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Forward of the Editor 

New approaches for sustainable methods of environmentally friendly 

energy generation are required to support the rapid growth of the world 

population and economy. One future candidate is the controlled thermo-

nuclear fusion in magnetically confined plasmas where high-power mi-

crowave sources (gyrotrons) are used for plasma heating and stabilization 

to achieve the required temperatures of around 120 Million degree Celsius. 

Gyrotrons are electron cyclotron masers driven by weakly relativistic 

helical electron beams, operating in a longitudinal magnetic field and 

highly oversized cavities. The current state-of-the-art for frequencies up to 

170 GHz is 1 MW output power in continuous wave (CW) operation at 50 

% efficiency, including single-stage depressed collector operation. Future 

gyrotrons shall be able to generate output powers above 2 MW with higher 

than 60 % total efficiency at operating frequencies above 200 GHz. To 

achieve those targets, new emitter technologies are required. Appropriate 

test devices are the base for that developments. Additionally, industrial 

microwave processes are demanding for the possibility to use efficient 

medium power gyrotrons with output powers at around 20 kW CW at 

industrial frequencies up to 30 GHz.  

In the present work, Dr.-Ing. Anton Malygin combines both demands in an 

ideal way. He designed a 22 kW CW, 28 GHz gyrotron with a world record 

efficiency of 43 % (without energy recuperation), operating at the 

2nd harmonic of the electron cyclotron frequency. The chosen parameters 

for the emitter current density allow the direct evaluation of new emitter 

technologies for future highly efficient and reliable fusion gyrotrons. It is 

supported by the unique modular concept of the gyrotron. The chosen 

operating frequency, achieved output power and efficiency allow the direct 

application and scaling to the industrial ISM band at 24 GHz for material 

processing applications at the Institute for Pulsed Power and Microwave 

Technology (IHM) at Karlsruhe Institute of Technology (KIT). 
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Dr.-Ing. Anton Malygin is providing the fusion community and the indus-

trial community using gyrotrons for electron cyclotron resonance heating 

and materials processing a very powerful tool for emitter testing and 

direct industrial use. 
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Kurzfassung 

In dieser Arbeit wird über die Auslegung und experimentelle Untersu-

chung eines bei der 2. Harmonischen der Elektron-Zyklotron-Frequenz 

arbeitenden 20 kW / 28 GHz Gyrotrons berichtet. Dieses Gyrotron wurde 

so ausgelegt, dass neue Emitter-Technologien für zukünftige Hochleis-

tungsfusionsgyrotrons untersucht werden können. Um solche neuartigen 

Emitter-Technologien erforschen zu können, muss die Auslegung des 

Gyrotrons mehrere Anforderungen erfüllen. Erstens, muss die Stromdichte 

an der Emitter-Oberfläche ähnlich groß wie bei Fusionsgyrotrons der 

Megawattklasse sein. Zweitens, muss das Gyrotron wie Fusionsgyrotrons 

im kontinuierlichen Betrieb (continuous wave: CW) arbeiten. Drittens, soll 

das Gyrotron in einem weiten Bereich von Parametern des Elektronen-

strahls betrieben werden können, um die Betriebseigenschaften des 

Emitters in diesen verschiedenen Betriebsregimen untersuchen zu kön-

nen. Und schließlich viertens, muss das Gyrotron so gestal-tet sein, dass es 

die Möglichkeiten bietet, zur Anwendung bei der Materialprozesstechnik 

im IHM eingesetzt werden zu können. 

In einem ersten Schritt, wird die Auslegung des Resonators ge-zeigt. Um 

stabilen Einmodenbetrieb zu erzielen, wurden Simulati-onsrechnungen 

mit einem nichtstationären Vielmoden-Code durchgeführt. Die Optimie-

rung des Resonatorprofils ergab die Unterdrückung von Störmoden und 

damit den stabilen Betrieb im Hauptmodus bei der zweiten Harmonischen 

der Elektron-Zyklotron-Frequenz. Es wurden Simulationsrechnungen zur 

Trioden-Elektronenkanone durchgeführt, um eine gute Qualität des Elekt-

ronenstrahls in einem weiten Bereich von Betriebspara-metern zu errei-

chen. Eine Elektronenkanone vom Triodentyp wurde verwendet, um den 

Bereich der Betriebsparameter zu vergrößern. Das Profil des Gyrotron-

Kollektors wurde so optimiert, dass die thermische Belastung der inneren 

Oberfläche reduziert wird, und somit CW-Betrieb möglich ist. 
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Die experimentellen Untersuchungen zeigten stabilen CW-Betrieb des 

Gyrotrons im gewünschten Hauptmodus TE1,2. Die Trioden-

Elektronenkanone und der Resonator arbeiteten stabil in einem weiten 

Bereich von Betriebsparametern und erlaubten, einen hohen Wirkungs-

grad im Hauptmodus zu erhalten. Der Vergleich der experimentellen und 

theoretischen Ergebnisse zeigte sehr gute Übereinstimmung. 

Die folgenden experimentellen Ergebnisse wurden erzielt: 22.5 kW Mik-

rowellenausgangsleistung bei 23.4 kV Elektronen-strahlspannung und 

2.23 A Elektronenstrahlstrom mit einem Weltrekordwirkungsgrad für bei 

der 2. Harmonischen der Zyklotron-Frequenz arbeitenden 28 GHz CW-

Gyrotrons von 43 %. 
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Abstract  

In this work, the design and experimental investigation of a 20 kW/  

28 GHz gyrotron, operating at the second harmonic of the electron cyclo-

tron frequency, are reported. This gyrotron has been designed in order to 

evaluate new emitter technologies for future high-power fusion gyrotrons. 

