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Chapter 1 Introduction 
The world demand for energy is increasing and will continue to increase for 
many decades, primarily because both the world population and the average 
energy consumption per capita are growing. The largest growth of energy 
demand is expected to occur in the emerging economies, with China as a 
prominent example. By the end of the century the world energy consumption is 
expected to have reached 3 to 5 times the present level. The increasing demand 
for energy requires access to new, non-polluting and sustainable forms of 
energy. Not only are the amounts of fossil fuel limited, even before oil (and 
coal) runs out there are other serious threats; severe air pollution and continued 
increase of the CO2-concentration with the risk of a climate change, with far-
reaching consequences.  

To meet this challenge of finding clean and ‘unlimited’ supplies of 
energy, which should be available in an economic way, all energy options have 
to be (re)considered. Application of fusion energy, the energy source of the sun, 
appears as one of the most attractive long-term options because of the 
widespread distribution of its abundant fuel supplies, available across the earth 
at low cost, and because of its inherent safety. However ideal, the controlled 
release of fusion energy is technically extremely challenging.  
 In a fusion reactor, a plasma of hydrogen isotopes at sufficiently high 
density has to be heated to 100 to 200 Million degrees C. Such hot plasmas are 
confined by means of magnetic fields (so they do not touch any material wall). 
In the most common type of reactor, the so-called tokamak, the plasma has a 
toroidal shape. The principle of magnetic confinement is that the Lorentz force 
exerted on the plasma by the combination of magnetic fields and electric 
currents in the plasma, exactly balances the pressure gradient. In the tokamak, 
this force balance is inherently stable within certain operation boundaries. 

In the largest tokamak presently operational, the Joint European Torus 
(JET), the maximum fusion power released is roughly equal to the power needed 
to sustain the hot plasma. The next step, ITER, is designed to demonstrate 10-
fold power multiplication during pulses of 500 seconds. ITER is an international 
project in which Europe, Japan, the Russian Federation, the USA, China and 
Korea collaborate, and is expected to start operation around 2015.  

High-power, millimetre (mm) wave sources play an important role in 
present and future fusion reactors such as ITER. Radiation in the mm 
wavelength range can be resonantly absorbed by the electrons in the plasma. 
The sharp resonance allows a very narrow deposition of the power. The location 
of power deposition depends on the frequency of the radiation. This unique 
property makes high-power mm-wave beams the ultimate tool to actively 
control the plasma. By locally manipulating either the pressure gradient 
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(by local heating) or the current density (by driving current), the subtle 
balance between the outward force of the pressure gradient and the confining 
Lorentz force, can be optimised. In advanced schemes, this is done in an active 
feed-back scheme, where the mm-wave beam is continuously adjusted to reach 
maximum plasma performance. 

To perform this task, the ultimate wish of the experimentalist is a 
continuous mm-wave source at the megawatt power level, in the frequency 
range 140 to 300 GHz, with rapid tuneability and high overall system (energy) 
efficiency. When the FOM-Institute started the Free Electron Maser (FEM) 
project in 1991, state-of-the-art mm-wave sources, such as gyrotrons, did not 
meet all these requirement simultaneously (and still do not as of today). The 
ambition of the FEM-project was to solve this problem. The basic design 
considerations of the ‘FEM for Fusion’ were initially proposed in [Wiel-89]. 
 The objective of this thesis is to cover the mm-wave aspects of the FEM 
and its diagnostics. In addition, a selection of important results of the FEM are 
shown. Finally, perspectives are given to upgrade the FEM to CW operation. 
 
1.1 Plasma heating and control in tokamak devices 
In a tokamak, a plasma is confined in a toroidal vacuum chamber. Circular 
tokamak plasmas are characterized geometrically by the major radius (R0) and 
the minor radius (a). Non-circular plasmas can in addition be characterized by 
the elongation and triangularity. The plasma is confined by a magnetic field, 
which has components in toroidal and poloidal direction, see Figure 1.1.  

The strongest magnetic field is the toroidal field, Bϕ, which is generated 
by a set of coils (green) surrounding the vacuum chamber (not shown). Given 
the toroidal symmetry of the system Bϕ(R)=B0R0/R. A large transformer 
(orange) generates a loop voltage for plasma start-up and inductive current in the 
plasma column (pink). The plasma current itself produces a poloidal magnetic 
field, Bθ, which is perpendicular to the toroidal direction. The combination of 
the toroidal and the poloidal field is a helical field; additional fields are 
generated with external coils for plasma positioning and shaping. In the tokamak 
concept, the toroidal current is an essential element. However, in as far as this 
current is induced through the transformer action, clearly the pulse duration is 
limited by maximum flux swing of the transformer. For steady state tokamak 
operation other means of driving current are pursued, as will be discussed 
below. 

Ohmic dissipation (due to the plasma resistance) heats the plasma. 
However, the plasma resistivity decreases rapidly with increasing temperature, 
so that ohmic heating becomes ineffective at high temperature and additional 
heating is required to drive tokamak plasmas to reactor conditions. At present 
four different approaches to additional heating are being used, each of which has 
its merits and disadvantages. 
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(Bθ) 

(Bϕ) 

Figure 1.1. Schematic of a tokamak: toroidal field coils and the plasma current, 
induced via a transformer yoke, generate a helical magnetic field. 

 
Neutral beam injection (NBI) is a powerful method, used on most present 

day tokamaks. NBI provides the experimentalist with a tool to affect the power 
balance, the momentum balance (it can be used to spin up the plasma) and the 
particle fuelling. Because the momentum transfer to ions and electrons is not 
equal, it can also be used to drive current. Extrapolation of present-day NBI 
technology to reactor-size machines is complicated because the penetration of 
the beam becomes insuffient. This requires the development of NBI systems 
with injection energy close to 1 MeV, for which systems based on the 
acceleration of negative ions are presently under development. 

Ion cyclotron resonance heating (ICRH) affects the power balance, and 
may be used to apply limited torque to the plasma. ICRH-waves do not 
propagate in vacuum, and therefore the distance between the antenna and the 
plasma must be minimized. The coupling must be matched continuously and is a 
technical challenge. 

Lower Hybrid (LH) waves are well suited for electron heating and current 
drive. The localization of the power deposition is relatively poor, and not trivial 
to control. LHCD also suffers from coupling issues. 

Electron Cyclotron Resonance Heating (ECRH) is a method of heating or 
driving current in a toroidal plasma by injecting high-frequency electromagnetic 
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waves at the electron cyclotron resonance frequency or its higher harmonics. 
The fundamental electron cyclotron frequency is given by fECRH=28 B [GHz], 
where B is the magnetic field in Tesla. A magnetic field of 6 T corresponds to 
fECRH =168 GHz or a wavelength of 1.78 mm. Hence ECRH is done with mm-
waves. The basic practical approach to ECRH is to launch the mm-waves for 
heating and current drive from the outboard side of the torus (where the toroidal 
field is lowest). For pure heating, the waves are injected radially, i.e. 
perpendicular to the magnetic field. For current drive, the waves must be 
injected with a toroidal angle. Because of the sharp resonance, combined with 
the short wavelength that allows the use of narrow, collimated beams, the 
deposition region can be limited to a few cubic centimetres. The location of 
deposition can either be varied by steering the mm-wave beam with poloidally 
moving mirrors, or by changing the frequency of the mm-waves. 

ECRH has several advantages above other heating methods for plasmas, 
because the mm-wave beam can be made to propagate in vacuum with a 
relatively low divergence compared to heating methods at lower frequencies. 
This means that the mm-wave launchers can be far from the plasma surface, 
coupling is no issue and in most conditions single pass absorption is 100%. The 
fact that the power deposition is so well localized, is a major advantage of 
ECRH. It allows the manipulation of the pressure and current density profiles 
with surgical precision, which can be used to optimise the plasma performance. 
 In principle, ECRH systems can be used 1) for assistance during the 
plasma start-up, 2) for bulk heating, 3) for localized current drive and control of 
the current density profile, and 4) for local manipulation of the pressure profile 
and/or suppression of perturbations in the magnetic topology that arise at high 
plasma pressure and affect the plasma performance (such as neo-classical 
tearing modes [Saut-97]). Comparing the merits of ECRH with the other heating 
systems, it is clear that in a reactor, ECRH will be used when localization is a 
requirement, i.e. for 1), and especially the optimisation and control tasks 3) and 
4).  
 In ITER [Iter-01] the nominal ECRH injection power will be 20 MW at 
170 GHz and 2 MW at 120 GHz. The RF power at 170 GHz is switched 
between an upper launcher and an equatorial launcher. The latter launcher has 
toroidal beam steering capabilities and is used for heating, current drive and to 
assist start-up at a lower frequency (120 GHz). The upper port launcher has 
poloidal RF beam steering capability and is mainly used for the stabilization of 
neoclassical tearing modes or other performance-limiting instabilities, with the 
beam focused at resonant flux surfaces in a position vertically offset from the 
magnetic axis (170 GHz). With higher frequencies higher current drive 
efficiencies could be achieved, but high-power sources at frequencies above 170 
GHz these are not presently available.  
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1.2 High-power mm-wave sources for ECRH 
The goal of the FEM project was to develop a mm-wave power device for 
fusion, and in particular for ITER; therefore unit power of order 1 MW and 
tuneability in the range of 130 to 260 GHz were required. If we look at the 
possible options in this range there are few alternatives [Thum-04]: 

 step-tuneable conventional cavity gyrotron 
 step-tuneable coaxial cavity gyrotron 
 FEM 

Contrary to FEMs, gyrotrons with a conventional cavity are commercially 
available with a power of 0.9 MW in practically CW operation. However, 
frequency tuning is only possible within half of the ITER frequency range. 
Coaxial cavity gyrotrons are also fast tuneable (in a limited range, <5 GHz) and 
can be upscaled to higher unit powers. The best results for coaxial multi-step 
tuneable gyrotrons were obtained in the frequency range of 136 to 167 GHz, 
with pulses in the ms range and output powers between 0.8 to 1.3 MW. 
 In this thesis a first attempt to demonstrate high-power, long-pulse 
operation of a tuneable FEM is described. The essence of the project was to 
demonstrate energy recovery of the spent electron beam, to enable high 
efficiency and CW operation, over a wider tuning range. The results of the 
FOM-FEM can be summarized: 

 maximum output power: 0.73 MW 
 demonstrated tuning range: 166- 206 GHz 
 fast tuneability: order of GHz/µs 
 pulses with constant frequency and output power, at pulse lengths up to 

38 µs 
Due to the termination of the FEM project a number of issues such as higher 
output power and longer pulses could not be addressed. 
 
1.3 Basic layout of the FEM experiment 
The FEM is a mm-wave version of the Free Electron Laser (FEL). In a FEL a 
relativistic electron beam is directed into a structure with a periodically 
alternating static magnetic field, called the undulator. The electrons are forced to 
oscillate transversely by the magnetic field of the undulator and emit 
synchrotron radiation of which the inherently broadband spectrum is narrowed 
due to the periodic nature of the undulator field, see Figure 1.2. 
 The electric field of the generated light is caused by the momentum 
change of the transverse oscillating electrons inside the undulator. The spectrum 
of the generated light is determined by a resonance condition: over each 
undulator period λu, the electron with a velocity υ, has to slip over exactly one 
laser wavelength λL. This results in the condition: 
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Figure 1.2. Schematic of a FEL. An electron gun creates an electron beam, 
which is accelerated and sent through an undulator composed of an upper and 
lower array of alternating permanent magnets, spaced by the undulator period 
in the electron beam direction. By the FEL interaction electromagnetic 
radiation is generated with a horizontal polarization. A pair of mirrors that 
surrounds the undulator forms an optical cavity so that the FEL act as an 
oscillator. 

u

u Lc
ν λ

λ λ
=

+
, (1.1) 

or in terms of electron energy, the wavelength of the generated light 22
u

L
λλ γ= , 

where γ is the relativistic (Lorentz) factor. If we correct this for the increase of 
the path length due to the transverse motion we end up with: 

( )2
2 1

2
u

L Kλλ
γ

= + , (1.2) 

where K is a dimensionless constant related to undulator parameters as: 
210 uK Bλ≈ ,with B the rms magnetic field in tesla on the undulator axis. The 

exact resonance condition for the FEM with waveguide cavity is given in  
section 2.1.5. Description of the complicated mechanism by which amplification 
occurs is outside the scope of this thesis. 
 If a pair of mirrors surrounds the undulator an optical cavity is formed. In 
this case the FEL can act as an oscillator. The advantage of this oscillator setup 
is that a many-pass interaction occurs of the mm-waves with the electron beam 
and that at every pass amplification takes place. This enables the use of a 
relatively short undulator compared to the requirements for a single-pass device. 
 The layout of the FEM is largely determined by the requirements for 
continuous wave (CW) operation, for a high overall efficiency and for fast 
tuneability. A dc acceleration and deceleration system is preferred over an RF 
system for the following reasons. Firstly, charge and energy recovery of the 
unspent electron beam is less complex in a dc system than in an RF system. 
Secondly, the energy of the electron beam can be varied easily and rapidly, 
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which is used for fast-tuning the mm-wave frequency. Thirdly, CW-operating of 
RF accelerators is more complicated than that of dc accelerators.  
 An important requirement for operating the FEM in CW mode is that the 
electron loss current be less than the current delivered by the 2-MV dc power 
supply which provides the accelerating voltage. Commercially available power 
supplies can deliver currents of some tens of mA at maximum. Our target is to 
keep the electron loss current below 20 mA, which is 0.2% of the total beam 
current of 12 A. In view of the stringent requirements for the electron beam loss 
current and for proper charge and energy recovery, a simple, straight electron 
beam line is used. Note that a straight electron beam line results in the need for 
bends in the mm-wave beam line to separate the electron beam from the mm-
wave beam. This problem can be solved as will be shown in section 2.2. 
 A high efficiency can only be reached when the charge and energy of the 
unspent electron beam, i.e., the electron beam after passing the undulator, are 
recovered: a decelerating system and a collector are needed. The reason for this 
is that if we have for instance a 10 A beam accelerated to 2 MV and we extract 
5% of the power, the remaining 19 MW of beam power, can be recovered by 
deceleration and dumping at the lowest possible energy in the collector. At the 
collector we sort the electrons in the range of the energy spread over three 
electrodes. These considerations result in a basic layout and the practical 
realisation of the FEM as shown in Figure 1.3 and Figure 1.4 respectively. 
 The electron beam line comprises a thermionic electron gun, an 
electrostatic accelerator, an undulator and mm-wave system, an electrostatic 
decelerator and a depressed collector. The whole system is placed in a pressure 
vessel filled with the high-voltage insulating SF6 gas at 7 bar. Since large dc 
power supplies are needed to feed the electron current back from the collector to 
the gun, the best setup is to mount the gun and the depressed collector at earth 
potential and the undulator and mm-wave system in a high voltage terminal. The 
main design parameters of the FEM [Urba-93] are given in Table 1.1. 
Table 1.1. The main design parameters of the FEM. 
Electron gun voltage 80 kV Gain at saturation 3.5 
Electron beam current 12 A Waveguide cross section 15 x 20 mm2

Electron energy range 1.35-2.0 MeV Waveguide mode HE11
Pulse length 
At normal setup 100 ms Reflector type Stepped 

waveguide 
Pulse length  
at inverse setup 10 µs Undulator period 40 mm 

Mm-wave  
frequency 130-260 GHz Number of undulator 

periods, section 1 20 

Mm-wave  
output power 1 MW Number of undulator 

periods, section 2 14 

Target overall efficiency > 50% Undulator field section 1 0.2 T 
Electron current losses < 20 mA Undulator field section 2 0.16 T 
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Figure 1.3. The basic layout of the FEM. The complete setup including electron 
gun, dc accelerator, mm-wave cavity with the transmission line and dc 
decelerator are placed inside the pressure vessel. The cavity is at high-voltage 
potential. The pressure vessel is filled with SF6 gas at 7 bar in order to suppress 
breakdown. 
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Figure 1.5. The FEM in inverse setup. Only the electron gun and the dc 
accelerator are placed inside the pressure vessel. The cavity is at ground 
potential, which allows easy access. 
 
 
 To have better access to the undulator, mm-wave cavity and electron 
beam diagnostics, the first crucial experiments of the low-loss current operation 
of FEM [Urba-98] were done in the inverse setup, shown in Figure 1.5. In this 
setup the electron gun is placed inside the high voltage terminal (negative in this 
setup) and the cavity is at ground potential. Furthermore, the system is operated 
only with a simple beam dump, without a decelerator and a depressed collector. 
Because the high voltage supply (ICT) is only capable of delivering 25 mA, 
beam current is solely delivered by the capacitance of the high voltage terminal. 
Consequently, there is a drop of the accelerating voltage during the pulse  
(1 kV/µs per ampere beam current). 
 The FEM is a medium-gain oscillator with a low extraction efficiency 
from electron beam power to mm-waves of 5%. The gain should not be too low 
to limit the total intra-cavity power in the mm-wave system and to ensure fast 
start-up of the mm-wave power. A large intra-cavity power results in high field 
strengths, which easily initiate break-down and result in high ohmic losses. The 
value for the extraction efficiency must be small because of the required CW 
operation. Low-loss deceleration of the unspent electron beam and efficient 
charge and energy recovery can only be realized when the energy spread of this 
beam is not too large; the energy spread increases roughly proportional with the 
extraction efficiency. 
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1.4 This thesis 
Since the start of the FEM project in 1991, three theses have been written 
covering various aspects of the design and testing of the FEM. The first thesis 
[Eece-96], (1996) addressed theoretical work on the generation of mm-wave 
power and gave simulations of the spectral behaviour of the FEM using a 
measured cavity feedback curve. In the second thesis [Vale-97] (1997) the 
design and testing of the electron beam transport and acceleration systems, 
including the electron beam diagnostics were detailed out for the FEM. The 
work focused on reaching and measuring low-loss beam transport. This work 
was supported by simulations with the General Particle Tracker-code (GPT). In 
the third thesis [Gelo-01] (2001) the design and implementation of this GPT-
code was treated in depth, and as an application the design of the FEM 
multistage depressed collector was simulated.  
 
The objective of this thesis is to describe the mm-wave aspects of FEM. The 
actual generation and characterization of mm-waves is in fact the proof of the 
pudding, but was not covered so far. In the FEM design the following ‘mm-
wave challenges’ had to be addressed at 1 MW power level: 

 Separation of the mm-waves from the electron beam 
 Adjustable feedback of the mm-waves to the cavity 
 Design of a low-loss wideband transmission line 
 Transmission of mm-waves across the high-voltage and vacuum barriers  

This thesis thus completes the “full story” of the FEM project by covering the 
mm-wave aspects, which comprise the following subjects: 

 Design of mm-wave components, like the cavity and the transmission 
systems 

 Testing of the mm-wave components, at low power (cold testing) 
 Mm-wave diagnostics to analyze the output performance of the FEM 
 High power measurements on the mm-wave output of FEM phase I (short 

pulse) and II (long pulse) with extensive analysis of the results 
 Re-design of mm-wave parts in view of a possible upgrade to CW 

operation. 
These subjects are treated in chapters 2 to 7 in the following way:  
Chapter 2 describes the selection of the design for the undulator waveguide, 
more exact fields than mentioned in [Eece-96, Vale-97] are given and the losses 
are calculated. The reflection and out-coupling system are treated in a similar 
way. Finally, the wideband transmission line and window design are described. 
In Chapter 3 the setup and results of all the low power tests are given, not only 
for the separate cavity sections, but also for the total system including the 
transmission line. Here losses are measured at certain frequencies of the system, 
which form the basis for Chapter 6. In Chapter 4 several diagnostic systems are 
described to measure the relative power and frequency spectrum versus time, the 
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spatial power distribution and the absolute power. The high power 
measurements on the FEM, using the above mentioned diagnostics are given in 
Chapter 5. Chapter 6 gives suggestions for a follow-up of the FEM. One of the 
most important issues, the heat loading on several components, is treated 
extensively. An outline is given of the improvements needed for CW operation. 
Also, solutions are given for imperfections of the system, as concluded from 
Chapter 2 and Chapter 3. In Chapter 7 overall conclusions are given. 
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Chapter 2 The mm-wave system 
of the FEM 

After a general introduction on basic objectives, alternatives and layout of the 
FEM, a description is given of the advanced mm-wave system of the FEM. 
 First the heart of the FEM, the undulator waveguide, is discussed. After 
considering several possibilities, we focus on the current choice, shown in 
Figure 2.1. The characteristics of this waveguide are treated to a practical depth 
usable for calculations and simulations. Second, the feedback and out-coupling 
system is described. Due to the fully adjustable feedback, this system makes the 
FEM an oscillator with a maximum of operational freedom. Third a detailed 
description is given concerning the transmission lines with their unique 
broadband characteristics needed to cover the entire frequency range of 130 to 
260 GHz of the FEM output beam. Practical design issues will be treated. 
Finally after some basic theory about windows we come to the description of the 
window used for the FEM.  
 In Chapter 6 we reconsider some components of the mm-wave system in 
view of improving the long-pulse, high-power handling capabilities. 
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2.1 The undulator waveguide 
2.1.1 Choice of the waveguide type 
The mm-waves are generated and amplified in what we call the primary 
waveguide of the FEM. This waveguide is placed inside the undulator. Due to 
the alternating static magnetic field inside the undulator, the relativistic electrons 
wiggle along a sinusoidal path. Interaction takes place between the field of the 
‘wiggled’ electrons and that of the mm-wave mode inside the waveguide. Near 
loss-free transport of the electrons through the undulator waveguide is of utmost 
importance, because of (a) the stability of the acceleration voltage and (b) power 
loading by lost electron beam current on the waveguide walls. Even a minor 
fraction of the 12 A, 2 MeV electron beam can damage the waveguide or even 
burn through the wall in a very short time. At the time the undulator was being 
designed, arrays of side magnets turned out to be the best choice, both with 
respect of adjustability of the undulator field as well as the electron beam 
focusing properties. This option was chosen, even though it ruled out the use of 
some types of waveguides. Furthermore the decision was taken to use a straight 
electron beam line because the electron optics had to work in a large range of 
accelerating voltage (1.3 to 2 MeV) to obtain near loss-free electron beam 
transport. 
 There are several contradictory requirements for the waveguide. On the 
one hand the transverse cross-section of the waveguide has to be large, so as to 
avoid intercepting even a small fraction of the electron beam current, the design 
target being less than 0.2%. On the other hand, the waveguide has to be small to 
obtain a good overlap of the mm-wave beam and the electron beam (high 
extraction efficiency), and to avoid parasitic mode excitation. The latter means 
that possible parasitic modes, either lower-frequency or backward modes, 
should be far away in frequency with respect to the primary mode within the 
design range of 130 to 260 GHz. 
 Several waveguide types were analyzed as candidates for the primary 
waveguide: Smooth rectangular, corrugated rectangular, corrugated circular, 
elliptical and grooved open waveguides [Best-93, Deni-95]. Important features 
are ohmic loss, the possibilities to realize a reflection or feedback system, and 
the separation of the mm-waves from a straight electron beam, the extraction 
efficiency and mode competition. The main characteristics are presented in 
Figure 2.2.  
 In a smooth rectangular waveguide, TEmn and TMmn modes, with m even 
and n odd will be excited1, because the interaction creates a maximum in the 
centre. These modes result in a very low extraction efficiency of the electron-
wave interaction because the electric field of these modes is not strongly peaked 

                                                           
1 The mode indices m and n indicate the number of field-maxima in horizontal and vertical cross-section of the 
waveguide. The wide-dimension is horizontal for smooth standard waveguide. 
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at the centre. Further they result in high ohmic losses due to large wall currents. 
This waveguide is therefore not suitable for our FEM. 
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Figure 2.2. Overview of the applicability investigation of different types of 
waveguides for the FEM. 
 

 A large improvement is reached when a rectangular corrugated waveguide 
is used. Corrugations are periodic wall perturbations, which modify the wall 
impedance such that the wall currents are suppressed. This waveguide is 
corrugated at the vertical sides, parallel to the undulator field. In this waveguide 
hybrid HEnm modes, with n and m odd, are excited which have an approximate 
cosine distribution in both x and y direction (origin of coordinate system in 
centre of the waveguide). The field is thus strongly peaked at the centre and the 
extraction efficiency is high. Due to this field distribution, the ohmic losses are 
low. This makes this type of waveguide suitable as the primary waveguide. The 
separation and feedback system can be made by means of the ‘stepped-
waveguide’ principle, described in section 2.2. 
 A circular corrugated waveguide can be used within the rectangular 
aperture of the undulator. In this case, a ‘stepped waveguide’ for feedback and 
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separation as mentioned for the rectangular corrugated waveguide, gives some 
minor additional coupling losses of the circular mode to the rectangular mode. 
 The open elliptical and the grooved waveguide have several advantages. 
The ohmic losses are low, while separation systems can be realized by means of 
bends to come outside the electron beam line [Deni-95]. However, a 
disadvantage is that the bends must be minimally 2 metre long and at that 
position, outside the undulator, the electron beam has grown to a thickness of 
several centimetres. This can result in high electron beam losses on the 
waveguide walls. The only possibility for the feedback and separation system is 
to use in this case also ‘stepped’ waveguides. The field of the open elliptical and 
the grooved waveguide is peaked in the centre, which results in a sufficient 
extraction efficiency. However, these waveguides do not fit into our undulator 
because the size is limited in the direction opposite to the magnetic field to ~28 
mm by the side magnets. 
 Having analyzed the main features, that are important for FEM operation, 
we conclude that the best choice for the primary waveguide is the rectangular 
waveguide, corrugated at two walls.  
 
