while passing through the OTR foil, and especially when being collected in the 
dump. 

An interesting application is the use of OTR to monitor the energy stability during each 
electron pulse [Cas-95]. The measurement is based on the fact that the OTR intensity 
integrated in a cone having angular aperture much less than l/y around the direction of zero 
emission, shows a more than linear dependence on the electron energy (i.e. for a low energy 
beam dill "" 3 dy/y). Such a measurement can be performed by integrating the output of a 
photomultiplier. The required narrow cone of the OTR pattern can be selected by placing an 
aperture in front of the multiplier detectors. Since an accuracy of 1 % can be achieved, this 
diagnostics can be used to monitor the voltage stability of the FEM high voltage supply 
within each electron pulse. This information may become of interest during the microwave 
generation phase. If no lasing of the FEM occurs this information may help to discriminate 
between an incorrect setting of the microwave cavity and a problem related to the voltage 
drop of the high voltage generator. 
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Chapter 6 

Experiments on low-loss 
electron beam transmission 

In this chapter, the results of the initial operation of the Fusion FEM electron beam line are 
presented. Low-loss (s; 0.02%) electron beam transmission of 3 A, 20 µs long pulses has been 
achieved through the waveguide of the undulator. The electrostatic acceleration system has 
been operated in the range from 1.35 to 1.70 MV. The beam line accepts an electron energy 
variation of 5% with fixed beam optics. During microwave generation this would correspond 
to frequencies in the range from 130 to 190 GHz and to a rapid frequency tunability of 10%. 

The electron beam transport simulations have shown to be remarkably accurate both for 
the prediction of the correct lens settings and of the intercepted current. The operational 
settings of the beam line which give the highest current transmission are within a few percent 
of the simulated values. This validates the simulations performed for operation at the nominal 
current of 12 A. 
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gun accelerator reflector undulator beam dump 

Figure 6.1 Layout of the electron beam line used/or the electron beam transmission test. 

6.1 Experimental set-up 

A layout of the beam line used for the electron transmission test is shown in Figure 6.1. The 
electron gun is placed inside the high voltage terminal (at negative potential) and the 
undulator and a major part of the beam line are outside the pressure SF6 tank. Since during 
this experimental phase the interest is focused on low-loss electron beam transmission 
through the undulator, the beam line ends behind the undulator in a simple dump. As a 
consequence, only part of the mm-wave cavity is installed (i.e. the 100% reflector and the 
undulator waveguide) and mm-wave oscillations are not possible. 

6.1.1 The influence of current losses on the operation of the Fusion FEM 
In this experimental set-up the electron beam energy is entirely supplied by the capacitance of 
the high voltage terminal. Since the charging current of the electrostatic generator (tens of 
mA) is lower than the desired beam current (several ampere), the potential of the high voltage 
terminal drops during each electron pulse: 

dV I-/ -=-c-
dt c 

where le (=25 mA) is the charging current, I (=12 A) is the electron beam current and 
C (= 1 nF) is the total capacitance of the high voltage terminal. The voltage drifts 12.25 kV in 
1 µs (i.e. 0.7% in 1 µsat a voltage of 1.75 MV). Electron beam simulations (see Figure 4.16) 

indicate that the transport system allows a voltage drop of several percent (AV = 5-10% ). 
Therefore, this configuration allows sufficient time to check the electron beam transport 
characteristics. 

The achievement of a very low intercepted current is essential to eventually operate the 
undulator inside the high voltage terminal. In this final configuration of the Fusion FEM (see 
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Figure 1.3) the capacitance of the high voltage terminal has to supply only the current losses 
because part of the electron beam current is decelerated and recovered, thus lowering the rate 
of discharge of the high voltage terminal. The voltage drift is then given by: 

dV IC I+ IR IC - /(1- R) 
-= = 
dt c c 

dVo (1-R) 
dt 

where IR is the recovered current, R is the current recovery efficiency, and (dVoldt) =!IC is 
the rate of voltage change without recovery. In this final set-up a capacitor bank will be 
installed parallel to the high voltage terminal so that the total capacitance will be C = 12 nF. 
The accelerator charging current, le, and the desired electron beam current, /, set the 
minimum current recovery efficiency for CW operation: 

I I 
IC =1(1-R) ~ R=~ 

The Fusion FEM requires a current recovery efficiency as high as 99.8% in order to achieve 
CW operation. As a side effect of the recovering process, the overall efficiency of the system 
increases, since only a small fraction of the beam energy must be replenished (see Chapter 7). 

6.2 Beam Transport Experiments 

The position of the electron beam diagnostics is shown in Figure 5.1. The beam current 
emitted from the cathode is measured by a pulse transformer in the cathode lead wires and the 
signal is transported to ground potential via an analogue-optical link. The current in the dump 
is measured directly. The intercepted current is measured at several places along the beam 
line: on apertures located behind the accelerator and in front of the reflector, on the mirrors of 
the reflector, on the reflector walls, and on the undulator waveguide walls. The beam position 
is measured by means of electrostatic pick-up plates at the accelerator exit, in front of the 
reflector, and at the entrance and exit of the undulator. In front of the dump, an OTR screen is 
mounted to monitor the beam position and profile. A detailed description of the beam 
diagnostics is given in Chapter 5. 

6.2.1 Operation of the electron gun 
The operation of the electron gun indicated that the thermionic cathode has been poisoned, 
probably during faulty operation conditions, early in the commissioning stage of the high 
voltage system. This limited the emission of current and required operation at a higher 
cathode temperature. The measured emitted current at a cathode temperature of 1275 °C as a 
function of the anode voltage is shown in Figure 6.2. The gun operates in the fully space 
charge limited regime up to a beam current of 5 A and an anode voltage of 50 kV. The current 
of 12 A can only be reached at a temperature higher than 1300 °C, but this will cause a higher 
beam emittance and will distort the gun beam-optics. In addition, the high cathode 



76 Chapter 6: Experiments on electron beam transmission 

5.0 

4.0 

~ 3.0 -c: 
~ .... 
::::l 2.0 u 

1.0 

0.0 0 10 20 30 40 50 
V Anode [KV] 

Figure 6.2 Measured emitted current as a function of the anode voltage at a cathode 
temperature of 1275 °C (triangles). Also shown (solid line) is the expected emitted current at 
the nominal cathode temperature of 1050 °C. 

temperature leads to a very short cathode life-time. Because of the latter considerations, a 
cathode temperature of 1200 ·c and anode voltage of35 kV were chosen. 

6.2.2 Electron beam acceleration 
The electron beam line has firstly been assembled up to the exit of the pressure SF6 vessel 
(compare Figure 6.1). The beam dump was positioned in such a way that the OTR diagnostic 
was at the location where later on the mirrors of the reflector waveguide would be installed. 

The final electron beam energy was chosen to be 1.53 MeV. Low loss acceleration to 
1.53 Me V of a 3 A electron beam in 5 µs long pulses was achieved using the simulated lens 
settings and small adjustments of the steering coil settings. 

The electron beam passed through the centre of the apertures and of the OTR screen. In 
Figure 6.3 a preliminary measurement of the electron beam current profile reconstructed using 
the OTR diagnostic at the location of the reflector's mirrors is shown. Despite the high X-ray 
background (due to the fact that the OTR camera is placed very close to the beam line without 
any shield), it is clearly seen that the beam scrape-off reproduces the top-hat current profile of 
the beam emitted from the gun (see Figure 2.2). 

6.2.3 Method of operation of the beam steering and focusing system 
The achievement of low-loss electron beam transmission through the beam line is an iterative 
process which involves at each step tuning of the focusing and steering system. Initially, the 
settings of the focusing system are set to simulated values and the steering coils are at zero 
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Figure 6.3 Preliminary measurement of the electron beam current profile using the OTR 
diagnostic at the location of the reflector mirrors. 

(i.e. the setting for a perfectly aligned beam and no stray fields). Since the electron beam line 
is straight and the lenses have been carefully aligned, the presence of stray magnetic fields is 
expected to be minimal. As a consequence, the focusing system has a larger influence on the 
electron beam transmission than the steering system. For this reason, a first minimisation of 
the current losses is obtained by fine-tuning the lens settings. Then the settings of the steering 
coils are progressively adjusted to minimise the intercepted current on successive diagnostics 
from the accelerator exit to the undulator exit. Further, the signals from the beam position 
monitors are used to fine-tune the steering coil settings in order to align the beam on the beam 
line axis at the entrance of the mm-wave cavity and undulator waveguide. Using these 
steering coil settings, the lens currents are optimised in order to minimise the current losses 
during longer pulses. Due to the combined effect of the earth magnetic field, stray fields (e.g. 
due to lens misalignments), steering coil and lens fields, the beam follows a curved path in the 
beam line and does not pass exactly through the centre of the lenses. Consequently, after each 
retuning of the lenses, some retuning of the steering coils is needed and vice versa. 

6.2.4 Electron beam transmission through the undulator 
In Table 6.1 the design target and experimental performance of the electron beam transport 
system are summarised. The gun was operated in the space charge limited regime at an anode 
voltage of 35 kV and a beam current of 3 A. The electrostatic accelerator was operated in the 
voltage range from 1.35 to 1.70 MV. 

The measurements shown in Figures 6.4-6.7 are for an electron energy of 1.55 MeV. 
The current emitted from the.cathode and the current collected in the dump are shown in 
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Table 6.1 Design target and experimental performance of the Fusion FEM beam line in terms 
of electron beam transnnrt. 

Desi~n tar~et Experimental oerfonnance 

Electron beam current 12A 3A 

Anode volt:ruze 80kY 35kY 

Beam ener!ZV 1.35 - 2.0 MeY 1.35 - 1.70 MeY 
Pulse length 10 ll8 20 ll8 

Current losses ::>0.2% 0.02% 
in the undulator waveguide 

0.08% 
in the entire beam line 

Tunability in a short range AE""5% AE""5% 

with current losses of 0.2% with current losses of 0.08% 
in 10 us pulses in 10 us pulses 
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Figure 6.4 (a) Current emitted from the cathode, and (b)current collected in the dump. 
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Figure 6.5 Current losses on the aperture (a) behind the accelerator, and (b) in front of the 
reflector. 
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Figure 6.6 Current losses in the mm-wave cavity components: (a) on the reflector walls, and 
(b) on the undulator waveguide walls. 

Figure 6.4.a and 6.4.b, respectively. The difference between the measurements is within 1 %. 
This is comparable with the accuracy of the measurement of the cathode current, which is 1 % 
due to the transfer characteristics and the limited bandwidth of the analogue-optical link. The 
measurements also agree with the value of the total intercepted current calculated by adding 
the current losses on all the diagnostics. 

The intercepted current is measured with an accuracy of::;; 0.5 mA, at crucial positions 
along the beam line. In Figure 6.5 the intercepted current on the two apertures at the 
accelerator exit (aperture .1 -Figure 6.5.a) and at the reflector entrance (aperture 2 
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-Figure 6.5.b) is shown. The line corresponding to the target value of 0.2% loss (i.e. 6 mA in 
the present case) is indicated. The two peaks at the beginning and end of the electron pulse 
occur during the switching on and off times of the gun. The electron beam is turned on by 
switching the gate electrode of the triode gun from -12 kV (beam off) to 4.4 kV (beam on). 
During the switching time(= 150 ns), the electron beam is highly divergent because the gun 
optics are not correct, and high beam losses occur along the beam line. The amplitude of these 
peaks is very sensitive to beam alignment. These signals are used to fine-tuning the steering 
coil settings and to adjust the voltage of the focus electrode of the gun. 

The current intercepted on aperture 1 (Figure 6.5.a) is 1.5 mA and the current 
intercepted on aperture 2 (Figure 6.5.b) is 0.5 mA. The diameter of these apertures was 
chosen slightly larger than the envelope of the 3 A beam, as to benchmark simulation codes 
against the actual beam envelope. The diameter of these apertures is not relevant for proper 
FEM operation and can be increased to eliminate the current losses shown in Figure 6.5. 

The crucial part of the electron beam transmission experiment concerns the loss current 
in the waveguide structure. In Figure 6.6 the intercepted current on the mm-wave cavity is 
shown. Apart from the switching on and off times of the gun, the intercepted current on the 
individual components (reflector walls -Figure 6.6.a, and waveguide walls -Figure 6.6.b) is 
hardly distinguishable from the digital noise level (:s; 0.5 mA) of the diagnostics. The total loss 
current on these components is of the order of 0.5 mA. Regarding the intercepted current in 
the reflector and in the waveguide (Figures 6.6.a and 6.6.b), the peaks at the leading and 
trailing edge are produced by both beam losses and charges induced on the waveguide walls 
during the switching-times of the gun. The corresponding signals have the same sign during 
the switching-on time of the gun. During the switching-off time the signal corresponding to 
the induced charges reverses sign. As a result the peak at the trailing edge is almost cancelled. 

The obtained current transmission exceeds the designed specifications both in terms of 
electron pulse length (20 µs) and intercepted current. It is worth noting that the total 
intercepted current in the mm-wave cavity (i.e. mirrors, 100% reflector and undulator 
waveguide) is :s; 0.02% of the total beam current, while the total intercepted current in the 
entire beam line is :s; 0.08%. 

6.2.5 Large range and short range tunability 
Electron beam transmission in 20 µs pulses has been obtained at 1.35, 1.55, 1.63, and 
1. 70 Me V. Note that in the de acceleration system there are no restrictions to the choice of the 
electron energy. During microwave generation this would correspond to a frequency 
tunability in the range from 130 to 190 GHz. The measured intercepted current, at the above 
mentioned electron energies are similar to that shown in Figures 6.5 and 6.6 (for an electron 
energy of 1.55 Me V). 

Short range tunability has been demonstrated by changing the electron energy by 5% 
(around 1.55 MeV) with fixed beam optics. Electron transmission of 99.92% is possible in 
10 µs pulses. The current losses during energy tunability in a larger range, or during longer 
pulses are concentrated at the beginning and end of the pulse and do not compromise the FEM 
performance. In Figure 6.7 an example of current losses during 10% energy scan is shown. 
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Figure 6.7 Example of current losses in the undulator waveguide during 10% energy scan. 

6.3 Comparison between simulations and experiment 

The simulated electron beam dynamics have been found to be in good agreement with the 
experimental results. In Table 6.2 a comparison between the simulated settings of the beam 
line and the settings which provide maximum current transmission in 20 µs pulses is 
presented. The discrepancy is of the order of a few percent. Only lens 6, the one at the 
entrance of the mm-wave cavity (see Figure 6.1 and Figure 4.5.b), is an exception; the 
discrepancy between simulation and experiment is 12%. The fact that the experimental setting 
is lower than the simulated one, indicates that the beam space charge force at the location of 
lens 6 is lower than expected. Apparently, the beam radius is larger at lens 6, because the 
waist near the reflector entrance occurs before the reflector mirrors (compare the 3 A line in 
Figure 6.8). Since lens 4 is an air·core lens, its field is probably distorted by the steel tank 
wall, so that, only in the area between lens 4 and lens 6 (see fig. 2), the beam envelope differs 
slightly from the simulations. 