In order to have an opportunity to perform evaluation of such novel emitter 

technologies several requirements have to be fulfilled in the design of the 

gyrotron. First, the current density at the emitter surface has to be similar 

to that in MW class fusion gyrotrons. Second, the gyrotron has to operate in 

a continuous wave (CW) regime as is the case for fusion gyrotrons. Third, 

the gyrotron has to operate at a wide range of electron beam parameters in 

order to have the opportunity to check the emitter performance in different 

regimes. And finally, fourth, the gyrotron has to be designed in order to 

have the capabilities to be used in material processing applications at the 

Institute for Pulsed Power and Microwave Technology (IHM). 

As a first step, the design of the cavity is presented. In order to provide 

stable single mode operation of the gyrotron, simulations using a non-

stationary multi-mode code were performed. Optimization of the cavity 

profile made it possible to suppress spurious modes and to provide stable 

operation of the main mode at the second harmonic of the electron cyclo-

tron frequency. Simulations of the triode-type electron gun were per-

formed in order to provide good quality electron beams in a wide range of 

operating parameters. A triode-type magnetron injection gun has been 

used, in order to increase the range of operating parameters. The profile of 

the gyrotron collector has been optimized in order to decrease the thermal 

load on the inner surface and to allow CW operation. The cavity and the 

collector are water cooled to allow CW operation. 

The experimental investigation showed stable CW operation of the gyro-

tron in the designed main mode TE1,2. The triode electron gun and the 



Abstract 

iv 

cavity operated stably over a wide range of operating parameters and 

allowed to achieve high efficiency of the main mode. Comparison of the 

experimental and theoretical results showed very good agreement. 

Experimentally the following result has been achieved in CW operation: 

22.5 kW output microwave power at 23.4 kV electron beam voltage and 

2.23 A electron beam current with the world record efficiency of 43 % for 

CW gyrotrons operated at the frequency of 28 GHz at the second harmonic 

of the cyclotron frequency. 
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1 Introduction 

1.1 Gyrotron components and 
principle of operation 

The gyrotron oscillator is a vacuum electron tube working as an electron 

cyclotron maser (microwave amplification by stimulated emission of 

radiation) [Twi58], [Sch59], [Gap59], [FGPY77]. Gyrotrons can produce 

radiation with output powers ranging from tens of watts [GGG+65] to tens 

of megawatts [MZZ+10]. The covered frequency spectrum spans from the 

lower GHz- to the THz-region. The schematic of a high-power gyrotron is 

shown in Fig. 1.1. A gyrotron consists of the following main components: 

electron gun, beam tunnel, cavity, quasi-optical system [Fla12], output 

window and collector. In the electron gun, electrons are extracted from a 

ring-shaped emitter as cathode and accelerated towards the beam tunnel 

and interaction cavity by an electric field generated due to the voltage drop 

between cathode and anode. The electron trajectories follow the magnetic 

field lines provided by the surrounding magnet system. In the cavity the 

electron-cyclotron-interaction takes place and the RF-power is generated. 

In MW class gyrotrons operated in the continuous wave (CW) regime the 

quasi-optical output system forms the output beam and provides its sepa-

ration from the electron beam trajectories [Fla12]. The spent electron 

beam is absorbed in the collector and the microwaves exit the tube 

through one or more dielectric output windows [Ber11].  
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The gyrotron configuration shown in Fig. 1.1, is mainly used in high power 

gyrotrons (PRF > 50 kW in CW), where the collector has a much bigger 

diameter than the diameter of the magnet bore hole. For low power gyro-

trons (PRF < 50kW in CW) another configuration can be used (Fig. 1.2), 

where the collector diameter is smaller than the magnet bore hole. For this 

configuration an axial output of the microwave power is used, where the 

collector serves as the output waveguide. 

Figure 1.1: Schematic of a MW class gyrotron with quasi-optical output system 
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More detailed information on the gyrotron can be found in [Nus04], 

[KBT04], [Edg93], [NTP14], [Chu04]. An overview on the state of the art in 

gyro-devices is given in [Thu15]. 

In the following sections the main principles and components of the gyro-

trons are introduced.  

1.2 Electron-cyclotron interaction 

Electrons are accelerated from the emitter surface by the electric field 

provided by the voltage difference between cathode and anode (or modu-

Figure 1.2: Schematic of a 30 kW class gyrotron with axial output waveguide 



1 Introduction 

4 

lation anode in case of a triode-type electron gun), and propagate towards 

the beam tunnel and cavity on helical orbits in the magnetic field �⃗�  pro-

duced by the system of magnets. Electrons propagate with the relativistic 

cyclotron frequency Ωc and the Larmor radius rL, which can be calculated 

by equating the Lorentz- and the centripetal force: 

 Ω𝑐 = 2𝜋𝑓𝑐 =
𝑒𝐵

𝑚𝑒𝛾
 (1.1) 

 
 
 
 

𝑟𝐿 =
𝑣⊥

Ω𝑐
  with  𝑣 = 𝑣⊥⃗⃗ ⃗⃗ + 𝑣‖⃗⃗  ⃗ (1.2) 

where me is the electron mass, e the electron charge, and v‖ and v⊥ the 

parallel and perpendicular velocity components, respectively. Due to the 

accelerating voltage, the electrons reach a weakly relativistic velocity v 

with the Lorentz factor γ given by: 

 𝛾 =
1

√1 − (𝑣 𝑐0⁄ )2
= 1 +

𝑊𝑘𝑖𝑛

𝑚𝑒𝑐0
2 (1.3) 

 

where Wkin is the kinetic energy and c0 the speed of light in vacuum. With 

an additional RF-field at the angular frequency ωRF, which is nearly syn-

chronous to the rotation of the particles, some electrons lose energy to the 

RF-field and some gain energy, depending on their relative phase position. 

While at nonrelativistic energies, the net energy exchange between the 

entire electron beam and RF-field averages to zero, the changing relativ-

istic factor γ of the individual electrons can cause a non-zero net energy 

transfer and thus permits the generation and enhancement of the RF-field. 