2.1.2 Geometry of the corrugated waveguide 
The application of the rectangular corrugated waveguide with a corrugation 
depth around a quarter of a wavelength leads to a drastic reduction of the ohmic 
losses due to the almost vanishing tangential magnetic fields at the waveguide 
walls [Clar-84]. A reasonably accurate way to derive the eigenmodes of this 
waveguide with rectangular corrugations is the assumption that the corrugations 
cause an anisotropic longitudinal wall impedance [Clar-84, Doan-87, Ohku-95]. 
For a different shape of corrugations, the scattering matrix formalism can be 
used in which the hybrid HE1n eigenmodes can be represented as a superposition 
of TE1n and TM1n eigenmodes of the smooth wall waveguide [Wagn-99]. 
 The analytical anisotropic longitudinal wall impedance method is chosen 
for this case. Consider the waveguide geometry shown in Figure 2.3. In contrast 
to the method most commonly used in literature on corrugated waveguides 
[Doan-87, Ohku-95, Poza-99], in which the properties are calculated by varying 
corrugation depth at a constant frequency, we keep the geometry of the 
waveguide constant and vary the frequency of the mm-wave to determine the 
field shapes and losses. The waveguide size (a and b) is chosen such that it fits 
within the undulator and that in the dispersion diagram the first interception 
point of the waveguide mode curve and the electron beam line curve is not too 
close to the waveguide cut-off, see section 2.1.5. For the corrugations the rule of 
thumb was used that both the corrugation depth (d) and period (p) are 
approximately one third of the wavelength for the highest frequency to prevent 
operation in the Bragg reflector regime. For easy machining the width of the 
corrugation (w) is chosen to be half the period. The dimensions a, b, d, p and w 
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are 15, 20, 0.43, 0.4 and 0.2 mm respectively. In the sections 2.1.3 and 2.1.4 the 
properties of this chosen geometry will be modelled.  
 

 
Figure 2.3. View of the FEM rectangular corrugated waveguide, the top and 
bottom walls are transversely corrugated and the sidewalls are smooth. The E-
field is perpendicular to the rectangular corrugations (along y-axes). In the 
FEM the waveguide is mounted rotated over 90° (Y-axis is horizontal). 
 
2.1.3 Calculation of the fields inside the corrugated waveguide 
2.1.3.1 Basic equations and assumptions 
To analyze the modes in this waveguide we use the method described in [Clar-
84], the general solution for the fields in the waveguide being: 

( ) ( ) ( ) ( ) ( )cos sin cos sin zj t K z
H x x y yA K x B K x C K y D K y e ωψ − +⎡ ⎤= + +⎡ ⎤⎣ ⎦ ⎣ ⎦  (2.1) 

 The spatial harmonics are neglected and we assume that the fields in the 
slits of the corrugations are generated by the lowest order TEm0 mode for the 
HEmn mode in the waveguide. At the boundary of the smooth sides, the 
derivative of the equation (2.2) must be zero in x-direction. From this condition 
it follows that: 

x
mK
a
π

=  (2.2) 

In x-direction Hψ  must have a symmetric cosine distribution for odd values of m 
and an asymmetric sine distribution for even values of m. The corrugated 
boundary in the y-direction causes an frequency-dependent anisotropic wall 
impedance. In this case the general function does not have to be zero at the wall 
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but has to be matched to the wall impedance. Symmetric cosine or asymmetric 
sine distributions are the real eigenvalues ps (symmetric) or pa (asymmetric), see 
equation (2.11) to (2.14). These give: 

,s a
y

p
K

b
π

=  (2.3) 

The transverse field components for the HEmn modes in both planes, symmetric 
and asymmetric, are given by: 

0xE =  (2.4) 

( ) ( ) ( )sin sin zj t K z
y z mn x yE K A e ωωµ ψ ψ − += −  (2.5) 

( ) ( ) ( )sin cos zj t K z
z y mn x yE j K A e ωωµ ψ ψ − += −  (2.6) 

( ) ( ) ( )2 sin sin zj t K z
x z cor mn x yH K A e ωψ ψ − +=  (2.7) 

( ) ( ) ( )cos cos zj t K z
y x y mn x yH K K A e ωψ ψ − +=  (2.8) 

( ) ( ) ( )cos sin zj t K z
z x z mn x yH jK K A e ωψ ψ − +=  (2.9) 

with 2 2
0z cK K K= − , 0

2K π
λ

= , 2 2
c x yK K K= + , x

mK
a
π

= , 
2x x

mK x πψ = +  and 

2y y
nK x πψ = + , where the equations for xψ  and yψ  represent the symmetric and 

asymmetric characteristics for the mode indices m and n. 
The constant Amn is chosen such that ( )*1 ˆRe

2 s

zds×∫∫ E H  is equal to the power 

flowing through the waveguide. 
Inside the corrugation we have 2 2

0z cor c corK K K= − with 2 2
c cor x cor y corK K K= +  

and cor
y cor

nK
w

π
= . The cut-off frequency of the corrugation is given by [Poza-90]: 

2
c cor

c cor
Kf
π µε

=
 

(2.10) 

For a corrugation width of 0.2 mm, cut-off frequencies of 10 GHz and 750 GHz 
can be calculated for respectively TE10 and TE11 (or TM11) modes. This means 
that inside the corrugations only the TE10 mode exists ( 0ycor

K = , ) 
for the HE

ccor x cor xK K= = K

11 mode in the main body of the waveguide. In the same way higher 
order modes HEmn give TEm0 modes inside the corrugations. To find the 
eigenmodes of the waveguide, the impedance created by the fields parallel to the 
corrugated side should be equal to the wall impedance of the corrugations: 
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z
cor

y

EZ Z
H

= ≡
 

(2.11) 

The corrugation impedance can be derived from a shorted waveguide with a TE-
mode [Doan-87]: 

( )tan ,cor TE zcor
WZ j Z K d
p

=
 

(2.12) 

where 0
TE

zcor

KZ
K

η
=  with µ

εη = and 0K ω µε=  [Poza-90]. 

From the equations (2.3), (2.11) and (2.12) the eigenvalue equations can be 
derived from which the symmetric and asymmetric eigenvalues, ps and pa, which 
can be solved to give: 

( )tan tan
2
s zcor

s z
p WbK

corp K d
p

π
π

⎛ ⎞ = −⎜ ⎟
⎝ ⎠  

(2.13) 

( )cot tan
2
a zcor

a z
p WbK

corp K d
p

π
π

⎛ ⎞ =⎜ ⎟
⎝ ⎠  

(2.14) 

 
2.1.3.2 Calculation of the fields 
The eigenvalues, ps and pa, are the normalized transverse wavenumbers. These 
represent the number of field-maxima in the y-direction, shown in Figure 2.4 for 
several HE1n modes as a function of the frequency. 
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Figure 2.4. The normalized transverse wavenumber of the rectangular 
corrugated waveguide for several symmetric (s) and asymmetric (a) HE1n modes 
computed as a function of the frequency for the geometry chosen for the FEM. 
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 With the symmetric normalized transverse wavenumber, solved from 
equations (2.13) and (2.4) to (2.9), the field profiles of the power (0.5Re(ExH*)) 
can be calculated for several frequencies (see Figure 2.5). Looking at the shape 
and size, the conclusion is that the field profiles change only very little in the 
operational frequency range of the FEM, i.e. 130 to 260 GHz. 
 

 
Figure 2.5. The calculated power field profiles (0.5Re(ExH*)) of the HE11 mode 
inside the corrugated waveguide of the FEM for several frequencies. Note that 
in the range 130 to 260 GHz there is little change. 
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2.1.4 Calculation of the losses in the corrugated waveguide 
To calculate the fractional loss of the waveguide per unit length, the tangential 
magnetic fields should be integrated over the waveguide walls. In practice this is 
done for all the inner metallic surfaces of the waveguide except for the inner 
groove surface of the corrugations: 

2
2 2

,
1
22

2

a
p

s
top bottom x z

a W y b

RP H H
=−

= +∫ ∫ dxdz  (2.15) 

2 2 2
,

10
22

2

b
p

s
left right y z

b x a

RP H H
=−

= +∫ ∫ dydz  (2.16) 

with the surface resistance, sR f µπρ= , for the undulator waveguide material 
copper, which has a specific resistance of ρ . In this calculation a temperature 
dependent specific resistance function is used2. 
 
 Having an HE11 mode in the waveguide, the losses caused by the fields 
inside the corrugations can be calculated by treating the corrugation as a mono-
mode TEm0 waveguide with a metallic mirror at the end. TE10 is used in this 
case. The attenuation of the groove is given by [Thum-96]: 

2 2 2 2
0

2 2 2 2 22
0

22
0

2
0

22 1 ,
1

n c cor cor cor

cor cors c cor
cor

c cor

K m aw n aw
K m w n aR Kw

a K aKw
K

ε

α
η

⎛ ⎞⎛ ⎞ +
−⎜ ⎟⎜ ⎟ +⎛ ⎞ ⎝ ⎠⎜ ⎟= + +⎜ ⎟⎜ ⎟⎝ ⎠

⎜ ⎟− ⎜ ⎟
⎝ ⎠

 (2.17) 

where for TE10: 1corm = ,  and0corn = 0 1nε =  ( 0 2 if 0n cornε = > , for TE1,n(>0) modes). 
The general mirror loss equations, for the beam plane perpendicular or parallel 
to the polarization [Gold-98] are given by: 

( )
( )

//
0 0

4 cos4 ,
cos

s is

i

RRL or L
Z Z

θ
θ ⊥= =  (2.18) 

where the characteristic impedance of the corrugation, 0
0

0z cor

KZ
K

0µ
ε

=  (= 0

0

µ
ε

for 

a mirror placed in free space) and the mirror angle iθ  i.e., the angle between the 
normal to the mirror plane, and the beam. In this case 0iθ =  for the corrugation 
bottom. The transmission over the path from the aperture of the corrugation 

                                                           
2 2 = (1.8624+.7041e-2*T+.21527e-6*T )*1e-8 mρ Ω  with T in °C, [ITER-97]. 
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groove, to the mirror at the bottom of the slit, and back to the aperture can be 
calculated: 

( ) ( )2 21 cor d
cor mirrorT L e α= − , (2.19) 

where d is the depth of the corrugation slit. It is important to know the amount 
of power that enters the corrugation. As a worst-case assumption we use: 
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)

 (2.20) 

From equations (2.15) to (2.20) the attenuation in dB per metre can be 
calculated for HEmn modes: 

( ) ( ) ( )(
1

2 2 210
, ,( ) 10 log 1 1 1 1 p

mn top bottom left right cor corL HE P P P T
⎧ ⎫⎪ ⎪⎡ ⎤= − − − −⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭

,  (2.21) 

where p is the period of the corrugation. The result of a calculation of the 
attenuation over a large frequency range is shown in Figure 2.6.  
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Figure 2.6. The calculated loss of the HE11 mode in a rectangular corrugated 
waveguide with the geometry as used in the FEM. In the FEM range the 
maximum loss at 130 GHz is 0.007 dB/m (2.6‰/m). 
 
Note that the minimum loss occurs at 175 GHz; at this frequency the normalized 
transverse wavenumber or eigenvalue, shown in Figure 2.4, is the closest to one. 
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 The conclusion about the corrugated waveguide is that in general the 
losses are very low: about 0.8‰ single pass for a length of 1.6 m at 200 GHz. 
Furthermore, for the optimal design of a waveguide for a high-power device that 
operates over a wide frequency range, like FEM, the corrugation depth, d, must 
be chosen such that the loss in the used frequency range is small enough to meet 
the cooling specifications. 
 
2.1.5 The dispersion curves of the FEM 
To verify the size of the undulator waveguide in combination with the parasitic 
mode excitation the exact dispersion curves of the FEM have to be calculated. 

If an accelerated electron beam travels through the undulator waveguide 
placed within the undulator, micro-bunching develops with a structure 
somewhat more dense than the wavelength which is generated [Geer-98]. This 
can be explained as follows. For each generated wave the bunch pattern shifts 
over a bunch. The ratio between the wave number in space, K0, and the wave 
number of the bunch pattern, Kb, must be the same as the ratio of the electron 
velocity, (zv c )zβ= , and the velocity of light and every bunch, travelling through 
the waveguide inside the undulator, gives one mm-wave period during passing 
one undulator-period. This gives the “resonance condition”: 
 

b z u z b uK K K or K K K= + = − , (2.22) 

where for the waveguide: 
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undulator period, Bu is the peak undulator magnetic field and Vacc is the 
acceleration voltage of the electron beam. 
 The FEM is equipped with a step-tapered undulator [Varf-94], which 
consists of two planar hybrid magnet undulators with different lengths and 
magnetic field strengths. The undulator period is 4 cm in both sections. The 
peak magnetic field strengths are 0.2 T and 0.16 T respectively for the first 
section of 20 periods and the second section of 14 periods. This difference in 
magnetic field of the two sections ensures that the electrons stay, roughly, in 
resonance when transferring energy to the mm-wave beam. In this setup the first 
section acts as a generator and the second section acts as an amplifier. 
Consequently, the strength of the magnetic field of the first section is taken in 
the calculation of the resonance condition of equation (2.22) [Eece-96]. 
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 Solving equation (2.22) gives the dispersion curve (see Figure 2.7). Note 
that the Kz of the waveguide is calculated with the real eigenvalues, ps,a, which 
are a function of frequency (see Figure 2.4). 
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Figure 2.7. The dispersion curves of th
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The impedance of the waveguide is calculated from the fields given in equations 
(2.5) and (2.7) with: 

2
y z

w
x z c

E KZ
H K or

ωµ−
= =  (2.24) 

Because the undulator waveguide in- and output is connected to a much larger 
waveguide, the assumption is made that the characteristic impedance, Zamb, is 

equal to the characteristic impedance of vacuum ( 376.65µ
ε = Ω ). For an 

accelerating voltage of 1.714 MV we calculate a reflection coefficient of –71 dB 
for the high interception point and –24 dB at the lowest interception point. This 
reflection occurs at both ends of the undulator waveguide, which means that the 
total reflection is twice this value. The total reflection at the lowest interception 
point can be compared to the gain of the undulator to predict if parasitic 
oscillation can occur. The maximum linear gain in the small-gain regime of the 
undulator is extrapolated to 16 dB at 26.2 GHz [Eece-96], which gives no 
parasitic oscillation with the –48 dB reflection in this case. Looking at the 
extreme values of the acceleration voltage, 1.334 MV and 1.995 MV for 130 
GHz an 260 GHz operation respectively, the lowest interception point of 25.6 
GHz is obtained with the highest acceleration voltage of 1.995 MV. The total 
reflection is –45.8 dB, which still causes no parasitic oscillation. At higher-order 
modes, like HE13 and HE31, which are symmetric to ensure interaction, the 
interception points in the FEM range (75.2 GHz, 222.5 GHz and 165.3 GHz) are 
far from cut-off and cause no oscillation problems by the reflection at the ends 
of the waveguide. However, to prevent problems the reflecting system outside 
the undulator waveguide must be frequency selective. Only enlarging the 
waveguide from 15 by 20 mm to 15 by 165 mm or 32 by 32 mm gives parasitic 
frequency generation at about 11 GHz for HE11 mode (if we assume the gain 
16.5 dB at about 11 GHz). 
 The conclusion is that the dimension of the corrugated undulator 
waveguide is chosen on the safe side and that it could have been larger. A 
frequency selective reflection system can suppress other frequencies generated 
by higher-order modes. 
 
2.2 The feedback and out-coupling system 
2.2.1 General description 
The FEM is operated as an oscillator, therefore a system is needed that reflects 
part of the power back into the cavity (feedback) and that couples the remainder 
of the power out of the cavity. Since the electron beam line is completely 
straight for reasons given in section 1.3, the mm-waves have to be coupled out 
sideways. Further, the fraction of the electron current intercepted in the 
separation system should be as small as possible, which means that there should 
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be enough transverse space for the electron beam. This was the reason that 
bends made with elliptical waveguides [Deni-92-1st] are less suitable. 
 The gain of the FEM is strongly dependent on the electron beam current. 
For flexibility of operation, an adjustable feedback is needed in the whole 
frequency band from 130 to 260 GHz. This excludes the use of Bragg reflectors 
[Wagn-92], which operate at a fixed frequency with a fixed reflection 
coefficient. A flexible solution for all these contradictory requirements is based 
on ‘stepped’ waveguides. ‘Stepped’ is referring to a step in one of the 
dimensions of the waveguide. This option is based on the effect of 
multiplication of images in oversized multimode waveguides and was first 
mentioned in [Rifl-81] and worked out in detail for the FEM by  
[Deni-92-2nd, Deni-93, Deni-94]. 
 The stepped waveguide is realized by attaching to the primary waveguide 
a waveguide, which has a larger height while maintaining the width (see Figure 
2.8). Both upstream and downstream of the primary waveguide, the transverse 
cross section of the waveguide changes stepwise: for the reflector from 15x20 
mm2 to 55.8x20 mm2 and for the splitter from 15x20 mm2 to 67.1x20 mm2 (at a 
frequency of 200 GHz and length of reflector and splitter respectively 1.04 m 
and 1.5 m), see Figure 2.8. In this case the largest dimension is parallel to the 
undulator magnetic field. This ensures that the primary horizontally polarized 
HE11 mode is fully separated into two horizontally polarized off-axis beams. 
The mechanism will be explained in detail later. The two beams have identical 
symmetrical profiles and plane wave fronts. Full separation of the beams takes 
place after a distance, l, from the step [Deni-92-2nd] (see also Figure 2.10): 

2

,
2
al
λ

=  (2.25) 

where a is the height of the waveguide. At the location of full separation two 
mirrors are placed, which reflects the two mm-wave beams, while the electron 
beam passes on-axis through the opening between the mirrors (see Figure 2.8). 
At the downstream side of the undulator waveguide we have to reflect only part 
of the power and to couple the remainder of the power out of the cavity. This is 
realized by a similar stepped waveguide, the splitter. 
 It is possible to give one of the two end mirrors of the splitter a small 
displacement in z-direction, which means that the reflected beams have a phase 
difference. The result of this is that after reflection one on-axis and two off-axis 
backward-propagating beams are formed. By variation of the phase difference, 
i.e., by translating one of the mirrors, the reflected on-axis power can be varied 
from 0 to 100% of the incoming mm-wave power. The on-axis beam propagates 
back all the way through the primary waveguide. In this way, part of the mm-
wave power is fed back. The two off-axis beams are coupled out by way of two 
double 90o E-plane mitre bends. 
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Figure 2.8. The FEM mm-wave cavity layout. All vertical sidewalls are 
corrugated, the E-field polarization is horizontal. 
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Figure 2.9. The reflector and splitter/combiner geometries, showing height of 
sidewalls in mm at several frequencies. Also shown are the positions of the three 
‘mm-wave beams’ (see Figure 2.10 and Figure 2.13 for the field distributions). 
At the inside of the waveguide the vertical walls are corrugated. 
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In a similar way, the two output beams are merged into one beam in a combiner 
system that is mounted in parallel to the described beam-splitter system. Then 
the single output beam travels through a piece of waveguide with similar 
dimensions as the primary waveguide, including an H-plane mitre bend. After 
this waveguide the quasi-optical transmission line starts. 
 The FEM has to operate in the frequency region of 130 to 260 GHz. From 
equation (2.25) the conclusion is that, at constant length of the stepped 
waveguides, the height should be varied as a function of frequency, see Figure 
2.9. The FEM stepped waveguides have been constructed with a remotely 
controlled system based on servo actuators with µm accuracy to adjust the 
sidewall height. 
 
2.2.2 Calculation of the fields: Method 
To understand how the stepped waveguides work and to calculate the losses, the 
field from the plane at which the step in height occurs has to be represented as a 
sum of eigenmodes of the structure with the wider dimension. 

( ) ( )m m
m

f u C F
∞

= ∑ u

ds

 (2.26) 

where m is the order of the eigenmode [Gold-98]: 
The unnormalized expansion coefficients, Cm, are given by the overlap integral 
over the aperture of the input field and the eigenmodes: 

*
0 ( ) ( )m z m
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C F u F u== ∫  (2.27) 

The normalized field-coupling coefficients of the field coming from the primary 
rectangular waveguide to the rectangular waveguide after the step, are given by: 
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Here b is the height, which is the same as that of the primary waveguide, c the 
horizontal dimension, E1 the E-field in the primary waveguide before the step, 
E2 the E-field after the step. Note that the field equations of the HE–modes are 
the same as equations (2.4) to (2.11) given in the previous section 2.1.3. only the 
waveguide size is different and the eigenvalues should be calculated and 
substituted for each mode separately. The eigenvalue n′ is derived from the 
mode indexes m, n, the waveguide dimensions and the wavelength, using 
equation (2.13) and (2.14). All the field components can now be calculated by 
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substituting equations (2.4) to (2.11) separately for each mode. The total field 
after the step is now reconstructed with: 

( ), '
, , '( , , ) ( , ) zm nj t K z

m n m n
m n

F x y z C f x y e ω
∞ ∞

− += ∑∑  (2.29) 

Because there is no step in the E- polarization direction (y), the field in y-
direction has a shape approximately the same as that in the primary waveguide, 
although the eigenvalue n′ differs a little before and after the step. The 
eigenvalues at 200 GHz are 0.98897 and 0.98888 for the primary waveguide and 
reflector, respectively. If this eigenvalue difference is neglected, the mode 
reconstruction can be simplified by doing this only in vertical dimension. The 
eigenvalue n′ will be calculated from m maintaining n=1. We then arrive at a 
simplified version of equation (2.29): 
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,1 , '( , , ) ( , ) zm nj t K z

m m n
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F x y z C f x y e ω
∞

− += ∑  (2.30) 

 For the H-polarization (x) direction only modes are supported with zero 
E-field at the boundaries. This implies that m is starting from 1. 
 
2.2.3 Calculation of the fields: Results 
As an example of the mode decomposition calculation, the reflector waveguide 
is considered. The mode decomposition is given in Table 2.1. 
 
Table 2.1 The calculated power mode decomposition and phase of the reflector 
(Re(Cmn

2) and Arg(Cmn)) at a frequency of 200 GHz, the E-field being in the n-
mode-index direction. The length of the waveguide is 1.04 m and the frequency 
dependent width is 55.8 mm. 

HEm,n power % Phase o

1,1 42.10 0
2,1 0 0
3,1 31.94 180
4,1 0 0
5,1 17.74 0
6,1 0 0
7,1 6.54 180
8,1 0 0
9,1 1.17 0

10,1 0 0
11,1 0.004 180
12,1 0 0
total 99.49
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 The conclusion is that for the reflector only the odd HEm1 modes 
contribute to the field reconstruction. Knowing the coupling coefficients, we can 
reconstruct the field of the mm-wave beam coming from the end of the primary 
waveguide propagating through the reflector (see Figure 2.10). 

 
 

Figure 2.10. The calculated power field profiles (0.5Re(ExH*)) of the reflector 
sliced along the propagation direction, calculated at 200 GHz. 
 
The phase of the output can also be calculated. The result is shown in Figure 
2.11. 

 
Figure 2.11. The calculated phase (argument(Ey)) of the two beams at the end of 
the reflector. The two beams are in phase. 
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 Because the phase of the two beams is equal at the end of the reflector it is 
possible to reflect this field pattern with two off-axis mirrors at the same z-
position. This results in the same pattern as shown in Figure 2.10. 
 For the splitter/combiner (see Figure 2.14) the situation is more 
complicated. At first the beam is also split into two beams, and then the two 
beams are reflected but now with phase difference. This results not in a single 
mm-wave beam at the other side, but in three beams. The power in the middle 
beam forms the feedback power in the FEM cavity. The dependence of the 
feedback power on the phase shift is: 

1 (cos( ) 1)
2 sR ϕ= ∆ + , (2.31) 

where 4 s
s

z πϕ
λ

∆
∆ =  and sz∆  is the translation of one mirror from its “zero” 

position (i.e. the position where 100% reflection occurs). Figure 2.12 shows the 
dependence of the feedback power and the phase shift. 
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Figure 2.12. The fraction of power at 200 GHz which is reflected back into the 
primary waveguide, as a function of the mirror translation (∆zs) or equivalently 
the associated phase shift (∆ϕs). 
 
 The outer two ‘return’ mm-wave beams have at the input end of the 
splitter waveguide a constant phase difference of 180° for the complete feedback 
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range between 0 to 100%. As an example, see Figure 2.13 for phase pattern 
calculations at 33% and 66% feedback at the start of the splitter. 

 

(a) 

 

(b) 

Figure 2.13. Calculated phase pattern of the backward propagating wave at the 
position of the step in the waveguide for 33% (a) and 66% (b) feedback. 
 