The loss current (1.5 mA) on the first aperture (see Figure 6.5) is most likely due to the 
halo of the beam. The value of the intercepted current is consistent with both the expected 
percentage of halo current from the gun (0.1 %, i.e. 3 mA) and the prediction of beam 
envelope at 99.9% of total current shown in Figure 6.8, i.e. the 3 A line. In this simulation, the 
beam envelope at 99.9% of the current is shown to pass loss-free through the first aperture. 
However, no prediction can be done for the remaining 0.1 %. In addition, simulations based on 
the Herrmann theory indicate that the beam current profile at the accelerator exit is gaussian, 
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Table 6.2 Lens and steering coil settings that lead to maximum current transmission of a 3A, 
1.55 MeV, 20 us Ion~ electron pulse throu~h the wave~uide o"the undulator. 

Elements Nominal setting Setting for bes~ 
(i.e. simulation) (i.e. expe · 

Lens 1 1.68mT 1.68 mT 

Lens2 7.67mT 7.67mT 

Steering coil set x 1 I v 1 O/OmTmm 6/27mTmm 

Steering coil set xl x2 I y2 O/OmTmm -13 I -3.6 mT mm 

Lens3 17.0G 17.0G 

Lens4 17.0G 17.0G 

Steering coil set xl x3 / y3 O/OmTmm -27I11 mTmm 

Lens5 55.0mT 52.11 mT 

Steerin.e: coil set xl x4 I v4 O/OmTmm -17.4/ 6.9 mT mm 

Lens6 ll3.6mT 99.4mT 

Steering coil set x - O/OmTmm 3/0mTmm 

Lens 7 70.0mT 69.3 mT 

Lens8 128.1 mT 131.3 mT 

Steering coil set xl x6 I v6 O/OmTmm 0/0.6mTmm 
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Figure 6.8 Simulated beam envelope at 99.9% of total current. The solid line is for a 3 A 
beam emerging from the gun with an energy of 35 keV. The dashed line is for a 12 A, 80 keV 
beam. The final beam energy is 1.55 MeV. 
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i.e. the halo current, composed by electrons having high transverse velocity, is far outside the 
computed beam envelope (see Figure 4.13). 

In Figure 6. 7 an example of current losses in the undulator waveguide due to non
optimum settings of the beam line is shown. In this case the initial electron energy is 3% 
higher than the energy corresponding to the applied beam line settings. In addition, the energy 
drop within the 20 µs pulse is 5%. Although the intercepted current is higher than that shown 
in Figure 6.6.b, it exceeds the target value of 0.2% only at the beginning and end of the pulse. 
This indicates that these losses are due to the energy variation of the beam during the 20 µs 
pulse and are not produced by the halo of the beam. This is consistent with the simulations 
based on the Herrmann theory, which predict that at injection into the undulator the uniform 
cathode current distribution is imaged and the halo current is focused back inside the beam 
envelope (see Figure 4.13). 

An important consequence of the simulations of Figure 4.13 is that an increase of the 
size of aperture 1 will not result in having the same intercepted current elsewhere along the 
beam line. In fact, according to the Herrmann theory, in the specific case of the Fusion FEM 
(i.e. top-hat current profile beam at the cathode and highly-linear focusing system), the halo 
current is entirely composed by the electrons which have high transverse velocities at the 
cathode and it is focused back inside the uniform beam profile at the focal planes, where the 
beam current distribution at the cathode is imaged. Thus, if the halo current is not intercepted 
by aperture 1, it will be focused back inside the beam profile at the next focal plane. It will not 
add to the intercepted current on other beam line components because the focal planes are 
constructed at the location of the narrowest parts of the beam line (i.e. mm-wave-cavity 
entrance and undulator waveguide entrance) and the beam remains far from the beam line 
boundaries at other locations. 

6.4 Significant results for operation at the design specifications 

Initial beam transport experiments have demonstrated that low-loss transmission of a 3 A 
beam in long pulses is possible. The proven reliability of the electron beam simulations for 
the 3 A case validates the simulations for operation at the nominal current. 

According to the Child-Langmuir law, the dynamics of the 3 A, 35 keV electron beam 
during free expansion from the gun to the accelerator is self-similar to that of the nominal 
12 A, 80 ke V beam. It means, that with an ad hoe setting of the focusing lenses, the 12 A, 
80 keV and the 3 A, 35 keV beam have the same radius at injection into the accelerator. 
However, the lower beam current enables an easier transport in the accelerator tube due to the 
lower space charge force. 

In Figure 6.8, the simulated beam envelope at 99.9% of the total current is shown for 
the 3 A, 35 keV and the 12 A, 80 keV electron beam emitted by the gun. The final beam 
energy is 1.55 Me V, corresponding to the central electron energy of the presented electron 
beam transmission experiments. The main difference between the two cases consists in the 
injection and transport in the accelerator tube. Due to the higher space charge force, the 12 A 
beam has a larger radius. This causes a larger beam radius behind the accelerator. The first 
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aperture will intercept 2.5% of the 12 A beam, while the size of the second aperture is just 
sufficient to allow 99.5% beam transmission. With a proper adjustment of the lens settings, 
the dimensions of the 12 A beam inside the reflector and the undulator waveguide are 
comparable to that of the 3 A beam. The simulations of Figure 6.8 indicate that the injection 
into the accelerator is the most critical part of the beam line. Due to the large beam radius, the 
transport is very sensitivity to the beam line settings. 

The electrostatic accelerator system has been operated in the energy range from 1.35 to 
1.70 MeV. In this range, electron transport is complicated by the lower focusing properties at 
the accelerator entrance. In the present experiments, this difficulty was compensated by the 
lower electron beam current. During operation at the design specifications, the low energy 
range will be covered by shorting part of the accelerator tube. This way, the focusing at the 
accelerator entrance will remain equal to that in the high energy range (1.70 - 2.0 MeV). 
Operation in the range from 1.70 to 2.0 MeV is not expected to be more difficult in terms of 
beam transport due to the higher focusing at the accelerator entrance. An expected difference 
between the 3 A and the 12 A case is related to the voltage drop of the high voltage generator 
and thus to the pulse length. Anyway, the energy drop of a 12 A beam in 10 µs pulses is 
within th~ acceptance of the beam line. 
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Chapter 7 

On the design of an efficient 
electron beam recovery system 

The philosophy behind electron beam recovery is to reduce the power required by the device, 
thus enhancing the overall efficiency. The beam recovery system consists of a decelerator and 
of a multistage beam collector. The decelerator recovers most of the unspent electron beam 
power and the multistage collector combines additional deceleration and charge collection. 
This way, only the power extracted from the beam in the interaction region needs to be 
replenished. In addition, the problem of supplying power to a relativistic electron beam is 
shifted from high to relatively low voltage. The induced electron energy spread limits the 
applicable deceleration and requires a battery of power supplies in order to optimise the 
system efficiency. 

Some design features of the multistage depressed collector for the Fusion FEM are 
presented. The large beam power after deceleration requires large collecting surfaces (i.e. 
large diameter collecting electrodes). This rules out the application of the standard metal
ceramic collector layout which consists of a stack of electrodes separated by insulating rings. 
In the design of the Fusion FEM collector the electrodes and their insulators are mounted 
inside a grounded, vacuum tank. Electrical power and cooling are supplied via high-voltage 
feedthroughs. A three-stage collector enables operation of the Fusion FEM at a system 
efficiency of up to 65%. Potential, shape and location of the electrodes are chosen such that 
the global efficiency is maximised and the current leaks from the collector are minimised. 
The design is presently based both on generally accepted design features and on computer 
simulations of the dynamics of primary electrons in the collector. An initial analysis of the 
effect of secondary electrons on the collector performance indicates that the backstreaming 
current leaking out from the collector is of the order of 1 % if copper electrodes are used and 
0.3% if carbon-coated electrodes are used. An array of apertures located at the collector 
entrance should intercept this backstreaming current before it reaches the decelerator tube. 
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7 .1 Operational principles of the depressed collector 

The first, obvious function of an electron beam collector is to provide a dump surface for the 
beam behind the interaction region. A collector is called 'depressed' when beam collection 
takes place at a potential lower than that of the interaction region. In this configuration, the 
electron beam is decelerated before collection, thus lowering the dissipated power and 
increasing the system efficiency. In a multistage collector, several electrodes, each one set at 
a different potential level are used to collect the electron beam. This way, electron beams with 
high energy spread can be effectively collected and the dissipated power is minimised. 
Multistage depressed collectors are used in conventional microwave tubes [Gil-86) [Kos-82). 
The adopted layout consists of a stack of electrodes separated by insulator rings which serve 
both for electrical insulation and as vacuum wall. 

A multistage depressed collector was first operated in an FEL by L.R. Elias and 
G. Ramian [Ami-85) at the University of California in Santa Barbara (UCSB). In an FEL the 
beam collector is placed behind a decelerator, thus strictly speaking, the decelerator and the 
collector form the actual depressed collector. For the sake of technical feasibility, decelerator 
and collector are separate. The decelerator is connected to the high-voltage, low-current 
power supply and should not intercept any beam current. Beam collection should take place 
in the collector, which is connected to low-voltage power supplies and has to supply the 
entire beam current. The principle of an electrostatic FEL equipped with beam recovery is 
shown in Figure 1.1. The use of depressed collectors in FELs is essential to achieve a high 
system efficiency because the typical FEL extraction efficiency is insufficient to provide cost
effective power sources for power-intensive applications. 

Beam deceleration 
The decelerator extracts from the electrons part of the power supplied by the accelerator. 
Deceleration is lower than acceleration in order to allow full beam transmission through the 
decelerator tube. For example, in the electron energy distributions of Figure 3.9 the electron 
energy after the FEM interaction ranges from about -200 to +50 keV with respect to the initial 
electron beam energy (i.e. 1. 75 Me V). For reasons of beam optics and as a safety margin, the 
minimum electron energy downstream from the decelerator is chosen to be almost 50 keV. 
Thus the potential level of the decelerator exit is 250 kV and the maximum energy of the 
electrons at the collector entrance is around 320 keV (see also Table 7.1). 

The system efficiency is defined as: 

p 
11 = --1!H!!lL (7 .1) 

psupplied 

where Pmmw is the generated millimetre-wave power, and Psupplied is the total power supplied 
to the device. When beam deceleration is applied, Psupplied • Pbeam - Pree (where Pbeam is the 
required beam power in the interaction region and P rec is the beam power recovered by the 
decelerator) and Eq. (7.1) can be written as: 
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Table 7.1 Evolution of the electron beam energy and power in the Fusion FEM in case of 
. FEM. . optimum interaction. 

Potential level Electron beam energy Electron beam power 

In the interaction region 1.75 MV 1.75 MeV 21 MW 
mm-wave generation l.75 MV (-1.36 MW) 
After the FEM interaction 1.75 MV 1.558 - 1.820 Me V 19.64MW 
Deceleration (- 1.5 MV) ( - 1.5 MeV) (-18 MW) 
After deceleration 0.250MV 58 keV - 320 keV l.64MW 

p p 
1] = --1!!!!!!!'.... = mmw 

psupplied p beam Pree 
(7.2) 

l+ 
p mJllW 

where P rec Pbeam - P mmw - P diss• and P diss is the dissipated power. From Eq. (7.2) it is 
clear that the overall efficiency increases if the dissipated power decreases. It is important to 
note that the sum of the total dissipated power and the microwave power is equal to the total 
supplied power. Thus, lowering the dissipated power not only reduces the cooling problems, 
but also lowers the power which has to be supplied to the system and leads to a high overall 
efficiency. 

In Table 7.1 the evolution of the beam power along the Fusion FEM beam line is 
presented. This case refers to operation at the central frequency of 200 GHz (corresponding to 
an electron energy of 1.75 MeV). The electron beam power after deceleration is 1640 kW in 
case of optimum FEM interaction and 2150 kW during non-optimum interaction (see 
Figure 3.9). This power is dissipated if the beam is collected at the potential of the decelerator 
exit. Since the net output power corresponding to the simulations of Figure 3.9 is 1360 kW in 
case of optimum interaction and 850 kW in case of non-optimum interaction, the overall 
efficiency is in the range from 30 to 45%. 

Although this efficiency is already high, it is still far from the value required by power
intensive, DC applications (e.g. EC applications on ITER [Mak-96]). In addition, dumping of 
the electron beam at this potential level creates several problems. A power supply capable of 
delivering 12 A at 250 kV is needed to enable long pulse or DC operation. This power supply 
is not easily available and is very expensive. In addition, the dissipation of the residual beam 
power after deceleration poses severe cooling problems. It is worthwhile to remember that in 
case of no lasing, the residual beam power is 3 MW. 

Multistage depressed collector 
The overall efficiency can be further enhanced by using a multistage depressed collector. The 
device combines additional deceleration and electron collection. The collector consists of 
several electrodes, each one set at a lower voltage than the previous. The electrode shape and 
location is such that the electrons are deflected off-axis during deceleration. The maximum 
electron energy at collection is then, in principle, equal to the potential difference between 
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two successive electrodes. Ideally, each electron should be collected with zero kinetic energy. 
In this case, the power dissipation would be zero and the overall efficiency 100%, but the 
collector would have to consist of an infinite number of electrodes. In general, the electron 
energy at collection and, consequently, the dissipated power, scales inversely with the number 
of collecting electrodes. 

When a multistage depressed collector is used, P diss in Eq. (7.2) represents the thermal 
load of the collector electrodes. The total supplied power is further lowered due to the 
additional deceleration provided in the collector. A battery of power supplies is needed, but of 
relaxed performance since the electron current is divided over several electrodes (hence over 
several power supplies) each one set at a lower voltage. The design and the construction of a 
multistage depressed collector is complicated both mechanically and electrically. In addition, 
availability, cost and reliability of the power supplies are a relevant technological issue. 

7 .2 General considerations on the efficiency of a multistage, depressed 
collector 

The first important issue in designing the depressed collector is the energy distribution of the 
electron beam after the FEM interaction. The energy distribution is calculated using both the 
GPT [Pul-96] and the CRMFEL [Cap-93] code. Two realistic extreme cases referring to 
optimum and non-optimum FEM interaction are shown in Figure 3.9. 

The collector efficiency, TJ, is defined as the collector's capability of reducing the 
dissipated power: 

11 = p beam - p dis! (7.3) 
pbeam 

where Pbeam is the beam power at the collector entrance and P diss is the power dissipated in 
the collector. It is clear that the collector efficiency increases when the dissipated power 
decreases. 