The electron-cyclotron-interaction, as described in the following, is there-

fore a relativistic effect. As a consequence of the changing electron energy 

and the corresponding cyclotron frequency change, the frequency differ-

ence |ωRF − Ωc| between RF-field and electron movement changes and thus 

the relative phase difference for every particle varies over time. Electrons 

in an accelerating phase position increase γ, thus decrease their Ωc and 
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increase the difference with respect to the initial higher ωRF. Over time, 

they accumulate an increasing phase lead with which they tend to leave 

this undesired phase position more quickly. In contrast, decelerated parti-

cles increase their Ωc and decrease the difference with respect to ωRF, 

which means they tend to remain longer in their useful initial phase posi-

tion relative to the RF-field. In summary, the particles accumulate in a 

particular relative phase position where they transfer energy to the RF-

field. This focusing towards one phase is called “bunching”. In order to 

enable a useful energy exchange, the oscillation frequency ωRF has to be 

slightly higher than the angular frequency Ωc of the electrons. 

 𝜔𝑅𝐹 ≳ Ω𝑐  (1.4) 
 

Due to the axial motion v‖ of the electrons relative to the RF-field, the 

frequency ωRF is shifted by a Doppler term. To describe the Doppler term 

the wave number k is introduced, which gives the number of wavelengths 

per unit distance.  

 𝑘0 =
2𝜋

𝜆
 (1.5) 

 

The total wave number k0 can be split into two portions for the wave 

propagation in the axial k‖ and perpendicular k⊥ directions. 

 𝑘0
2 = 𝑘‖

2 + 𝑘⏊
2  (1.6) 

 

The phase of the field (ωRFt − k‖z) at the position of the electron, which is 

also moving in the positive z-direction, should be synchronous with the 

rotational particle movement Ωct. As a consequence, the corresponding 

phase difference vary very little over time 

 
𝑑

𝑑𝑡
(𝜔𝑅𝐹𝑡 − 𝑘‖𝑣‖𝑡 − Ω𝑐𝑡) ≈ 0 (1.7) 
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Considering the Doppler shift, the resonance condition is derived as: 

 𝜔𝑅𝐹 − 𝑘‖𝑣‖ ≈ Ω𝑐  (1.8) 
 

Oscillations are also possible at higher cyclotron harmonics nΩc in which 

the RF-field is inhomogeneous along the electron rotation. As a conse-

quence, the general oscillation condition is: 

 𝜔𝑅𝐹 − 𝑘‖𝑣‖ ≈ 𝑛 ∙ Ω𝑐  (1.9) 
 

1.3 Electron gun and beam tunnel 

The RF-field in the cavity extracts energy out of the perpendicular compo-

nent of the electron motion. Thus electrons with a high perpendicular 

velocity component v⊥ are necessary for efficient electron-cyclotron-

interaction. In addition, their longitudinal velocity v‖ has to be sufficiently 

high to enable the particles to reach the interaction region and leave it 

again after energy transfer. In gyrotrons magnetron injection guns (MIGs) 

are usually used to provide the necessary hollow electron beam [Edg93]. 

Figure 1.3 shows the cross-section of a typical triode-type MIG.  

The electrons are accelerated starting from a heated emitter ring towards 

the beam tunnel and cavity. According to the characteristics of the magnet-

ic field, the emitter forms a hollow beam. The MIGs used in gyrotrons are 

usually operated under temperature-limited (TL) condition of the emitter 

[Edg93], [Pio93]. A non-zero electric field exists at the cathode surface and 

accelerates all emitted electrons towards the anode (or modulation anode 

for the triode gun). The beam current depends sensitively on the condi-

tions at the emitting surface and can be adjusted by the temperature of  

the emitter.  
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One of the main characteristics of the electron beam is the ratio between 

the electrons’ perpendicular (rotational) v⊥ and axial (parallel) v‖ velocity 

components. This ratio is also called “pitch factor”. 

 
𝑔 =

𝑣⏊

𝑣‖

 

 
(1.10) 

Due to the increase of the magnetic field amplitude from the emitter to-

wards the interaction cavity (Fig. 1.3), the electron beam radius Rbeam is 

compressed and energy is transferred towards the perpendicular velocity 

component, which means that g is increased according to the increasing 

cyclotron frequency [Edg99], [Nus04]. To describe the pitch factor 

spread ∆𝑔, here the root mean square (RMS) is used [Ber11], [Sch15].  

Another important parameter of the electron gun is the emitter current 

density Jem which can be introduced by the following formula: 

 𝐽𝑒𝑚 =
𝐼𝑏𝑒𝑎𝑚

𝑆𝑒𝑚

 (1.11) 

where Ibeam is the electron beam current, and Sem the surface area of  

the emitter. 

Figure 1.3: Axially symmetric cross-section of a triode-type magnetron injection gun 
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1.4 Cavity 

In the cavity the energy exchange between the helical electron beam and 

the RF-field takes place due to the electron-cyclotron-interaction. The 

cavity in gyrotrons is usually a three-section structure as shown in Fig. 1.4: 

an input down-taper and a uniform middle section followed by an output 

up-taper. The transitions between each section are smoothed using para-

bolic contours. 

The longitudinal structure of the field inside a gyrotron cavity at its reso-

nance frequency can be described by a complex profile f(z) [Ker96]. In Fig. 

1.5 one can see the longitudinal field f(z) of an operating mode along the 

cavity with the maximum at the cylindrical cavity section. The transverse 

structure of the field is given by the eigenmode of the waveguide oscilla-

tion in the resonator [Bor91], [JPT+06]. Figure 1.5 shows an example of the 

TE-eigenmode longitudinal profile and Fig. 1.6 the distribution of trans-

verse electric field in the cavity.  