 To make the mm-wave beams suitable for the combiner, this phase 
difference should be compensated by cϕ∆ =180°. This is realized by shifting one 
of the double 90o E-plane mitre bends over a quarter of a wavelength. Setting 
this mitre bend requires a frequency dependent adjustment (just as for the 
feedback power), which is realized by remote control in the FEM. 
 In conclusion the splitter/combiner is a flexible device for feedback and 
out-coupling of the mm-waves. 
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Figure 2.14. The calculated power field profiles of the splitter/combin
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2.2.4 Calculation of the losses: Method 
The loss behaviour over the frequency range in the stepped waveguides is 
comparable to that of the primary waveguide (see Figure 2.6). The difference is 
that we are dealing here with the propagation not of a single mode but of a 
complete mode spectrum. This means that by the beating effect of the separate 
modes the loss is waveguide-position dependent, which implies that if we want 
to calculate the average loss, we have to calculate first the loss as a function of 
the position and then average this loss over the position. Position dependent loss 
calculation enables us to find hot spots of power loading. This is necessary for 
the cooling design. 
 For a calculation of the loss in the stepped waveguides carrying the 
complete mode spectrum (for the reflector see Table 2.1), the same method is 
used as mentioned in section 2.1.4. However for the loss inside the slit of the 
corrugation we do not consider the slit as a lossy TEm0 mode waveguide, but we 
perform full tangential magnetic field integration over all the sides of the slit of 
the corrugation. This calculation is done for each individual waveguide section, 
with a length of one corrugation period, over the full length of the waveguide (N 
is giving the number of this waveguide section starting from zero). Equations 
(2.17) to (2.21) are replaced for this case by equations (2.32) to (2.36). These 
equations are only valid for the loss calculations if the exact fields inside the 
corrugations are known. For the smooth sides of the waveguide we use: 
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For the corrugated sides we use: 
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 Because the eigenvalue of each HE mode is only valid inside the main 
body of the waveguide up to the entrance of the corrugation slit (based on the 
macroscopic impedance of total corrugation), a method is used which assumes a 
constant field in the y direction inside the corrugation. In other words, the field 
that is in front of the corrugation propagates inside the corrugation with the 
same shape. With this assumption equations (2.34) to (2.36) are simplified to 
(2.37) to (2.39) 
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with the Rs surface resistance, sR f µπρ= , for the stepped waveguide material, 
force free aluminium (ACP5080). As in the calculation of the losses of the 
primary waveguide, a temperature dependent specific resistance function is 
used3. The total loss for the stepped waveguide as a function of the length is 
given by:  

( )
1

210
1 210log 1 p

WG smooth outside slit st side slit slit bottom nd side slitA P P P P P
⎧ ⎫⎪ ⎪⎡ ⎤= − − − − −⎨ ⎬⎢ ⎥⎣ ⎦⎪ ⎪⎩ ⎭

 (2.40) 

 
2.2.5 Calculation of the losses: Results 
Knowing the way to calculate the loss of the stepped waveguides, the loss as 
function of the position is calculated for the reflector and the splitter/combiner-
waveguide at 200 GHz. The results are given Figure 2.15 and Figure 2.16.From 
a comparison of Figure 2.15 and the power density plots in Figure 2.10 and 
Figure 2.13 we notice that the loss curve peaks in regions where the power 
density is high, close to the wall of the waveguide. This is a consequence of the 
fact that the tangential magnetic fields are high in these regions.  
 We can conclude that the average losses in the reflector- and 
splitter/combiner-waveguides are very low, about 0.4‰ per waveguide section.  

                                                           
3 2 = (5.2520+1.9866e-2T+6.0706e-7T )*1e-8 mρ Ω with T in °C, found in [ITER-97]. 
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Figure 2.15. Calculated loss of the reflector waveguide, one way up-stream to 
the end-mirrors, at 200 GHz. The average double pass loss is about 1.7E-3 
dB/m (0.4‰ double pass). The step is located at a distance of 0 m. 
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Figure 2.16. Calculated loss in the splitter waveguide at 200 GHz for the down- 
and up-stream propagation of the mm-waves. The downstream loss curve of the 
splitter also applies to the combiner waveguide. The average double pass loss of 
the splitter is about 1.5E-3 dB/m (0.3‰ double pass). 
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2.2.6 The losses at the mirrors 
Apart from the losses on the walls, the mirrors inside the reflector, the 
splitter/combiner and the transmission line have ohmic and mode conversion 
losses. We first deal with the ohmic losses. The ohmic losses can be calculated 
using loss equations (2.18) which have already been mentioned in section 2.1.4. 
The problem however is that in these equations the surface roughness of the 
mirrors is not included. In literature there is, apart from the use of some safety 
factors, no report of a good method to include surface roughness. 
 A way to tackle this problem, for a surface roughness much smaller than 
the wavelength, is to divide the mirror into two layers: One layer is the rough 
upper layer with has a thickness of the average depth of the irregularities, the 
volume of the layer being partly filled with metal and partly with vacuum. The 
second layer is below the upper layer and its volume is fully filled with metal. It 
is obvious that the layers have a different effective specific resistance. We 
calculate the loss of the mirror using the loss equations (2.18) for the separate 
layers and sum the loss. In the equations for the two layers, separate weight 
factors are used to account for the difference in current going to the rough layer 
and the layer below. This weight factor is proportional to the squared current 
through the layer and therefore to the power absorbed. The normalized current 
density through the layer is given by: 

1 x

J e δ

δ

−

= , (2.41) 

with the skin depth eff
f

ρδ πµ=  where the specific resistance, ρeff, depends on 

the shape of the irregularities of the metal surface. For instance, the ρeff is equal 
to twice the specific resistance of the metal in the case of a surface roughness 
consisting of a close peaked array of triangular-shaped ’irregularities’. In 
practice this factor two is taken as a good approximation for more realistic 
shapes of the irregularities. The weight factor for the rough layer can be derived 
with: 

2

0

r

roughF Jd
⎡ ⎤

= ⎢ ⎥
⎣ ⎦
∫ x , (2.42) 

where the roughness, r, is defined as the peak-to-valley distance of the 
irregularities at the surface. For a mirror with thickness many times the skin 
depth, it is obvious to derive the weight factor valid for the layer of solid metal 
below the rough surface: 

1solid roughF F= −  (2.43) 

 For example at 200 GHz the copper end mirrors of reflector and splitter, 
with a surface roughness of 0.5 µm (i.e. fine machining grooves), dissipate a 
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calculated 0.18% instead of 0.14% for the ideal smooth case of a mirror with 
perfectly smooth surface. The difference is significant, about 30 %. The E-plane 
mitre bends of the splitter/combiner give 0.25% loss per mirror, so with two 
mirrors we have about 0.5% ohmic loss. Furthermore, just after the combiner we 
have an H-plane mitre bend with 0.13% ohmic loss. 
 Periodic surface imperfections caused by the milling process of the mirror 
will also lead to diffraction by stray radiation [Thum-90]: 

24 effr

millingT e
π
λ

⎛ ⎞
−⎜ ⎟

⎝ ⎠= , 
(2.44) 

where Tmilling is the transmission after milled mirror, reff is the rms value of the 
amplitude of the milling pattern. For optically polished plane mirrors this loss 
can be neglected. In this case the milling pattern is polished away and only a 
certain surface-roughness remains. In practice this means that reff is half of the 
surface roughness (reff=0.25 µm gives 0.5E-3‰ loss at 200 GHz). However for 
the curved mirrors in the transmission line the loss can play a role (reff=1 µm 
gives 0.1‰ loss at 200 GHz), because removing the milling pattern by polishing 
can change the desired curvature. 
 Because mitre bends involve a waveguide gap with free space 
propagation, mode conversion by diffraction also contributes to the loss. As 
approximation we use from [Edgc-93]: 

3
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sin(2 )main

i

T
r

λ
θ

⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
, (2.45) 

where Tmain is the transmission (in dB) in the main mode after the mitre bend 
and r. the radius of a circular corrugated waveguide. In our case we have a 
rectangular waveguide. We calculate r from the coupled waist radius in the 
beam plane at the entrance of the bend (7 mm) to an equivalent circular 
corrugated waveguide, with internal radius r, which would give the same waist 
radius (r=7/0.64=11 mm [GOLD-98]). The mode conversion loss at 200 GHz is 
about 3% in total (1.5% for each of the mirrors of the combiner). Furthermore, 
after the combiner the H-plane mitre (r=5.3/0.64=8.3 mm) also has about 2.3% 
mode conversion loss. 
 
2.2.7 Conclusion of the loss analysis of the cavity 
We have seen that in the FEM cavity we have several sources of losses: 
waveguide and mirror losses. Furthermore we can distinguish between ohmic 
losses, which lead to dissipation, and mode conversion losses. The cavity losses 
are summarized in Table 2.2. We see that the intra-cavity losses are relatively 
low compared to the losses in the out-coupling system of the cavity, the 
combiner. The difference is mainly caused by the extra mode conversion of the 
mitre bends of the combiner. These losses can be reduced by using curved 
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mirrors at the mitre bends. Furthermore the mirror losses are high compared to 
the waveguide losses. The losses require a cooling system for stable operation 
although for the design in this section a 1‰ duty cycle is specified. In Chapter 6 
we come back to the cooling system and identify the heat loading of the separate 
items. 
 
Table 2.2. A summary of the different losses (a), which occur at the separate 
parts of the FEM cavity adjusted at 200 GHz, 33.3% feedback reflection 
coefficient and 1MW output power. Below (b) the losses are summed for several 
groups of components. 

(a) 

category 

Loss by 
ohmic 

dissipation
[‰] 

Loss by 
mode 

conversion
[‰] 

Incident 
mm-wave 

power 
[MW] 

Dissipated 
mm-wave 

power 
[kW] 

Mode 
conversion

power 
[kW] 

waveguide 0.5 0 0.5 0.23 0 reflector mirrors 1.8 0 0.5 0.90 0 
            
undulator waveguide 0.8 0 1.5 1.20 0 
            

waveguide  0.5 0 1.5 0.78 0 

Cavity 

splitter mirrors 1.8 0 1.5 2.70 0 
              

waveguide 0.3 0 1.0 0.30 0 Output combiner mirrors 6.3 53 1.0 6.30 53 
 

(b) 

category 
Total  

dissipation 
Intra cavity 

[kW] 

Total 
dissipation 
waveguides 

[kW] 

Total 
dissipation 

mirrors 
[kW] 

Total loss 
combiner 

system 
[kW] 

Results by component 
group 5.8 2.5 9.9 59.3 
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2.3 The transmission line 
Because the FEM is a high-power, wide frequency-band oscillator in the range 
of 130 to 260 GHz, a suitable transmission line was needed. This means, firstly, 
that the losses should be low enough to avoid excessive cooling problems, 
secondly, the transmission line must have constant imaging properties over a 
large bandwidth. Apart from this, the cavity of the FEM, where the mm-waves 
are generated, is located at high voltage, so the mm-waves have to travel to 
ground potential without extra high pressure wideband windows inside the high 
pressure tank, see Figure 2.17.  
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com biner

splitter

1Eelectron 
beam  

tank  
wall 

insulator 
tube 

2 MV

ground 

2H

BN-window

vacuum
side

atmospheric
side

m m -wave beam  

3E

5E  

6H  
7H

8H 9H

10H

0H

11H

12E

13E

14E
15E

16E
B

C

telescope 1 

telescope 2  

te lescope 3 

telescope 4  

diagnostics  

17E  

18H

 
Figure 2.17. FEM transmission line in the final setup. The mm-waves have to 
travel from high voltage to ground potential through the insulator tube. There 
are space limitations at places like the insulator tube, the window and the 
diagnostics input. The vacuum enclosure of the transmission line is continued 
outside the tank up to the window. The distance from the combiner output to the 
mm-wave diagnostics is about 10 m. The total transmission line contains of four 
telescopes. The indices ‘E’ and ‘H’ refer to the E- and the H-plane reflection of 
the mirrors, respectively. 
 

The only solution is a quasi-optical transmission line inside a vacuum 
enclosure. Because there are space limitations at several places, the transmission 
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line design uses Gaussian beam waist-to-waist transfer. The design is based on 
rectangular metallic focusing mirrors, which have lower loss compared to 
dielectric lenses. 
 
2.3.1 Basic equations and general design philosophy 
First we define the propagation properties of a fundamental Gaussian mode: 

2

0 2( ) 1
c

zw z w
z

= +  (2.46)

2

( ) ,czR z z
z

= +  (2.47) 

where w(z) is the spot radius, w0 is the waist (spot radius with planar phase 

front) at z=0 and 
2

0
c

wz π
λ

=  (confocal parameter). 

In case of a Gaussian beam focused by a mirror, a new waist is developed 
downstream of the mirror at a certain distance. The new waist and distance are 
calculated using the following set of equations: 
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where F1 is the optical focal distance of the mirror, w0in is the waist size in front 
of the mirror, din is the distance from w0in to the mirror, dout  is the distance from 
the mirror to the new waist and w0out is the output waist size. From equations 
(2.48) and (2.49) it can be seen that the distance and the size of the output waist 
is frequency dependent. However, if the focal distance, F, is used for din, dout 
becomes equal to the focal distance, which is independent of the frequency. The 
output waist becomes: 

1 0
0

in
out

c

F ww
z

=  (2.50)

This output waist is still frequency dependent. If another mirror is added to the 
system at focal distance F2 from the output waist of the first mirror, the relation 
between the input and the output waist becomes: 
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This simple equation is known as the telescope formula of a frequency 
independent-confocal mirror or lens arrangement. 
 For the design of the transmission line for the FEM we use the confocal 
arrangement and choose the focal distances such that the waists and the spot 
sizes on the mirrors fit the space limitations. For the exact calculation of the spot 
size as a function of the distance we first calculate all the waist positions and 
radii, using equation (2.48) and (2.49). After this we calculate from each waist 
the spotsize, using equation (2.46) and (2.47) up- and downstream, up to the 
focusing mirrors before and after the waist. 
 
2.3.2 Realization of the transmission line 
The entire transmission line of the FEM, from the output of the cavity up to the 
diagnostics, is based on the telescopic principle see Figure 2.17.  
 Up to the diagnostics four telescopes are used. The first telescope 
magnifies the output beam of the combiner (7.0x5.3 mm2 in E and H-plane) to a 
suitable waist halfway the insulator tube (26.5x19.9 mm2, point B) for near 
diffraction-free transmission through this tube (see Figure 2.17 and Figure 2.18). 
Although only two curved mirrors are necessary for this telescope, there are two 
additional plane mirrors to fold the transmission line such that it fits to the 
entrance of the mm-wave insulator tube. The second telescope reduces this waist 
back to the size at the start of the transmission line. Therefore all the mirrors 
beyond this point (C) are the same as in a previous setup of the FEM, known as 
“the inverse setup,” see Section 1.3. In the inverse setup mirrors 1E to 6H were 
omitted. 
 In contrast to the first and second telescope, the third one has different 
magnification factors for the two polarization directions in order to form the 
waist (11x27 mm2, point B) at the boron-nitride window (see Figure 2.18). 
Different magnifications in the E- and the H-plane are realized by combining 
two separate telescopes for each plane with two mirrors only curved in one 
dimension per plane. The calculated mirror parameters for the two polarizations 
are summarized in Table 2.3. The mirror sizes are determined from the beam 
parameters of the lowest frequency, 130 GHz. 
 For broadband transmission the Boron Nitride (BN) window is placed 
under the Brewster-angle of about 65° in the E-plane. By this angle the 
projection of the elliptical waist is magnified to a circle with a radius of about 27 
mm. This is the required beam dimension on the window, i.e., a beam waist 
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sufficiently large to avoid breakdown on the air-side (E-field about 9 kV/cm for 
1 MW). 
 Downstream of the window a fourth telescope is placed with different 
magnification factors for E-and H-plane to form a circular waist (12.5 mm) as 
the final output beam. Here the mm-wave diagnostics and the dump are placed. 
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Figure 2.18. FEM mm-wave beam radius as a function of the position z along 
the transmission line for 260 and 130 GHz. In point B, C, at the window and at 
the diagnostics the mm-wave spot size is constant over frequency. 
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Table 2.3. Parameters of the mirrors in the FEM transmission line, resulting 
from the design philosophy described in section 2.3.1; all mirrors are applied 
under an angle of 45º except mirror 12E and 13E (angle is 25º). Note that the 
mirror size is the effective mirror size for the mm-wave beam. (The physical size 
is stretched in the beam plane) 

  E-plane H-plane  

Mirror 
name 
  

Mirror 
Position 

[m] 

Focal 
distance 

[m] 

Beam spot 
radius 
[mm] 

Mirror 
size 

[mm] 

Focal 
distance 

[m] 

Beam spot 
radius 
[mm] 

Mirror 
size 

[mm] 

1E 0.317 0.317 47.9 192 0.317 44.5 178 
2H 0.840 ∞ 33.4 134 ∞ 62.7 251 
3E 1.124 ∞ 49.3 197 ∞ 44.9 180 
4E 1.831 1.196 60.0 240 1.196 48.4 194 
5E 4.082 1.055 55.8 223 1.055 43.7 175 
6H 5.417 0.280 30.1 120 0.280 55.6 222 
7H 5.797 ∞ 12.6 50 0.100 21.0 84 
8H 5.938 0.241 26.1 105 ∞ 19.9 80 
9H 6.278 ∞ 25.3 101 ∞ 34.6 138 
10H 6.419 ∞ 26.1 105 0.522 43.6 175 
11H 6.560 0.381 27.5 110 ∞ 41.5 166 
12E 6.910 ∞ 12.5 44.9 ∞ 27.5 103 
13E 7.028 ∞ 13.8 44.9 ∞ 27.6 103 
14E 7.409 ∞ 46.5 186 ∞ 30.2 121 
15E 7.790 0.849 80.9 324 ∞ 35.7 143 
16E 8.181 ∞ 79.8 319 1.240 43.0 172 
17E 9.591 0.951 81.3 325 ∞ 33.3 133 
18H 9.981 ∞ 35.3 141 0.560 50.0 200 
 
2.3.3 The shape of the mirrors 
2.3.3.1 Basic equations 
As shown in section 2.3.2 the design of the transmission line is based on an 
argued choice of focal distances. These focal distances have to be translated into 
individual mirror shapes. For the mirror shape there are several possibilities: 
spherical, parabolic and elliptical. In the design the mirrors of the third and 
fourth telescope, which have a focal distance in one beam plane, have a 
parabolic shape. For parabolic (and spherical) shapes, the relation between 
curvatures and focal distances of the mirrors, placed at an angle, in and out of 
the beam plane are given by: 

 



The transmission line 55

//
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cos( ) i
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FR and R F θ
θ ⊥= = , (2.52) 

where iθ  is the angle between the incident beam and the mirror normal. The 
parabolic shape, with beam plane parallel to the z-axis, is described by: 

2 2

//2 2
z y x
R R⊥

+ =  (2.53) 

All other mirrors, of the first and the second telescope, which have an equal 
focal distance in both beam planes, have an elliptical shape. The general formula 
for an ellipsoid is: 

2 2 2

2 2 1x y z
b a
+

+ =  (2.54) 

Note that this equation is ellipsoidal in the plane of reflection (x, z plane), but is 
circular in shape in the plane orthogonal to the plane of reflection. The two 
parameters a and b, which are the short and long axis respectively, completely 
define the ellipsoid. An ellipsoid always has two focal points denoted by F1 and 
F2, see Figure 2.19. 
 There are several other useful relations concerning ellipsoids: 

1 2 2R R a+ = , (2.55) 

where R1 is the distance from F1 to point P on the surface of the ellipsoid and R2 
is the distance from F2 to point P on the surface of the ellipsoid. For optimum 
operation of an ellipsoidal reflector with mm-wave beams, R1 and R2 should 
equal the radii of curvature of the wave fronts of the incoming beam and 
outgoing beam. These radii of curvature can be calculated provided both the 
waist distances (d1 and d2) and the waist sizes (w0 and w1) are known. With 
equation (2.55), b (Figure 2.19) can be derived with some algebra: 

2 2 2
1 1 1 14 (2 ) 2 (2 )cos(

4
ia R a R R a Rb 2 )θ− − − + −

=  (2.56) 

The eccentricity e is defined by: 
2

21 be
a

= −  (2.57) 

The distance between the two focal points of the ellipsoidal mirror is: 

0 2A e= a  (2.58) 

The ellipsoidal surface is defined by the focal length of the ellipse Fe that can be 
calculated from the radii of curvature of the phase-front at the mirror position. 

1 2

1 2
e

R RF
R R

=
+

 (2.59) 
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Figure 2.19. Ellipsoidal geometry. 
 
 To construct an elliptical mirror, the coordinates of point P shown in 
Figure 2.19 have to be calculated:  

2
1 2

2

sin(2 )( , ) , 1
2

iR R xP x z a
ae b

θ⎛ ⎞
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⎝ ⎠
 (2.60) 

A file with coordinates of selected elliptical area around this point provides the 
instructions for digital machining. The exact shape of this elliptical mirror is 
frequency dependent even when we use it in a confocal setup because R1 and R2 
are frequency dependent (see equation (2.47)). We choose a centre frequency 
and live with the compromise that the focal distances are different for other 
frequencies. To approximate the focal distances at other frequencies, we 
calculate the radius of curvature at point P and take the focal distance of a 
spherical mirror from equation (2.52). The radius of curvature of the ellipse 
shape in point P:  

( )( )
3

4 2 2 2 2

4

-z -
=

b

a a b
R

a
 (2.61) 
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2.3.3.2 Approximations and assumptions 
A special situation is reached when R1=R2 (z=0). The reflecting section of the 
ellipsoidal surface is centred exactly at its minor axis, making production of the 
reflector easy since the mirror is completely symmetrical.  
In this situation we derive, by substituting z=0 in equation (2.61), the radius of 
curvature at the major axis of the ellipse: 

2

, 0X z
aR
b= =  (2.62) 

Furthermore at z=0, in the orthogonal beam plane, the ellipse is a circle with the 
radius: 

, 0 2 cos( )y z iR R F bθ= ⊥= = =  (2.63) 

From equations (2.62) and (2.52) the long axis, a, can be derived: 
2

, 0 // 2= R , giving 2
b cos ( ) cos( )x z

i i

a b bR a F
θ θ= = = = =  (2.64) 

If we substitute equation (2.63) and (2.64) in (2.54), taking a mirror angle of 45º, 
we derive the symmetrical elliptical equation: 

2 2
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22 1 1
4

z yx F
F
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= − −⎜ ⎟⎜ ⎟

⎝ ⎠
 (2.65) 

This equation is used for the FEM mirrors of the first two telescopes, although 
the criterion that the radii of curvatures R1 and R2 are equal is not always valid 
in the FEM transmission line. The reason is that this design method leads to a 
fixed mechanical design of the mirrors based on constant focal points for all 
frequencies. This is also true for spherical and parabolic mirrors, but the ellipse 
is the optimal shape for off-axis mirrors which can be verified by Hermite 
Gaussian beam modal analysis originally written by [Murp-87] and put in 
practical form by [Gold-98]. In practice the shape difference between symmetric 
elliptical equation (2.65) and the parabolic equation (2.53) (with (2.52) 
substituted) is marginal for the same focal distances. 
 From Table 2.3 we see that mirrors 8H to 10H and 14E to17H are flat in 
this direction (i.e. have infinite focal distance). 
 
2.3.3.3 Mirror size and diffraction 
The size of the mirrors is chosen such that the diffraction loss caused by spill-
over is negligible. To calculate the size needed to achieve this, the intensity 
function of a Gaussian beam in fundamental mode is integrated over the surface 
of the rectangular mirror, this results in  
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where Laperture , is the loss caused by the obscuration, fsx and fsy are the spot 
radius factors, i.e. the ratio of the mirror size and the projected spot radius (1/e2 
of intensity function) on the mirror (sx, sy). The result of a calculation of Laperture 
is shown in Figure 2.20: 
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Figure 2.20. Power loss, caused by the obscuration of a Gaussian beam by the 
finite mirror size, as a function of the spot radius factor of the mirror dimension.  
 
For all mirrors in the quasi-optical part of the FEM transmission line this spot 
factor is chosen to be 4, giving a loss smaller then 0.2‰. The mirrors attached to 
the Brewster window form an exception, because of space constraints; the 
maximum loss is about 1.3‰ on each mirror of the window. 
 Another contribution to the losses is beam distortion by mode conversion, 
which is an unavoidable feature of curved off-axis mirrors (‘the off-axis effect’). 
The resulting loss in first-order Gaussian mode is given by [Murp-87, Thum-
90]: 

2
2

2

3 tan
8

m
off axis i

sL
F

θ− =  (2.67) 

with sm the beam radius on the mirror and F the geometrical focal distance. Two 
thirds of this loss is cross polarization and one third is conversion to higher order 
Gaussian modes. 
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2.3.4 The loss of the mirrors in the transmission line 
For quasi-optical mirrors in a transmission line we have ohmic losses, stray 
radiation losses caused by the milling pattern (see section 2.2.6), obscuration 
losses by the finite mirror size and also losses due to beam distortion by curved 
off-axis mirrors (see section 2.3.3.3). The losses are summarized in Table 2.4 
(mirrors are at room temperature as reference). 
 