The electron beam power at the collector entrance is calculated by integrating the 
electron energy distribution: 

-IVmax d/ 
pbeam - . V -:JVdV 

Vmm 

where dlldV is the current distribution function, V min and V max are the potentials 
corresponding to the minimum and maximum electron energy after deceleration. The 
analytical expression for the current distribution function is obtained from the output of the 
FEM codes (e.g. by fitting the energy distributions of Figure 3.9 with a cubic spline [Pre-92]). 
The electron beam power at the entrance of the collector scales with the width of the electron 
energy distribution and depends on the applied deceleration. It is usually larger than the 
generated mm-wave power. 

The dissipated power in the collector depends on the fact that the electrons are collected 
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Figure 7.1 Power recovery efficiency as a function of the number of stages in a multistage 
depressed collector. The electron energy distribution is assumed to be uniform, ranging from 
58 to 308 keV, hence the voltage gap between the electrodes is taken constant. The case N = 
1 corresponds to the case in which the beam is collected at the potential level of the 
decelerator exit. The efficiency reaches 70% with three stages. A further increase of the 
number of stages produces only a small improvement. 

with non-zero kinetic energy and is given by: 

P ~, = tlJ::. lvo - vjl~I (7.4) 

where Vo is the potential level of the decelerator exit, Vj is the potential of the j-th electrode, 
(v0 - Vi) is the deceleration provided by the jth electrode, N is the number of collecting 
electrodes, and the integral is the power dissipated on each electrode. The calculation in 
Eq. 7.4 assumes that all the electrons having sufficient energy to reach the jth electrode and 
not the (j+ 1 )th one, are collected on the jth one. 

A uniform electron energy distribution can be used as a reference case to derive a 
general relation between collector efficiency and number of collecting electrodes. In the 
following calculations the electron current is 12 A, the width of the uniform electron energy 
distribution is LlE = 250 keV, the minimum electron energy after deceleration is 
Emtn = 58 keV (see Figure 3.9) and the potential level of the decelerator exit is 250 kV. 
Having assumed a uniform energy distribution, the voltage gap between the electrodes is 
taken constant and equal to LlV!N (where LlV is the voltage corresponding to the electron 

energy range, i.e. LlV = 250 kV in this case). The potential of the electrodes is given by 
Vi= V0 -(j 1).1V. 

In Figure 7.1 the collector efficiency {i.e. Eq. 7.3) as a function of the number of 
collecting stages is shown for a uniform energy distribution: the recovery efficiency increases 
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abruptly from the case N = 1 (beam collected at the potential of the decelerator exit) up to 
three stages (70% ). A larger number of stages produces only a small improvement. A three
stage collector is very attractive because it provides a high collector efficiency (70%) without 
demanding a (too) complicated structure. However, the loading of the electrodes is high and 
the thermal losses are almost 30% of the decelerated beam power. In a five-stage depressed 
collector, almost 80% of the decelerated beam power is recovered. The power load is 
distributed over a larger number of plates and the thermal losses are lower. This leads to a less 
stressed cooling system but to a more complicated structure. 

A number of three collecting stages is also suggested by the peculiar shape of the 
electron energy distribution of Figure 3.9.a. Two electrodes are used to collect the fast and the 
slow part of the beam and one electrode at near ground potential is required to collect the 
beam when lasing does not start up, e.g. due to an incorrect setting of the mm-wave cavity. 

In Figure 7 .2 the collector efficiency and the FEM overall efficiency are shown in case 
of optimum FEM interaction (Figure 3.9.a). Also shown are the total supplied and dissipated 
power. For a three stage collector, the collector efficiency in the case of the simulated Fusion 
FEM electron distribution (55%) is lower than that corresponding to a uniform electron 
distribution (see Figure 7.1). This is due to the fact that realistic values for the electrode 
potentials are taken. In addition it should be noted that the microwave power corresponding to 
the uniform electron distribution assumed in Figure 7.1 is 800 kW, and the corresponding 
FEM overall efficiency is 55%. Note that this is a good representation of the FEM 
performance in case of non-optimum interaction. In the case of the optimum FEM interaction 
the net output power is 1360 kW, which corresponds to an overall efficiency of 65%. The 
values of potential, current, supplied power, and dissipated power on each electrode of the 
three stage collector are presented in Table 7 .2. The thermal load of the collector electrodes is 
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Figure 7.2 Fusion FEM 3-stage collector. FEM and collector efficiency (solid lines), 
supplied and dissipated power (dashed lines) as a function of the number of stages. The 
collector parameters are reported in Table 7.2. 
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Table 7.2 Operationa.l parameters o ~the Fusion FEM 3-staf{e depressed collector. 

Potential Current Power Supplied Power Dissipated 
fkVl rAl fkWl fkWl 

Electrode l 250 4.69 1172 359 

Electrode 2 160 5.53 885 321 

Electrode 3 25 1.78 44 62 

Total 12.0 2101 742 

high and requires a cooling system. In addition, in order to limit the temperature increase of 
the electrodes, a large-area collecting surface is needed. 

It should be noted that the electrons are collected on the first electrode with a minimum 
kinetic energy of 58 keV. This minimum energy is needed for safe transport from the 
decelerator tube to the collector. The collector efficiency can be further enhanced by adding a 
decelerator section at the collector entrance. An additional, non-collecting electrode (i.e. 
electrode 0 in Table 7.3) is used to maintain the collector entrance at the same potential of the 
decelerator exit. The potential of the first collecting electrode can be lowered, thus providing 
additional deceleration. Since deceleration is performed inside the collector, no problems are 
expected in terms of electron beam optics. The efficiency of this 4-stage collector and the 
overall FEM efficiency as a function of the number of stages are shown in Figure 7.3. Only 
the collecting electrodes (from 1 to 3) are shown. Also shown are the total supplied and 
dissipated power. The collector efficiency reaches 70% and the global FEM efficiency 75%. 
Some operational parameter of the 4-stage collector are presented in Table 7.3. 
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Figure 7.3 Fusion FEM 4-stage collector. Only the collecting electrodes (from 1 to 3) are 
shown. FEM and collector efficiency (solid lines), supplied and dissipated power (dashed 
lines) are shown as a function of the number of stages. The collector parameters are reported 
in Table 7.3. 
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Table 7.3 Operational varameters o"the Fusion FEM 4-staf(e depressed collector. 

Potential Current Power Supplied Power Dissipated 
rkVl fAl rkWl fkWl 

Electrode 0 250 0 0 0 

Electrode 1 200 6.73 1346 241 

Electrode2 130 3.63 472 196 

Electrode3 20 1.64 33 53 

Total 12.0 1851 490 

Advantages of the 4-stage configuration are the higher global FEM efficiency and the 
higher collector efficiency. The latter leads to a lower dissipated power which has to be 
cooled. In tum, the required power is also lower. Although the maximum voltage of the 
power supplies is lower, the power supplied at the first collecting electrode is higher. An 
obvious disadvantage is the more complex structure involved in the 4-stage configuration. 

7 .3 Technical aspects and general layout of the FEM collector 

Major issues in the realisation of the collector are related to electrical insulation, vacuum 
aspects and cooling of the dissipated power. Existing depressed collectors [Kim-86], 
[Ram-92], [Bos-92] are constructed in the classical way such as adopted in electron guns and 
electrostatic accelerating tubes. The construction consists of a stack of electrodes separated by 
insulating rings, where the insulators serve both for electrical insulation and as vacuum wall. 
Preliminary studies indicate that the outer diameter of the FEM collector must be large (of the 
order of 500 mm) in order to provide a large collecting surface for the electron beam. This 
excludes the adoption of the classical collector configuration because such large insulators are 
not easily available. 

An alternative design (see Figure 7.4) makes use of a metal vacuum vessel (at ground 
potential) which encloses the collector electrodes and their insulators. Each collector 
electrode is mounted on three insulators [God-96] [Poo-96), where one is used as high
voltage feedthrough and the other two serve to supply cooling liquid to the electrodes. This 
configuration allows an easy and versatile location and installation of the collector in the 
Fusion FEM beam line because the outer vacuum tank wall is at ground potential. Hence no 
minimum distance is required from other beam line components. In addition, the sensitivity to 
temperature increase of the electrodes is limited and the achievement of ultra-high vacuum 
conditions is easier. Ultimately, this configuration allows the location of the collector outside 
the SF6 pressure vessel, where it is easy and quickly accessible for maintenance, power 
supplying and cooling. 

The presently adopted layout of the FEM collector is shown in Figure 7.4. The 
3 collecting stage configuration has been chosen. The calculated performance is as in 
Table 7.2 and Figure 7.2. An additional, non-collecting electrode set at -100 kV is used to 
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Figure 7.4 Sketch of the FEM 
collector. The electrodes and their 
insulators are housed in a grounded 
vacuum tank. The collecting 
electrodes are at 250, 160 and 25 kV, 
an additional electrode at-100 kV is 
used for field shaping. Electric power 
and cooling is supplied through high
voltage feedthroughs. The electron 
beam flows from the decelerator exit 
to the collector entrance in an 
equipotential pipe located inside the 
grounded vacuum line. Also shown 
are the mm-wave tube and the mm
wave output. 

shape the electric field in such a way that the electrons are deflected out of axis while 
penetrating the collector. The electron beam is kept at the potential of the decelerator exit by 
an equipotential pipe (at 250 kV) located inside the grounded vacuum pipe. Although this 
configuration may be of difficult realisation, it provides the further advantage that all 
equipment at the end of the beam line is at ground potential. The advantages with respect to 
the ease of construction, vacuum requirements and sensitivity to heating make this 
configuration more advantageous. 

The large dissipated power on the collector electrodes poses severe cooling problems. 
Numerical simulations of the temperature evolution of the FEM collector have been 
performed assuming the operational parameters of Table 7.2 and operation in 100 ms pulses 
with duty cycle of I0-3 [Poo-96]. As a worst-case approximation, the collecting surface has 
been taken smaller (i.e. 50%) than that indicated in the simulation of Figure 7.7. It has been 
found that the maximum temperature of copper electrodes will be of the order of 700° K, 
when edge cooling is applied. 

7 .4 Electron beam optics in the FEM multistage depressed collector 

Together with an enhancement of the overall efficiency, a collector must provide a very high 
charge recovery efficiency. In case of the Fusion FEM the latter requirement is particularly 
stringent. Current leaks from the collector are not allowed, because they can be accelerated 
backwards in the decelerator tube thus causing both higher beam losses and breakdown of the 
high voltage device. 
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Firstly, the electrode shape and the beam injection scheme must be designed in such a 
way that electrons are not reflected backwards by the collector decelerating field. Electron 
collection should take place on the electrode backside. This way, the electrons are accelerated 
to the electrode surface suppressing the chance of reflections. In addition, secondary electrons 
are emitted in a retarding electric field and they are forced back to the electrode surface. The 
electrons should be distributed over the electrode surface as uniformly as possible, in order to 
avoid localised overheating of the electrodes. In addition the dynamics of both secondary 
electrons and scattered primaries must be carefully investigated in order to fine-adjust the 
collector geometry. 

Electron injection scheme and collector electron beam optics 
The design of the electrode shape and the choice the electron beam injection scheme is an 
iterative procedure. The calculated electron beam conditions (position, velocity and energy 
spread) at the decelerator exit are taken as initial conditions. Initially, the electrode design 
parameters, such as the angle with respect to the collector axis, the dimension of the aperture 
and the electrode length are chosen to provide a divergent lens effect for the electron beam. 
Then the electric field and the electron trajectories are calculated using the EGUN code 
[Her-88] and the electrode design parameters are modified in order to avoid electron 
reflections at the collector entrance and to obtain a uniform spread of the beam on the 
electrode surface. 

Initial simulations of the electron dynamics in the Fusion FEM collector are performed 
assuming that the electron beam is injected into the collector on axis. Simulation results 
indicate that the beam space charge alone is not sufficient to spread the beam out of the 
collector axis and to avoid electron reflections while the beam is penetrating into the 
collector. This is due to a combination of the low current density of the beam in the collector, 
of the large energy spread of the beam and of the relatively high mean energy of the beam. 
The electron energy ranges from almost 58 to 320 keV (see Table 7.1), thus the self magnetic 
field of the fast electrons plays a relevant role in keeping the beam focused. During initial 
deceleration at the collector entrance part of the low-energy electrons are decelerated down to 
zero kinetic energy and accelerated backwards. Proper shaping of the collector electrodes 
reduces but does not eliminate the amount of reflected electrons. In addition, a uniform 
electron spread over the surface of the electrode is difficult to achieve. Partially this is due to 
the large collector dimensions required for power handling. Due to the large internal aperture 
of the electrodes, field shaping in the region of the collector axis is ineffective. The use of an 
asymmetric collector [Ram-92] [Bos-92] in which the electrons are deflected from the 
collector axis by a combination of electric and magnetic field and then collected on one side 
of the collector, does not solve the problem because only part of the collector is used. This 
would produce relevant problems of overheating and cooling. 

A solution is to deflect the beam from the collector axis and to make it rotate about the 
axis of a circular symmetric collector by means of a deflecting/rotating auxiliary system. This 
way, the electron beam is spread out over the whole surface of an electrode during collection. 
This deflecting/rotating system consists of 4 coils arranged around the beam line axis, 
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Figure 7.5 Path (exaggerated) of 
backward electrons in the Fusion FEM 
collector. Due to the magnetic 
deflecting/rotating system back
streaming particles can be trapped in 
the collector by means of an aperture. 
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Figure 7.6 Detailed layout of the FEM collector. The first electrode extends backwards up to 
the decelerator exit. 

powered by an AC power supply. Electron simulations show that an injection angle of the 
order of a few degrees is sufficient to null electron reflections at the collector entrance and to 
spread the beam over a large collector area. This magnetic system in combination with an 
aperture will also catch eventual back-streaming particles scattered from the electrode surface 
(see Figure 7.5). In fact back-streaming electrons will be deflected by the deflecting/rotating 
system and cannot escape from the collectorln Figure 7.6 and 7.7 the result of the design 
procedure based on the simulation of primary electrons only is presented. Figure 7.6 shows 
the collector layout in detail. It is worth noting that the first electrode extends backwards up 
to the decelerator exit. In Figure 7.7 the trajectories of the primary electrons and the 
equipotential lines inside the collector are shown. The simulation is performed using the 
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Figure 7.7 Electron trajectories in the FEM 3-stage collector. The electron beam is injected 
into the collector at an angle 0/6°. Also shown are the equipotential lines. 

UGUN code [Dio-80]. The electrodes are set at 250, 160, 25 and -100 kV, respectively. The 
electron energy distribution of Figure 3.9.a is used in the simulation and the initial beam 
conditions are calculated as the result of a particle-tracking simulation of the beam transport 
through the complete beam line. In this simulation, the centre of mass of the beam is injected 
into the collector at an angle of 6°. It is shown that the electrons are effectively deflected from 
the collector axis and uniformly distributed over the back-side of the electrodes. The 
simulation also indicates that there are no primary electrons reflected backwards, outside the 
collector. 