 

 
Figure 1.4: Typical gyrotron cavity profile 
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Figure 1.5: Example of geometrical contour and longitudinal field profile of an empty 

gyrotron cavity 

Figure 1.6: Distribution of the transverse electric field (for the TE28,8 mode) 
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1.5 Cathodes 

1.5.1 Evolution of modern dispenser cathodes 

The family of modern tungsten dispenser cathodes started with the oxide 

cathode, where (BaSr)CO3 was sprayed onto a nickel base. More details 

about the oxide cathode history and characteristics can be found in 

[HW51]. The first step in the development of modern dispenser cathodes 

was the transition from an oxide coating on nickel to (BaSr)CO3 in a reser-

voir behind porous tungsten. The cathode was named the ‘L’ cathode and 

was developed be Philips Research Laboratories in The Netherlands in 

1950 [LJL50]. The L cathode had the following advantages: good emission-

current capabilities and a long lifetime. However, it had the following 

disadvantages: difficulties to provide barium vapour leak-tight seal be-

tween the porous tungsten emitter and the molybdenum support body, 

difficulties to obtain uniform cathode temperatures because of weak heat 

transfer through the cavity containing the emissive mix to the porous 

tungsten plug, and a narrow temperature range for good emission.  

In 1951 R.C. Hughes, P.P. Coppola, and E.S. Rittner [HCR51] found that a 

pressed cathode made from barium aluminate and tungsten powder had 

better performance than the L cathode. The barium aluminate was approx-

imately 70 % BaO and 30 % Al2O3, prepared by mixing barium carbonate 

with aluminium oxide and heating the mixture to about 2000 °C to form 

the aluminate and free the mixture of the carbonate. This arrangement 

solved the problems associated with critical processing and activation 

temperature.  

In 1952 it was found that further improvements could be made if the 

cathode was first formed from porous tungsten and then impregnated with 

barium aluminate [LH52]. This type of cathode could be easily machined to 

close mechanical tolerances, had better dimensional stability than pressed 
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cathodes, and the emitter could be made much smoother than pressed 

emitters. This cathode became known as the Philips 'A' cathode [Lev53]. 

The Philips B-type cathode developed in 1955, which had additions of 

calcium oxide to the impregnant that reduced the barium sublimation rate 

and greatly enhanced the emission properties [Lev55]. The impregnant is 

5BaO: 3CaO: 2Al2O3 in molar ratio and is sometimes referred to as simply 

5-3-2. The 5-3-2 is the most common mix but other variations such as  

3-1-1 or 4-1-1 are in widespread use (i.e. 3BaO: CaO: Al2O3 and 4BaO: CaO: 

Al2O3 respectively). 

In [ZV66] it was discovered that over-coating the B-type cathode with a 

thin layer (200 – 500 nm) of osmium, iridium, ruthenium or rhenium 

greatly enhanced the emission properties. The effect was verified in 

[Hou67]. The emission level from a cathode depends on the work function 

of the emitting surface: the lower the work function, the higher the emis-

sion level. The work function is the minimum thermodynamic work (i.e. 

energy) needed to remove an electron from the surface of a metal. The 

over-coating greatly reduces the work function from 2.1 to 1.8 eV which 

results in either a reduction in operating temperature of up to 100 °C for 

the same emission current density as an uncoated cathode or an increase 

in emission of well over 300 % for the same operating temperature. It was 

discovered that a coating of osmium definitely increased emission levels 

but also had certain disadvantages. For instance, although the cathode 

lifetime was reasonable, it was less than 100.000 hours as predicted 

[VK71]. This cathode was named M-type [Sli65], [Bon69], [BBL+69]. 

The barium scandate cathode in various forms (pressed, impregnated etc.) 

has been studied since 1967 [FSJ67]. It is essentially a porous tungsten 

matrix containing barium scandate (3BaO: 2Sc2O3) or barium calcium 

aluminium scandate [VVBZ77].  

Some of the best results obtained from cathode research were based on 

the 'mixed-metal' matrix dispenser cathode (MM cathode). These cathodes 
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have a porous metal matrix made of tungsten and either iridium or osmi-

um and impregnated with barium calcium aluminate. In [Tuc78], it was 

discovered that the same benefits which are obtained from a sputtered 

film of osmium or iridium on the surface of the cathode could be obtained 

by incorporating the enhancing material into the matrix. This improve-

ment made it possible to avoid removal of the osmium or iridium by arcing 

or ion bombardment. Experiments with cathodes, consisting of a matrix of 

pure iridium containing barium oxide in the pores, has been demonstrated 

in [Fal77].  

In summary, modern dispenser cathodes currently used in practical vacu-

um devices include the B, M, and scandate cathodes. The mixed-metal-

matrix cathodes are in the development stage [RDKD06], [RKB11]. Re-

search on scandate cathodes has renewed interest in developing cathodes 

capable of high-current-density emission with reasonable lifetimes 

[ZZLL04], [LZW+04], [JHZ+04], [Shu04], [YGP+05]. Research is in progress 

to investigate changes to the emission surface to achieve high-current-

density operation at reasonable operating temperatures [SCL+06], [GB04], 

[SYH04], [IFSW05], [RDKB06], [Hig08], [VJK09], [WLG+09].  