Table 2.4. The calculated losses which occur at the mirrors in the transmission 
line of FEM. Note that the off-axis losses are relative high at mirrors 1E, 6H 
and 7H, This is caused by small focal distances of these mirrors combined with 
a large mm-wave beam spot on these mirrors. 

Mirror name 
Ohmic loss 

[‰] 
Off-axis loss 

[‰] 
Milling loss 

[‰] 
Obscuration loss

[‰] 
1E 3.91 8.54 0.10 0.12 
2H 1.95 0.00 0.00 0.12 
3E 3.91 0.00 0.00 0.13 
4E 3.91 0.94 0.10 0.13 
5E 3.91 1.05 0.10 0.13 
6H 1.95 14.80 0.10 0.13 
7H 1.95 16.62 0.10 0.14 
8H 1.95 0.00 0.10 0.12 
9H 1.95 0.00 0.00 0.13 
10H 1.95 2.62 0.10 0.12 
11H 1.95 0.00 0.10 0.13 
12E 1.97 0.00 0.00 0.50 
13E 3.05 0.00 0.00 1.32 
14E 3.91 0.00 0.00 0.12 
15E 3.91 3.40 0.10 0.12 
16E 3.91 0.00 0.10 0.13 
17E 3.91 2.74 0.10 0.13 
18H 1.95 2.99 0.10 0.13 
Subtotal [‰] 51.9 53.7 1.2 3.8 
  Total loss mirrors 11.1%

 
We conclude that the total milling and obscuration losses are low compared to 
the ohmic and the off-axis losses, which have approximately the same 
contribution. 
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2.4 The output window 
2.4.1 Basic equations 
We now address the question at transmission and loss of the output window. The 
aim is to simulate the transmitted and reflected power taking losses into account 
in the window as a function of the frequency under a certain angle at both 
polarizations. The equations are based on infinite summing of plane waves for 
reflection and transmission [Vaug-89]. To explain how the calculation works the 
beam trace scheme of Figure 2.21 is considered. 
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 For the expressions of amplitude transmission and reflection that include 
an infinite number of beams the phase lag has to be taken into account. This 
phase lag ϕ is given by: 

24 (1 sin
cosf

t

t

dn )π θ
ϕ

λ θ
+

=  (2.69) 

The intensity absorption factor per single pass is then given by: 

τ α
α

θ= − =

−

e l e

d

tcos  
(2.70) 

where α is the loss factor of the material per metre. It is possible to calculate this 
from the dielectric loss factor tan δ, using: 

2 tannπ δα
λ

= . (2.71) 

If the outer surfaces of the window, (1) and (2), are smooth and uncoated 
dielectric R and T are the general surface intensity reflection and transmission 
coefficients [Born-75]  
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 The wavelengths where the maxima of transmission and reflection take 
place follow from: 
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It is clear that the window transmission is strongly wavelength dependent. To 
create a broadband window for the FEM, the reflection has to be minimized. 
From equation (2.68) it can be seen that if 

2i t
πθ θ+ = , the parallel single-surface 

reflection,  is 0. Together with Snell’s law the Brewster angle can be derived: //R
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This is the angle (about 66 º) at which the window is used in the FEM  
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2.4.2 Window layout 
The FEM window has been designed and constructed at the Institute for Applied 
Physics in Nizhny Novgorod, Russia. The window itself is made of a disk of 
boron nitride (BN) with a diametre of 145 mm and a thickness of 4.485 mm. 
Close to the window at the vacuum side and the air side, plane mirrors are 
installed in a Z configuration, see Figure 2.22. In this way the elliptical mm-
wave beam is projected with circular cross section on the window under the 
Brewster angle. Furthermore the input mm-wave beam is parallel to the output 
beam. The free aperture of the window is limited by the plane mirrors to 103 
mm. 
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Figure 2.22. Design of the Brewster-angle window; the
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same simulations were performed for orthogonal polarization. The results are 
shown in  Figure 2.23.  
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Figure 2.23. Calculations of the transmission and reflection of the FEM 
Brewster-window, as a function of the frequency. Above: parallel polarization 
(as in FEM), below perpendicular polarization. Note that the reflection in the 
FEM configuration is almost negligible but still visible around -50 dB scale 
because the calculation was performed at 65.9º instead of the exact Brewster 
angle of 65.81 because 0.1º was the design accuracy of the real window. 
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 The conclusion of the simulations of the window in Brewster 
configuration is that the transmission loss of the window varies from 3.4% to 
11% over the frequency range of 130 to 260 GHz and that the reflection is 
negligible. The power loading of this window will be treated in Chapter 6. 
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Chapter 3 Low power 
characterization of 
cavity and 
transmission line  

The FEM cavity and its transmission line form an extremely complicated setup. 
Important components such as the reflector, the undulator waveguide and the 
splitter combiner will be used in a wide frequency range. This is the first cavity 
of its kind designed for high power and tuneability over an octave frequency 
range. Concerning this wideband frequency tuneability of the cavity, low power 
measurements can verify that it is possible to have an accurate and reproducible 
mechanical adjustment of the cavity by six DC-servo motors with position 
encoders and controllers (µm resolution). The DC-servo motors, which drive all 
the movable parts in the cavity, are placed in vacuum housings. The cavity 
control system enables remotely-controlled variation of the reflection coefficient 
from 0 to 100 % and frequency adjustment from 130 to 260 GHz within 30 
seconds. Fast frequency tuning over a few percent can be achieved by adjusting 
only the energy of the electron beam. For the wideband tuning the cavity 
adjustment will be synchronized to the energy of the electron beam (electron 
beam line experiments are given in [Urba-97]. Furthermore, it is important to 
measure the bandwidth and loss of the separate cavity parts and the complete 
cavity if we want to use the FEM outside the centre frequency of the cavity for 
fast tuneability. This can be an in situ test even when all the separate parts are 
installed. 
 For verification of the laser pre-alignment and loss of mirrors of the 
transmission line, low power measurements are the only option. 
 This chapter discusses the various low power tests mentioned. The final 
design of the individual microwave parts of the FEM was also supported by low 
power measurements on prototypes [Urba-96]. Furthermore, at the installation 
all separate parts and combined systems were tested. 
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3.1 Required tools and techniques 
Before the complete cavity was installed, the moving parts of the reflector and 
the splitter/combiner were tested, by using remotely-controlled position 
adjustment. From the mechanically measured position error of the moveable 
walls the frequency deviation can be predicted by calculations. A tuning 
reproducibility of 0.2 GHz is measured with a maximum absolute error of 0.5 
GHz caused by the mechanical hysteresis of the system. 
 Next, the mm-wave characteristics (reflection/transmission) of the 
reflector, the splitter/combiner, the undulator waveguide, the final mitre-bend 
and the complete cavity were tested at low power. 
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Figure 3.1. Low-power measurement setup for the microwave system of the 
FEM. The microwave parts (‘devices under test’) of the FEM are placed 
between HE11 tapers with filters, at positions (r) and (t), and tested with respect 
to reflection and transmission in a wide frequency range of 156 to 244 GHz. At 
positions (r) and (t) the setup is calibrated. 
 
 The measurement setup shown in Figure 3.1 enables automatic source-
power-compensated, frequency-swept reflection and transmission 
measurements. The microwave power is generated with a GP-IB controlled 
tuneable Backward Wave Oscillator (BWO) in fundamental TE10 mode. This 
power is doubled in frequency by a multiplier and converted by a taper to HE11 
mode. After a mode filter, two-sided dielectric-coated broadband oversized 
10×10 mm2 waveguide parts are used. 
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 First, a part of the power is taken for reference with a quasi-optical 
coupler and fed by a mode filter and a tapered transition to a detector. The 
signals of the other detectors are divided by this reference-detector power, in 
order to get source-power independent measurements. 
 The next quasi-optical coupler, with mode filter, taper and detector, is 
used to measure the reflected power coming from the device under test by a 
mode filter and a taper. This taper is a special in-house produced two-sided 
corrugated taper (443 mm long) to adapt the 10×10 mm2 waveguide to the 
15×20 mm2 rectangular waveguide used throughout the FEM. 
 It is also possible to measure transmission if the FEM mm-wave 
component is a two-port device. In that case the transmitted power is fed by 
mode filters and tapered transitions to a detector preceded by an isolator. The 
latter prevents reflections coming from the detector into the FEM parts. 
 Each measurement is preceded and followed by a calibration 
measurement. For the reflection measurements, the calibration procedure 
consists of a shorted and terminated measurement (at point r in Figure 3.1) to 
determine upper level of the setup and the noise level. The transmission 
calibration measurements are done with point r connected to point t, and with 
point r and point t terminated separately, to determine maximum transmission 
level of the setup and the noise level. With this procedure we are able to 
calibrate the measurement system over the full frequency range. To achieve 
sufficient accuracy all the separate measurements, including the calibrations, are 
averaged over at least 625 frequency sweeps and stored and processed at the PC. 
This results in a statistical uncertainty of less than one percent. Each sweep 
contains measurements over 256 frequencies. 
 After all individual mm-wave parts of the FEM were measured and 
installed inside the FEM, a total cavity test was done. For this test, the setup of 
Figure 3.1 was used to couple power into the output waveguide of the combiner 
or into the end of the transmission line and to measure the reflection from the 
entire FEM mm-wave cavity with or without the transmission line. 
 
3.2 Measurements and discussion 
3.2.1 Measurements on the cavity components 
Results of the measurements on the reflector are shown in Figure 3.2. They 
demonstrate that wideband tuning is possible without detectable loss at the 
central frequency and that the relative bandwidth increases linearly with 
frequency (for 170, 200 and 230 GHz the bandwidths are 13, 15 and 17% 
respectively). The time for tuning over 60 GHz was 12 seconds. 
 The undulator waveguide is a vacuum-tight brazed copper wave-guide. It 
has two corrugated sides. It is composed of six spark-machined corrugated 
pieces in series on left- and right-side and separate smooth pieces for the upper- 
and lower-side. The mitre-bend at the mm-wave output of the combiner is 
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composed of two corrugated and two smooth pieces of aluminium made on a 
milling machine. The results of the transmission measurements of the undulator 
waveguide and the mitre bend are shown in Figure 3.3. 
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Figure 3.2. Measured frequency characteristics of the reflector for sidewalls 
adjusted at pre-computed waveguide widths for 170, 200, 230 GHz. 
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Figure 3.3. Measured insertion loss frequency characteristics of the undulator 
waveguide and the mitre-bend at the output of the combiner. 
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The mitre-bend has only 2.3% loss at 200 GHz, as predicted by equation 
(2.45), and a good frequency characteristic compared to the undulator 
waveguide. On average, the undulator waveguide losses are much higher as 
predicted, and show a very irregular frequency behaviour. As seen in section 
2.1.4 the losses of the undulator waveguide should ideally be on the order of 
1‰. Measurements show that in the centre at 198 GHz the lowest loss of 5% (-
0.22 dB) occurs. The structures are a sign of mode-conversion and mode-
beating. Mechanical investigation of the undulator waveguide showed that 
brazing material filled the corrugations (on average ten at each brazing) at the 
joints of the corrugated pieces. This caused mode conversion, which was 
confirmed by measuring the in- and output antenna patterns. The high ohmic 
loss is due to the increase of the effective specific resistance, by high surface 
roughness and gas absorption inside the corrugations, caused by the production 
method, which was sparking of the corrugations. In spite of these imperfections, 
this undulator waveguide has been used during the complete FEM experimental 
period because replacement was time consuming and expensive. Increasing the 
percentage of power fed back by the splitter/combiner inside the cavity and pre-
adjusting all parts to a low-loss frequency of 200 GHz made it possible to 
demonstrate operation of the FEM, at 200 GHz, under near optimal conditions. 
 We also measured the reflection and transmission frequency 
characteristics of the splitter/combiner. The measurements are shown in Figure 
3.4 for the splitter/combiner tuned to 170 GHz, 200 GHz and 230 GHz, and with 
the reflection adjusted to 50%. The bandwidths of the reflection are about 9, 10 
and 16% respectively. The loss is between 6% and 12% depending on the 
frequency adjustment of the splitter/combiner. 
 It is possible to obtain the frequency response of the total cavity of the 
FEM from the individual measurements. We chose to do this for the case in 
which the cavity is tuned at 200 GHz and the feedback was adjusted to 50%. 
The frequency response of the total cavity was calculated by multiplying the 
different curves for the 200 GHz centre frequency of the reflector, the undulator 
waveguide, the splitter/combiner reflection and again the undulator waveguide, 
i.e. making a single roundtrip through the cavity. The cavity single round trip 
curves are shown in Figure 3.5 (a). These curves are very important to use in 
simulations to predict the behaviour of the FEM [Eece-95]. Note that in a 
simulation the out-coupled power goes also through the combiner with its 
transmission curves shown in Figure 3.4 (b) The bandwidths of a single pass 
through the total cavity are about 7, 8 and 10% respectively. 
 We further notice in Figure 3.5 (a) that for the 200 GHz curve the 
optimum of reflection occurs at 199 GHz, due to the influence of the undulator 
waveguide transmission curve. 
 After installation of all the mm-wave parts of the FEM a total cavity test 
has been done to check the tuning, adjusted for 200 GHz centre frequency, of all 
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parts after mounting. For this test, power was coupled into the output waveguide 
of the combiner and the reflection of the total cavity was measured.  
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Figure 3.4. Frequency characteristics of the reflection from the 
splitter/combiner (a) and transmission through the splitter/combiner (b) (out-
coupling including the mitre-bend at the output) tuned to 170 GHz, 200 GHz 
and 230 GHz, and with 50% reflection adjustment. 
This measurement is extremely important because it allows checking and 
correcting the tuning of the cavity without dismounting it. The result is shown in 
Figure 3.5 (b). The total loss at the peak (200 GHz) was 0.9 dB. This value 
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agrees with the sum of the losses of the composed cavity curve and the out-
coupling curve shown in Figure 3.5 (b) and Figure 3.4 (b).  
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Figure 3.5. Frequency characteristics of the entire cavity measured in two 
different ways. The curve shown in (a) is composed of individual measurements 
of reflector, undulator waveguide (2x) and reflection of the splitter/combiner. 
The blue curve shown in (b) is measured at the completely installed cavity by 
coupling a low-power signal into the microwave output of the combiner, and 
measuring the reflected power. We can calculate a comparable purple curve in 
(b) with the composed red curve in (a) and the combiner characteristic. 
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From the bandwidth of the measurement shown in Figure 3.4 (b), about 9 GHz, 
we can calculate a Q-factor of the cavity of about 22. 
 
3.2.2 Measurements on the transmission line 
Before the low-power measurements started the transmission line was laser-
aligned. To check alignment of the mirrors, low power measurements have been 
performed. First from the input of the splitter/combiner (point A) up to the start 
position of the third telescope (point C), see Figure 3.6  
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Figure 3.6. FEM transmission line inside the tank. The mm-wave beam size at 
point A and C has been chosen to match the 15 by 20 mm square waveguide 
terminals of the low power measurement system given in Figure 3.1. 
 
 To determine the loss of the transmission line at more frequencies, the 
behaviour of the splitter/combiner was measured separately over the same 
frequency range. Some results of these measurements, in back stream direction 
(including the mitre bend losses at the combiner input), are given in Table 3.1 
 
Table 3.1. Measurements on total loss of splitter/combiner. 
 

frequency-settings Feedback-setting
splitter/combiner

[%] 
180 GHz 
Loss [%] 

200 GHz 
Loss [%] 

0 13 11 
100 9 9 
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 To check the first telescope of the transmission line a mirror was placed at 
the mm-wave beam waist halfway the insulator tube (point B, Figure 3.6), the 
splitter/combiner was adjusted to 100 % transmission and the reflection from the 
input (point A) was measured, from which we calculate the single pass 
transmission, see Figure 3.7. Theoretically we would expect about 2.6% for the 
total loss (see section 2.2.6. and 2.3.3.3 for accurate calculation) of the first 
telescope with aluminium mirrors. This agrees indeed with the measurement of 
about 2% ± 1% loss. Measurements at 166 and 135 GHz show a non-significant 
increase of the losses to 3 and 4%. 
 The possibility to perform a reflection measurement in back-stream 
direction is very useful. In this way, the FEM transmission line can be checked 
from outside the pressure tank. In this case we have to adjust the 
splitter/combiner to 100 % reflection and feed the low power from the waist 
(point, C Figure 3.6) beyond the second telescope, see Figure 3.7. 
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Figure 3.7. Reflection measurement from the inside of the pressure tank of the 
first telescope with a mirror at the waist in the insulator tube and reflection 
measurement from the outside of the pressure tank, of the first and second 
telescope. The shapes are determined by the bandwidth of the splitter/combiner 
adjusted to 200 GHz and 100 % transmission and also 100% reflection. At the 
top of the curve we read a single pass transmission of about 87% and 79% from 
which 11% is caused by the loss of the splitter/combiner. 
 
 In spite of the laser pre-alignment, extra adjustment of the mirrors 5E and 
6H was necessary to optimize the reflection. Measuring at several frequency 
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settings of the cavity is necessary to check wideband operation of the 
transmission line. To measure the loss of the transmission line the reflection 
coefficient of the splitter/combiner was adjusted to 100% reflection. This 
measurement still has to be corrected for the loss of the splitter/combiner to 
determine the loss of the transmission line itself. Losses of some 12% and 11% 
respectively for the 180 and 200 GHz cavity setting were observed. 
Theoretically we would expect lower losses, about 5% total loss of the 
aluminium mirrors 1E to 6H. This difference will be discussed below. 
 Because this reflection measurement at point C in Figure 3.6 results in 
relatively high single-pass losses, this measurement was compared with 
transmission measurement from point A to C in Figure 3.6 for several 
frequencies. Table 3.2 presents the results. In this transmission measurement the 
splitter/combiner is adjusted to 0% reflection. 
 
Table 3.2. The single pass loss of the transmission line determined on two ways; 
with transmission calculated as the square root of the reflection measurement 
from point C to C and direct measurement of transmission from point A to C. 
The loss is compensated for the insertion loss of the splitter/combiner. 
 

Frequency 
[GHz] 

transmission from 
reflection (C to C) [%] 

direct transmission 
(A to C) [%] 

135 79 88 
160 74 89 
166 77 91 
180 88 93 
200 89 97 
230 84 90 

 
 If we compare the single-pass loss obtained by the reflection and 
transmission measurements, we notice that the transmission measurements give 
higher results. On average the results are 12% higher. The reason for this is that, 
although the double-pass reflection was converted to single-pass loss, 
misalignment, beam size mismatch and diffraction have a relatively bigger 
influence over a larger distance. Because the transmission measurements follow 
exactly the same path as the output power of the FEM, these figures are more 
accurate. Furthermore, we can conclude that in both cases the loss decreases at 
increasing frequency with an exception at 230 GHz. The reason for this is that 
the divergence of the beam is smaller at higher frequencies, which results in 
smaller spot sizes at the mirrors and in smaller diffraction losses for off-axis 
beam position errors. The 230 GHz forms an exception because the beam 
quality of the measurement system decreases above 210 GHz, which results in 
higher coupling losses. Although the reflection measurements give less accurate, 
lower limit values, they are the only way to check the alignment of the 
transmission from outside of the pressure tank after the window when the tank is 
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pressurized. In this way, the influence of the 7 bar pressure in the tank, e.g. 
possible deformations of the beam line, can be analyzed. 

Next, the remainder of the transmission line was installed. This included 
placing of the pre-aligned window-matching box (mirrors 7H to 11H), the BN 
Brewster-angle window and the mirrors 14E to 18H towards the diagnostic 
setup. The full system is shown in Figure 3.8. 

 

reflector

combiner

splitter 

3E
1E 

0H 

electron 
beam 

tank
wall 

 

insulator tube 
2 MV potential 

ground potential 

2H

6H 

4E

5E 

Phase 
adjustment

feedback
adjustment 

Heightof cavities 
is frequency adjusted 

Reflection 
measurement 

Low power in 

BN-window

vacuum
side 

atmospheric
side

7H 

8H 9H

10H

11H

12E

13E

15E

16E

14E

mm-wave
beam diagnostics 

or

Final measurement 
point

17E 

18H

 

Figure 3.8. The complete FEM transmission line in the final setup. At the end 
after mirror 18H, a circular waist is formed of 12.5 mm radius for mm-wave 
beam diagnostics or low power injection for testing. 
 
 After laser alignment of these mirrors the low-power measurement system 
was installed, with the difference to the setup shown in Figure 3.1 that the HE11 
taper was replaced by a taper and a corrugated horn antenna followed by a two-
mirror telescope (see Figure 3.9). The latter adapted the 12.5 mm waist at the 
output mm-wave beam of the FEM transmission line to the corrugated horn 
antenna of the low-power measurement system. The low-power measurement 
system was calibrated by shifting a plane mirror at the location of the 12.5 mm 
waist and doing a calibration reference measurement to exclude properties of the 
low power measurement system. 

 



Low power characterization of cavity and transmission line 
 
78

 

calibration 
mirror two mirror telescope 

BWO 

12.5 mm 
waist location 

Figure 3.9. The low-power measurement system at the end of the FEM 
transmission line equipped with a horn antenna and a two-mirror telescope to 
adapt to the 12.5 mm output waist. The calibration mirror can be shifted in the 
waist of the mm-wave beam (marked in red). 
 
 The total FEM transmission line was tested by inserting low power mm-
waves from the output side and again measuring the reflection at several 
frequencies and several feedback settings of the cavity. The results are shown in 
Figure 3.10. 
 The ratio between the measurements at 0% and at 100% reflection for the 
same frequency setting of the cavity provides information on the additional 
losses in the cavity (undulator waveguide and the 100% reflector). In this case 
the losses are some 15% for both frequency settings. This agrees reasonably 
well with earlier measurements on these components, see section 3.2. 
 Taking the ratio between the maxima of the curves at the output of the 
entire beam line and the direct transmission measurements just outside the 
pressure tank, at the same cavity reflection coefficients, we obtain the losses in 
the latter part of the beam line (mirrors 7H to 18H). 
We can compare the loss of the total transmission line of the measurements and 
theory: 
180 GHz: 27% loss - 9% (spl./com.)=18% ≡11% (mirrors) + 6% (window)=17% 
200 GHz: 25% loss - 9% (spl./com.)=16% ≡11% (mirrors) + 7% (window)=18% 
The difference is about 1 to 2%, which is fairly acceptable. 
 Finally, the losses of the transmission line were measured while the tank 
was pressurized to 7 bar. No significant difference in losses and reflection was 
measured as compared to atmospheric measurements, showing that the beam 
line is mechanically sufficiently stable. 
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Figure 3.10. Final measurement from the diagnostics site, at 180 GHz (a) and 
200 GHz (b) adjusted to 100%, 50% and 0% cavity feedback (reflection). At the 
top of the curves we read a single-pass transmission at 100% cavity feedback 
setting of about 73% and 75%. 
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3.3 Critical items and conclusions 
 The components of the mm-wave cavity and transmission line of the FEM 
have been characterized in terms of frequency response at low power, both 
individually and as a complete system. It is shown that the undulator waveguide 
performs reasonable at frequencies around 200 GHz, where the transmission 
losses are around 5%. At other frequencies the losses are substantially higher, 
which are due to mechanical imperfections of this waveguide. The losses of 5% 
are acceptable, and the FEM can be operated in near-optimal conditions around 
200 GHz. At this frequency, the unloaded single roundtrip bandwidth of the 
cavity is 7%. This allows fast frequency tuning, i.e., frequency tuning via 
adjustment of the electron beam energy only. 
 For wide-band tuning, the sidewalls of the reflector and splitter 
waveguides as well as some mirrors need to be positioned mechanically. 
Experiments show that, as far as the mechanical properties are concerned, tuning 
from 130 to 260 GHz within 30 seconds is possible. Tuning can be made with an 
reproducibility of 0.2 GHz and a maximum absolute error of 0.5 GHz.  
 The loss in the out-coupling section of the splitter/combiner is 11% at 200 
GHz, which is about twice of the prediction of equation (2.45). The higher 
losses are caused by mechanical imperfections at the tuning of the mirrors. 
 Losses of the entire transmission line including the window are 18% at 
200 GHz. This is predicted by the results of calculations shown in Table 2.4 and 
Figure 2.1 within 2% difference  
 The cavity and the major part of the transmission line are located inside a 
pressurized tank (7 bar). Since misalignment of the mm-wave system due to 
pressurizing of the tank can not be ruled out entirely on forehand, it is important 
to check the alignment in situ and from outside the pressure tank. 
 Comparison of a composition of the measurements on individual 
components agrees well with a measurement of the complete system. Thus, it is 
possible to check the entire system from outside the pressure tank. In this case 
only reflection measurements can be used. By variation of the out-coupling of 
the cavity it is even possible to detect whether losses are caused by the cavity or 
by the transmission line. The measurements show that pressurizing the tank has 
no significant effect on the performance of the cavity and transmission line; both 
are mechanically sufficiently stable. 
 In conclusion, the low power measurements show that around 200 GHz 
the FEM can be operated in near-optimum conditions. At other frequencies, the 
output power is expected to be lower. This is due to higher losses inside the 
undulator waveguide, which in turn cause higher diffraction losses, at lower 
frequencies, in the transmission line. 
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Chapter 4 High power 
diagnostics 

The output beam of the FEM has been characterized by analyzing the mm-wave 
output power and frequency spectrum. This chapter gives an overview of the 
various diagnostics used. These diagnostics measure power and frequency 
spectrum of the mm-wave pulses as a function of time, as well as the spatial 
distribution and the total energy per pulse. For the frequency spectrum 
measurements two options were developed based on heterodyne receivers: a 
simple, accurate narrow-band system based on Fourier transform of the signal, 
and a multi-channel system which incorporates the narrow-band system and has 
extra channels, in a number of frequency bands, to measure the frequency 
spectrum in a wider range. The multi-channel system was never built because of 
organizational changes. 
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4.1 Introduction of the diagnostics 
In order to characterize the output beam of the FEM, the diagnostics have to be 
able to measure energy, power and frequency-spectrum of the FEM mm-wave 
pulses as a function of time. To get a complete analysis, the spatial power 
distribution of the output beam has to be measured as well. 
 For the energy and power measurements during the pulse, the following 
procedure is applied: the energy per pulse is measured by a stacked 
thermocouple calorimeter, which is calibrated with a heater resistance inside the 
device. The pulse shape, i.e. the power as a function of time, is measured by a 
ns-response mm-wave diode detector. This detector is calibrated absolutely by 
setting the area of the pulse equal to the absolute pulse energy measured by the 
calorimeter. This procedure has to be repeated after change of the frequency 
setting of the FEM because the sensitivity of the detector is frequency-
dependent. 
 In order to measure the time dependent frequency-spectrum during the 
pulse, the diagnostic system has to be able to follow the main frequency and 
other satellite frequencies, within the cavity bandwidth, with a viewing 
bandwidth of 1 GHz. Especially in the inverse setup of the FEM there is an 
accelerating voltage drop during the pulse (1kV/µs per ampere beam current), 
which leads to frequency changes (0.2 GHz/µs per ampere beam current, in our 
case typically 16 GHz during a 10 µs pulse). The absolute frequency accuracy of 
the system must be in the order of 0.1‰ (20 MHz at 200 GHz) to distinguish 
and identify the frequency components separated by the mode spacing of the 
FEM (~40 MHz). The dynamic range of the system was specified at least 30 dB 
to measure satellite frequency components of 1‰ compared to the main 
frequency. Additionally, the multi-band extension of the frequency-spectrum 
measurement system must be able to follow the FEM frequency at +/- 3% fast 
tuning. 
 The spatial power distribution was measured of one or several pulses of 
the FEM by means of an absorbing foil in the mm-wave output beam and an 
infrared camera. The temperature distribution of the foil is converted to an 
absolute spatial power distribution using the absorption parameters of the foil. 
These parameters were obtained from low power transmission and reflection 
calibration measurements. We can integrate the spatial power distribution and 
using the mm-wave pulse length we calculate the average power, which can be 
compared to the calorimeter measurement for verification. 
 