7 .5 On the problem of secondary electrons 

The simulation of the dynamics of secondary electrons is of importance for the optimisation 
of the collector geometry in order to suppress current leaks and to maximise the recovery 
efficiency. In fact, secondary electrons can follow backwards the path of primary electrons. 
This way, they can escape from the collector or be collected on an electrode set at a higher 
potential, thus lowering the collector efficiency and causing cooling problems. Particle 
simulations including secondary electrons are also needed in order to verify the effectiveness 
of the proposed injection scheme and to optimise its design. 

Secondary electrons are generated when an electron hits the electrode surface. They 
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consist of true secondaries and scattered primaries. For the emission law of both secondaries 
and scattered primaries we refer to the investigation carried out at Raytheon Inc. [Fer-87) and 
at Philips Research Laboratories [Jon-57]. True secondaries are emitted while the incident 
electrons (i.e. the primaries) are penetrating in the electrode. They have a cosine-type angular 
distribution around the normal to the electrode surface. The energy distribution is peaked 
around 3-5 eV and extends up to energies of the order of 50-100 eV. The emission cross 
section is almost constant for primary energies from 2-3 eV up to a few kV and vanishes 
outside this range. Scattered primaries are mainly distributed forwards around the direction of 
specular reflection and backwards around the direction of the trajectory of primaries. They 
may have energies sufficiently high to escape from the electrode surface and follow 
backwards the trajectory of the primaries [Fer-87]. The cross section of both secondary 
generation and primary scattering depends on the electrode material and on the incidence 
angle of the primary electrons. It is maximum for tangential incidence and minimum for 
normal incidence. Values for both the cross section of secondary emission and primary 
scattering are tabulated in [Fer-87). 

Some design features meant to minimise the effect of secondary electrons have been 
included in the collector design even before simulating the dynamics of secondary electrons. 
Electron collection on the electrode backside should suppress true secondary electrons. In 
fact, secondaries are emitted in a retarding electric field and due to their low energy, they are 
forced backwards to the electrode surface. As a result, only the dynamics of primary electrons 
scattered on the electrode surface is expected to be relevant. The electrode angle with respect 
to the collector axis, and the injection angle of the beam into the collector are chosen such 
that primary electrons hit the electrodes almost normally. At these angles, the cross section of 
both secondary electron emission and primary scattering has a minimum. 

The effect of secondary electrons on the collector performance is investigated by using 
the UGUN code [Dio-97-pri]. The code solves self-consistently the Poisson equation of the 
electrostatic potential and the equation of motion for both primary and secondary electrons 
(i.e. true secondaries and scattered primaries). The measured emission cross sections as 
tabulated in [Fer-87) for copper and carbon-coated electrodes are used. The simulated be&m 
condition (radius, emittance and energy distribution) at the collector entrance are used as 
initial conditions. 

A preliminary numerical investigation was performed to determine the relative 
importance of secondary electrons, and scattered primaries. As expected, it was found that 
almost the entire yield of secondarily-emitted electrons consists of scattered primaries 
because true secondary electrons do not escape from the electrode surface when emitted from 
the electrode backside. This is due to the high retarding electric field of the FEM collector. 
Secondary electrons are important only when emitted from the electrode frontside. Beam 
space charge and emittance have been found to be 'second order' effects. More important in 
determining the electron dynamics are the injection angle and the electron energy distribution. 

In Figure 7.8 the trajectory of secondarily-emitted electrons (i.e. true secondaries and 
scattered primaries) are shown in the FEM collector. The equipotential lines are also shown. 
In this simulation the electrodes are assumed to consist of copper, the input electron beam is 
modelled using 50 macro-particles and the secondarily-emitted electrons are modelled with 
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Figure 7.8 Trajectories of secondarily-emitted electrons in the FEM collector. The 
equipotential lines are also shown. The corresponding trajectories of the incoming primary 
electrons are given in Figure 7.7. The yield of secondarily-emitted electrons mostly consists 
of scattered primaries. The trajectories of the true secondaries are given in Figure 7.9. 

Figure 7.9 Trajectories of the true secondary electrons in the FEM collector. The trajectories 
of the true secondaries are visible only when primary electrons are collected on the electrode 
front-side. In this case, true secondaries are emitted in an accelerating electric field and 
escape from the electrode surface. In case of collection on the electrode backside, true 
secondaries are forced backwards to the electrode surface by the high retarding electric field 
and do not escape from the electrode. The corresponding trajectories of the incoming 
primaries are given in Figure 7.7. 
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12 macro-particles for each primary. The scattered primaries are distributed at three angles 
around the mean angle of scattering such as to model the measured angular distribution. At 
each angle, three scattered primaries are emitted with different energies such as to reproduce 
the measured energy distribution. True secondary electrons are emitted at 3 angles around the 
normal to the electrode surface reproducing the measured cosine angular distribution. At each· 
angle one true secondary is emitted. This emission scheme is applied for each electron hitting 
the electrode surface. For the sake of interpretation of the plot, only two bounces are allowed 
in the simulation of Figure 7 .8; after that the cross section for both secondary emission and 
primary scattering vanishes. The current assigned to each secondarily-emitted macro-particle 
depends on the emission cross section for the electrode material, on the current, energy and 
incidence angle of the generating macro-particle, on the number of secondarily-generated 
macro-particles per bounce and on the bounce number. With the parameters of the present 
simulation, each secondarily-emitted macro-particle at the second bounce represents at most 
0.26mA. 

In Figure 7.9 the trajectories of the true secondaries corresponding to the case shown in 
Figure 7.8 are shown. Figure 7.8 and Figure 7.9 illustrate that in the FEM collector a correct 
analysis of the dynamics of scattered primaries is essential in order to optimise the collector 
design. Most of the secondary-yield is re-collected on the same electrode from which it is 
emitted, but a noticeable amount of current eventually escapes and is collected on an 
electrode set at a higher potential or leaks out from the collector. 

In Figure 7.10 the trajectories of an individual primary electron (dashed curve) and of 
the related secondarily-emitted electrons are shown. The electron trajectory is bent off-axis by 
the rotating/deflecting system and is collected on the second collector electrode. At collection, 
scattered primaries are emitted, which in tum cause the emission of other scattered primaries 
when collected. No true secondary electrons are visible in Figure 7.10. Eventually a few 
scattered primaries are collected on the first electrode (i.e. at a higher potential) or escape 
from the collector. 

In Table 7.4 some relevant operational parameters related to the simulation of 
Figure 7.8 and 7.9 are presented. The calculation is performed assuming 15 secondarily"' 
emitted macro-electrons per primary (i.e. 12 scattered primaries and 3 true secondaries) and 
the emission is allowed up to 3 bounces. This way, each secondarily-emitted macro-particle at 
the third bounce represents at most 4.5 µA. The total current leaking out from the collector is 
162 mA, which corresponds to only 1.35% of the total beam current. It is important to note 
that the beam-pipe which connects the decelerator exit to the collector is part of the first 
electrode of the collector. This way, an aperture or an array of apertures can intercept the leak 
current before it reaches the decelerator. Assuming that the entire leak current is collected at 
the potential of Electrode 1 (i.e. 250 kV), the collector efficiency (as defined in Eq. 7.3) is 
56% and the overall FEM efficiency is 61 %. It is worthwhile to note that the values of 
Table 7.4, and the calculated collector and FEM efficiency are in good agreement with the 
result of the first-order calculations of Table 7.2. 

Table 7.4 indicates that a considerable amount of current (about 0.5 A) escapes from 
Electrode 2. Part of this current (about 0.34 A) is collected on Electrode 1 and part (about 
0.16 A) escapes from the collector. These results indicate that further design optimisation is 
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Table 7.4 Breakdown of the composition of the current collected on each electrode in the 
Fusion FEM collector. 

Potential Total Current Current from Current from Power Power 
level collected from true scattered supplied dissipated 

current primaries secondaries primaries 
[kVl fAl fAl fAl fAl fkWl fkWl 

Leak 250(!) 0.162 0 0 0.162 40.50) 15.5 

Electrode 1 250 4.670 4.320 0.006 0.344 1167 327 

Electrode 2 160 5.490 6.000 -0.006 -0.504 878 353 

Electrode 3 25 1.678 1.680 0 -0.002 42 62 

12.000 12.000 - - 2187.5 757.5 

(t) It is assumed that the leak current is intercepted at the potential of Electrode 1. 

needed in order to lower both the current leaking out of the collector and the current escaping 
from Electrode 2. 

The situation improves noticeably when carbon-coated electrodes are used. In this case, 
the total leak current is of the order of 36 mA (which corresponds to 0.3% of the total beam 
current), and the current escaping from Electrode 2 is of the order of 120 mA. The collector 
and overall FEM efficiency (53% and 63%, respectively) are almost the same as in the case of 
copper electrode, but the smaller leak current makes this option worth of further investigation. 

Figure 7.10 Trajectories of a primary macro-electron (dashed line) and of the secondarily
emitted macro-electrons in the FEM collector. In this simulation, for each incoming primary 
9 scattered primaries and 3 true secondaries are generated. Two bounces are allowed. True 
secondaries are not visible because they are emitted qn the electrode backside and due to 
their low energy, they do not escape from the electrode surface. 
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Chapter 8 

Aspects of a Multi-MW 
Free Electron Maser 

The ultimate aim of the FEM development programme being carried out at the FOM 
Rijnhuizen is the production of a power source for reactor-grade fusion devices. A multi
megawatt system is highly desirable for reasons of installation, maintenance and operation 
simplicity. In addition, the cost per net output power unit can be reduced as a result of the 
device costs increasing slowly compared with the increases in microwave power. The 
characteristics of a FEM unit, which can be used as a building block of future EC systems are, 
at present, based on numerical simulations that prove the feasibility from the FEM physics 
point of view. This way, the fundamental parameters of a multi-megawatt FEM can be fixed. 
In parallel, the experimental information and technological development needed to enable an 
engineering design, is being gained with the present Fusion FEM (Mark I). 
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Table 8.1. Extrapolation of the 1 MW device to a multi-mel(awatt prototvve. 

Freauencv 135 - 250 GHz 

Net Outout Power <:4.5MW 

Electron Beam Current 25A 

Electron Beam Ener,gy 1.68 - 2.3 MeV 

Undulator type Permanent Magnet with Iron Poles 

Planar with Side Focusing Magnets 

Two Section, Step Tapered 

Undulator period 45mm 

Number of full reriods l st Section 17 

Number of full periods 2nd Section 11 

Undulator len_gth 1525 mm 

Undulator field: lst Section 2.3kG 

Undulator field: 2nd Section 1.9kG 

Undulator _gao (intrasection) 85mm 

Pole irno 30mm 

Wave2uide dimension 17.5 x 22.5 mm2 

Radiation Mode HE11 

8.1 Introduction 
The long term development of a high power FEM is motivated by its physics flexibility and 
by the wide range of possible applications. The FEM's advantages for an application on 
reactor-grade fusion devices are outlined in Chapter 1. Other power-intensive applications 
such as space power beaming [Ben-95], heating of high Mach number wind tunnels 
[Cap-95-pri] will take advantage of the FEM frequency range and flexibility. 

The key design features of the present FEM (Marki) are: 
(1) a conventional 2 MeV DC accelerator system and a depressed collector supply at 250 kV 

which provides the main power; 
(2) a low emittance electron gun with halo current suppression and a low current loss, 

solenoid focused beam line system; 
(3) a step tapered undulator design with periodic magnetic side array focusing; 
(4) a low-loss step corrugated waveguide circuit (HE11 mode) for broadband, CW power 

handling and beam-RF separation; 
(5) a Brewster angle output window (BN in the present configuration, synthetic diamond in a 

multi-MW device); 
All these features are directly applicable to a multi-megawatt upgrade. It is worth while to 
remember that a multi-megawatt FEM doesn't require larger dimensions than the present one, 
the size being determined by the high voltage level and not by the RF-power. 

Numerical investigations have been carried out in collaboration with Lawrence 
Livermore Laboratory, Livermore, US [Cap-96-fel]. The prediction of output power, 
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T bi 8.2 El a e . ectron G De. P un sum arameters 

DC beam current 25A Beam emittance. xx' rms < 20 7t mm mrad 

Anode Volta2e 120kV Cathode radius 14mm 

Electron Gun Perveance 0.6x10-6 A v"312 Beam radius at gun exit I2mm 

(transverse) mode selection and competition are based on the use of the 3D, non-wiggle 
averaged CRMFEL code [Cap-93]. The FEM start-up and (longitudinal) mode competition 
are simulated with a 3D, time dependent code [Cap-95]. Electron beam dynamics along the 
beam line, emittance conservation and beam injection into the undulator are investigated 
using the 3D, particle tracking code GPT [Pul-96]. A possible set of design parameters is 
reported in Table 8.1. Simulations of the present FEM show that the electron beam size inside 
the undulator is determined by the betatron oscillations and space charge rather than by the 
beam emittance. Hence, a larger waveguide (17.5x22.5 mm2) is required for beam current 
(25 A) and mm-wave power ( 4-5 MW) handling. The resulting larger undulator pole gap (30 
mm) imposes a longer undulator period ( 45 mm) in order to achieve the required peak 
magnetic field (2.3-1.9 kG). It means that a higher electron beam energy is required to operate 
in the frequency range of interest (140-240 GHz). The extra difficulties of operating the DC 
accelerator at higher voltage are compensated by an easier handling of the electron beam 
transport. 

8.2. The electron beam line 

A beam line design has been generated using the same concepts already applied for the 
present FEM (see Chapter 4). The beam line components have been taken equal to the ones of 
the existing beam line, except the 12 A, 80 kV electron gun was replaced by a 25 A, 120 kV 
gun. In particular, it results that the same beam optics (accelerator tube dimensions and 
performance, focusing magnets and steering coils) can successfully transport the 25 A, 
2 Me V electron beam. 

The Electron Gun 
The design features of the thermionic, triode electron gun (see Table 8.2) are a low current 
density cathode emission to provide long cathode life (2:: 10000 hours), and a top-hat current 
profile, low-emittance electron beam to minimise electron losses along the beam line. 

Choosing 120 kV as an upper limit for the anode voltage, a, gun perveance of 
0.6x 10-6 A v-312 is required to generate a 25 A electron beam in the space charge limited 
regime. The gun perveance scales as (Rcfd)2, where Re is the radius of the cathode and dis 
the cathode-to-anode distance, hence if the ratio Reid increases with respect to the present 
gun, a larger perveance is obtained. A large cathode radius allows also to limit the current 
density emission. 
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Figure 8.1. E-GUN proof-of-principle simulation of a 25 A, 120 kV electron gun. Shown are 
equipotential lines and electron trajectories; 

Table 8.3. Position of the beam line elements calculated from the J?Un exit. 