1.5.2 Problems associated with M-type cathodes  

There are two requirements for production of a high quality electron 

beam. First, the cathode surface must be uniformly heated to sufficient 

temperature to release electrons from the surface. The necessary tempera-

ture is approximately 1000 °C. It is desirable to achieve temperature 

uniformity to within a few degrees centigrade over the entire emitting 

surface. This can be a challenging task considering the support structure, 

heater, and shielding requirements. Modern, 3D thermo-mechanical analy-

sis programs are now available to precisely simulate the characteristics of 

the heated materials, including conduction, convection, and radiation heat 

transfer. Consequently, achieving the required temperature uniformity is 

now within the designers’ control. 
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A more difficult problem is controlling the work function uniformity of the 

emitting surface. Porous tungsten cylinders, or billets, are produced by 

compressing tungsten powder and sintering the material in a high temper-

ature furnace, typically over 2000 °C for 1 – 2 hours. The porosity of the 

material can be somewhat controlled by the initial grain size of the tung-

sten powder. Typically, grains are an average diameter of 4 – 5 µm with a 

wide distribution between sub-micron and more than 10 µm and irregular-

ly shaped. Figure 1.7 demonstrates the structure of a standard dispenser 

cathode. While it is possible to procure precisely sized grains of spherical 

shape, the cost is prohibitive for most applications. It has also been found 

that the performance sometimes suffers with controlled grain size. As a 

result, there is no precise control of the porosity of most cathodes. 

 

 

Variations in pore size and distribution over the surface can lead to varia-

tions in barium diffusion and the subsequent work function. For devices 

where the emission is limited by space charge at the surface, this variation 

can be overcome by increasing the cathode temperature. This leads to 

Figure 1.7: Structure of a standard dispenser cathode [JLL00] 
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increased barium diffusion which increases the emission uniformity but 

decreases the life of the cathode. Once the barium impregnated in the 

cathode is depleted, the cathode’s useful lifetime is ended [GF02]. 

This solution is not available for cathodes that operate in a regime where 

the emission is determined by temperature. Cathodes that operate in the 

temperature limited regime are used in gyrotrons and gyro-amplifiers. 

Variations in work function generate variations in emission, which can 

lead to significant performance degradation [AKK+99]. 

Another problem associated with M-type cathode is their lifetime at high 

current densities Jem (3 – 5 A/cm2). The usual current density for MW class 

gyrotrons designed for W7X and ITER is in the range 2.5 – 3 A/cm2 

[JAF+13] and for future DEMO gyrotrons up to 4 A/cm2 [FPA+15]. Figure 

1.8 shows the dependence of the emission current density versus lifetime 

for B-type and M-type cathodes [Gil86]. As one can see from Fig. 1.8, 

employing M-type cathodes in space application (where such tubes like 

klystrons, travelling wave tubes, backward wave oscillators and so on are 

used) allows to use lower current density Jem for cathodes, less than  

1 A/cm2, and provides long life time (more than 15 years). But it can be 

also seen from Fig. 1.8 that for MW class gyrotrons for fusion applications 

with usual emitter current densities of Jem = 2 – 4 A/cm2, the lifetime of the 

cathode is only 1 – 5 years. 

One of the most promising cathode technologies that can provide uniform 

distribution of the electron emission and a long lifetime is a controlled 

porosity reservoir (CPR) cathode. More details about CPR cathodes are 

described in the next section. 
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1.5.3 Controlled porosity reservoir cathodes 

For more than thirty years, cathode developers have attempted to control 

the porosity of cathodes, and subsequently the diffusion of barium, in 

order to control cathode emission. There are numerous patents in this 

area, though none have achieved success in a practical, production envi-

ronment [GDGT89], [RCY02], [TG83], [FB86], [GT88], [Wij92].  

All approaches involving patterned holes or slots in thin surfaces encoun-

ter certain common problems. One problem involves the number and sizes 

of holes that must be drilled or otherwise created. The “ideal’ cathode 

should have 1 – 2 µm diameter pores about 5 – 10 µm apart. When one 

calculates the number of holes required for a large cathode, however, the 

number runs into millions. The time and logistics of creating such a large 

number of holes over extended surfaces can be a serious problem. 

Figure 1.8: Dependence of emission current density from the emitter, for B-type and  

M-type cathodes [Gil86] 
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Another problem is assotiated with differential thermal expansion. Ther-

mionic cathodes operate at approximately 1000 °C. Differential thermal 

expansion between the thin cathode surface and the support structure of 

the cathode assembly causes buckling and creasing of the surface. This, in 

turn, leads to non-uniform electric fields on the surface, which results in 

emission variation. 

A number of small, laser drilled CPR cathodes were manufactured for 

testing in cathode ray tubes (CRTs) about 25 years ago [Fal89], [Fal90], 

[Fal91], [Fal92]. They initially performed very well. With time, however, 

the large amount of barium evaporation caused difficulty because of the 

heavy deposit of barium on various electrodes. The cathodes used very 

thin laser drilled dispenser caps over a reservoir of barium producing 

material. The caps were only 25 to 50 µm thick because the laser equip-

ment was incapable of drilling anything thicker through the refractory 

metals used. The openings were between 20 and 25 µm in diameter on 37 

µm centres. There was not a sufficient impedance to restrict or control the 

amount of barium which essentially blew through the openings into the 

tubes. Although some devices were lifetime tested for thousands of hours 

and performed reasonably well despite the high evaporation rate, the 

effect on certain electrodes made it impractical to continue. The research 

was redirected to use conventional dispenser cathodes. 

The first experiments to produce a metal structure with uniformly distrib-

uted pores over the surface and at the same time structure that is thick 

enough to introduce sufficient impedance to control the amount of barium 

delivered on the emitter surface has been performed by B.H. Alexander 

and R.W. Balluffi [AB57]. Their experimental set-up is shown in Fig. 1.9, 

which consists from a copper spool and a multilayer winding of fine copper 

wires. Alexander and Balluffi performed experiments that included sinter-

ing and evaluating changes in the size and shape of the voids between 

wires, experiments are described in more details in [Jon60]. 