4.2 Setup of the diagnostics in the transmission line 
As explained in Chapter 1, the high power measurements of the FEM were 
performed in two setups, the “inverse” and the “normal” setup. In the inverse 
setup the confocal quasi-optical transmission-line contained fewer mirrors and 
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the absolute power diagnostic consisted of a calorimeter, one diode detector and 
a frequency spectrum diagnostic. In the normal setup four diode detectors and a 
frequency spectrum diagnostic were installed, surrounding the calorimeter, see 
Figure 4.1. 
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Figure 4.1. FEM cavity and transmission line with the mm-wave diagnostic 
system for the inverse setup (left) and the normal setup (right). In the normal 
setup six extra mirrors were needed to bridge the high voltage barrier. In both 
setups the calorimeter is placed at a frequency independent waist of 12.5 mm 
radius (see Section 2.3.2). 
 
 Furthermore, the position of the mm-wave detector(s) and frequency 
spectrum diagnostic is different: in the inverse setup these are placed just after 
the window and in the normal setup at the end of the transmission line, where a 
frequency-independent waist is formed. The latter has the advantage that the 
coupling of the mm-wave beam to the standard waveguide antennas of the 
detectors and the frequency spectrum system is almost frequency-independent. 
In this setup, the calorimeter accepts most of the power (99.96%); a small 
fraction of the remaining power outside the entrance of calorimeter is distributed 
over five diagnostic standard waveguides, one top, one bottom, one left and two 
right of the mm-wave beam, see Figure 4.5. 
 Four fast wide-band diode detectors, which are connected to the 
diagnostic waveguides, measure the pulse envelope. By calibration to the 
calorimeter each of these four signals can be related to the absolute total power 
in the pulse. One waveguide is connected to a frequency spectrum measurement 
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system. Actuators can shift the positions of the waveguides over a range of 30 
mm to 40 mm offset to the centre of the mm-wave beam. Four detectors are used 
in the normal setup so that this system is also able to measure the spatial drift of 
the mm-wave beam during the pulse and it can check whether the beam is 
centred to the calorimeter. 
 For mm-wave beam pattern measurements, an absorption foil can be 
inserted just before the calorimeter. The foil is made of graphite-coated paper 
with a thickness of 90 µm. This foil can be observed by a cooled infrared 
camera, which measures the temperature profile. The foil has a calibrated 
dissipation of 19-23% in the frequency range of 160-240 GHz (reflection is 3.0-
5.5%). A profile of the absolute power of the mm-wave beam is calculated from 
this temperature profile. 
 
4.3 Aspects of the absolute power measurement system 
4.3.1 The calorimeter 
For measuring the mm-wave energy a special calorimeter is used which has 
been designed and constructed at the Institute for Applied Physics in Nizhny 
Novgorod, Russia. Inside this device the mm-wave a stainless steel cone spreads 
power over a cylinder of mm-wave absorbing ceramics, which contains about 
1000 thermocouples. Just after an mm-wave pulse there is a temperature 
difference between the inner and the outer surface of the cylinder, which 
generates a potential difference at the thermocouples. This potential difference is 
a measure for the temperature difference and so for the energy. The energy 
range is 10 mJ to 1 kJ. 

The calorimeter has a built-in heater resistance for in-situ calibration 
purposes. This calibration can be done between mm-wave pulses of the FEM. 
Figure 4.2 shows the measurement and calibration system. During the 
calibration procedure a pulse generator sends a pulse with known amplitude and 
time to the resistor of the calorimeter and the response is measured by an 
accurate digital scope. The energy, E, which enters the calorimeter and the 
sensitivity , η, of the calorimeter is calculated using: 

2

andpulse out
c

s c

U UE R
R R E

η
τ

⎛ ⎞
= ⋅ =⎜ ⎟+⎝ ⎠

, (4.1) 

where Rc (=20.6 Ω), Rs (=29.4 Ω) are the resistances of respectively the 
calorimeter and the cable to the calorimeter and τ  is the length of the calibration 
pulse. Because the signal levels from the calorimeter are low, in the order of tens 
of microvolts, a differential setup is used with shielded twisted pair cables 
followed by a differential amplifier. 
 A typical calibration response curve of the calorimeter is given in  
Figure 4.3. 
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Figure 4.2. Setup for the calibration of the calorimeter and energy 
measurements. 
 
We notice that the response looks like the response of a second-order system to 
a rectangle pulse, with an extra delay time. This is a system, which has the 
following transfer function in the Laplace domain: 

( ) 1 2
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1 2 1 2
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0 0
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2 21
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τ τβ ω
β τ τ τ

ω ω

−∆ +
= =

+ + τ
= , 

(4.2) 

where K is the gain, β the relative damping, ω0 the undamped eigen-frequency 
and ∆t is the delay time. For energy measurement, we limit ourselves to read the 
maximum value in Figure 4.3, because integration of the full response takes too 
long. The reason for this is that the fall time of a few hundred seconds is very 
long compared to the rise time (few seconds). During the fallback air-cooling 
can be used to speed up the process. 
 At the FEM mm-wave pulses were measured in the microsecond range 
while the calibration pulses have a maximum duration of one second. The 
reason for this was that calibration pulses of several kilovolts during 
microseconds are unpractical to use. To understand the operation and to verify 
the calibration of the calorimeter a model was made of the calorimeter with a 
second-order system. The input pulse of the calorimeter is described in the time 
domain with normalized Heaviside functions. 
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Figure 4.3. Typical response of the calorimeter to a heater pulse with energy 
content of about 0.8 J. Also shown is a fitted response of a second-order system 
with the following parameters:∆t=0.3, τ1=0.628, τ 2=26.4, K=1711. 
 
This function must be Laplace transformed: 

( ) £ ( ) (start stop
stop start

Ppulse s H t t H t t
t t

⎧ ⎫⎪ ⎪⎡ ⎤= − −⎨ ⎬⎣ ⎦−⎪ ⎪⎩ ⎭
)− , (4.3) 

where P is the power during the pulse and tstart and tstop are respectively the 
absolute start and stop time of the pulse. 
 To find the response of the calorimeter we can do the inverse Laplace 
transformation of the product of the transfer function and the pulse function: 

( ) ( ){ }-1( ) £calorimeterR t pulse s H s=  (4.4) 

Now we can solve τ1, τ2 and K by substituting three points from the calorimeter 
response, at the rising edge, at the top and at the falling edge, in equation (4.4). 
The result of the simulation is also shown in Figure 4.3. 
 Knowing the parameters of the second-order system, which fit our 
calorimeter, we can simulate the response to a heating pulse with the same 
energy as the calibration pulse but with a length of only 1 µs, which is the 
shortest pulse length used at FEM (see Figure 4.4).  
 The conclusion is that the difference of calorimeter sensitivity for 
calibration with relative long pulse length and short FEM pulses is negligible 
(less then 1%) compared to the accuracy of 7% specified by the manufacturer. 
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Figure 4.4. Simulation of the response of the calorimeter to a short pulse of 1µs 
compared to the calibration with a pulse of 1 s. Both pulses have the same 
energy of about 0.8 J. 
 
4.3.2 Coupling of the mm-wave beam to the diagnostic waveguides 
The design called for installation of five standard D-band diagnostic waveguides 
surrounding the input of the calorimeter, to couple a small part of the power to 
the mm-wave diode detectors and to the frequency spectrum measurement 
system (see Figure 4.5).  
 The specified peak output power of the FEM is around 1 MW. The mm-
wave detectors can handle up to 1 mW. They therefore have to be placed in a far 
wing of the Gaussian profile to operate in the right power range. In order to 
choose, for the design, the positions and range of these diagnostic waveguides 
with respect to the beam centre, we use a method which takes into account the 
field shape difference between the Gaussian function slice at the position of the 
waveguide and the eigenmode of the standard waveguide, and additionally the 
impedance difference between free space and the standard waveguide. 
 The solution is to use equation (2.28) given in Section 2.2.2 to calculate 
the coupling between the E-field of the Gaussian output beam of the FEM to the 
transverse E-field of the eigenmode in the standard waveguide at its exact 
position near the calorimeter input. 
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For the Gaussian beam we use the normalized 
[Gold-98]: 
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Note that the standard waveguide is applied to accept horizontal polarisation 
with the short side placed horizontally. For the first-order TEmn mode, m=1 and 
n=0. The constant Amn is normalized such that ( )*1 ˆRe 1
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ε= = Ω ). At this point, the amplitude-coupling factor can be 

calculated using equation (2.28). The result is shown in Figure 4.6. 
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Figure 4.6. Result of a field coupling calculation. Three situations are shown for 
the separate diagnostic waveguides, which can be remotely, shifted over 10 mm 
around a central setting of 35 mm. 
 
A feature of the diagnostic waveguide system is that the waveguides can be 
shifted over 10 mm, thus offering the possibility to adjust the coupling from –71 
to -111 dB (40 dB range). Furthermore it is possible to see beam movements 
during the shots by correlating the signals from the four detectors. 
 An additional position independent coupling factor caused by the 
impedance difference of the Gaussian beam and the diagnostic waveguide can 
be calculated using (2.23) given in section 2.1.5, where we use 0amb

TE
z

Z KZ K=  

for the impedance of the diagnostic waveguide. For the waveguide we use, as 
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we did for the coupling equations, the TE10 mode. This coupling is frequency 
dependent and becomes less relevant at higher frequencies because the 
waveguide becomes more oversized and so the impedance approaches the free-
space impedance. 
 The total coupling is calculated by summing the values of the field- and 
the impedance-coupling calculation given in Figure 4.6 and Figure 4.7, for the 
adjusted position and frequency. 
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Figure 4.7. Frequency-dependent coupling caused by impedance difference of 
the Gaussian beam and the diagnostic waveguide. 
 
 As alternative for this complicated field coupling method, simple 
integration of a slice of the Gaussian intensity function of the mm-wave output 
beam of the FEM over the standard waveguides is also a possible solution. With 
this method, the accuracy is lower. In Figure 4.8 the coupling error is shown if 
we compare simple integration method with field coupling method. The reason 
is that in this way two effects are neglected: the field shape and the impedance 
difference. 
 In conclusion, we have used a near exact method to calculate the field 
coupling of the free-space Gaussian beam mode to the diagnostic waveguides 
and to base our design choices on the calculations. The system has a 40 dB 
adjustable power coupling range. We notice also that the impedance coupling 
gives a negligible frequency dependent effect of less then 3% (0.12 dB), which 
validates that this coupling method is truly wide-band method. Furthermore we 
have also compared the field coupling method to a straightforward integration of 
the Gaussian profile over the area of the diagnostic waveguide entrance, and 
found an error less than 6%. 
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Figure 4.8. The error which arises by integrating the Gaussian intensity 
function of the mm-wave output beam of the FEM over the input aperture of the 
diagnostic waveguides when compared to the more precise field coupling 
method as explained in the text. 
 
4.3.3 The mm-wave diode detectors 
Four fast wide-band diode detectors are installed at the FEM diagnostic setup to 
measure the pulse envelope. Biased non-tuned wide-band detectors have been 
chosen, which can operate from 130-260 GHz. However, the sensitivity of these 
diode detectors can vary by more than a factor of four over this frequency range. 
This makes it necessary to calibrate against the absolute power from the 
calorimeter for FEM shots with different parameters.  
 Two ways were used to connect the diode detectors to the digitizers to 
cover contradictory purposes of high bandwidth by low impedance coupling and 
good linearity. A very fast system was created by connecting the detector by 
high frequency coax and coaxial bias box (AC coupled and bandwidth 0.3 Hz to 
more than a 1 GHz) to a 50 Ω  2 Giga-sample oscilloscope to have a few ns 
resolution. This system turned out to be reasonable linear. A slower high-
sensitivity system was created by connecting the detector with short cables to 
high impedance preamplifiers (detector bias offset compensated, amplification 
10x and a bandwidth of DC to 2.5 MHz), which give their signal by terminated 
50 Ω cables to 5 Mega-sample ADCs. The latter connection method prevents the 
output impedance of the diode detector, which is strongly input-power 
dependent, from influencing the sensitivity. 
 The power calibration curves of the two types of detector systems are 
measured at several frequencies. The results are shown in Figure 4.9.  
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The advantage of the slower system is that the sensitivity of the detector itself is 
very high, about 400 mV/mW typical, which is caused by the high impedance 
loading. The detector can therefore be operated far from saturation in a near-
linear regime. 
 The advantage of the fast system is that fast fluctuations (> 10 MHz) on 
the mm-wave signal of the FEM, caused by e.g. mode competition, can be 
measured. The disadvantage is that this system is relatively insensitive, of about 
20 mV/mW typical. 
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Figure 4.9. Some calibration curves of the separate detector systems: (a) the fast 
system and (b) the slower linear system. 
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4.4 The frequency-spectrum measurement system 
For the measurement of the frequency spectrum of the FEM a heterodyne 
receiver is used, which is coupled to one of the diagnostic waveguides, see 
Figure 4.10. This receiver uses a harmonic mixer and Local Oscillator (LO) to 
shift the frequency spectrum to an Intermediate Frequency (IF) band with a 
maximum bandwidth of about 1 GHz. 
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Figure 4.10. The heterodyne receiver for the frequency spectrum measurement: 
The receiver downshifts the FEM frequency. As local oscillator a BWO is used 
with a frequency range of 78 to 126 GHz. The symbols η, T, G, and L indicate 
respectively the efficiency, noise-temperature, gain and loss of the components. 
 
 The RF filter is used to pre-select the input signal for the chosen harmonic 
number of the mixer. An optimum situation will be to use a tracking filter with 
the pass band synchronized just above the LO frequency at the right harmonic 
with a bandwidth equal to the IF bandwidth. In this way it is not only possible to 
select the right input frequency for the harmonic number but also to use the filter 
for image rejection and to suppress the lower side band. Unfortunately a 
tracking filter tuneable from 156 to 252 GHz was not available and we used a 
high-pass filter to suppress frequencies below 130 GHz. 
 To determine the dynamic range of the heterodyne receiver setup, the 
system noise must be characterized. The noise temperature of this receiver 
without transmission line and antenna follows from [Poza-90, Hart-97]: 

T IF F M D F M T IF
REC F M F A F M

A A

T L L T L L L
T T T L T L L

G G
= + + + + , (4.7) 

where the symbols T, G, and L indicate respectively the efficiency, temperature, 
gain and loss of the components. The component noise temperatures can be 
related to noise figures, F, as ( )1 componentT F T= −  
Including also the transmission line and the antenna parameters, the total system 
temperature is given as: 

( ) ( )1 1SYS An b An An T T T RECT T T L T L Tη η= + − + − +  (4.8) 
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To calculate the minimum detectable power we use the radiometre formula 
[Hart-97]: 

min
2 vid

sys
IF

BP kBT
B

=  (4.9) 

where Bvid is the video bandwidth. This can be a hardware filter after a diode 
detector, or created by integrating software (for example the sample frequency 
divided by the number of samples by Fourier analysis of the direct digitized IF 
signal). In our case the input bandwidth B is identical to BIF if we have a single 
sideband receiver. The maximum measurable input level of the receiver is 
specified by the 1 dB compression level of the mixer. Equations (4.7) to (4.9) 
will be used in sections 4.4.1 and 4.4.2. 
 
4.4.1 The narrowband system 
One of the diagnostic waveguides has a system adapted for more narrowband 
frequency-spectrum measurements. The setup is the same as shown in Figure 
4.10, only as IF detection system a 2 Giga sample digital oscilloscope is used as 
a fast ADC. This means according to the law of Shannon that a maximum 
frequency of 1 GHz can be measured. However, the -3 dB bandwidth of this 
oscilloscope is 0.5 GHz and a maximum suppression of -30 dB of the signal is 
reached just below 0.9 GHz, see Figure 4.11. 
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Figure 4.11. The frequency response of a 2 GSa/s ADC (oscilloscope) used for 
IF detection of the narrowband frequency spectrum measurement system. 
 
 Since all the components are frequency dependent the logical solution is 
to do a total in situ system calibration in several frequency ranges where the 
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FEM will be tested. The calibration data is used after Fast Fourier Transform 
FFT on the digitized shot. For the calibration of the total system a low power 
BWO was used as reference source. This source was calibrated with a spectrum 
analyzer and a calorimeter on frequency and power over the selected test ranges. 
Each test range was measured over a 2 GHz span centred on the target frequency 
with a resolution of 10 MHz. The output of the reference source was directly 
connected to the input waveguide (antenna) of the heterodyne receiver of the 
frequency spectrum measurement system and the power transfer of the total 
system was measured for each frequency including the FFT process. The 
calibration curves which must be applied after the FFT process are shown in 
Figure 4.12. 
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Figure 4.12. Some of the calibration curves of the narrow band frequency 
spectrum measurement system for three frequency ranges surrounding the LO 
frequencies of 160, 180 and 200 GHz. 
 
 The calibration curves shown in Figure 4.12 show that there is a 
difference between the curves for the different frequency bands. Furthermore, 
even within one frequency band the calibration curve is not exact symmetrical 
around the centre frequency. This is due to the fact that the conversion loss of 
the mixer is strongly RF frequency-dependent. The IF frequency dependency of 
the components after the mixer, like the amplifier, cable and scope, is 
represented by the similarity in shape and symmetry of the calibration curves. 

 



High power diagnostics 98

 Important aspects concerning the FFT are: frequency resolution, 
suppression of aliasing frequencies and other unwanted frequencies and a low 
amplitude error over the frequency range. The FFT is only possible over a block 
of adjacent samples in time. The frequency resolution,  ∆f, is dependent of this 
block size, n, and the sample frequency, fs, and is given by sff n∆ = . A block 
size of 1024 samples gives a frequency resolution of about 2 MHz and time 
resolution of about 0.5 µs The aliasing effect causes mirroring of signals with 
frequencies within the interval of half the sample frequency and the sample 
frequency into the interval from zero to half the sample frequency. This effect is 
prevented by the natural low pass filter behaviour of the ADC itself shown in 
Figure 4.11. Other unwanted frequencies are generated within the FFT process, 
if this is done over a block of samples, which starts and stops abruptly. This 
problem is solved by masking the block samples by a specific filter pattern 
which tapers the amplitudes of the samples down at the edges of the block. By 
taking the appropriate filter shape also amplitude errors, which can occur if the 
measured frequency is not an integer multiply of the frequency resolution,  ∆f, 
are minimized. A flat top filter, with tapered edges, reduces this error from 60% 
to 4‰, which is acceptable. 
 For the filter before the RF input of the mixer a fixed high pass filter is 
chosen. This filter consists of a taper from WR-6 to WR-4 waveguide, with a 
WR-4 waveguide cut-off frequency of 137.3 GHz. A LO frequency-tracking 
band pass filter for the second harmonic frequency range of the LO (154-252 
GHz) was impossible to obtain. This means that there is no image rejection for 
this system and that ways have to be found to separate upper and lower 
sidebands. Knowing the settings of the FEM, the local oscillator is always 
adjusted below the main FEM frequency; this is checked by downshifting the 
LO frequency and observing the up-shifting of frequency on the main peak on 
the IF. However, if for some spurious frequency components downshifting 
occurs we know that these frequency components are below the LO. 
 The dynamic range of the system including the FFT, calculated with 
equations (4.7) to (4.9), is dependent on the RF and IF frequency range but is at 
least 45 dB for IF frequency ranges smaller than 0.5 GHz (35 dB till 0.8 GHz), 
which is acceptable. The limited IF frequency range is caused by the limited 
bandwidth and sample rate of the digitizer. 
 
4.4.2 The advanced multi-channel wideband system 
Although the narrowband system as described in section 4.4.1 was used 
successfully on a number of FEM shots, there was a wish for a system which 
enables a view of the spectrum over a wider frequency range as a function of 
time. The simplest solution would be to enlarge the bandwidth of the digitizer 
which is used as IF detection system. Using the setup described above, 20 GSa/s 
is possible with a maximum bandwidth of 5-10 GHz. However, apart from the 
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problems of the limited memory depth, which limits the continuous sample time 
to a few ms, still a larger bandwidth was required of about 18 GHz, as was 
shown in simulations of [Eece-95]. A larger bandwidth would also allow us to 
follow the frequency during the fast tuning experiments of the FEM.  

 
 The idea was to develop a hybrid frequency-spectrum measurement 
system with fixed frequency-spaced detector channels followed by ADCs, 
combined with the narrowband FFT system. The sacrifice made for the detector 
channels was to enlarge the frequency resolution to 1 GHz per channel. The 
setup is shown in Figure 4.13. 
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Figure 4.13. Setup of the heterodyne advanced multi-channel wideband 
frequency spectrum measurement system. 
 
 Part of the FEM power measured by a standard waveguide antenna is fed 
into a high-pass filter for rejection of frequencies in the range of the LO. Then 
the signal is fed to a harmonic mixer, where it is down-converted by a step-
tuneable phase-locked loop LO to an IF band of 0.05-18 GHz. The signal passes 
through a low-noise pre-amplifier (20 dB gain) and to a diplexer where the 
frequency range is split into two intervals of 0.05 to 1.9 GHz and 2.1 to 18 GHz. 
These signals are again amplified and branched further to the video detector 
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channels, while one channel is fed into the oscilloscope used as digitizer for the 
FFT system. Before the detectors one low pass filter and eighteen band pass 
filters are used with a bandwidth of 1 GHz in a configuration such that the -3 dB 
points overlap to have a continuous frequency spectrum of 18 GHz wide with a 
resolution of 1 GHz. Six IF amplifiers in the separate branches of the system 
have been used instead of one high-gain amplifier after the mixer to optimize the 
dynamic range of the system by using the maximum input power of the 
detectors of +13 dBm. The alternative was a 19-way splitter preceded by one or 
two cascaded amplifiers after the mixer with an output power in the order of one 
watt, over the total bandwidth of 0.05-18 GHz. This is not compatible with a 
low noise figure. 
 After the detectors follow the video amplifiers with a bandwidth of 5 
MHz, and by 16 bit ADCs with a sample rate of 10 MSa/s. The dynamic range 
of the total system including the ADCs, calculated with equations (4.7) to (4.9), 
is 58 dB. 
 