Element z[mm] Field 
Beam Waist at the onn exit 0 

Bucking coil 10 25G 

Solenoid 300 llOG 

Accelerator Entrance 577 14kV/cm 

Accelerator Exit 1923 

Iron Core Solenoid 2650 900- 1000 G 

mmw cavitv entrance 3000 

Iron Core Solenoid 3200 1300-1400G 

Iron Core Solenoid 3550 700G 

Iron Core Solenoid 3900 l700G 

Wavel!llide and lst Undulator Entrance 4000 2300G 

lst Undulator Exit 4855 

2nd Undulator Entrance 4940 1900G 

2nd Undulator Exit 5525 

Splitter combiner entrance 5550 

mmw cavitv exit 7100 

Decelerator Entrance 7500 

Decelerator Exit 8500 

Multista1te Denressed Collector Entrance 8800 
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Figure 8.2 Simulation of electron beam transmission through the beamline. Rms radius and 
beam edge are computed using the GPT code. The beam envelope at 99.9% of beam current 
is calculated using the Herrmann theory. The electron energy is 2 MeV, and the xx' rms 
emittance is 20 1r mm mrad. 

In Figure 8.1, a proof-of-principle simulation performed using the EGUN code [Her-88) 
is shown. The beam radius and emittance at the gun exit can be reasonably estimated to be 
12 mm and::> 201t mm mrad (xx' rms value). 

Electron Beam Transport 
A possible beam line layout is reported in Table 8.3, and the corresponding simulation of the 
electron beam transmission is shown in Figure 8.2. The simulation is for an electron energy of 
2 MeV (corresponding to a radiation frequency of 190 GHz) and an xx' rms emittance of 
201t mm mrad. Shown are therms radius and the distance from axis (beam edge) of the 
outermost particle as computed using the GPT code, and the beam envelope at 99.9% of total 
current as calculated using the Herrmann theory. The simulations indicate that 99.9% current 
transmission is possible. 

The electron beam expands behind the gun, and is then matched by a lens to the 
accelerator. Behind the accelerator an iron core solenoid focuses the beam at the entrance of 
the millimetre-wave cavity. Three iron core solenoids transport the beam through the reflector 
and match it to the undulator. The distance from gun to accelerator has been reduced with 
respect to the present beam line layout. In this way the injection in the accelerator looks less 
critical. Computer simulations indicate that the beam emittance is conserved. 

Electron trajectories in the undulator are shown in Figure 8.3 in case of ideal injection 
(beam radius .. 1.6 mm, beam centroid on axis and zero injection angle). It is shown that the 
25 A electron beam can be transported in small size through the undulator. Again, the beam 
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Figure 8.3 Electron trajectories in the wiggle (a) and non-wiggle (b) plane in the undulator. 
Electron beam parameters at injection: radius = 1.6 mm, xx' rms emittance = 20 n mm mrad, 
energy= 2 MeV. 

dimension is set by the combination of wiggle motion and betatron oscillations in the second 
undulator section. In this case, the circular symmetry of the electron beam is not conserved 
and the beam expands faster in the non-wiggle plane than in the wiggle-plane. 

8.3. FEM Interaction 

Simulations of the FEM interaction were performed first using the single-frequency, multiple
transverse-mode 3D code CRMFEL [Cap-93] and the single-frequency, single-transverse
mode GPT. The input beam conditions obtained from the beam line simulations have been 
used. 

In Figure 8.4 the linear and non-linear gain of the radiation wave versus distance within 
a single pass of the oscillator is shown. As it is presented in [Cap-96-fel], a linear-eigen-mode 
composed by a mixture of HE1i. HE13 and HE31 modes (65%, 25% and 10%, respectively) 
evolves in a pure HE11 mode(~ 99.9%) as the power saturates. The non-linear gain indicates 
a required reflection coefficient of 21.5%, thus minimising the recirculating power in the 
microwave circuit. In Figure 8.5 the possibility of operating the FEM from 137 to 242 GHz 
(1.75 - 2.3 MeV) with at least 4.4 MW net output power, is shown. 

Multifrequency FEM simulations have been performed with the code MALT to verify 
that single frequency operation is possible. The results are shown in [Cap-96-fel]. 

In Figure 8.6 the electron energy evolution along the undulator is shown. The energy 
distribution at the undulator exit indicates that the multistage depressed collector requires a 
battery of power supplies ranging up to 350 kV. 
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Figure 8.4 Linear and Non-Linear gain versus undulator length for a single pass. The 
microwave frequency is 190 GHz (corresponding to electron energy o/2 MeV). 
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Figure 8.5 FEM tunability. Net output power versus length for operation at 137 GHz (1.68 
MeV), 190 GHz (2.0 MeV) and 242 GHz (2.3 MeV). The output power is respectively 4.6, 4.7 
and4.4MW. 
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Figure 8.6 Electron energy evolution versus undulator length. The initial electron energy is 
2 MeV. The final energy distribution has a width of 350 kV. 
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Chapter 9 

Concluding Remarks 

9.1 Summary of the achievements 

This thesis is related to the overcoming of the crucial electron beam issues towards the 
realisation of a high power, electrostatic free electron maser. The principal achievements are 
hereby summarised and discussed: 

The first issue is the achievement of a high degree (~ 99.8%) of beam transmission 
through the beam line. 

The use of a cathode edge emission suppression ring limits the contribution to the 
halo current of electrons having high transverse velocities upon emission at the cathode. A 
straight beam line characterised by a large phase-space acceptance is adopted. Precise 
simulations including up to 99.9% of beam current are carried out to optimise the design 
of the beam line. During beam transport experiments, at least 99.92% of beam 
transmission has been achieved. Most of the intercepted current was due to small 
apertures used to compare the simulated beam radius with the real beam (see Figure 5.1). 
With a proper choice of the aperture diameter, the current transmission becomes 99.98%. 

The second issue is the realisation of an emittance-conserving beam transport system and 
the matching of the beam to the undulator. 

A highly linear, stigmatic focusing system composed by solenoidal lenses has 
been designed, constructed, tested and operated. The large diameter of the magnets leads 
to a low filling-factor of the beam and to a high degree of field homogeneity in the region 
occupied by the beam. The linearity of the beam transport system is indirectly 
demonstrated by the high degree of correspondence between the experimental results and 
the predictions of the Herrmann theory (see Chapter 2, 4 and 6). The effect of the beam 
matching to the undulator on beam transport and radiation gain has been investigated 
numerically. The tolerances are well within the achievable construction and operational 
accuracy of the beam line. 

The third issue is the operation of the beam line in a large energy range (1.35-2.0 MeV) 
and in a small energy range (5%) with fixed beam optics. 

The designed electron beam transport system can provide 99.9% transmission in 
the complete energy range of operation and during 10% energy tunability with fixed beam 
optics. During the beam transmission experiments the energy range from 1.35 to I. 70 
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MeV was covered with at least 99.92% transmission, and tunability in a 5% energy range 
with fixed beam optics was obtained. 

The fourth issue involves the realisation of a highly efficient multistage depressed 
collector to enable high efficiency and long pulse operation. 

Although long pulse operation depends only on the power supply capabilities, a 
proper collector design reduces the required power supply performance, simplifying the 
task. The electron energy distribution after the FEM interaction has been simulated 
accurately, taking into account several possible cases. The simulated results are used to 
design a three-stage depressed collector which, in principle, enables operation of the FEM 
at an overall efficiency of 65%. The technical layout of the collector is within the 
capability of the state-of-the-art high voltage and vacuum technology. A preliminary 
numeric investigation including the effect of secondarily-emitted electrons indicates that 
the back-streaming current from the collector is almost 150 mA if copper electrodes are 
used, and 35 mA if carbon-coated electrodes are used. This corresponds to 1.35 and 0.3% 
of the total beam current, respectively. 

9.2 Recommendations for immediate upgrades 

The experimental demonstration of the feasibility of the Fusion FEM is still in progress. The 
formidable challenges of constructing and operating a reliable beam transport system have 
been addressed. The commissioning of the electron beam transport system involved 
overcoming of several experimental difficulties related to electromagnetic compatibility, 
sensitivity to electrical breakdown of the high voltage system and vacuum quality. In 
addition, the reparation of normal experimental failures are complicated by the fact that most 
of the equipment is housed inside the pressure SF6 vessel, thus requiring a full cycle of 
pumping down the gas and refilling the tank again. For this reason, some of the tasks need 
further numerical investigation and/or experimental demonstration: 

The electron beam transport system has been operated with the reduced beam current of 
3 A due to poisoning of the thermionic cathode. In turns, the electron gun has been 
operated at a reduced anode voltage, giving the same perveance and therefore self-similar 
behaviour to the nominal 12 A beam. The simulation codes used to design the beam line 
are in very good agreement with the experimental results. For these reasons, the obtained 
results are directly significant for operation at the nominal current of 12 A. At present, a 
new cathode is installed and experiments at the nominal beam current of 12 A are foreseen 
in the near future. The main difference with respect to the 3 A case is expected to be the 
injection and transport in the accelerator tube. Due to the higher space charge force, the 
12 A beam has a larger equilibrium radius in the accelerator focusing field. This causes a 
larger beam radius behind the accelerator. An additional complication is related to the 
voltage drop of the high voltage terminal during each beam pulse. When working at the 
design specifications, a 12 nF capacitor bank will be installed parallel to the high voltage 
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terminal in order to lower its rate of discharge. The electrostatic accelerator system .has 
been operated in the energy range from 1.35 to 1.70 MeV. In this range, the electron beam 
transport was complicated by the weaker focusing at the accelerator entrance. In the 
present experiments, this difficulty was compensated by the lower electron beam current. 
During operation at the design specifications, the low energy range will be covered by 
shorting part of the accelerator tube. This way, the focusing properties at the accelerator 
entrance will remain equal to that in the high energy range (1.70-2.0 MeV). Operation in 
the range from 1. 70 to 2.0 Me V is not expected to be more difficult in terms of beam 
transport due to the higher focusing properties of the accelerator. 

• Although electron beam transmission through the undulator has been achieved, no 
microwave amplification occurred because the part of the mm-wave cavity downstream 
from the undulator was not installed yet. Experiments on microwave generation are 
foreseen in the near future. Initial experiments should be performed at the same, reduced 
beam current of 3 A and at the central electron energy (1.75 MeV). This way, the problem 
of beam matching to the undulator and of tuning of the mm-wave cavity can be addressed 
without the complications involved by the higher beam current (which requires operation 
of the electron gun at 80 kV and causes a higher voltage drop of the high voltage 
terminal). Computer simulations indicate that a 3 A beam should lead to a mm-wave 
power of the order of 200 kW. 

The dynamic of the high energy spread electron beam behind the undulator has been 
investigated numerically. However, no predictions for halo formation and current losses 
have been made because the Herrmann theory is valid for mono-energetic beams only. 
The use of particle tracking codes is practical only if parallel computing machines are 
used. 

• The design of the multistage depressed collector is based on the requirement of 
maximising the overall FEM efficiency with a technically-feasible layout. The electrode 
shape and the electron injection scheme are based on particle tracking simulations which 
include the effect of primary electrons only. A preliminary numeric investigation of the 
effect of secondary electrons indicates that a process of design optimisation is needed in 
order to suppress current leaks from the collector. The fact that the back-streaming current 
is noticeably reduced if carbon-coated electrodes are used, pushes for a deep investigation 
in the subject of surface treatment. The high dissipated power in the collector requires an 
intensive investigation of the cooling problem. 

The OTR diagnostic has been used to monitor the beam profile and the beam position. For 
these applications, a normal CCD camera placed next to the beam line and focused on the 
OTR screen is sufficient. However, the measurements are disturbed by a background 
composed by fluorescent light and X-rays. In order to shield the camera a complex 
focusing system is needed. This way, OTR can be also used to measure the electron beam 
direction, the beam divergence and the energy stability within each electron pulse. 
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9.3 Future evolutionary paths from the present FEM 

At present the Fusion FEM is assembled in an inverse set-up in order to demonstrate low-loss 
electron beam transmission through the undulator waveguide and high power, broad-band 
microwave generation in short pulses (a few µs). The philosophy behind this inverse set-up is 
to address the formidable challenges to achieving the above mentioned targets without the 
complications imposed by the beam deceleration and collecting system. In addition, the 
location of the mm-wave cavity outside the pressure vessel, at ground potential, allows 
relatively easy and rapid access for maintenance and tuning. 

An immediate upgrade of the present experimental device involves operation with the 
electrostatic decelerator and the multistage depressed collector (see Chapter 7). In this final 
set-up, the undulator and the mm-wave cavity are located inside the high voltage terminal and 
the mm-waves are transported to ground potential through a deceleration column. Initial 
operation with electron beam deceleration only (i.e. without collector and related power 
supplies) would be of advantage in order to study both the electron beam transport during 
deceleration and the mm-waves outcoupling without the complications related to the 
multistage collector. In this configuration, the dump of the electron beam at the potential of 
the decelerator exit will cause partial discharge of the high voltage terminal, but pulse lengths 
of a few hundreds of µs are possible. 

The chosen layout of the collector is compatible with its location outside the pressure 
vessel. This would require only minor modifications to the mechanical structure of the high 
voltage terminal, but will provide the great advantage that cooling, power and maintenance 
are easily supplied. Operation with the multistage collector should enlarge the pulse length to 
at least 20 ms in order to enable EC absorption experiments on the Rijnhuizen Tokamak 
Project (RTP), the in-house tokamak of the FOM Institute for Plasmaphysics Rijnhuizen. 
Operation in pulses of several hundreds of ms depends on the heating up of the collector and 
microwave window. 

A second upgrade of the Fusion FEM involves operation at multi-MW level. The 
fundamental design parameters of such a device have been fixed by applying the same 
concepts and design tools of the present device (see Chapter 8). However, an initial upgrade 
to a 2.5 MW source can be obtained by increasing the electron beam current only. Computer 
simulations indicate that the net output power (Pmmw) from the present undulator scales as 
P mmw ""'I 1.4 (where I is the electron beam current) and that the present electron beam line 
enables low-loss electron beam transmission up to a beam current and emittance of 25 A and 
25 1t mm mrad (nns xx'), respectively, provided that the gun operation voltage is increased 
accordingly to the Child-Langmuir law. As an example, the present FEM (i.e. undulator, mm
wave cavity and beam transport system) can generate up to 2.5 MW of mm-wave power in the 
frequency range from 130 to 250 GHz when driven by a 18 A electron beam. This FEM could 
be used as EC source on TEXTOR. The state-of-the art window technology (i.e. synthetic 
diamond [Fel-96]) is potentially capable to solve the problem of transmitting the microwaves 
out of the vacuum line. 
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Adde11dum 

An alternative approach 
to DC acceleration for high power 

Free Electron Masers 

A.1 General remarks 
The design of the Fusion FEM combines advanced and conservative concepts. The reliability 
of the components not strictly related to the FEM interaction (i.e. high voltage generator, 
electrostatic accelerator, electron beam transport and focusing system) is preferred to a 
possible greater performance. New concepts are applied to the design of the electron gun, 
undulator, mm-wave outcoupling system and depressed collector. As a consequence the 
electrostatic high voltage generator has been chosen to be a reliable 2.5 MV, low current (25 
mA) Insulated Core Transformer. Its performance is sufficient to operate the electrostatic 
accelerating system, but the low current sets severe constrains to the allowable current losses 
along the beam line (~ 20 mA). Ultimately this requires the use of a highly sophisticated 
electron gun, capable to generate a top hat profile electron beam with almost zero halo 
current. The achievement of extremely low current losses sets unique and stringent 
requirements to the beam transport system and may represent a real enpass for the 
development of higher power devices, in which an higher current electron beam is required. 