1.5 Cathodes 

17 

 

 

Their results indicated that shrinkage is primarily due to volume diffusion 

of atoms from grain boundaries between adjacent wires to sharply curved 

surfaces of the voids. The void configuration during various stages of 

sintering is shown in Fig. 1.10. Section (a) is the initial state prior to sinter-

ing where the wires are separate and no diffusion has occurred. Stage (b) 

is an intermediate stage during sintering. In this stage, atomic diffusion 

occurs where material moves from the boundary region between wires 

and from the convex surface of the wires where there is no contact with 

adjacent wires. It is the small radius surface at the three corners of the void 

that attracts diffusing material. The final stage is shown in (c). 

According to Alexander and Balluffi, this process continues until the grain 

boundaries between the wires disappear and the void becomes spherical 

(cylindrical). At this point, further sintering does not result in appreciable 

changes to the size of the void. The size of the voids can be controlled by the 

sintering temperature and time. This has implications for cathode manufac-

ture, since it provides an independent mechanism for controlling the pore 

size and resulting barium diffusion rate. Alexander and Balluffi provide a 

thorough mathematical treatment of the relationship between time, tem-

Figure 1.9: Experimental configuration of Alexander and Ballufi [AB57] 
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perature, and material properties on void characteristics, including com-

parison with experimental measurements for sintered copper wires. 

Experiments were performed by Calabazas Creek Research (CCR) to extend 

the work of Alexander and Balluffi to tungsten to verify that structures 

appropriate for CPR cathodes could be obtained. More detailed descriptions 

of these experiments can be found in [IFSW05], [LFMC10]. The experiments 

consisted of sintering and evaluating 20-µm-diameter tungsten wire wound 

on a “rectangular” molybdenum spool. A photograph of the wire wound 

spool is shown in Fig. 1.11. The spool produced four rectangular tungsten 

sections that were 18 x 13 x 3 mm. The wire was wound parallel to the 18-

mm side; consequently, the cross section of the wires was 13 x 3 mm with 

voids that penetrated through the 18-mm length. 

 

 

The structure was sintered at 2075 °C for 75 min. The sections were 

removed from the spool at the corners and cross sectioned using tungsten 

electro discharge machining. The face was lapped and examined using a 

scanning electron microscope (SEM). Figure 1.12 shows sintered tungsten 

wires formed as a cylinder and Fig. 1.13 is an SEM photo of a region of the 

cross section. Based on the images in Fig. 1.13, it would appear that this 

represents an intermediate stage in the sintering process before complete 

sphericity of the voids is obtained. The voids are approximately 4 µm in 

maximum dimension with distance between voids consistent with 20 µm 

Figure 1.10: Schematic end view of wires showing different stages of sintering. Views are: (a) 

before sintering, (b) cusped void at early stage, and (c) spherodization [IFSW05] 
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diameter wire. The horizontal streaks are from the lapping prior to exami-

nation in the SEM. While not fully sintered, the structure appears to repre-

sent a more attractive material for cathodes than porous tungsten. 

 

 

 

 

Figure 1.11: Molybdenum spool [LFMC10] 

Figure 1.12: Cylinder formed from sintered tungsten wires [LFMC10] 
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The periodicity is approximately 20 µm with extent of the pores being 

approximately 4 µm. A general configuration of CPR cathode is shown in Fig. 

1.14. It consists from heater, a reservoir with barium compound (BaO, CaO, 

Al2O3), and emitter. The emitter is produced from sintered tungsten wires by 

cutting the proper thickness defined by the configuration of the specific 

electron gun. A configuration of the CPR cathode which was designed for the 

gyrotron designed in this dissertation is shown in Appendix A.1. 

 

Figure 1.13: SEM photograph of 20 µm diameter tungsten wires sintered at 2075 °C for  

75 min. The periodicity is approximately 20 µm with extent of the pores being 

approximately 4 µm [LFMC10] 

Figure 1.14: CPR cathode configuration [LFMC12] 
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1.5.4 Advantages of CPR cathodes over M-type cathodes  

The most common type of a cathode used in gyrotrons is M-type. In this 

section, different advantages of the CPR cathodes in comparison to M-type 

cathodes are presented.  

1) Lifetime performance. As it was shown in section 1.5.3, construction of 

a CPR cathode allows to use a big volume reservoir for the barium com-

pound, which can provide enough barium for cathode lifetime of 100.000 

hours with emitter current density Jem ≈ 3 A/cm2 compared to M-type 

emitter with a lifetime of 10.000 hours with the same emitter current 

density.  

2) Lifetime prediction. It was described in Section 1.5.2 that for M-type 

cathodes the barium compound is impregnated into the voids of the porous 

tungsten structure of the cathode and the amount of barium strongly de-

pends on the grain size, pore structure and sintering procedure and it is very 

difficult to predict lifetime taking into account all these factors. In contrast to 

M-type cathodes, CPR cathodes contain a barium reservoir, where the 

amount of barium can be easily calculated from the volume of the reservoir 

and also that barium is easily available from the reservoir through the 

straight channels of the emitter structure (sintered tungsten wires). 

3) Uniform distribution of barium at the surface of the emitter. Due to 

the structure of a CPR emitter, which consists of sintered tungsten wires, 

distribution of pores between wires is uniform which provides a uniform 

distribution of barium at the emitter’s surface. In comparison, M-type 

emitters have a non-uniform distribution of pores due to the different sizes 

of tungsten grains and voids, which gives a non-uniform barium layer on 

the surface of the emitter.  

4) Constant and controllable diffusion of barium to the emitter sur-

face. The channels in a CPR emitter structure are formed by sintered tung-

sten wires and are uniformly distributed, which provides constant diffusion 



1 Introduction 

22 

of barium to the emitter surface. Also by varying the diameter of the tung-

sten wires and the sintering procedure (temperature and time of sintering), 

the diameter of the channels through which barium diffuses to the emitter 

surface can be changed and this allows to control the barium diffusion rate. 

If one compares it with the construction of M-type emitters it can be no-

ticed that the barium diffusion rate depends strongly on the size and the 

structure of the channels in the porous tungsten, which depends on the size 

of the tungsten grains, and it is very difficult to control these parameters, 

which makes it difficult to control the barium diffusion rate. 