4.5 Spatially resolved absolute IR power measurement 

system 
There are several ways to measure the mm-wave beam pattern of a high power 
beam, indirect and direct [Bong-96]. In the indirect way a small part of the beam 
reflected by a foil, placed inside the high power beam, is coupled to an xy-
pattern scanner. In the direct way we measure the temperature pattern of the foil 
or sheet placed inside the mm-wave beam. This can be done by using a LCD foil 
which changes colour over a temperature range viewed by a normal video 
camera, or by using an absorptive screen viewed by an infrared camera [Edgc-
93]. The latter has the advantage that the temperature range and resolution is 
much higher than the LCD foil-based system, which results in a higher dynamic 
range of the mm-wave beam pattern measurements.  
 In the FEM quasi-optical mm-wave transmission line an absorption screen 
can be inserted just before the calorimeter. The screen is made of graphite-
coated paper with a thickness of 90 µm. This absorption screen is observed by a 
gas-cooled infrared camera, which measures the temperature profile, see  
Figure 4.14. 
 The screen is calibrated at low power in a setup similar to the one shown 
in Figure 3.1. In this calibration test the reflection and transmission was 
measured simultaneously in the frequency range of 156 to 244 GHz (256 
points). During the tests a part of the screen was clamped between two flanges 
of aligned HE11 waveguide system. The measurements were repeated several 
times for different spots to verify the homogeneity. The measurements on 
separate spots agreed within a few percent, which was the error of the 
measurement. Finally, the window equations (2.72) and (2.73) were fitted 
simultaneously using the measured reflection and transmission values to find the 
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tan(δ), with its frequency dependence, and the refractive index. These values 
were used to calculate the behaviour of the screen under an angle of 45°,  
Figure 4.15 shows the results. 
 

 
 

Figure 4.14. The spatially resolved IR-power measurement system placed in the 
quasi-optical mm-wave transmission line of the FEM. The absorption screen is 
located in between the last mirror (left) and the power measurement system 
(right). The gas-cooled IR camera (front) observes the absorption screen where 
the Gaussian mm-wave beam forms a spot with radius which varies from 20 to 
15 mm over the 130 to 260 GHz frequency range. 
 
The absorption of the screen is calculated to be 21-30% in the frequency range 
of 130-260 GHz (the reflection is 4-8%). A typical FEM shot of 1 MW gives in 
the order of 1°/µs. 
 After a FEM mm-wave shot the temperature profile on the screen is used 
to calculate the absolute power profile of the mm-wave beam. The IR camera 
used at the FEM mm-wave beam measurements operates in a IR wavelength 
range of 3.5 to 5.4 µm, and has an optical resolution of 100 x 255 pixels and a 
maximum temperature resolution of 0.04°C (12 bits) in the -40 to 120°C range. 
As estimation for the dynamic range of the power pattern on the screen, the ratio 
can be used of the maximum temperature rise of the sheet and the temperature 
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resolution of the camera. The range is 34 dB at an ambient temperature of 20°C. 
This is only a valid estimate if the temperature rise scales linearly with the 
absorbed power. In this rough estimate cooling by radiation, convection and 
radial conduction is neglected.  
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Figure 4.15. Calculated parameters of the absorption screen placed under 45° 
based on calibration at 0°. The refractive index is 1.92 and tan(δ) is slightly 
frequency dependent (0.55e-4 to 7e-4/GHz). 
 
 To calculate the spatial power distribution of the FEM mm-wave beam, 
the absorption screen is divided in projected camera pixels with fixed width, w, 
height, h (the choice on w and h depend on the camera distance) and the 
constant thickness, d. The energy rise of the pixel just after a mm-wave pulse is: 

( )p IR ambQ c m T T∆ = − , (4.10) 

where TIR is the pixel temperature measured by the IR camera, Tamb is the 
environment temperature and the mass m whdρ= , with ρ  the specific density of 
the screen. In this simple approach, a delay between the situation just after the 
shot and the moment of observation of the temperature profile is not taken into 
account. Such a delay does occur due to the fact that the camera takes 
continuous frames of the sheet and the shot is somewhere in this cycle. This 
problem can be overcome by synchronizing the FEM shot with the frame 
frequency (30 Hz or 5 Hz mode) of the camera, and to time the system such that 
the registration is just after the FEM shot. However, even then, the beginning of 
the frame is at the right time and the end is too late. Consequently, since the 
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camera is a scanning device, the measurement still depends on the temperature 
difference with the ambient air and the cooling needs to be accounted for.  
 Each pixel has its own cool-down time, tcool, and a correction needs to be 
made for each pixel. For a good estimate, the convection to the ambient air and 
the radiation to the environment should be taken into account. The radial 
conduction is neglected because the screen is very thin such that the heat 
conduction is very low (and the temperature difference with a neighbouring 
pixel of the screen is small for an approximately Gaussian beam). Furthermore, 
a possibly inhomogeneous temperature distribution in the thickness is also 
neglected because the heat conduction coefficient of the screen made of 
graphite-impregnated paper is much higher than the surrounding air. The total 
cool-down time of each separate pixel is divided in a finite number, n, of time 
steps ∆t. The unforced vertical plane convection is calculated with the heat 
transfer formula of Nusselt [Pbna-95]: 

( ) 43.5 0.09 288 2.6 288c n amb n c n amb nT T with T K or T T with Tα α= + − < = − ≥  (4.11)

We start the process by taking for the temperature, Tn , the measured pixel 
temperature by the IR camera. The temperature drop of the pixel with extra 
cool-down time after a mm-wave pulse due to convection and radiation at both 
sides of the screen is given by: 

( )2conv c n ambQ wh T Tα∆ = − t∆

t

 (4.12) 

 

( )4 42rad n ambQ wh T Tεσ∆ = − ∆ , (4.13) 

with ε the emissivity of the screen and σ the constant of Stefan-Boltzmann. The 
temperature after a cool-down step is: 

( ) ( )1
conv rad

n n
o

Q QT T
mc−

∆ + ∆
= +  (4.14) 

The process is repeated till  and Tcooln t t∆ = (n-1) is equal to the real temperature, 
Treal, of the separate pixel just after the mm-wave shot. The number of time steps 
is taken such that for the pixel with the highest temperature an temperature 
accuracy is obtained within the camera temperature resolution. After calculating 
the temperatures of the separate pixels we can calculate the average power 
absorbed by each pixel during the FEM-mm-wave shot during the time, tshot, 
using: 

( )p real amb
abs

shot

c m T T
P

t
−

=  (4.15) 

 Knowing the absorption of the screen, shown in Figure 4.1, the total mm-
wave power can be calculated per pixel such that a spatially resolved absolute 
pixel power pattern is reconstructed. Integration of the full beam pattern gives 
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the average power of the FEM shot within the aperture of the screen. This can be 
compared by the calorimeter measurement. In practice a surprising good 
agreement is measured with a difference of about 5%. An important input 
variable for the calculations is the exact ambient temperature. This can be 
obtained from the edge of a mm-wave measurement frame outside the pattern by 
averaging the pixel temperatures in this area or from a frame without mm-wave 
power measuring all the separate pixel ambient temperatures. The latter will 
compensate for parasitic preheating patterns by room lights etc.  
 The influence of cool-down for a practical temperature rise of the screen 
of 25° by a FEM mm-wave shot is about 2°/s. So for 5 Hz repetition rate the 
error can be in the order of 1% if we take an IR picture exactly after the FEM 
mm-wave shot (in practice there was always an extra delay of about .2 s which 
gives a 3% error for 25° temperature rise). The cool-down effect is in the 
analysis because the setup was designed for a temperature rise of over 100° for 
long pulse-FEM shots. 
 After the pixel power pattern is converted to a power density pattern, a 
first order Gauss can be fitted using the Nelder-Mead Simplex Method [Laga-
98]. The following two-dimensional fundamental Gaussian distribution is used: 
 

( )
2 2

2 22
12

, x y

x y
s sst order Gauss

x y

P
f x y e

s s π

⎛ ⎞
⎜ ⎟− +
⎜ ⎟
⎝ ⎠= , (4.16) 

where Ptotal is the total power in the Gaussian and sx, sy are the spot radii in x an 
y direction. We calculate the Gaussian efficiency using the definition [Edgc-93]: 

1st order Gauss

total

P
P

η =  (4.17) 

 An alternative for this method, and to calculate the full mode Gaussian 
decomposition, is to use equation (2.28) given in Section 2.2.2 to calculate the 
coupling between the E-field of the output pattern of the FEM to the normalized 
multimode Hermite description given in equation (4.5). We did not use this 
alternative for the FEM mm-wave beam because we were only interested first-
order Gaussian mode content. 
 The conclusion is that with a single device, the screen with an IR-camera 
and the appropriate analysis, beam patterns can be analyzed as well as the power 
can be determined, as an alternative to the calorimeter. Since the output of the 
FEM shows some variation from shot to shot, measuring beam shape and 
absolute power with a single device offers a clear advantage in the accuracy of 
the output beam analysis. 
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Chapter 5 High power 
measurements and 
interpretation 

First lasing of the FEM in the inverse setup was achieved on Friday 10 October 
1997 (time 19:45). The high power experiments, in inverse and long-pulse setup, 
have lasted, with some interruptions, until 2 August 2001. In this chapter we 
show a number of characteristic results and achievements of the high power 
FEM experiments. At first, the last achievements and principles of the FEM in 
the long-pulse setup with depressed collector are mentioned. These results were 
published in Phys. Rev. Letters. After this article, a palette of FEM high-power 
shots are treated, both in inverse- and long pulse setup to show the FEM 
features. 
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5.1 Long-Pulse Operation at Constant Output Power and 
Single-Frequency Mode of a High-Power Electro-static 
Free-Electron Maser with Depressed Collector 

(published in Phys .Rev. Letters, 89, 21, 214801, (2002), W.H. Urbanus,  
W.A. Bongers, V. Bratman, C.A.J. van der Geer, M.F. Graswinckel,  
P. Manintveld, B.L. Militsyn, A. Savilov, and FEM Team) 
 
The Fusion Free-Electron Maser (FFF) is the prototype of a high-power, 
tuneable source of mm-wave radiation, for use on fusion plasma devices. In 
previous experiments a net output power of 730 kW at 206 GHz was generated 
in short pulses. The present experiment has been equipped with a system to 
recover the charge and energy of the spent electron beam. We present 
experimental results, which show output of mm-wave radiation at constant 
power level during the full pulse length, as well as single frequency operation; 
even though the cavity is highly overmoded; the latter is reached by effective 
suppression of spurious modes by the feedback system. 
 
5.1.1 Introduction 
High-power mm-wave radiation is an important tool for heating, control and 
diagnostics of plasma in thermonuclear fusion devices [Erck-94]. Thanks to the 
spatial dependence of the magnetic field in a toroidal fusion device, e.g. a 
tokamak, precisely localized deposition of power can be achieved by tuning the 
radiation to the electron cyclotron resonance frequency. For local plasma 
heating in large devices, a mm-wave source with narrow spectral bandwidth, 
frequency range up to 170 GHz or higher, output power in the MW range, at 
pulse lengths of seconds, is required. For plasma control, tuneability is an added 
requirement. Present generation gyrotrons, generating mm-wave output at the 
MW level at pulse lengths of seconds at frequencies up to 140 GHz, largely 
meet the first requirement, while high power step- tuneable gyrotrons (steps of 
several GHz) are in development [Pios-02, Zape-02]. A promising alternative is 
provided by the electrostatic Free Electron Maser (FEM), featuring fast and 
continuous tuneability as well as the possibility to reach higher frequencies 
(hundreds of GHz) as its main advantages [Urba-99]. 
 At FOM such a device, the FOM Fusion FEM (FFF), has been developed 
with the aim to demonstrate single mode operation and tuneability at high-
power, long pulse operation. In the FFF, a relativistic electron beam is 
accelerated to the interaction region, where the electron beam follows a wiggle 
motion in the undulator field and power is transferred to the mm-wave beam 
(see Figure 5.1). 
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Figure 5.1. Layout of the FOM Fusion FEM, including the energy recovery 
system. 
 
 The radiation frequency is determined by the magnetic field strength and 
periodicity of the undulator field, and the electron beam energy. Similar devices 
have demonstrated the feasibility of this approach, although at a lower output 
power level of several kW’s [Rami-92, Abra-99]. In order to reach high output 
power, apart from a high power electron gun, in the FFF a step-tapered 
undulator is used for higher efficiency; the magnetic field (20 cells of 0.2 T 
followed by 14 cells of 0.16 T) follows the dropping electron energy upon 
passing through the undulator while it transfers energy to the mm-wave beam 
[Varf-94]. The interaction region is inside a rectangular corrugated waveguide 
of 15 by 20 mm, which carry an HE  mode. This mode is peaked at the centre 
and gives optimum coupling to the electron beam, and minimum power losses 
on the waveguide walls. The latter is essential for high-power, long pulse 
devices. Feedback and outcoupling of the mm-wave power are provided by so-
called stepped waveguides at both ends of the undulator waveguide. In these 
stepped waveguides, which have a larger cross-section than the undulator 
waveguide, the mm-wave beam is split into two identical off-axis beams. At the 
position of full separation, mirrors are placed for feedback and outcoupling 
[Deni-96, Bong-99].  

11

 The use of an electrostatic acceleration and deceleration system offers the 
advantage of a continuous electron beam, needed for CW operation. A further 
advantage is the relatively straightforward frequency tuneability by variation of 
the electron beam energy, i.e., the accelerating voltage. In addition, beam 
recovery can be simple; after interaction with the mm-waves, the electron beam 
is electro statically decelerated and enters a depressed collector at an average 
energy of less than 100 keV [Loos-97]. The charge and energy recovery result in 
a high system efficiency.  
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5.1.2 Principles of mode competition and experiments 
In our previous experiments [Urba-99] the electron beam recovery system was 
not yet installed. Consequently, the electron beam energy dropped sharply 
during the pulse, which had strong effects on the interaction mechanism; the 
amplification band shifted across the cavity resonance band and the mm-wave 
output power varied strongly [Savi-96]. The pulse duration was limited to a few 
µ s. Nevertheless, these experiments already demonstrated high output power, 
frequency tuneability and the possibility of single-mode operation at 206 GHz.  
 In this Letter, we report the results of experiments with the electron beam 
recovery system installed (depressed collector). This results in a near-stable 
electron beam energy, which is a major difference as compared to former 
experiments. An important issue to be investigated is whether single-mode or 
chaotic multi-mode output is generated. Since FFF is a tuneable oscillator, the 
mm-wave cavity needs to have a finite bandwidth. Consequently, a large 
number of longitudinal modes (frequencies) can in principle be excited, when 
they fall under the amplification band. The bandwidth of the latter is more 
narrow than that of the cavity, and is determined by the electron beam energy 
and the undulator parameters [Varf-94]. However, even though many 
longitudinal modes fit in the cavity and amplification band, multimode 
oscillation does not necessarily take place.  
 The general theory of the mode competition was developed in [Bogo-81, 
Anto-89, Ginz-91]. In [Anto1-89, Abra-99], mode competition in an 
electrostatic FEL was studied and an explanation was given for mode instability, 
observed in the Stanford experiment. The method of description of the mode 
competition in a dispersive-feedback cavity of a special type used in the FFF 
was developed in the letter [Savi-96]. Since the experimental results of the FFF 
in short pulse setup have been accurately predicted by Savilov et al. [Urba-99, 
Savi-01], we proceed following these theoretical models. 
 In an oscillator, like FEM, the issue of possible multi-mode operation is 
related to the parametre of excess over threshold, L. This is a dimensionless 
parametre, which is proportional to the length of the interaction region, because 
in the simplest model it is defined as the product of this length and the cubic root 
of the electron beam current. If L exceeds its starting value and is less than some 
threshold, the single-mode operation is stable. If L exceeds the threshold of 
single-mode operation, complex multi-mode operation can take place, with fast 
fluctuations in output power due to beating of the excited modes [Savi-01]. In 
the experiments presented here, FFF is operated at L ≈  3. For this value multi-
mode generation is possible but does not necessarily take place. As simulations 
have shown, even though the full width half maximum of the feedback system is  

10 GHz and the mode spacing between the eigenmodes of the cavity is only  
40 MHz, the dispersive properties of the feedback system do have a significant 
influence on the process of mode competition. This is illustrated in Figure 5.2, 

≈
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which shows that once a number of modes have been excited during the start-up 
phase, some modes gain more in power than others, depending on their position 
in the amplification band and the dispersive properties of the cavity feedback 
system. If the centre of the amplification band is at a higher frequency than the 
centre of the feedback dispersion curve the main mode experiences a higher gain 
than the most important parasitic mode, and single mode operation will result. 
The stronger the difference in gain between the two modes, the shorter the time 
needed for the main mode to suppress the spurious mode. When the 
amplification band is at a lower frequency, the parasitic mode experiences the 
higher gain and multi-mode operation occurs; the output power will be chaotic 
and strongly fluctuating.  
 The process of power build-up depending on the electron beam energy 
has been demonstrated experimentally in the FFF. In order to analyze the mm-
wave output beam, both the spectrum and the output power are measured with 
high resolution in time, frequency and power. By means of a small open wave-
guide antenna, attached to a fast mm-wave detector, the power of a fraction of 
the output beam is measured with a time resolution of 0.1 µ s. The same signal 
is fed into a mixer for down-shifting the frequency, after which the spectrum is 
analyzed with a resolution of 2 MHz, adequate for the spacing between the 
eigenmodes of the cavity, 40 MHz. The local oscillator is always adjusted below 
the main frequency, this is checked by step shifting this down and observing the 
up-shifting of the main peak on the IF. The total output energy during the pulse 
is measured with a calorimeter. This device integrates the energy during the 
pulse, and is used to calibrate the power signal as measured by the open wave-
guide antenna. 
 During the experiments the electron beam current was 6.8 or 5.7 ampere. 
The beam energy and the cavity feedback were varied. By variation of the beam 
energy, single mode operation regimes have been found. By variation of the 
cavity feedback, the output power has been optimized For an electron beam 
energy of 1.546 MeV, single mode operation is reached. Figure 5.3 shows the 
output power of a 38 µ s pulse and the corresponding frequency spectrum. The 
beam current as measured on the second electrode of the depressed collector is 
shown in Figure 5.3 (c). During the pulse the output power shows some 
fluctuation; due to small electron beam losses, the accelerating voltage drops 
slightly and the amplification band shifts with respect to the cavity resonance 
curve. Note (Figure 5.3 (b)) that the oscillation frequency locks to a specific 
value, when the electron beam energy drops. This phenomenon also has been 
observed in experiments without beam recovery where the electron energy 
dropped much faster [Urba-99]. Also in the case with a relatively slow and small 
drop in energy, the mm- wave frequency does not follow the electron beam 
energy but locks to a specific value. As long as the gain for this specific 
frequency is higher than for other modes, mm-wave power at this particular 
frequency will be generated. 

 



High power measurements and interpretation 112

fe
ed

ba
ck

 c
oe

ffi
ci

en
t  

fe
ed

ba
ck

 c
oe

ffi
ci

en
t  (a )

0.0 

0.2 

0.4 

0.6 

f 

(b) 

0.0

0.2 

0.4 

0.6

f
(c)

0.0 

0.2 

0.4 

0.6 

f 

(d) 

0.0 

0.2 

0.4 

0.6 

f  
 

0

0.1

0.2

0.3

0.4

0.5

160 165 170 175 180
frequency [GHz]

fe
ed

ba
ck

 c
oe

ffi
ci

en
t

splitter
feedback
(50%)(100%)

reflector
waveguide
undulator

 

(e) 

Figure 5.2. Illustration of the interaction between the main mode (filled bar) and 
a spurious mode (open bar) in the cases of maximum gain of the main mode (a), 
strong suppression of the spurious mode (b), very weak suppression of the 
spurious mode (c) and chaotic output (d). The feedback curve, as measured with 
the cavity adjusted to 50%, is not smooth and shows some local maxima (e). 
This makes it more complicated to find regions with stable, single-frequency 
mm-wave generation. 
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Figure 5.3. Measured output power, P , (a) and frequency spectrum 
measured with local oscillator at 166.9 GHz (b) as a function of time. In this 
case the main mode has a much higher amplification than the spurious mode(s), 
and after only 3 

mmw

µ s single-mode operation is reached. The current measured on 
the second plate (170 kV) of the depressed collector is shown in Fig. 3.c. The 
peak in the first µ s of the current is an overshoot of the measuring system. The 
electron beam current and energy were 6.8 A and 1.546 MeV respectively and 
the cavity feedback was 60%. 
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When this criterion is no longer satisfied, the existing mode dies out completely, 
and another mode is generated at the corresponding electron energy. The fact 
that the mode with the highest gain determines the output frequency is also 
illustrated in the case shown in Figure 5.4. In this situation the electron beam 
energy was slightly lower (1.547 MeV) and initially multimode generation is 
observed.  
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Figure 5.4. Output power, P , (a) and frequency spectrum measured with 
local oscillator at 168.7 GHz (b) as a function of time. In this case the gain for 
the various modes differ only slightly, and it takes 8 

mmw

µ s to reach single-mode 
operation. The electron beam current and energy were 5.7 A and 1.547 MeV 
respectively and the cavity feedback was 60%. 
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Apparently, in this case the gain for the various modes differ only slightly and 
the process of mode competition takes a relatively long time mainly due to the 
lower beam current. After some 8 µ s the strongest mode has suppressed the 
other modes and from then on again a single- frequency signal is generated. 
Note that locking of FFF to a specific frequency imposes some limitations to 
tuneability. Tuning by just changing the electron beam energy while the electron 
beam is on, will work in a rather crude way, as described above. The output 
power will decrease and the nearest mode excited, either lower or higher in 
frequency will be some 5 GHz away. In order to tune in smaller steps, the 
electron beam has to be interrupted for a short time, such that the existing mode 
dies out and a new mode starts up. Since FFF has a low-quality cavity, the ring-
down time is less than one µ s, and an interruption of the electron beam by 1-2 
µ s is sufficient. In this way, frequency tuning is in principle possible in steps as 
small as the mode spacing of the cavity, i.e., 40 MHz. 
 
5.1.3 Conclusion 
In conclusion the FFF generates stable, single-frequency pulses of mm-wave 
power of several tens of µ s. For technological reasons, higher output power and 
longer pulses were not reached because electron beam transport was not yet 
fully optimized inside the waveguides. Nevertheless, it is demonstrated that for 
stable electron beam current and energy, the output mm-wave beam is also 
stable, in both power and frequency. As predicted by theory, single-frequency 
operation is reached when the centre of the amplification band is slightly higher 
than the centre of the cavity resonance band. In our case single-frequency 
operation can be reached in just a few µ s. This behaviour has been accurately 
predicted by theoretical simulations.  
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5.2 A palette of FEM high power mm-wave shots 
This chapter completes the survey of FEM experiments by describing a number 
of extremely interesting FEM mm-wave shots which show typical FEM 
features. 
 
5.2.1 Mm-wave shots in the inverse setup 
In the inverse setup, the FEM is operated without a decelerator and a depressed 
collector as seen in Chapter 1. Because the high voltage supply (ICT) is only 
capable of delivering 25 mA, beam current is mainly delivered by the 
capacitance of the high voltage terminal (see Figure 5.5). As a consequence 
there is an accelerating voltage drop during the pulse (1kV/µs per ampere beam 
current), which can lead to frequency and power variation because the 
amplification band shifts rapidly across the cavity feedback curve. Figure 5.5 
shows a realistic example based on a measured cavity feedback curve around 
200 GHz. 
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Figure 5.5. (a), the gain curve (blue) which shifts through the mm-wave cavity 
feedback curve as a result of the acceleration voltage drop (red); (b): the 
convolution of the two curves in (a) as a function of time. Frequency-locking can 
occur at maxima of the cavity curve, see (b) for total round trip gain (blue) and 
frequency (red).  
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 The voltage drop is used as a natural way to investigate also the fast 
tuning behaviour of the FEM. The experiments on generation of mm-wave 
output power have been done around two main settings of the electron beam 
energy, i.e., for two frequency ranges in the neighbourhood of 200 GHz and 170 
GHz. For each setting, parameters like feedback coefficient of the cavity and 
drift gap between the undulator sections have been varied. First generation of 
mm-wave power was achieved in October 1997. Up to now the highest power 
measured is 730 kW at 206 GHz at a beam current of 7.2 A and energy of 1.77 
MeV 
 
5.2.1.1 Sensitivity for acceleration voltage drop 
We have noticed that only slight changes of the acceleration voltage, while 
leaving the rest of the parameters constant, can give entirely different mm-wave 
output [Verh-98], see Figure 5.6. 
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Figure 5.6. At constant feedback coefficient (60 %) and beam current (7 A), 
output power behaviour can be completely different for slightly different starting 
values of the acceleration voltages at (a) 1.769 MV and (b) 1.764 MV. The 
amplitude modulation (noise) is caused by beating of different modes with 
slightly different frequencies. Note the shape agreement of (a) and  
Figure 5.5 (b). 
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This effect is caused, as seen in section 5.1.2, by the different starting conditions 
of the different longitudinal modes in the mm-wave cavity, which are strongly 
dependent on the start values of the accelerating voltage. Beside this, the 
interaction time for a specific mode is important in this case because the gain 
curve shifts through the mm-wave feedback curve, which has some sub-peaks. 

In Figure 5.6 (a) the two peaks correspond to main frequencies of about 
205 and 198 GHz, the tuning rate being 1 GHz/µs. In this case most of the time, 
except between 5 and 7 µs, suppression of the spurious modes is achieved. In 
Figure 5.6 (b) during the complete pulse two or more modes are in competition 
because the gain curve started to shift in a region where the cavity feedback 
curve was more constant which resulted in simultaneous growth of more modes. 
 