The adoption of more powerful electrostatic generators can relax the requirement on 
electron beam transmission and enable the use of higher current electron beams. A possible 
candidate is the novel design 'onion' Cockcroft-Walton presented in Section A.2 (see 
Figure 2, page 115). The concentrated capacitors of the classical Cockcroft-Walton, are 
substituted by the series of volume-air-capacitors. The capacitor plates are nested one within 
the other. This way, the high voltage terminal is shielded from ground and the electric field 
inside the device is very uniform. The flashover risk is greatly reduced and a voltage up to 5 
MV can be reached in a compact apparatus. The use of a battery of driving oscillators enables 
operation with a charging current of up to 100 mA [Bos-921]. 

The pulsed 'onion' Cockcroft-Walton is presented in [Bos-92-I]. Originally, it has been 
proposed to drive a free electron maser for TeV-Collider applications [Bos-91]. The same 
electrostatic onion configuration is adapted (with some modifications) to develop the design 
of an Electrostatic Free Electron Laser (FELTRON) for fusion applications. The proposal has 
been carried out independently and almost simultaneously to that of the FOM Fusion FEM. 
For this reason, some design characteristics, such as the use of a Bragg reflector for the 
millimeter-wave cavity, are out-of-date. 
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A.2 A One-MW-millimeter-Continuous-Wave FELTRON for Toroidal Plasma
Heating* 

Abstract 
A powerful continuous wave millimeter radiation source is presented. An electrostatic 
Cockcroft-Walton accelerator (2.5 MV) drives an FEL of 1 MW power. The accelerator has 
a new design in order to obtain a very powerful (50 MW) electron beam and very small 
ripple. A recovery system is used to increase RF power and efficiency. The FEL oscillator is 
1.5 m long, with a permanent magnet helical wiggler. The cavity is equipped with Bragg 
mirrors. The FEL is 'set at the high voltage terminal. 

1. Introduction 
FELTRON is a powerful source of electromagnetic radiation. It can cover the centimeter
submillimeter interval of the electromagnetic spectrum. It consists of an electrostatic 
accelerator which drives a Free Electron Laser (FEL). A very powerful pulsed FELTRON has 
been proposed as a microwave source for TeV Colliders [1], [2). In this paper we present a 
design tailored to toroidal plasma heating. The three main features required -i.e., 1 mm 
wavelength, 1 MW power and continuous wave (cw) operation!, are considered [3], [4]. 
However, we will show that a more powerful machine is feasible. 

The electrostatic accelerator is a 2.5 MV. 20 A Cockcroft-Walton, to which the vivitron 
idea of field distribution has been applied [5]. The Cockcroft-Walton operational frequency is 
I MHz (which is very high for this kind of machine) in order to have an acceptable load 
ripple. A symmetric design is adopted in order to reduce both the load voltage drop and the 
load ripple. A recovery system ( a decelerating column plus a collector) is used. This is 
essential for high overall efficiency and very high power [6]. Besides, beam recovery is 
important in order to have low waste x-radiation, and in tum, minimize radiation-shielding 
problems. The high voltage terminal is positive so as to have the gun and the collector, with 
their power supplies, at ground. The University of California-Santa Barbara experiment has 
demonstrated the capability to run a Van De Graaf at 3.0 A, in very long electron pulses 
(more than 20 µs ), with only kilowatts of feeding power ( 0.2 mA of Pelletron current) [7], 
[8]. Here, we are proposing a high voltage generator of 250 kW. Nevertheless, we believe that 
this proposal is feasible with present day accelerator-FEL technology. 

The FEL has usual design: the wiggler is helical of Rare Earth Cobalt (REC) material, 
1.5 m long. The cylindrical cavity has Bragg reflectors. It operates in the Compton high-gain 
regime with an efficiency of almost 2%. The wavelength of 1 mm can be halved, maintaining 
the other machine features. 

This paper is a development of the idea presented first in [6]. There, the acronym used 

* Work published in IEEE Transactions on Plasma Science, Vol. 20, (1992) 256. It was a combined effort of I. 
Boscolo, F.Giuliani, M.Valentini. 

1 Actually, tokamaks are long (3-5 sec) pulse machines with a duty cycle of about 0.3. 
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Vout 
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Figure 1. Symmetric Cockcroft-Walton electric scheme. The output voltage is 

Vo =~C/Cp v tanh(2N~cp;c). 

was SEAFEL -Small Electrostatic Accelerator PEL- because it stressed the small dimensions 
of a 2 MV machine, compared with 10-30 MV ones. The power discussed is a factor of 20-30 
higher than the other high voltage machines, and, in addition, the PEL is within the core of 
the electrostatic machine, making the dimensions comparable to high voltage machines. 
Moreover, we have decided to address the name to the fact that the system produces 
electromagnetic radiation. PELTRON, as a matter of fact, follows the name of other tubes 
(Klystron, Gyrotron, etc .. ) in which the electron beam is provided by an electrostatic 
accelerator column. 

2. The Accelerator 
The requirements on the accelerator are set by the output radiation characteristics and so in 
tum by the FEL, which transforms the kinetic energy of the electron beam into radiation. 
Assuming an FEL efficiency of 2% and an output power of 1 MW, the electron beam power 
must be Peb = PRF/ 11- 50 MW. Assuming a working voltage of2.5 MV, we end up with a 
current, I - 20 A. The voltage is set by the fact that the HVGs (High Voltage Generators) 
produced by companies have 3 MV: (i) HVEC produces an ICT-Insulating Core Transformer
of 3 MV and 80 mA; (ii) RDI produces an HVG-Dynamitron of 4.5 MV and 34 mA; and (iii) 
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the Air Core Tesla Transformer produced at the Novosibirsk-Institute of Nuclear Physics has 
similar performance [9]. We chose that voltage and power as our starting point, even though 
we propose a Cockcroft-Walton of a new design. 

The electric scheme of a classical symmetric Cockcroft-Walton is given in Figure 1. In 
that scheme, the shunt capacitors have been assumed only at the plates connected by diodes. 
This is correct in the usual design, although it is not in ours. However, that configuration can 
be assumed as a crude approximation valid also in our design. We use it with the aim of 
estimating the features of the generator. 

Voltage and ripple depend on the values of both the stray and real capacitances. Stray 
capacitances depend, mainly, on the geometry of the circuit. In Fig. 2, the design of the 
Cockcroft-Walton is shown . We can see that each electrode feels the influence of many 
others. We have made the approximation of considering as predominant the shunt capacitance 
between the two electrodes whose borders are nearer. The shunt capacitance of the diodes is 
estimated to be less than 0.5 pF. The geometric shunt capacitance must be reduced to the 
same extent. To estimate the stray capacitance Cp, we observe that we have to consider two 
rims facing each other. Two isolated rims make a parallel-wire capacitor, whose capacity is 
Cp = Jreo/cosh-l(sfd) F/m, where s and d are the distance between and the diameter of the 
wires, respectively. However, in the actual situation, the rim is sandwiched by two plates that 
are 10 cm from it, while the distance between the two rims under consideration is ;?: 25 cm. 
The two nearer plates intercept almost all the field lines coming from the charges of the plate 
under consideration. This.can be understood using the image charge argument, and observing 
that a charge feels a force that depends on the inverse square of the distance. Therefore, with 
a factor-of-three difference, the strength of the two forces differs by one order of magnitude. 
Hence, the value of the stray capacitance is estimated to be a factor ten less than the value 
calculated with the previous formula. These considerations have been confirmed by a low
voltage test experiment. 

The internal plates of the last two capacitors of the two columns (see figure 2) see each 
other by a large area. An inductor forming an LC circuit resonant at the working frequency 
connects them in order to make the large shunt capacitance vanish. 

In our continuous wave operation, we have to consider the load-dependent voltage drop 
(Li V) and capacitance voltage drop, the load-dependent ripple (oV) and capacitive ripple 

(oVc) [10]. 

A. The Voltage 
The Cockcroft-Walton of Fig. 2 behaves as a high-pass transmission line [10], [11] (see 
Fig.3). The output voltage is calculated solving the propagation equations of a lumped 
transmission line. The solution at the n-th stage is: 

fo>~CPC V . 
I.= sinh((2N-n)g) e'"" =A,,e'"" 

cosh(2Ng) 
(1) 

where g, assuming CP/2C << 1, is given by g "'~CP/C ,I is the current, N is the number of 
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Oscillator 
Storing Column plates 

Collector 

D . ~o ·n nvmg sc1 ators Working Column plates 
Figure 2. Scheme of cw-FELTRON with Onion-Cockcroft-Walton design. The number of the 
stages is indicative. The high voltage terminal is positive, the gun and the collector are at 
ground potential. The electron beam from the gun is energy modulated by an oscillator power 
supply. 

stages and U> is the operation frequency. 

The output voltage is the sum of the peak RF voltages at the diodes 

V0 =z/f(A,,-A,,+1)= Ao.~~N (2) 
o I P 

here Zp is the capacitive impedance at the diode: ZP = 1/iWCP. 

Since A2N .. 0, and g<<l we get for the vacuum output voltage: 

V0 = [£ V tanh(2N~CP/C) (3) vcp 
The load dependent voltage drop is 

AV 
IN(N2/2+ 1) 

3fC 

For the parameters of our experiment, AV is about 1 kV. 

(4) 
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Figure 3 Scheme of the Cockcroft-Walton as a lumped transmission line. 

B. The Ripple 
The voltage ripple at the storing column is due to a partial filtering of the oscillation up to the 
terminal It is given by the sum of the currents through the impedances of the storing 
capacitors; that is 

2 
oVo = iWC(Ai +As+ ... +AzN-1) 
Inserting An from (1) and (2) and after some mathematics, the fractional capacitive 

voltage comes out as: 

ov~ = fC;" cosh(2N{c;JC)-l 

V0 fc sinh(2N~CP/C) 
and the load dependent ripple is 

oV = IN(N +1) 
2/C 

which is negligible compared with (3). 

C. The Cockcroft-WaltonDesign 

(5) 

(6) 

The guiding idea (see Figure 2) is the "onion" design, in which the plates of the capacitors are 
nested one within the other. SF6 is the dielectric of the capacitors. this scheme has the 
important feature of shielding the high voltage terminal (and parts within in) from the ground. 
Hence, the flashover risk is greatly reduced. The idea of enclosing the energy in the center of 
the machine and, furthermode, of isolating it from the ground by successive shielding has 
been successfully implemented in the Vivitron machine [5]. The onion design is especially 
important with very high voltage. Although the CW-FELTRON needs only moderately high 
voltage, the onion design is crucial for building a very compact and simple machine with 
recovery. 

The output voltage depends mainly on the ratio between the capacitance of the several 
column capacitors and the shunt capacitance. In our design, the higher the capacitance, the 
larger the volume of the machine. The length of the accelerator tank is decided by the FEL 
length and accelerating tubes. The FEL is 1.5 m long. The accelerating and decelerating tubes 
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are 1.2 m long. The accelerating gradient can be assumed to be 2 MV/m (accelerating tubes 
built by NEC hold 1.6 MV/m; we have programmed experiments with a new design tube that 
should support a field greater than 2 MV/m). The diameter of the tank can be assessed at 
around 3 m, because the electric gradient of the machine can be as high as 3 MV/m. 

From Figure 2, we see that the capacitors Cs of the storing column are much larger than 
the capacitors Cw of the working columns. It is difficult to make an analytical calculation of 
the output voltage in the case of unbalanced columns. Our simulations suggest that the output 
voltage depends mostly on the capacitance values of the storing column. We compared a 
Cockcroft-Walton having two equal columns with one having half-value capacitances of the 
working column. The resulting output voltage was lowered only by 10%. With the design of 
our machine, the average values of Cs and Cw result in 1.5 and 0.5 nf, respectively. It is 
worth to point out that the asymmetric configuration could be used as well. The setback of a 
higher load-dependent voltage drop is compensated by the suppression of the voltage drop 
due to the asymmetric capacitance of working and storing column, and by simplification of 
the machine layout. 

Assuming a voltage of 150 kV of the driving oscillator [2], we end up with a number of 
N of 10 stages. 

The currently available accelerating tube, with the addition of some solenoidal lenses, 
can transport safely a 20 A current [1], [12]. 

The electron gun is fed by two power supplies: one is a constant voltage (120 kV) 
power supply, the other is a 30 kV sinusoidal oscillator. The former provides the usual 
accelerating power to the electron beam; the latter must give to the electrons an energy 
modulation in opposition to that given by the accelerator ripple. 

3. TheFEL 
The FEL oscillator is a circularly polarized source whose mechanical and optical 
characteristics are easy to get. The radiation is contained in a cylindrical cavity with Bragg 
mirrors and the helical wiggler (Figure 3) is of REC material. The FEL parameters are listed 
in Table 1. The parameters are calculated from single-particle theory. The FEL operates in 
the Compton regime because the Pierce parameter p is 0.0085, which is enough far from the 
typical value of the Raman regime [13]. 

The parameter p has been introduced in (13] ad is 

(7) 

where Yr - FEL resonant energy, aw =normalized wiggler magnetic field ( aw + Bw A.w, with 

Aw the wiggler period), <J.Jp- plasma frequency, and kw = 2n I A.w the wiggler wavenumber. It 

contains the dependence on the machine parameter of the FEL ( r. Bw, .It, A.w). 
Many parameter trade-offs are possible, and choices are made to minimize risk while 

providing the required radiation and maintaining reasonable dimensions. The main parameter 
in the FEL oscillator is the small signal gain (14] 
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s 

Figure 4. The bifilar REC helical undulator for radially oriented magnets. The figure shows 
the placement of magnets in the aluminium grooves. 

a= o.34x wt·" ::,1 N' J[ (l + ~:, )"] (5) 

where A. is the radiation wavelength, Aw i~ the wiggler period, aw is the wiggler parameter, I 

is the current, N is the number of wiggler periods and Amode is the TE11 mode area (SI units). 
The power dissipation during the operation inside the cavity results less than 20 kW 

with the set of FEL parameters listed in Table I. This power is reduced, actually, by a factor 
of about 3 due to the duty cycle of the generator. Hence, the power dissipation to be handled 
is 5 - 7 kW. This power loss, even if its amount is not very high, is a significant technological 
problem -it is difficult to cool a piece at the high voltage terminal. The FEL design has been 
tailored to reduce as much ;:ts possible the loss. The two crucial choices, as far the loss is 
concerned, are the size of the waveguide and the intracavity power Pi. In fact 

Ploss= P1(1-e-a L) 
where the loss factor a holds [15]: 

Table I FEL Parameters 

Electron Voltage 2.5MV Wiggler period (cm) A.w-5 

Current A) 20 N .30 
< 1% 1.5 

En< 10-4 FEL Pierce parameter p-0.85 % 

permanent Small Signal Gain Go-20 
ma et 

Polarisation helical mode 
Peak Field (kG) Bw-1.8 Resonator ical with 

aw=0.83 Int. Diameter cm 
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a Rs 1 ( (f J f )1 + 0.42) 
11 R ~1-(/cf /)2 

where Rs =surface resistivity, R =cavity radius, 11"' 377 D.,fc =cut off frequency, and/= RF 
frequency. 