1.6 Main goals of the project  

The main goals of this work are listed in the following: 

1) Development of a CW gyrotron with emitter current density in a range 

from 0.5 A/cm2 to 2.5 A/cm2.  

2) Design of a magnetron injection gun, a cavity and a collector for CW 

regime. 

3) Design of a CW gyrotron that can be used for technological applications 

(materials processing). 

4) Construction of the complete gyrotron and the corresponding experi-

mental test stand. 

5) Experimental investigation of the gyrotron. 

In addition to these main goals the following requirements had to be 

fulfilled during the project:  

6) The CW tube design should be modular (main components should be 

connected by flanges) 

7) The design should be compact. 

Each of these requirements can be met in different gyrotrons, but combi-

nation of these features in one gyrotron was the big challenge of this work, 
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for example, combination of the 6th and 7th requirement. In order to allow 

CW operation, the gyrotron should be sealed in order to minimize leakage 

rate and has to be baked-out in an oven with high temperatures. Modulari-

ty at the same time needs flange connection, which means that special type 

of gaskets should be used in order to withstand the bake-out process, and 

an additional ion-getter pump has to be used in order to compensate 

higher leakage rate compared to a sealed gyrotron. The requirement #7 

tells us to come to a compact gyrotron design in order to minimize manu-

facturing cost and accelerate the manufacturing of the gyrotron. As a basis 

of the compact design of this gyrotron, a configuration which is employed 

for technological gyrotrons was used in this work [DBG+08]. In order to 

provide long lifetime of a technological type gyrotron, the emitter current 

density should be around 1 A/cm2 [DBE+07], [SBC+11]. However in order 

to evaluate a controlled porosity reservoir emitter (or new emitter tech-

nologies in general) operating in regimes similar to MW class fusion gyro-

trons, an emitter current density of 2.5 A/cm2 has to be used [JAF+13]. Of 

course, such a high current density for the technological type gyrotron 

creates additional difficulties for electron gun design and optimization. 
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2 Physical design of the 
gyrotron cavity 

2.1 Introduction 

In order to define a cavity profile which provides stable single mode gen-

eration, several cavities with different operating modes have been studied. 

A gyrotron cavity should satisfy different physical and technical require-

ments. The main technical requirements are related to the magnet system 

available at IHM for technological gyrotrons that has to be used in the 

experimental investigation of the tube. Figure 2.1 shows the magnet sys-

tem that is composed of two magnets, the gun magnet and the main mag-

net. The gun magnet consists of one coil and the main magnet includes four 

coils, three coils (coils #1, #2, #3) that provide a flat top region of the 

magnetic field distribution, and an additional coil (coil #4) for optimization 

of the magnetic field profile at the cavity [MGDL08]. The parameters of the 

coils are listed in Table 2.1, where zmin, zmax are the longitudinal and Rmax, 

Rmin the radial dimensions of the coils, respectively, Nc represents the 

number of turns. The gun coil is used for fine adjustment of the magnetic 

field at the electron emitter region and for controlling electron beam 

parameters such as pitch factor or beam guiding centre radius. The maxi-

mum achievable magnetic field of the magnet is 0.58 T (Table 2.2). 

The requirement #3 mentioned in Section 1.6 tells that the design of the 

gyrotron should be suitable for use in materials processing applications. 

There are several widely used frequencies for microwave material pro-

cessing: 24.1, 28 and 30 GHz. Taking into account the maximum magnetic 

field 0.58 T that can be achieved by the normal conducting magnet, the 

most appropriate frequency is fRF = 28 GHz. In order to generate this 
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frequency, the gyrotron has to be operated at the second harmonic of the 

electron cyclotron frequency. 

Table 2.1: Coil parameters of the gyrotron magnet system 

 
zmin 

[mm] 
zmax 

[mm] 
Rmin 

[mm] 
Rmax 

[mm] 
Nc 

Coil #1 516.0 563.0 60.0 101.0 384 

Coil #2 583.0 618.0 60.0 70.0 116 

Coil #3 638.0 685.0 60.0 101.0 384 

Coil #4 583.0 618.0 85.0 96.0 116 

Gun coil 398.0 470.0 69.0 104.0 116 

 

 

 
Figure 2.1: Axial magnetic field profile and configuration of the coil system 
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The main magnet parameters are listed at the Table 2.2. 

Table 2.2: Parameters of the normal conducting gyrotron magnet system 

Parameter Value 

Maximum magnetic field [T] 0.58 

Diameter of the bore hole [mm] 60 

Length of the homogeneous field section at  
(-1 %/ -5 %) level [mm] 

90/120 

 

As it was mentioned in Section 1.6, the gyrotron is considered to be an 

experimental device with a modular structure. This means that the main 

parts of the gyrotron like electron gun, cavity and collector should be fixed 

to each other by means of flanges. This increases flexibility during experi-

mental investigations. At the same time a modular design requires flange 

connections of the gyrotron parts, which limits the maximum cavity radius, 

because the cavity of course must fit into the bore hole of the magnet. 

Taking into account a bore hole diameter of Dbore_hole = 60 mm (Table 2.2), 

preliminary design considerations showed that the cavity diameter Dcav 

should not be larger than 32 – 33 mm.  

Additional requirements for maximum cathode voltage and electron beam 

current that can be used in experiments are defined by the main power 

supply for technological gyrotrons available at IHM (FUG company):  

U0_max = 26 kV, Ibeam_max = 2.3 A. 
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2.2 Cavity selection 

As it was mentioned in Section 2.2 the gyrotron has to operate at the 

second harmonic of the cyclotron frequency. One of the main issues of 

operation on the second harmonic of the cyclotron frequency is competi-

tion with modes at the first harmonic of the cyclotron frequency. Several 

cavities with different main modes at the second harmonic of the cyclotron 

frequency have been considered (Table 2.3). In Table 2.3 different cavity 

parameters are presented: main operating mode, cavity radius Rcav neces-

sary for the operating mode at 28 GHz, radius of the guiding centres of the 

electron beam Rbeam corresponding to the maximum of the coupling coeffi-

cient Gmp (2.1) [ZZMS11], and frequency distance ∆f between first and 

second harmonic frequencies (2.2). 