5.2.1.2 Results of optimized parameters 
For optimized parameters: feedback 0.6, undulator gap 55 mm [Geer-00], and 
starting electron beam energy of 1.771 MeV, 730 kW of output power was 
generated with a beam current of 7.2 A, see Figure 5.7 (a).  

Wide frequency range tuneability is demonstrated by adjusting the 
operation of the FEM around 170 GHz. For the parameters: feedback 0.60 and 
starting electron beam energy of 1.603 MeV, 370 kW of output power was 
generated with a beam current of 7.1 A (see Figure 5.8 (a)). In this frequency 
range the power losses in the cavity are much higher, about 25% for a single 
roundtrip and so the output power is significantly lower.  

Further, in Figure 5.7 (b) and Figure 5.8 (b) an overview of the frequency 
spectra is given. We notice from a zoom of the frequency spectra, given in 
Figure 5.9 that some spectral lines like the main line drop in frequency slightly 
during the pulse (about 4 to 5 MHz for the main peak). The frequency scale is 
based on the assumption that the LO of the heterodyne system is below the main 
frequency; for the modes rising in frequency the LO can be above the frequency 
generated by these modes.  

Notice that 4 to 5 MHz frequency change is less than the mode spacing of 
the FEM of about 40 MHz. Theoretically in the case of mode locking small 
frequency changes could occur within the bandwidth of one mode till the phase 
difference effect suppresses the gain. The measured frequency change is a 
fraction of the 4.6 GHz we expect from the acceleration voltage change of about 
29 kV in the first four µs of this pulse (0.16 GHz/kV). 
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(a) 

(b) 

Figure 5.7. The highest output power achieved by the FEM, just over 730 kW 
(a). The frequency spectrum (b) shows that except just at the starting of the mm-
wave power the spurious modes are at least 20 dB (1%) lower than the main 
mode. 
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Figure 5.8. Output power (a) and frequency spectrum (b) around 170 GHz. 
After scanning the frequency spectrum detection window over a wider frequency 
range using multiple shots and looking for the highest peak we found that the 
pulse starts with a dominant frequency at 170.14 GHz which steps to 169.61 
GHz after 2 µs and is followed by multi frequency generation. 
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Figure 5.9. The frequency spectra of the 205 GHz shot (a), and the 170 GHz 
shot (b) zoomed in on the main frequencies of the shot. There is a slight 
frequency drop at both shots of 4 to 5 MHz (the mode spacing is 40 MHz; the 
mode width is about 5 MHz). 
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5.2.1.3 Spatial power distributions 
The FEM is designed to have a spatial power distribution of the mm-wave 
output beam with Gaussian shape. This is important for many applications, 
where there is a considerable distance between the radiation source and the 
application e.g. a tokamak reactor, to have low-loss mm-wave beam transport. 
Typical results of the spatial power distribution measured by the absorption foil 
(described in section 4.5) are shown in Figure 5.10 for a 170 GHz and a 205 
GHz mm-wave beam. The Gaussian content is 99.4% for the 205 GHz mm-
wave beam and 98.5% for the 170 GHz beam. We notice that the 170 GHz beam 
has a less smooth shape than the 205 GHz beam. This is caused by a higher 
content of higher-order Gaussian modes. The frequency spectrum of a similar 
shot given in Figure 5.8. shows also more spectral lines. The 205 GHz beam is 
somewhat elliptical, the spot radius at the absorption screen is 16 mm for the E-
plane and 12 mm for the H-plane. Theoretically, we expect a circular beam with 
about 16 mm radius. The explanation can be that there is some frequency 
dependent behaviour of the transmission line, possibly caused by deviations in 
focal distances of the mirrors such that the transmission does not act as an ideal 
telescope. The 170 GHz beam is circular with a spot radius of about 17 mm as 
expected theoretically. 
 
5.2.1.4 Conclusion on inverse setup 
As conclusion on the mm-wave experiments in the inverse setup we can 
summarize that the FEM has generated 730 kW of mm-wave power at 205 GHz, 
for a 7.2 A electron beam current and a 1.771 MeV starting energy of the 
electron beam. For another starting electron beam energy of 1.603 MeV, 370 
kW of output power was generated at 170 GHz with a beam current of 7.1 A. In 
this case the cavity losses were higher than at 205 GHz (mainly caused by the 
undulator waveguide, see section 3.2.1), which resulted in less output power. In 
both cases, the shape of the mm-wave output beam is Gaussian with a mode 
content exceeding 98.5 %. Furthermore, the process of power build-up and 
mode competition is similar at both frequencies: depending on the electron beam 
energy at the start of the pulse, either a high-power near-single-frequency output 
is generated or a strongly fluctuating multi-frequency output. During the near-
single-frequency shots a slight frequency drop was observed, forced by the 
acceleration voltage drop, but smaller than the mode spacing and within the 
width of one mode. 
 In the inverse setup the efficiency could be calculated straightforwardly: 
with a mm-wave output power of 730 kW, a beam current of 7.2 A and an 
electron energy of 1.75 MV we come to an efficiency of 6%. This is in full 
agreement with the simulations [Vale-97]. 
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(a) 

(b) 

Figure 5.10. Spatial power density, Pd, profile for a 205 GHz (a) and a 170 GHz 
(b) mm-wave output beam, measured at an absorption foil by an infrared 
camera. 
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5.2.2 Mm-wave shots in the long-pulse setup 
Halfway the year 2000, the FEM was completed with a dc-decelerator and a 
three-stage depressed collector for energy recovery, thus enabling long-pulse 
operation. With the energy recovery system installed the electron beam energy is 
expected to be almost stable during the pulse. Therefore the FEM resonance 
frequency should not vary during the pulse. The experiments were delayed by 
several technical problems. On March 28, 2001 the FEM generated mm-wave 
power for the first time in the ‘long-pulse setup, which can also be referred to as 
‘constant-voltage’ setup. The cavity was tuned to 170 GHz. During the test shots 
with a pulse length of 5 µs, frequency tuning was demonstrated in the range of 
168 to 173 GHz with an estimated power of several hundred kW. Subsequent 
experiments showed a net output power of 110 kW average over a pulse with a 
duration of 38 µs. During the full pulse length single-frequency-dominated 
operation just below 170 GHz has been observed. In this section we present the 
last results of the FEM in constant-voltage operation with the extended 
diagnostic system. 
 
5.2.2.1 Results of the mm-wave diagnostic system 
In the long-pulse setup the diagnostic system was extended with four mm-wave 
detectors surrounding the calorimeter as shown Figure 4.5. This four-mm-wave 
detector system is capable of measuring the pulse envelope as well as the spatial 
drift of the mm-wave beam by looking at the rate of change of opposite 
detectors during the mm-wave pulse. From Figure 4.6 we can conclude that the 
spatial sensitivity is about 4 dB/mm. The left and right detectors give more 
detail (few ns resolution) then the up and down detectors (0.5 µs resolution) 
because they are equipped with fast bias and digitizer systems.  
 The area of the pulse collected in the detectors is calibrated to the total 
energy, measured by the calorimeter. In this way, the peak power can be 
measured with the mm-wave detector. 
 The results of a typical FEM mm-wave shot of the four-detector system is 
given in Figure 5.11 The actual power fraction is given that enters each detector 
and the time-dependent beam position is calculated from both sets of opposite 
detector signals. Although there is a constant offset of about 1 mm down, in this 
shot the beam movements were not significant: only 0.4 mm left to right 
movement during the start of the flattop period (accuracy about 0.2 mm). With 
the calorimeter signal we calculate an average power of this shot of about 
 110 kW. 
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Figure 5.11. The signals of the four detectors, upper (a
lower (d) surrounding the calorimeter of a typical FEM
power. The actual power is given that enters each
dependent beam position is calculated from the signals
detectors (e). 
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5.2.2.2 Cavity Feedback and undulator section drift gap optimization 
Before looking to final results, it is important to verify the optimization of the 
cavity feedback and the undulator drift gap. First the undulator drift gap was 
adjusted to 37 mm because this position was optimum in saturated closed-loop 
gain [Geer-00] calculated with the GPT code. Then the feedback coefficient was 
scanned and the energy per pulse (of about 8 µs) was measured. The electron 
energy was kept constant at 1.54 MeV (between 1.535 and 1.545 MeV, caused 
by some long-term drift) with an electron beam current of 7.2 A. For improved 
accuracy at each feedback setting the average is determined over at least four 
shots. The result of the cavity feedback scan is shown in Figure 5.12. 
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Figure 5.12. Measured energy per pulse, averaged over at least four pulses, at 
several feedback settings. The undulator section drift gap, energy and beam 
current were respectively 37 mm, 1.54 MeV and 7.2 A. The dotted curve is fitted 
through the separate measurements. 
 
The conclusion is that the interpolated optimum of the feedback is about 0.65. 
This is about twice the design value of 33% of the FEM cavity. This is 
understandable if we realize that there are much higher cavity losses at this 170 
GHz setting (of about 25%) than expected in the original design (section 3.2.1) 
and furthermore the beam current is 7.2 A instead the design value of 12 A 
which results in a lower saturated gain. 
 Before the scan of the drift gap, a measurement was done to check the 
spectral and spatial power distribution, with a reflection coefficient chosen just 
below the interpolated optimum, at 0.6. The results are shown in Figure 5.13, 
Figure 5.14 and Figure 5.15. In this shot, there was only one frequency 
generated which looks very constant, but in an enlargement of the frequency 
spectrum, in Figure 5.14, we notice that there is still a minor frequency drop of 
about 3 MHz during the pulse. 
 The reason for this frequency drop during the pulse is a significant loss 
current in the splitter waveguide, of about 45 mA, which means that there is still 
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a voltage drop during the pulse of about 30 kV (because the current that the high 
voltage supply (ICT) can deliver is only 20 mA). 
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Figure 5.13. Output power (a) and frequency spectrum (b) which shows that the 
pulse has a rather pure spectrum containing clearly one dominant frequency at 
168.33 GHz (and some satellites smaller than 2 % at early times in the pulse). 
The feedback and the gap are respectively adjusted to 0.6 and 37 mm. The 
electron beam energy was 1.538 MeV with an electron beam current of 7.2 A. 

 
In Figure 5.14 (a), the splitter loss curve is also shown together with the 

output power curve. It is remarkable how the shape of the splitter loss curve 
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correlates with the output power curve and the main frequency, shown in Figure 
5.14 (b). This confirms the interpretation that the frequency drop is caused by 
the splitter loss current. 
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Figure 5.14. Splitter loss current with output power, Pmmw, (a) and the zoomed 
frequency spectrum (b) which shows that the pulse has a frequency drop. The 
splitter loss curve correlates with the output power curve and the main 
frequency. 
 
 The spatial power distribution showed a circular Gaussian beam (95.6% 
content) with a spot radius of about 17 mm, which agrees with the calculated 
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beam size of the transmission line at the absorption screen location. The total 
power integrated over spatial power distribution is 108 kW (102 kW by the 
calorimeter). 
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Figure 5.15. Spatial power density, Pd, profile for the 168.33 GHz mm-wave 
output beam, measured at an absorption screen by an infrared camera. 
 
After this shot, the undulator drift gap was scanned, see Figure 5.16.  
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Figure 5.16. Measured energy per pulse, averaged over at least four pulses, at 
several undulator drift gap settings. The feedback coefficient, energy and beam 
current were 0.60, 1.54 MeV and 7.2 A. The dotted curve is fitted through the 
separate measurements. 
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 In this case, we conclude that the optimum is close to the predicted value 
of the simulation with the GPT code [Geer-00].For the last FEM shots the 
undulator drift gap was adjusted to 50 mm (feedback is 0.6). 
 
5.2.2.3 The last FEM mm-wave results 
After the optimization of the cavity feedback and the undulator drift gap the last 
FEM mm-wave experiments were done. In Figure 5.17 and Figure 5.18, the 
spatial power distribution and measured signals of power and frequency 
spectrum are given. For this shot the cavity was adjusted to 170 GHz and the 
electron energy was 1.552 MeV with a beam current of 6.9 A in the interval of 
[0.5-30.5] µs. The output power and frequency are very stable during the pulse 
of 30 µs. 
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Figure 5.17. Spatial power density, Pd, profile for the 168.57 GHz mm-wave 
output beam, measured at an absorption screen by an infrared camera. 
 

In this shot, the spatial power distribution has somewhat elliptical shape 
and a little lower Gaussian content, 94.6%, as compared to the beam shown in 
Figure 5.15. The spot radius is about 20 by 17 mm. The total power integrated 
over the spatial power distribution is 115 kW, which is close to the average 
power of 111 kW, measured by the calorimeter. The most probable explanation 
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that the power is lower than in the inverse setup (350 kW) is the following: since 
the start of the FEM operation in the long-pulse setup there was a tremendous 
effort to align the electron beam after the accelerator to the entrance of the 
reflector. In this effort, the profile or size of the electron beam or its position 
inside the undulator could have been altered such that the extraction efficiency 
to mm-waves decreased (sensitivity is described in [Vale-97, Vale-96]). 
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Figure 5.18. Output power, Pmmw, (a) and frequency spectrum (b) which shows 
that the pulse has a constant dominant frequency at 168.57 GHz with a number 
of satellite frequencies (< 0.5%) The feedback and the gap are respectively 
adjusted to 0.6 and 50 mm. The electron beam energy was 1.552 MeV with an 
electron beam current of 6.9 A. 
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 The longest shot was 38 µs: Figure 5.19 shows the power and frequency 
spectrum. The electron energy was 1.553 MV with a beam current of 6.8 A in 
the interval of [0.5-38] µs. In this shot the beam current losses in the waveguides 
were within the current that the ICT can deliver during the first 25 µs. This 
resulted in a stable accelerating voltage and constant frequency operation, see 
Figure 5.19. 
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(b) 

Figure 5.19. Output power, Pmmw, (a) and the frequency spectrum (b) of longest 
FEM mm-wave shot which shows that the pulse has a constant dominant 
frequency at 168.62 GHz with a few satellite frequencies (< 0.5%) The electron 
beam energy was 1.553 MeV with an electron beam current of 6.8 A. 
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(b) 

Figure 5.20. Splitter loss current with output power (a) and the zoomed 
frequency spectrum (b) which shows that the pulse has an almost constant 
frequency, the drop being within the measurement resolution. At about 25 µs the 
loss in the splitter waveguide increases, which correlates with a drop of the 
output power curve. 
 
Clearly visible is the increase of the beam loss in the splitter after 25 µs, which 
causes a slow decrease of electron beam energy and a shift of the gain curve out 
of the cavity resonance frequency. Consequently, the output power drops and 
finally the mm-wave pulse peters out. The problem of this sudden increase of 
beam loss could not be solved due to termination of the FEM-project on 2 
August 2001. To analyze the possible causes of this phenomenon, we look to 
currents measured on the electrodes of the three-stage depressed collector. At 
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only 110 kW output power, we would have expected no current on the first 
electrode (180 kV) and a more or less equal division of the total electron beam 
current over the second (120 kV) and the third electrode (20 kV). In Figure 5.21 
a number of current signals are given, like the cathode current with first and 
second collector electrode current. Unfortunately the signal on the first collector 
electrode which was expected to be zero, shows a spurious peak starting at 25 µs 
(see Figure 5.21 (b)) while never any signal was measured on the third 
electrode, even when there was no lasing. Apparently, the measuring circuit of 
the third electrode was broken and could not be repaired before the FEM was 
terminated. 
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Figure 5.21. The current from the cathode (a), on the first (b), and on the second 
collector electrode (c), operating at respectively 124 and 180 kV. Note that the 
signal on the first electrode does not follow the cathode current. Only the 
current on the second electrode, about 3 A during the pulse, is well-behaved. At 
an output power of 110 kW, we would have expected no current on the first 
electrode and a more or less equal division of the total electron beam current 
over the second and the third electrode. 
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 We notice that the spurious current on the first electrode signal after 25 µs 
clearly is related to the loss increase on the splitter waveguide after 25 µs. The 
most probable explanation is that the connection of the first electrode is floating 
to the power supply was broken and that after charging of the first electrode a 
breakdown occurs to the power supply, which causes the spurious current 
measured on the power supply. This effect could give a return electron beam 
which causes the loss increase on the splitter waveguide. Another, less probable, 
explanation is that there is some electron beam loss in the accelerator, which 
causes breakdown and electron beam blow-up after 25 µs, which then results in 
the loss increase on the splitter waveguide. 

For the long-pulse setup, simulations showed [Vale-97] that the FEM 
would have an efficiency of 45% at 1 MW output. For the actual 110 kW output 
and lower beam current the efficiency should have been higher (approximately 
50%). Unfortunately we have been unable to verify this because only at the 
second plate of the collector (operated at 124 kV) the expected current of about 
3 A is measured for a gun current of 6.8 A.  
 
5.2.2.4 Conclusion on the long-pulse setup 
As conclusion on the mm-wave experiments in the long-pulse setup, the energy 
recovery system operates such that the acceleration voltage remains constant. 
Under this condition both output power and frequency were constant during the 
full pulse duration for a 6.8 A electron beam current. Single frequency-
dominated operation has been achieved with a power content in the satellite 
frequencies smaller than 0.5% The shape of the mm-wave output beam is 
Gaussian with a mode content exceeding 95.5 %.  
 The pulse time is limited to 38 µs because after 25 µs the loss in the 
splitter waveguide increases, which causes a slow decrease of energy; this shifts 
the gain curve out of the cavity resonance frequency, which results in the power 
drop and finally the end of the mm-wave pulse. The most likely explanation is 
that breakdown in the depressed collector causes a return beam current, which 
causes in turn the loss increase in the splitter waveguide. 

A net mm-wave output power of 110 kW (130 kW peak) has been 
generated in 38 µs pulses at 168 GHz. This is much less than the 350 kW 
generated in the inverse setup. We can rule out two possible causes for this large 
difference: first the losses of the transmission line were checked again (at low 
power) and found to be 25%, as measured earlier (Figure 3.10), so we conclude 
that 140 kW was produced inside the terminal, second there were no changes in 
the undulator, since there was good, loss-free electron beam transport through 
the undulator and single frequency output. The only explanation remaining is 
that since the start of the FEM operation in the long-pulse setup there was a 
tremendous effort to align the electron beam after the accelerator to the entrance 
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of the reflector. In this effort, the profile or size of the electron beam could have 
been altered such that the extraction efficiency to mm-waves decreased.  
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Chapter 6 Perspectives for a truly 
CW FEM 

In principle, the design of the FEM allowed reaching pulses with a maximum 
length of 0.1 s. This was not demonstrated because the electron beam losses 
appeared to increase after about 25 µs. This problem could not be solved 
because the FEM project was stopped during the long-pulse tests. In July 1998 
work was started on a follow-up, the “TEC-FEM”, with an extension of the 
pulse length from 0.1 s to 1 s. To increase the pulse length from 0.1 s to 1 s or to 
truly CW in a later stage, a number of issues had to be looked into, including the 
power deposition on the electrodes of the depressed collector and parts of the 
mm-wave system [Verh-01]. This chapter focuses only on the mm-wave 
components. Many components in the current design, like all the mirrors in and 
outside the cavity are inertially-cooled and longer heat-load times of such 
components can be catastrophic. First, we look at the power loading of the most 
critical components and then look for possible improvements especially within 
the cavity. Finally, we summarize the critical points concerning this design of 
the FEM. 
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6.1 Power loading of mm-wave components 
In Chapter 2 the losses of the separate mm-wave parts were calculated, like the 
waveguides mirrors and the window. In this section, we will analyze the specific 
shape of the heat load, the heat flux pattern, on these components. 
 
6.1.1 Heat loading inside the cavity 
The cavity of the FEM is defined as the part where the FEL-interaction takes 
place: the reflector, the undulator and the splitter, see Figure 6.1. 
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Figure 6.1. The FEM mm-wave cavity layout. The mirrors in the oscillator and 
out-coupling path are respectively pink and blue. All vertical sidewalls are 
corrugated and the E-field polarization is horizontal. 
 
 As seen in Chapter 2 the ohmic losses for the waveguides themselves are 
very low, about 0.8‰ and 0.4‰ for respectively the undulator waveguide and 
the stepped waveguide sections. For CW operation, even these low heat-fluxes 
need to be cooled away. To calculate the heat flux pattern along the sidewalls of 
the waveguides, we make use of the tangential magnetic field along the 
sidewalls. This calculation is done for each individual waveguide section, with a 
length of one corrugation period, over the full length of the waveguide (N is 
giving the number of this waveguide section). We can derive this from equations 
(2.32) to (2.36), given in Chapter 2, by leaving out the integration over the width 
or height of the waveguide because the load must be calculated as a position-
dependent function. This gives the total position-dependent heat-flux q for the 
smooth wall as a function of the corrugation number (N): 
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For the corrugated sides we choose to divide each corrugation in four surfaces: 
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 These equations are only valid for the loss calculations if the exact fields 
inside the corrugations are known. Because the eigenvalue of each HE mode is 
only valid inside the main body of the waveguide up to the entrance of the 
corrugation slit (based on the macroscopic impedance of the total corrugation), a 
method is used which assumes a constant field in the y-direction inside the 
corrugation. In other words, the field that is in front of the corrugation 
propagates inside the corrugation with the same shape. With this assumption 
equations (6.3) to (6.1) are simplified to (6.6) to (6.8). 
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 The total position-dependent heat flux on the corrugated wall of the 
waveguide as a function of the corrugation number (N) is given by: 

( ) 1 2,corrugated outside slit st side slit slit bottom nd side slitq x N q q q q= + + +  (6.9) 
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Results of equations (6.1) and (6.9) are shown in Figure 6.3 (a, b), Figure 6.4 
and Figure 6.5. 
 For the calculation of the heat fluxes at the mirrors we take into account 
the high power loss and the accompanying wide temperature distribution over 
the mirror surface. The power field profiles as defined in section 2.2.2 are 
calculated over the mirror surface and multiplied by the mirror loss taking into 
account the local temperature (recipe given in section 2.2.6). The reason for 
using this method is that it includes already the additional effect of the surface 
roughness of the mirrors. The method using the tangential magnetic fields, 
which are available, also would work but does not include surface roughness. 
The losses are temperature dependent, see Figure 6.2. 
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Figure 6.2. The losses of the mm-wave mirrors in the FEM cavity at 200 GHz. 
Oxygen-free high-conductivity copper (OFHC) is used with a surface roughness 
of 0.5 µm. 
 
 The results of multi-mode simulations of the heat flux due to the mm-
wave generation at the walls and mirrors are given for the reflector, the 
undulator waveguide and the splitter in Figure 6.3 to Figure 6.6. A feedback of 
33% was taken with an output power of 1 MW (the material temperature was 
kept at room temperature as reference). The heat load pattern of the combiner 
waveguide is very similar in shape and value (down-scaled by height and length 
product ratio) to that of the reflector, and is therefore not shown. 
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Figure 6.3. The heat flux at the top or bottom wall (a), side walls (b), and the 
end mirror (c) for a temperature of 20 °C over the mirror surface, of the 
reflector (for the sum of up- and downstream mm-wave beams). Note that heat-
loading on the waveguide walls are low compared to the loading of the end 
mirror. 

 



Perspectives for a truly CW FEM 144

 

(a) 

H
ea

t f
lu

x 
[W

/c
m

2 ] 

(b) 

H
ea

t f
lu

x 
[W

/c
m

2 ] 

Figure 6.4. The heat flux at the top or bottom wall (a), side walls (b), of the 
undulator waveguide (for the sum of up- and downstream mm-wave beams). The 
heat-loading pattern follows the mm-wave power [Vale-97] as a function of the 
position in the undulator in the non-linear regime. 
 
 As conclusion on the waveguides, the maximum heat loading is about 5 
W/cm2, which can be easily cooled away even during CW operation by cooling 
channels, which are placed at the edges of the waveguide or drilled in the center 
of the sidewalls as in the current FEM design. However the loading of the 
mirrors surrounding the stepped waveguides is relatively high compared to that 
of the waveguides. This means that when the pulse length is extended, problems 
will occur at the mirrors because of relatively high losses on small surfaces. In 
the current short-pulse (< 0.1 s) design, these mirrors are not actively cooled. 
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Figure 6.5. The heat flux at the top (a) and bottom wall (b) (are not equal) and 
the side walls (c) of the splitter waveguide (for the sum of up- and downstream 
mm-wave beams). 
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Figure 6.6. The heat flux at the end mirrors of the splitter (a) and the first pair 
of mirrors just after the splitter towards the combiner (b). 
 