To reduce losses we must increase the cavity radius Rand reduce the intracavity power 
Pi. These two requirements are contraddictory: the increase of R leads to an increase of the 
mode area, and in tum to a decrease of the gain per pass G; this decrease means that the 
intracavity power must be higher (once the output power is fixed), as indicated by the general 
relation: 

lo= Ii eG 

There is another correlation between the two parameters. The increase of R leads to a 
decrease of the wiggler magnetic field and hence of the gain. To reduce losses, we should 
have very high gain -that is operate in high gain regime- so that the power inside the cavity 
would be small for most of the time, except for the final part, where it would increase at the 
required level and, as soon as it is created, coupled out. 

The gain per pass in the build-up region is very high (G"" 20), so the output coupler 
reflectivity is chosen to be 15%. The intracavity power is kept at a reasonable level (Fig. 4). 

The waveguide is greatly overmoded; hence the usual free space relations are valid. 
The relative low number of wiggles leads to a power spectral full width at half

maximum (FWHM) of 

ow .J2 =2% 
w re N 

This sets as an upper limit to the energy spread of the electron beam a value of less than 1 %. 
The ripple of the accelerator, consequently. must be lowered at that extent. The beam 
diameter can be estimated at around 5 mm (see below). The fact that the beam dimension is 
significantly less than the TEu mode area (circular polarized) reduces the gain by a small 
factor owing to the inhomogeneous broadening. 

The beam dimension (ar) is related to the the normalized emittance (e11) and wiggler 
focusing force by 

a, = ~,....en_Y_/ n-k-fJ 

where the betatron wavenumber kp is related to the FEL parameters (aw, Aw) and energy by 

k(J = aw2n/.J2 r.Aw. 
The normalized emittance at the output of the accelerating tube can be estimated to be 

less than 10-4 m-rad. Given the betatron wavenumber, kp = 0.12, the electron beam spot 

size results in Or "" 4 mm. 
In Figure 4 the output power versus wiggler length in the build up region and up to 

saturation, is plotted. They have been computed using a simulation based on the FEL 
equation of Bonifacio et al. [13]. The electron beam energy spread (FWHM) at the beginning 
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of the FEL has been assumed to be almost 0.5%. The detuning is very low o "" 1.5 

(normalized units), 0 = ( ( r>- r, )/ p r, ; that is, the average electron-beam energy is 1 % 

higher than the FEL resonant energy. 
The intracavity power reaches 1.3 MW. The maximum electric field, given the internal 

diameter ID= 20 mm, reaches 30 kV/cm. The undulator length is fixed by the energy spread 
induced in the FEL interaction. It depends on N as .AE"" Eo/N [16]. We chose 1/N"" 4%, 
because it gives an energy spread of about 120-150 kV, as shown by the simulation in Fig. 5. 

We stress that the starting choices have been the output wavelength of 1 mm (this is 
imposed by the electron cyclotron frequency in actual tokamak) and the high voltage of the 
accelerator (the electron energy is decided partly by the available technology and partly by 
the decision to operate at relatively low voltage, thereby limiting flashover risk and 
dimensions). 

(b) 

~ 10 ~ 10 

Q) I ;:: 
0 a. a. 

0 0.5 1.5 

2 10 0 ................................................................... ......... 
0.5 1 1.5 

wiggler length (m) wiggler length (m) 

Figure 4. Output power as a function of distance down the wiggler: (a) in the build-up 
region, and (b) in saturation. The curves reproduce the value and saturation power 
calculated by analytical equations. In (b), the initial power is 200 kW, the power at the output 
coupler is 1300 kW and 85% of the power is coupled out . 

6.1 • 4-·. 
?- . ' 
>- \ e 
(I) 6.0 Z" c: "iii (I) ' c: c: • (I) 30 e ,. ~ 0 5.9 
(I) 
Q; 20 

5.6 10 
(a) 

O!..L.......1-'-'--'---'-'-.l.-L..:1-J.J.d......U....l...-l...J 
o 4 a 5.a a 6.2 

phase gamma 
Figure S. Electron distribution in phase space at saturation (a), and electron distribution 
versus energy (b).The energy broadening after saturation is almost 150 KeV. 
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The Undulator 
The helical undulator has natural focusing in both the horizontal and vertical planes. This is 
important because the high current and the relatively small "I produce a space charge force 
that enlarges the beam spot size by about 15% in one meter of drift free space [17). A plane 
wiggler would have to have been of the hybrid type [18) with shaped poles in order to add 
the horizontal focusing [19). 

The REC helical undulator shown in Figure 4 has a field on the axis [20] 

(6) 

Here, Br is the remanent field amplitude (assumed to be 1 T), kw=-21t/A.w, rt and r2 are the 
internal and external undulator radii, respectively, F is the filling factor ( the ratio between the 
total volume and the REC material volume, F"" 0.7), and U(x) = x K1(x) + Ko(x), with Ko 
and K1 being the modified Bessel functions of the second kind. With our numbers and using 
square REC bar magnets, the axis field becomes Bw"" 1.8 kG. 

Incidentally, the adiabatic entrance needs 6 periods, because the profile of the magnetic 
material radius must increase as sin2(z). 

The Cavity 
A circular cylindrical resonator corrugated at the two ends (Figure 6) is tailored to our FEL. 
The Bragg resonator fixes the FEL frequency and, moreover, allows the electron beam to 
proceed undisturbed along the axis, while the radiation is contained. 

The corrugation couples the forward- and backward- traveling waves [21). The coupling 
depends on the period of the corrugation d ( it must be d = nJJ2, with n = 1,2... and A the 
microwave wavelength) on the depth of the troughs, and on the geometrical shape of the 
corrugation. 

The reflectivity R for the TE11 mode is 

(7) 
where m is the number of corrugations, and G (coupling factor) is given by: 

lo (w/c)
2 
+ k; k;I 

G = 2.Ro k! (8) 

Here lo is the corrugation depth, Ro the smooth-guide mean radius (see Figure 6), kp +and kp· 
are, respectively, the wavenumber of the co-propagating and counter-propagating wavefront. 
The assumption that k; = k; is in order. Assuming a corrugation depth of lo ""' l.J2, the 

number m for a reflectivity of 99.S and 15% as required by the back mirror and the output 
coupler results, respectively, in mback"" 25 and mout"" 2. 

Owing to the 0.5% transmission of the back mirror, an amount of 2 kW of RF radiation 
exits the cavity resonator through that mirror and hits the gun cathode. The back radiation 
crosses the accelerating column up to the gun, and there it must be absorbed (the roughness of 
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Bragg Resonators 

/ 
UndUlator 

Figure 6, Circular cylindrical guide with Bragg corrugated resonators. 

a dispenser cathode seems suitable as absorptive surface), otherwise it would be absorbed by 
the accelerating column. Therefore, it is important to have a high-reflectivity back mirror. 
Incidentally, that radiation power could be used as heater of the thermionic gun. If needed, the 
reflectivity of the back mirror can be further increased by increasing the number of 
corrugations. 

The Output Coupler 
The coupling-out window is an open problem: we do not have a useful soulution to it. We 
know that, at present, ther is not a suitable material capable of withstanding high RF power. 
The groups working on the other powerful tubes are engaged in this research. For the 
solution, we rely on the developments which will need to be done anyway in the framework. 

4. The Recovery 
The electron beam after the FEL interaction has lost only 2% of its energy and shows an 
energy broadering of 4%. It is natural to recover the spent electron beam. An FEL operating 
in the exponential regime, which has an efficiency of as high as 40%, is not useful in our 
case. In fact, the wiggler is very long, longer than 5 m and, moreover, the current must be 
very high [1]. The decelerating column and collector are the two components of the recovery 
system. The whole electron beam crosses the decelerating column (so exits the accelerator 
tank); then it is spatially dispersed and finally, the different beam sections are collected at the 
different Faraday cups (see Figure 7) of the multistage collector. 

The FEL interaction will spread out the energy of the electron beam AE .,. E/N - 120 
ke V. The distribution of the electron beam is, in a crude approximation, flat {as shown also by 
simulation and [22]). It seems reasonable to use a five-stage oollector, with each separated by 
30 kV from one another, in order to obtain good recovery efficiency. The first stage will be 
set at -10 kV. Because of the flat energy distribution, the power supplies feeding the five 
Faraday cups must provide a power of Pt== 40kW, P2=160kW, P3= 280kW, P4= 400kW, 
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Figure 7. The five-stage collector. The electron beam dispersion is provided both by the 
dipole magnetic field generated by the coils and the transverse electric field generated by the 
tilted electrodes. 

Ps = 350 kW, for a total of 1230 kW. This amount of power will require a battery of 
generators. 

The energy-recovery efficiency of the collector, under the previous assumptions, comes 
out to be around 80% (the entering beam has an energy of 1500 kW, whereas 1230 kW of 
energy is recovered). With this last number, the power deposited by the beam at the collector 
wall is 270 kW. 

This large amount of heat to be taken away by the cooling system calls for an efficient 
dispersion of the electron beam and, in order to obtain an acceptable amount of energy per 
unit area, for a big collector. The design proposed in [22] and shown in Figure 7, should reply 
to these requirements. The dipole magnetic field (generated by the two coils sandwiching the 
collector), coupled to the transverse electric field (generated by the tilted electrodes connected 
at different voltages), provides an efficient dispersion of the electrons with different energy. 
In addition, they prevent primary and secondary electrons from reflecting back. The magnetic 
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sector, set at the output of the accelerator tank to allow the radiation extraction, further 
prevents electrons from re-entering the decelerating column. 

We remark that the design of the machine is mainly addressed to solve the feeding and 
cooling problems of the collector and gun. A collector set at ground potential allows one to 
handle the large amount of electric and cooling power. The problems of the gun are much less 
demanding than those of the collector. Anyway they are difficult to solve when the gun is 
placed at the high voltage terminal. 

Efficiency 
The overall efficiency depends mainly on the recovery efficiency. By definition, it is l') = 

l'Jacc x l'JFEL where the FEL efficiency is: 

~= ~ = ~ 
peb - preoov ery 1 + Ploss/ p RF 

Precovery (= Peb - PRF - P1088) depends on two terms: one is the charge recovery and the other 
is the energy recovery [6]. The charge recovery is expected to be better than 99.5%. In the 
UCSB experiment, the recovery efficiency has been measured to be 99.7% [24). That 
experiment has several meters of transport channel. In our case the beam after the 
accelerating column goes straight into a helical wiggler, and afterwards it enters into the 
decelerating column. Therefore, we do not have any bending nor any drift-space, and the 
beam is continuously focused. Only the effect of the residual gas must be considered. A 
figure for the charge recovery efficiency of better than 99.5% seems possible. Even assuming 
that number, the power loss results in P1oss"' 250 kW. This amount of power means that the 
Cockcroft-Walton will be driven by four 60 kW oscillators. 

Summing up, we get 500 kW of losses against 1 MW of RF power. The FEL efficiency 
comes out to be l'JFEL = 1 I ( 1 + 0.5) = 67%. Since the efficiency of the high voltage generator 

is estimated to be 80%, the overall efficiency would be around l') "' 50%. 

Conclusions 
A 1 MW, 1 mm continuous wave FELTRON with a 2.5 MV and 20 A Cockcroft-Walton 
accelerator of new design is feasible with present day technology. It is an efficient (l') "' 50% ), 
compact (the tank enclosing the high voltage generator, and the FEL is a cylinder of 3 x 5 m), 
reliable machine. The reliability of the electrostatic oscillator ought to be good, thanks to the 
'onion' design. 

The effect of the ripple on the energy spread of the electron beam is circumvented by 
applying a sinusoidal power supply to the electron gun. It has a 1t phase shift with respect to 
the ripple oscillation. We have adopted the symmetric scheme. The asymmetric one could be 
used as well, because the load-dependent voltage drop and ripple would be equally 
acceptable. 

The FEL parameters (current, cavity pattern, wiggler field, and period) are chosen so as 
to have high gain operation. Thus a relatively small intracavity power. This condition 
minimizes the cavity loss which is, nevertheless, some kilowatts. The collector and gun at 



Addendum: An alternative approach to high power FEMs 127 

ground has the cost of the FEL at the high-voltage terminal. However, the losses of the parts 
are very much different. 

The design of the accelerator, with the gun and collector outside the body of the 
machine at ground potential, solves the feeding and cooling problems. The gun provides the 
electron beam, which enters the tank, interacts with the FEL radiation, and exits, after which 
it is conveyed into a multistage collector to release the residual energy. A rectilinear path 
from the cathode up to the collector should guarantee a very high efficiency of charge 
recovery. 

No particular difficulty to overcome is seen for an up-graded machine. A machine with 
a current of 100 A has already been studied [l], [2], and the voltage can be reasonably 
increased up to 4 MV. This means that the electron beam power can rise up to a value of 400 
MW and, consequently, the output radiation power could increase by the same factor. The 
most critical item seems to be the collector. However, competing tubes share the same 
problem. 
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Summary 
The principal thrust of current Free Electron Maser (FEM) research is the achievement of 
high average powers, high overall efficiency and broad tunability. The achievement of these 
targets may culminate in the use of FEMs as power sources for electron cyclotron applications 
on magnetically-confined plasmas in future fusion research devices, such as ITER. FEMs 
combine the advantages of the present high-power, high-frequency, mm-wave sources, such 
as gyrotrons, with the additional advantages of continuous tunability over a large range, 
higher frequency, and eventually a higher power per unit. Other power-intensive applications 
which may take advantage of the FEM flexibility are space power beaming and heating of 
high pressure air (thousands bar) in a wind tunnel in order to get up to Mach 15 flow. 

One promising approach to high-power FEMs is being pursued at the FOM Instituut 
voor Plasmafysica Rijnhuizen, Nieuwegein (The Netherlands) by constructing the Fusion 
FEM. The design target is the generation of 1 MW mm-power tuneable over the frequency 
range from 130 to 260 GHz, at a system efficiency of over 50%. The frequency range is 
covered by changing the electron energy in the range from 1.35 to 2.0 Me V. The work 
presented in this thesis is part of the design, construction and operation of the 12 A, 
1.35-2.0 MV electron beam transport, focusing and diagnostic system of the Fusion FEM. 
The adoption of the electrostatic acceleration concept involves overcoming of several 
challenges related to the electron beam, such as the achievement.of nearly full electron beam 
transmission (99.8%) through the whole system and of a high degree of beam (current and 
power) recovery in a multistage depressed collector. 