 Because the field profiles at the position of the mirrors have similar shape 
as the profiles inside the primary waveguide (image multiplication), the shown 
heat load simulations on the mirrors can be approximated well by the following 
equation (the eigenvalue change is neglected in the 130 to 260 GHz range in this 
situation): 

( ) ( ) ( ) ( )
2 24, , cos ctotal

mirror mirror
P x yq x y loss T P x y loss T
w h w h

osπ π⎛ ⎞ ⎛ ⎞= = ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

, (6.10) 

where w and h are the width and height of the mirror within the waveguide (h is 
15 mm and w is 20 mm for the mirrors within the reflector and splitter 
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waveguide, h is 15 mm and width is 28.3 mm for the mirrors just before the 
combiner). The loss can be obtained from Figure 6.2. 
 We conclude that the heat flux at the end mirrors of the splitter, shown in 
Figure 6.6, give the highest heat load of 1.8 to 2.2 kW/cm2 in the temperature 
range of 20 to 200 °C. Using a simple formula for the penetration of heat in an 
infinite medium as a function of time, we can approximate the temperature rise 
in the centre of inertially cooled mirrors. This formula (6.11) can be derived by 
integrating the differential heat equation over time, 

( ) ( )
2 2

4 42 ,
2

d d
t tq T q TT Te T t t e d erf

t t GG t t
α αα α π

π π α α

− −⎛ ⎞⎛ ⎞∂∆ ∂∆ ⎜ ⎟= → ∆ = ∂ = + ⎜ ⎟⎜ ⎟⎜ ⎟∂ ∂ ⎝ ⎠⎝ ⎠
∫

d  (6.11)

where q(T) is the temperature dependent heat flux, G the heat conductance, d the 
depth inside the medium, t the pulse time, α the heat transfer coefficient 
(

p

G
cα ρ= ) with ρ and cp the specific mass and heat. With a power density of 

about 2 kW/cm2 (average over temperature) at the end of a 100 ms pulse a 
temperature rise was obtained of about 200° at the surface (d=0) for the end 
mirror of the splitter. A temperature distribution simulation over the full 
thickness of the mirror in the centre [Kruy-98] confirms this temperature rise. 
The solution for the cooling problem in CW operation is given in section 6.2.1. 

It is interesting to note that all the FEM mirrors in the cavity and several 
in the transmission line were equipped with PT100 heat sensors. This makes it 
possible to use some of the mirrors, with low heat conduction to the outside, as 
calorimeter and determine the mm-wave power at several places in the FEM 
(usable in the range of ms total pulse length). The moveable end mirror of the 
splitter (feedback adjustment) and the moveable mirror set before the combiner 
(phase adjustment), which were only connected by two thin metal strip-springs 
to the splitter/combiner waveguides, can be used to measure respectively the 
total power and the output power of the FEM derived from the mirror 
absorption. The idea was to identify the cause why the output power of the FEM 
in the long-pulse setup was lower than in the inverse setup. Implications of this 
analyses for CW operation will be given in section 6.2.1. 
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6.1.2 Heat loading in the FEM transmission line 
The transmission line of the FEM is the part which transports the mm-wave 
power from the out-coupling of the FEM cavity at the combiner across the high 
voltage barrier to the window and further to the mm-wave diagnostics, see 
Figure 6.7. 
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Figure 6.7. The quasi-optical FEM transmission line is almost entirely placed in 
high vacuum. The mirrors are only inertially cooled. 
 
 The mm-wave beam in the transmission line has a near Gaussian 
distribution, therefore for the calculation of the heat fluxes at the mirrors, we use 
a standard Gaussian power density profile, Pmirror(x,y), multiplied by the mirror 
loss, to calculate the heat load over the mirror surface at the temperature T: 

( ) ( ) ( ) ( )
2 2

22, , , x y

x y
s stotal

mirror mirror
x y

Pq x y T loss T P x y loss T e
s s π

⎛ ⎞
− +⎜ ⎟⎜ ⎟

⎝ ⎠= = , (6.12) 

where Sx and Sy are the projected spot radii of the Gaussian beam on the mirrors. 
The temperature-dependent losses for the mirror configurations are given in 
Figure 6.8. Apart from the heat loading, the mm-wave field-strength just in front 
of the mirrors, especially outside the vacuum, is an issue that should be looked 
at to prevent breakdown. This can be calculated from the power density function 
and the impedance of free space: 

( ) ( ), ,mirrorE x y A P x y µ
ε= , (6.13) 

where A has the following values for perpendicular and parallel polarisation, 
respectively: 
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( )//2 2cos iA and A θ⊥ = =  (6.14) 
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Figure 6.8. The mirror losses of the transmission line of the FEM. As material 
tension-free aluminium (ACP5080) is used for most of the mirrors. The surface 
roughness is 0.5  µm. The loss is calculated using the method of section 2.2.6. 
 
 The results of the calculations on the central heat-flux, the surface end 
temperature after 100 ms and the E-field strength for all the mirrors in the FEM 
transmission line are shown in, Table 6.1 for an output power of 1MW at a 
frequency of 200 GHz.  
 As conclusion, the maximum heat loading in the mm-wave transmission 
line of the FEM is about 1 kW/cm2. For pulses of 100 ms the maximum 
temperature will be about 160 °C. The electric field strength at the mirror near 
the window at the airside is about 15 kV/cm RMS (about 21 kV/cm peak) that is 
close to the limit of dry air 29 kV [Thum-96]. During the FEM mm-wave 
experiments mm-wave breakdowns were never observed at the BN Brewster 
angle window. Clearly for CW cooling will be required of the mirrors. 
 The heating of this BN Brewster angle vacuum window by the mm-waves 
is also significant during the 100 ms pulse. The difference in the way of heating 
between mirrors made of metal and windows made of ceramics, is that mirrors 
are heated by surface loading (due to the very small skin depths at the frequency 
range used) whereas windows are heated by volumetric loading. 
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Table 6.1. Loading parameters of all the mirrors of the FEM transmission line 
at 200 GHz. Most of the mirrors are applied under an angle of 45º and are made 
of aluminium except the copper mirror 12E and aluminium mirror 13E (angle is 
25º). The effective beam spot radius projected on the mirror is given. For the 
calculation of the temperature in the centre of the mirror after 0.1 s, a 
temperature dependent heat load was taken into account; the start temperature 
just before the pulse was assumed 20 °C. 

 E-plane   H-plane    

mirror 
name 

beam spot 
radius 

beam spot 
radius 

center 
E-field  

center 
heat-load 
(at 20 °C)  

center 
temperature
after 0.1 s 

  [mm] [mm] [kV/m] [Watt/cm2] [°C]  
1E 32.0 29.2 7.2 264 61 
2H 22.0 40.9 14.6 137 41 
3E 34.1 29.8 6.9 243 57 
4E 48.3 34.9 5.3 146 42 
5E 46.1 32.2 5.7 166 45 
6H 20.3 36.6 16.1 167 45 
7H 9.8 14.8 36.4 853 160 
8H 17.8 13.2 28.6 527 104 
9H 16.6 31.2 19.3 238 57 
10H 17.8 41.0 16.2 169 46 
11H 19.8 40.0 15.6 156 44 
12E 12.3 27.5 15.2 367 57 
13E 12.9 27.6 14.9 540 106 
14# 32.5 28.8 7.2 265 60 
15E 53.9 31.2 5.3 147 42 
16E 52.3 34.9 5.1 135 41 
17E 54.5 21.8 6.4 208 52 
18H 24.8 35.1 14.9 142 42 

 
This means that the heat is spread equally over the thickness of the window 
during the pulse with a volumetric heat flux profile also calculated with equation 
(6.12) divided by the thickness. From the losses calculated in section 2.4.3, time 
dependent heat simulations based on a similar method as presented in section  
4.5 including radiation, airside convection and conduction over the thickness 
have been done on the FEM BN Brewster angle window, see Figure 6.9. In the 
simulation we use a frequency-dependent tanδ function and a temperature 

dependent specific volume heat (
330

5.7 Te
− [J/(K cm3)]). 
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Figure 6.9. Time-dependent simulations of the centre temperature of the FEM 
BN Brewster angle window, including radiation, air side convection and 
thickness conduction, for the FEM frequency range. 
 
 As conclusion on the heating of the Brewster angle BN window, placed in 
the transmission line of the FEM, the central temperature after a 100 ms, 1 MW 
pulse at 200 GHz is about 480 °C. The window suffers the highest heat load of 
all parts of the transmission line of the FEM. Clearly this window is not suited 
for CW-operation. 
 
6.2 Ideas for improvements of the mm-wave system 
In the previous section, we have seen that, from the point of view of mm-wave 
loading, the current FEM prototype was not designed as CW device. In this 
section we summarize possible improvements to the mm-wave system, which 
would allow full CW operation and which could have been realized in the 
current setup and therefore would leave the basic design unaltered. 
 
6.2.1 Cavity improvements 
The conclusion of section 6.1.1 was that the mirrors inside the FEM cavity get 
the highest heat load, especially the end mirrors of the splitter/combiner with a 
maximum heat-flux of about 2 kW/cm2. For CW operation, it is obvious that all 
the mirrors in the cavity have to be cooled. Steady state Finite Elements 
calculations [Bron-99] using a heat-load distribution given by equation (6.12) 
are shown in Figure 6.10. 
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(a) 

(b) 

(c) 

Figure 6.10. Temperature distribution in a cross-section of a water-cooled 
version of the splitter/combiner end mirror based on finite elements calculations 
at real CW loading using a realistic heat load distribution: (a) the temperature 
rise (scale from 32 to 230°C), in (b) the dilatation(scale from 0 to 20 µm) and 
(c) the Von Mises stress (scale from 11 to 464 N/mm2). 
 
An OFHC copper mirror of 10 mm thick and 40 mm wide, with cooling 
channels of 1 by 1.5 mm was considered in the model. A cooling water-flow 
was taken of 2 litre/minute for each channel. The CW results for conventional 
cooling, without boiling, of the water, give maxima in the centre of the heat load 
by the mm-wave beam for the temperature of about 230 °C, the dilatation of  
20 µm and the Von Mises stress of 464 N/mm2. The latter will cause a plastic 
deformation in OFHC copper. The use of dispersion-strengthened copper 
(glidcop) would solve this problem. Furthermore making a flow distribution of 
the water through the channels adapting to the heat-load distribution, such that a 
more homogeneous temperature distribution is obtained, results in a flatter 
distribution of the dilatation. 
 From [Edgc-93] we see that is possible in gyrotrons to remove a heat flux 
density of about 5 kW/cm2, which is higher as the ‘in general’ accepted 2 
kW/cm2. Under the condition of nucleate boiling at a temperature, just above the 
boiling point, the heat transfer coefficient of metal to water rises to a value up to 
a factor of 3 higher than that of normal super-turbulent flow. This was tested by 
[Kruy-99]. A heat transfer coefficient was measured of up to 200 kW/(m2 K) for 
a single cooling channel. This effect homogenizes the mirror surface 
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temperature pattern caused by the inhomogeneous mm-wave load, which was 
proven in practical tests on a prototype of a cooled end mirror for the splitter 
[Plom-99]. Using a proper cooling channel configuration, the surface 
temperature of the end mirrors can be limited to about 170 °C [Kruy-04].  
 For making the current 1 MW FEM a CW device there is no need to 
reduce the heat flux by use of a splitter/combiner with four beams instead of two 
at the end mirrors. For a CW multi-Megawatt FEM good solutions are given in 
[Deni-95, Deni-96, Deni-98].  

Although water-cooling of the mirrors is well possible, the ohmic losses 
on the mirrors can be reduced by a simple change in the orientation of the 
splitter-combiner such that the losses at the mirrors before the entrance of the 
combiner are reduced by a factor of 2, see Figure 6.11. This implies that the 
movable side walls, in the E plane, have to be changed to corrugated, and the 
fixed top and bottom walls, in the H plane, can be smooth. The influence on the 
losses of the waveguides is negligible.  
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Figure 6.11. The changed FEM mm-wave cavity layout. The orientation of the 
step of the splitter combiner is changed such that the mitre bends towards the 
combiner change to the H-plane, which reduces the loss by a factor of two. 
 
6.2.2 Transmission line improvements 
For CW operation the mirrors in the transmission line must be water-cooled. To 
reduce the losses further, the material of the mirrors in the transmission line can 
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be changed from tension-free aluminium to machineable reinforced copper 
(glidcop). This gives a total ohmic loss decrease at 200 GHz from 18.1% to 
16.2% (mirrors and BN window). Furthermore, the transmission line contains 6 
plane mirrors, see Figure 6.12, of which at least 2 mirrors, 3E and 9H, can be 
omitted by straightening out the design. This gives a minor reduction of losses to 
about 15.8%. The focal distances together with the positions of mirrors 1E and 
4E have to be changed such that the ratio (magnification of the telescope) stays 
the same. The BN Brewster angle window has to be replaced by an edge cooled 
CVD diamond Brewster angle window [Thum-04] in the same Z-shape mirror 
configuration. This reduces the total ohmic loss from 15.8% to 9%. 
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Figure 6.12. The transmission line of the FEM contains 6 flat mirrors (yellow). 
There is some freedom of straightening the optical path and reducing the 
number of flat mirrors by two. 
 
 As conclusion on improvements on the transmission line, we have seen 
that by a change of the material of the window and the mirrors by respectively 
diamond and copper can reduce the ohmic losses from about 18% to 9%. The 
improvements by leaving out two mirrors is minor. 
 
6.3 Critical points and remarks 
If we compare this FEM design with state-of-the-art gyrotrons oscillator [Thum-
04] we see that the maximum heat loading on the end mirrors of the splitter-
combiner is about the same as the intra-cavity heat loading of a commercially 
available CW gyrotrons and can therefore be handled. 

Apart from the heat loading problems there are a number of further 
improvements not directly connected to CW operation. If the corrugated 
waveguides are manufactured in the right way, i.e. by appropriate machining 
and welding, i.e. without the mechanical imperfections of the present undulator 
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waveguide, the losses can be low. As seen in the low-power measurements in 
Chapter 3, a wire-sparking machining method for the corrugations should not be 
used because that increases the ohmic loss significantly by bringing impurities 
(oxygen) into the copper. Furthermore, brazing is also dangerous because the 
corrugations get filled and the waveguide gives mode conversion losses, which 
reduces the efficiency of the interaction with the electron beam. The pair of 
double mitre bends just after the splitter towards the combiner must have an 
alignment option to reduce misalignment losses. Furthermore all the mitre bends 
in the FEM cavity should be curved to reduce the mode conversion losses. 
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Chapter 7 Conclusions 
The FEM concept constitutes the first electrostatic free-electron laser device 
with an energy recovery system, built in a single unit. 
The electron beam line of the FEM comprises a thermionic electron gun, an 
electrostatic accelerator, an undulator and mm-wave system, an electrostatic 
decelerator and a depressed collector. The whole system is placed in a pressure 
vessel filled with the high-voltage insulating SF6 gas, the undulator, mm-wave 
system being placed in a high-voltage terminal inside the vessel. 
 
The FEM experiment was successful in the sense that it demonstrated the 
essential features of the concept: 
 

1) The FEM produced output power up to 730 kW, at an extraction 
efficiency of 6% predicted for the setup without energy recovery. 
In the ‘inverse setup’, without decelerator and beam recovery system, the 
FEM generated 730 kW at a frequency of 205 GHz. 

 
2) The FEM delivered pulses with a stable frequency and power and 

Gaussian spatial distribution. 
In the long-pulse setup, the energy recovery system operates such that the 
acceleration voltage remains constant. Under this condition both output 
power and frequency were constant during the full pulse duration. Single 
frequency-dominated operation (< 0.5% in satellites) has been achieved. 
The shape of the output beam is nearly Gaussian, i.e. about 98.5% first 
order mode content. 

 
3) The FEM demonstrated fast tuneability. 

In the inverse setup the accelerating voltage drop during the pulse 
(1kV/µs per ampere beam current) was used to test the tuneability. 
Frequency (and power) variation was observed because the amplification 
band shifts rapidly across the cavity feedback curve. Frequency jumps of 
7 GHz are observed, the tuning rate being 1 GHz/µs. A slight continuous 
tuning of 5 MHz with frequency pulling has been observed within the 
width of one mode and much smaller than the mode spacing. 
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4) With this basic design of the FEM, CW-operation is feasible with 
modifications to a number of components. 
For CW operation all the mirrors must be water-cooled. To reduce the 
losses further the material of the mirrors in the transmission line can be 
changed from tension-free aluminium to machineable reinforced copper 
(glidcop). The BN Brewster angle window has to be replaced by an edge 
cooled CVD Diamond Brewster angle window [Thum-04] in the same Z 
shape mirror configuration. 

 
Experiments with energy recovery could not be concluded satisfactorily. 
Although demonstrating constant-voltage operation, resulting in the essential 
features of operating at constant output power and frequency, the experiments 
with energy recovery were affected by a number of problems including 
difficulties in aligning the electron beam out of the accelerator and faulty 
connections in the depressed collector. These are the probable cause of two 
unsatisfactory features: termination of the pulse after 38µs (whereas 0.1 s was 
foreseen) and an output power significantly lower than in the ‘inverse setup’. 
Clearly more experimental time would have been desirable to address these 
problems. 
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Summary 
The FOM Fusion Free Electron Maser (FEM) is a tuneable source designed to 
deliver millimetre wave radiation in the frequency range of 130 to 260 GHz at 
high output power (1 megawatt during 0.1 second) and high efficiency (50%). 
High power millimetre wave sources play an important role in present and future 
fusion (tokamak) reactors such as ITER.  

The world demand for energy is increasing and will continue to increase 
for many decades, primarily because both the world population and the average 
energy consumption per capita are growing. The largest growth of energy 
demand is expected to occur in the emerging economies, with China as a 
prominent example. By the end of the century the world energy consumption is 
expected to have reached 3 to 5 times the present level. To meet this challenge 
of finding clean and ‘unlimited’ supplies of energy, which should be available in 
an economic way, all energy options have to be (re)considered. Application of 
fusion energy, as used in the sun, appears as one of the most attractive long-term 
options because of the widespread distribution of its abundant fuel supplies, at 
low cost, and because of its inherent safety. In fusion applications mm-wave 
sources are used for start-up, heating and optimizing of the plasma. Many 
megawatts of continuous mm-wave (CW) power at frequencies of 140 to 300 
GHz are needed. Furthermore, rapid frequency tuneability and high overall 
system efficiency of the mm-wave sources are important requirements, too. 
When the FEM-project was started, in 1991, the state of the art mm-wave 
sources, such as gyrotrons, did not meet all these requirements simultaneously 
(and still do not as of today). As a possible solution the FEM was developed at 
Rijnhuizen. 

First the design of the heart of FEM, the undulator waveguide, is 
discussed. From a number of possible waveguides, the most suitable type is 
selected and the losses are calculated using an accurate field representation. 
Based on these fields the dispersion diagram is given. The reflection and out-
coupling system are treated in a similar way. Finally, the wideband transmission 
line and window design are described. 

The setup and results of the low-power tests are given, not only for the 
separate cavity sections, but also for the total system including the transmission 
line. Here losses are measured at a number of frequencies of the system, which 
are also the basis for improvements of the FEM.  

Several mm-wave diagnostic systems are described which were developed 
and used at the FEM to measure the relative power and frequency spectrum 
versus time, the spatial power distribution and the absolute power.  

The results of the high power measurements on the FEM, using the above 
mentioned diagnostics are given. A comparison is made with the various 
theoretical models developed. Furthermore, possible causes are given for a 
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number of problem issues in the long pulse setup like higher output power and 
longer pulses, which could not be solved due to termination of the FEM project. 

Finally suggestions are given for a follow-up of the FEM. One of the most 
important issues, the heat loading on several components, is treated extensively. 
An outline is given of the improvements needed for CW operation. 

The concepts developed in this thesis could benefit other groups 
developing, or working with, high-power mm-wave devices or transmission line 
systems. 
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Samenvatting 
De FOM Fusion FEM (Vrije Elektronen Maser) is een verstembare bron 
geschikt om millimeter-golfstraling op te wekken in het frequentiegebied van 
130 tot 260 GHz met een hoog uitgangsvermogen (1 megawatt gedurende 0.1 
seconde) en een hoog rendement (50%). Hoogvermogensmillimetergolfbronnen 
spelen een belangrijke rol in huidige en toekomstige fusie (tokamak) reactoren 
zoals ITER.  

De wereld energie behoefte neemt toe. Deze tendens zal zich de komende 
decennia blijven voortzetten, hoofdzakelijk omdat zowel de wereldbevolking als 
het gemiddelde energiegebruik per persoon groeiende is. De grootste groei van 
energiegebruik wordt verwacht in de opkomende economieën, zoals China. De 
verwachting is dat tegen het eind van deze eeuw de wereldenergieconsumptie 
een factor 3 tot 5 maal het huidige niveau is. Om deze uitdaging aan te gaan, het 
vinden van een schone onbeperkte energiebron, die beschikbaar is in een 
economisch toepasbare manier, moeten alle energieopties (her)overwogen 
worden. Toepassing van fusie-energie, zoals gebruikt in de zon, is één van de 
aantrekkelijkste opties op lange termijn. Dit omdat de goedkope brandstof 
overal overvloedig aanwezig is en omdat fusie-energie inherent veilig is. In 
fusietoepassingen worden de mm-golfbronnen gebruikt voor opstarten, 
verwarmen en optimaliseren van het plasma. Vele megawatts continu mm-
golfvermogen (CW) zijn nodig bij frequenties van 140 tot 300 GHz. Ook 
belangrijk zijn snelle frequentieverstembaarheid en een hoog systeemrendement. 
Zowel in 1991, toen het FEM-project van start ging, als vandaag de dag, 
voldoen de best beschikbare millimetergolfbronnen, zoals gyrotrons, niet 
gelijktijdig aan al deze vereisten. Als mogelijk alternatief werd de FEM 
ontwikkeld in Rijnhuizen.  

Als eerste wordt het ontwerp van het hart van de FEM, de 
undulatorgolfpijp, besproken. Van een aantal types golfpijp wordt de meest 
geschikte geselecteerd, waarna de golfpijpvelden nauwkeuriger worden 
berekend dan in eerdere publicaties. Tevens worden de verliezen berekend. 
Gebaseerd op deze undulatorgolfpijpvelden wordt het dispersie-diagram 
gegeven. Het reflectie- en uitkoppelsysteem wordt op dezelfde manier 
behandeld. Tot slot wordt het ontwerp van de breedbandige transmissielijn en 
het vacuümvenster beschreven.  

De laagvermogensopstelling en de resultaten van alle laagvermogens-
testen worden gegeven, niet alleen voor de afzonderlijke onderdelen, maar ook 
voor het totale systeem, inclusief de transmissielijn. Hier worden de praktische 
verliezen gemeten bij bepaalde frequenties van het systeem, welke ook de basis 
voor verbeteringen aan de FEM zijn. 

Verschillende mm-golfdiagnostieken worden beschreven die voor de 
FEM zijn ontwikkeld. Deze diagnostieken zijn gebruikt om het relatieve 
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vermogen en frequentiespectrum als functie van de tijd te meten. Tevens was het 
ook mogelijk om het vermogenspatroon en het absolute vermogen te meten.  
De resultaten van de FEM-experimenten op hoog vermogen worden gegeven. 
Een vergelijking wordt gemaakt met diverse theoretische modellen. Verder 
worden de mogelijke oorzaken gegeven voor problemen die zich voordeden in 
de uiteindelijke FEM-opstelling. Problemen zoals een onverwacht laag 
uitgangsvermogen en korte pulsduur. 

Tot slot worden er suggesties gegeven voor een FEM die continu 
vermogen kan leveren (CW). Eén van de belangrijkste kwesties, de warmte-
belasting op verschillende componenten, wordt uitgebreid behandeld. Een 
overzicht wordt gegeven van de verbeteringen die nodig zouden zijn voor 
continue werking. Verder worden systeemmodificaties voorgesteld voort-
vloeiend uit het theoretische ontwerp en de laagvermogensmetingen.  

De concepten en methodes, die in dit proefschrift zijn ontwikkeld kunnen 
van nut zijn voor groepen die werken met hoogvermogens mm-golfbronnen of 
transmissielijnen. 
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This thesis deals with the mm-wave aspects of the FOM Free Electron Maser 
(FEM) for fusion applications. The FEM is a tuneable source designed to 
deliver millimetre wave radiation in the frequency range 130 to 260 GHz, at 
high output power (1 megawatt during 0.1 second) and high efficiency (50%). 
It is designed for use in nuclear fusion power plants.  

In fusion reactors, a hot plasma is confined by magnetic fields. High-
power mm-wave beams are employed to heat the plasma and, especially, to 
optimise the performance of the reactor. The resonant absorption of mm-
waves by the electrons in the plasma allows deposition of the power within a 
few tens of cubic centimetres. With this highly localised power deposition, that 
can only be achieved with mm-wave radiation, the reactor can dynamically be 
kept at its optimum operation point. A tuneable source provides ultimate 
freedom in placing the resonance. However, the requirement of wideband 
tuneability is a major challenge for the design of the mm-wave source and the 
mm-wave system.  

This thesis covers the design of the heart of FEM; the undulator 
waveguide together with the reflection and out-coupling system, the wideband 
transmission line and window design. The setup and results of the low-power 
tests are discussed. Several mm-wave diagnostic systems are described that 
were developed and used at the FEM to measure the relative power and 
frequency spectrum versus time, the spatial power distribution and the 
absolute power. Finally the results of the high power measurements on the 
FEM are presented and discussed. From the experience suggestions are 
derived for a possible follow-up of the FEM.  

The methods developed in this work are general and could be useful for 
groups working with mm-wave systems. 
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