The design of the electron beam transport and focusing system is based on simulations 
performed using a 3-D particle tracking code (GPT) and a relativistic version of the Herrmann 
theory of thermal effects in electron beams. The GPT code follows the distribution of a 
number of macro-particles in real space and velocity space through the entire beam line. The 
effect of the various optical elements, lens misalignments, stray magnetic fields and the FEM 
interaction can be accurately taken into account. The Herrmann theory describes in detail the 
full current density profile along the beam line, allowing the determination of beam envelopes 
containing up to 99.9% of the beam current. The measured beam parameters at the gun exit 
are used in the simulations. The FEM performance, i.e. mm-wave gain spectrum, extraction 
efficiency and electron transmission in the undulator waveguide are simulated for several 
electron beam injection conditions into the undulator in order to find tolerances for both the 
construction and the operation of the beam line. It is found that operation at the design 
specifications is within the achieveable construction and operation accuracy of the beam line. 

Some of the beam line design features, which are incorporated to ensure low 
interception current and low emittance growth (of the order of 15 % ), are: a straight beam line, 
an emittance conserving solenoid focusing system, and a large phase-space acceptance 
("' 601t mm mrad -rms xx' value). The beam halo current is suppressed at the cathode by 
using an edge emission suppression ring. The electron beam transport and focusing system 
consists of air-core and iron-core solenoids. In addition, several sets of steering coils are 
placed along the beam line to compensate for the effect of undesired magnetic fields or lens 
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misalignments. Large-dimension air-core solenoids are used where low fields are needed and 
where the beam has a large diameter, in order to keep a low filling factor of the beam in the 
lenses. Iron-core lenses are used to generate the required high field to focus the beam in the 
mm-wave cavity and to match it to the undulator. Great care is taken to minimise the flux 
leaking from the beam focusing system into the gun and the undulator. 

Non-intercepting electron beam diagnostics consisting of electrostatic pick-up 
electrodes are implemented in the Fusion FEM beam line. The position of the beam centre of 
mass is reconstructed by measuring the induced charge on electrodes arranged about the beam 
line axis, inside the vacuum pipe. The intercepted current is measured at several critical places 
along the beam line and on the mm-wave system components. In front of the dump, an 
Optical Transition Radiation screen is mounted to monitor the beam position and profile. 

During the commissioning of the electron beam line, low-loss (S 0.02%) electron beam 
transmission of 3 A, 20 µs long pulses has been achieved through the waveguide in the 
undulator. The electrostatic acceleration system has been operated in the range from 1.35 to 
1.70 MV. The beam line accepts an electron energy variation of 5% with fixed beam optics. 
During microwave generation this would correspond to frequencies in the range from 130 to 
190 GHz and to a rapid frequency tunability of 10%. Electron beam transport simulations 
have shown to be remarkably accurate both for the prediction of the correct lens settings and 
the intercepted current. The operational settings of the beam line which give the highest 
current transmission are within a few percent of the simulated values. 

The electron energy distribution after the FEM interaction is simulated for several 
operation conditions (corresponding to optimum and non-optimum matching of the electron 
beam to the undulator). Due to the peculiar shape of the distribution (i.e. 'twin peaks') a three 
stage, depressed collector enables operation of the FEM at an overall efficiency of 60%. The 
electron beam is injected into the collector at an angle and is made rotating about the collector 
axis in such a way to span the complete surface of the electrodes at collection. The injection 
scheme and the design of the collector electrodes are adapted to minimise current leaks due to 
electron reflections or to secondary electrons. 

The FEM is immediately upgradeable to a multi-MW power source. Numeric 
simulations of beam transport characteristics and radiation gain indicate that low-loss beam 
transmission, powers of the order of 4.5 MW, high spectral purity, continuous tunability over 
a large frequency range and rapid tunability in a short range, can be obtained. The required 
upgrades of the present device are within the capability of the state-of-the-art technology. 

An alternative approach to high power, electrostatic FEMs involves the use of the new
designed 'onion' Cockcroft-Walton. In this high voltage generator, the concentrated capacitors 
of the classical Cockcroft-Walton are substituted by a series of volume-air-capacitors. The 
capacitor plates are nested one within the other. This way, the high voltage terminal is 
shielded from ground and the electric field inside the device is very uniform. The break-down 
risk is greatly reduced and high voltages (of the order of 5 MV) can be reached in a very 
compact apparatus. 
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Samenvatting 
De belangrijkste drijfveer tot bet onderzoek aan vrije electronen masers (Free Electron Maser, 
FEM) is bet ontwikkelen van stralingsbronnen met een hoog gemiddeld vermogen, een boge 
systeem-efficientie en een brede verstembaarheid. De realizatie van deze doelen zal kunnen 
uitmonden in het gebruik van FEM's als vermogensbron voor toepassingen op het gebied van 
Electron Cyclotron technieken bij magnetiscb-opgesloten plasmas in toekomstige plasmafusie
installaties, zoals ITER. FEM's combineren de voordelen van huidige hoog-vermogen, hoge
frequentie mm-golf bronnen, zoals gyrotrons, met als bijkomend voordeel continue 
verstembaarheid over een groot bereik, hogere frequenties, en uiteindelijk een hoger vermogen 
per eenheid. Naast plasmaverhitting zijn er andere toepassingen voor dergelijke boog-vermogen 
stralingsbronnen, zoals het aanstralen van satellieten ten beboeve van de energievoorziening en 
het verbitten van lucbt zodat een druk van enkele duizenden bar wordt bereikt waarmee een 
Mach-15 windtunnel gebouwd kan warden. 

Door bet FOM Instituut voor Plasmafysica "Rijnhuizen", Nieuwegein (Nederland) is een 
veelbelovende weg ingeslagen met het Fusie-FEM experiment. Het doel van dit experiment is 
het genereren van mm-golfstraling met een vermogen van 1 MW, verstembaar van 130 -
260 GHz, bij een systeem-efficientie van ten minste 50%. De frequentie wordt ingesteld via de 
electronenbundelenergie, tussen 1.35 en 2.0 MeV. Het werk gepresenteerd in dit proefschrift 
behelst een deel van bet ontwerp, de constructie en het bedrijven van de focusseer-, stuur- en 
diagnostieksystemen van de 12 A, 1.35 - 2.0 MeV electronenbundellijn van FEM. Het gebruik 
van de dc-versnellertechniek stelde verschillende boge eisen aan de electronenbundel, zoals een 
nagenoeg volledig bundeltransport (transmissie > 99.8%) door bet gebele systeem en een zeer 
hoge mate van bundelenergie en -lading terugwinning in een meertraps collector. 

Het ontwerp van de focusseer- en stuursystemen van de bundellijn is gebaseerd op 
simulaties waarbij gebruik werd gemaakt van een 3-D veel-deeltjes baanberekeningscode (GPT) 
en van een relativistiscbe versie van de Herrmann tbeorie, welke de thermische snelheid van 
electronen meeneemt in de berekeningen van de bundelomhullende. De GPT-code volgt de 
verdeling in ruimte en snelheid van een groat aantal macro-deeltjes door de gehele bundellijn. 
De invloed van de verschillende optische elementen, zoals Ienzen en stuurspoelen, als ook 
uitlijnfouten, strooivelden en de FEM-interactie warden nauwkeurig in rekening gebracht. De 
Herrmann theorie beschrijft in detail het bundelprofiel, waarbij de omhullende die 99.9% van 
de stroom omvat kan warden bepaald. De berekeningen zijn gebaseerd op gemeten 
bundelprofielen aan het electronenkanon. Het gedrag van FEM, i.e., bet versterkingsspectrum 
van de mm-golven, de extractie-efficientie en de bundeltransmissie door de undulatorgolfpijp 
zijn gesimuleerd voor verschillende inscbiet-condities van de electronenbundel, om daarmee de 
toleranties vast te stellen voor zowel de constructie als het bedrijf van de bundellijn. V astgesteld 
is dat de vereiste toleranties bereikbaar zijn voor de constructie als het bundelbedrijf. 

Verschillende aspecten van het ontwerp die lage bundelverliezen en een geringe 
emittantiegroei (van de orde van 15 % ) moeten bewerkstelligen zijn: een geheel rechte bundel
lijn, een emittantie-behoudend solenoide lenssysteem, en een grote acceptantie in de fase-ruimte 
('-" 60 1t mm mrad - rms xx' waarde). De halostroom van de bundel wordt reeds onderdrukt bij 
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de kathode door bet gebruik van een ring die emissie vanaf de rand onderdrukt. Het 
bundeltransport- en focusseersysteem bestaat uit luchtspoelen en spoelen met een ijzeren juk. 
Daarnaast zijn een aantal correctiespoelen langs de bundellijn geplaatst die de invloed van 
exteme magnetische velden en uitlijnfouten corrigeren. Luchtspoelen met een grote diameter 
zijn gebruikt daar waar de vereiste veldsterkte laag en de bundeldiameter groot is, teneinde de 
vulfactor te beperken. Lenzen met een ijzeren juk zijn gebruikt waar een hoog veld nodig is, om 
de bundel in de mm-golf trilholte en in de undulator te focusseren. Veel aandacht is besteed aan 
bet minimaliseren van de magnetische flux van de lenzen op de kathode. 

Uitsluitend electronenbundeldiagnostieken die de bundel niet onderbreken zijn in de Fusie 
FEM gebruikt. De plaats van bet zwaartepunt van de bundel wordt bepaald door de stroom te 
meten geinduceerd op electrostatische oppik-electrodes, geplaatst om de bundelas en binnen de 
metalen vacuiimpijp. De verliesstroom wordt gemeten op verschillende kritische plaatsen in de 
bundellijn en op de golfpijpwanden. Vlak voor de dump is een OTR-scherm (Optical Transition 
Radition) geplaatst waarmee het bundelprofiel kan worden bekeken. 

Bij bet in bedrijf stellen van de bundellijn werden lage verliezen ( < 0.02%) bereikt in de 

golfpijpen, bij een bundelstroom van 3 A en een pulsduur van 20 µs. De bundelenergie lag 

tussen de 1.35 en 1.70 MV. De bundellijn accepteert een energievariatie van 5% bij gegeven 
lensinstellingen. Bij bet opwekken van mm-golfstraling komt dit overeen met frequenties tussen 
130 en 190 GHz, en de mogelijkheid de frequentie snel over 10% te varieren. Gebleken is dat 
de gesimuleerde lenssterkten zeer weinig afweken van de optimale experimentele instellingen. 

De energieverdeling van de electronenbundel na interactie met de mm-golven is 
gesimuleerd voor verschilende operationele condities (welke corresponderen met optimale en 
niet-optimale injectie van de bundel in de undulator). Vanwege de specifieke energieverdeling 
(een dubbele piek) wordt een drietraps collector ontwikkeld waarmee de systeem-efficientie van 
de FEM boven de 60% zal komen. De electronenbundel wordt onder een hoek in de collector 
geschoten en draait in zijn geheel om de collector as. zodanig dat de bundel over een groot 
collectoroppervlak wordt uitgesmeerd. De vorm van de collectorelectroden en de bundelinjectie 
zijn zodanig ontworpen dat verliezen ten gevolge van secundaire electronen en gescatterde 
electronen geminimaliseerd zijn. 

De FEM is uit te bouwen tot een multi-MW stralingsbron. Numerieke simulaties laten 
zien dat bij een mm-golf vermogen van 4.5 MW eveneens bundeltransport met lage verliezen, 
een smalbandig spectrum, continue verstembaarheid over een groot frequentiebereik en snelle 
verstemming over enige procenten kunnen worden gerealizeerd. De vereiste verbeteringen zijn 
technisch realizeerbaar in de bestaande FEM. 

Een altematieve benadering van boog-vermogen, electrostatische FEL's gaat uit van het 
gebruik van een nieuw ontworpen 'ui-vormige' Cockcroft-Walton generator. In deze 
hoogspanningsgenerator zijn de compacte condensatoren van de klassieke Cockcroft-Walton 
generator vervangen door een aantal omvangrijke lucht-condensatoren. De condensatorplaten 
zijn als de rokken van een ui om elkaar gebouwd. Op deze manier is de hoogspanningsterminal 
afgescbermd van aardpotentiaal en bet electriscb veld binnen de machine is zeer uniform. 
Hiermee is bet gevaar van een doorslag aanmerkelijk gereduceerd en kunnen boge spanningen 
(tot 5 MV) worden bereikt in een zeer compacte machine. 
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Stellingen 

1) The design of the Fusion FEM beam line is based on the statement: 
"Any FEL is only as good as its electron beam" 1 

1 M.W. Poole, ORAL, Daresbury, UK at the "Short course on Free Electron 
Laser Science and Technology", Sept. 2-3, 1996, PSI, CH. 

2) A promising approach to develop a high power, highly efficient, 
broadly tuneable Free Electron Maser involves the use of an 
electrostatic acceleration system equipped with electron beam recovery 
in a multistage depressed collector. 

-This Thesis 

3) "In the beginning, only the ocean existed, upon which there appeared 
an egg. Out of the egg came the sun-god and from himself he begat four 
children: Shu and Tefnut, Keb and Nut. All these, with their father, lay 
upon the ocean of chaos. Then Shu and Tefnut thrust themselves 
between Keb and Nut. They planted their feet upon Keh and raised Nut 
on high so that Keb became the earth and Nut the heavens. 11 

-Egyptian myth, c. 2500 B.C. 

After 45 centuries, we do not have a fundamentally different image ... 

4) In analysing the results of complex scientific experiments, "when you 
have eliminated the impossible, whatever remains, however 
improbable, must be the truth" 2• 

2 Sir Arthur Conan Doyle, The Sign of Four, 1890 



5) "The reasonable man adapts himself to the world; the unreasonable 
man persists in trying to adapt the world to himself. Therefore, all 
progress depends on the unreasonable". 

-George Bernard Shaw 

It is then quite reasonable to be unreasonable. 

6) The achievement of the parameters of the Maastricht Treaty gives a 
justification to governments of the European Countries for introducing 
unpopular balance measures, which are needed anyway in order to have 
a reliable, stable and efficient public administration. 

7) The European Union is presently being formed strongly on economical 
and financial basis. The parallel process of political and cultural 
integration should be intensified. 

8) The next generation of particle accelerators will consist of high gradient 
(100 MV/m), e+ -e- TeV linear colliders operating at high RF 
frequencies ( 17-30 GHz). 

9) Filamentary structures have been discovered in several classes of 
plasmas, from cosmic to laboratory-size plasmas, including in the hot 
core of a tokamak plasma. It is strange that their existence is almost 
ignored among tokamak physicists. 

10) Improvising requires Experience and Creativity. 