The coupling coefficient [ZZMS11] describes the efficiency of the interac-

tion between the mode TEm,p and the electron beam.  

 𝐺𝑚𝑝 =
𝐽𝑚−𝑛
2 (𝑘⏊

𝑅𝑏𝑒𝑎𝑚

𝑅𝑐𝑎𝑣
)

𝐽𝑚
2 (𝜗𝑚,𝑝)(𝜗𝑚,𝑝

2 − 𝑚2)
 (2.1) 

 

where Jm is a Bessel function of order m, 𝜗𝑚,𝑝 the pth root of the derivative 

of the Bessel function, and 𝑘⏊ =
𝜗𝑚,𝑝

𝑅𝑐𝑎𝑣
 is the perpendicular component of the 

wave number. It should be mentioned that different rotations of the mode 

relative to the helical motion of the electrons are presented by different 

signs of the azimuthal index ±|m| (TE+m,p – co-rotating mode and TE-m,p – 

counter-rotating mode). 

The optimum beam radii Rbeam that are listed in Table 2.3, correspond to 

the maximum coupling coefficient Gmp. An example of the dependence of 

Gmp on beam radius for the TE1.2 mode is shown in Fig. 2.2. 
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The frequency distance between the first and the second harmonic can be 

described by the following formula: 

 ∆𝑓(%) =
𝑓𝑐.𝑜.(𝑛 = 2) − 𝑓𝑐.𝑜.(𝑛 = 1)

𝑓𝑐.𝑜.(𝑛 = 2)
∗ 100%     (2.2) 

 

where fc.o.(n=1) and fc.o.(n=2) are the cut-off frequencies (2.3) of the first 

and the second harmonic modes, respectively.  

The cut-off frequency is given by the following formula: 

 𝑓𝑐.𝑜. =
𝜗𝑚,𝑝 ∙ 𝑐

2𝜋𝑛𝑅𝑐𝑎𝑣

 (2.3) 

 

 

Figure 2.2: Dependence of the coupling coefficient Gmp on beam radius for the TE1,2  

cavity mode 
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Table 2.3: Parameters of the cavities 

Cavity 
main 
mode 

Rcav 
[mm] 

Rbeam 
[mm]  

Gmp ∆f [%] 

TE3,1 7.16 3.13 0.207 12.36 (TE1,1) 

TE4,1 9.06 5.19 0.121 30.75 (TE1,1) 

TE1,2 9.08 3.13 0.103 30.93 (TE1,1) 

TE0,2 11.95 5.23 0.053 12.93 (TE2,1) 

TE4,2 15.8 5.16 0.045 17.36 (TE0,1) 

 

The last column in Table 2.3 shows the relative frequency distance to the 

corresponding main competing mode at the first harmonic of the electron 

cyclotron frequency, which is shown in parentheses. 

Modes with higher order than the TE4.2 mode have not been considered 

because they require a cavity radius > 17 mm, and as it has been men-

tioned in Section 2.1, cavities with Rcav > 17 mm cannot be used. 

The spectra shown in Figs. 2.3, 2.4, 2.5, 2.6, and Fig. 2.7 have been used 

where the dependence of the coupling coefficients Gmp from the cut-off 

frequencies fc.o. are shown for different cavities. The first harmonic mode 

with the highest coupling coefficient is considered as a main competitor for 

the main mode in each cavity.  
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Figure 2.3:  Spectrum of the TE3,1 mode cavity 

Figure 2.4: Spectrum of the TE4,1 mode cavity 
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Figure 2.5: Spectrum of the TE1,2 mode cavity 

Figure 2.6: Spectrum of the TE0,2 mode cavity 
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As one can see from the results summarized in Table 2.3, the largest dis-

tance to the competing mode first harmonic is ∆f = 30.93 % for the TE1,2 

mode cavity. Based on these studies the cavity with the main mode TE1,2 

has been chosen as the main cavity for the non-stationary multimode 

simulations.  

In Section 2.3 optimization of the cavity profile for the main mode TE1,2 is 

presented. Simulations were done with the non-stationary multi-mode 

code EURIDICE [APIV12].  

2.3 Non-stationary time dependent TE₁‚₂ cavity 
simulations with the EURIDICE code 

In the previous section it was shown that the cavity with the main mode 

TE1,2 has the largest distance in frequency from the most dangerous com-

petitor on the first harmonic of the cyclotron frequency. In this chapter the 

multi-mode non-stationary code EURIDICE [APIV12] is utilized for the 

Figure 2.7: Spectrum of the TE4,2 mode cavity 
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optimization of the cavity profile. The main goal of the studies in this 

section is to optimize the cavity profile in order to provide stable genera-

tion of the main mode with the highest possible efficiency.  

Parameters of the cavity profile that have been used in the optimization 

procedure are shown in Fig. 2.8: LS.u. and LS.d. are the lengths of parabolic 

smoothing towards up or down taper, LR is the length of the cylindrical 

cavity section, Rc.o the radius of the cut-off section, 𝜃𝑑  the down-taper angle 

and 𝜃𝑢 is the up-taper angle.  

 

 

The main goals that have been discussed in Section 1.6 defined that the 

gyrotron has to be designed in order to be used for two main functions. 

The first function is the evaluation of new emitter technologies, which 

requires stable CW operation over a wide range of gyrotron parameters. 

And the second function is to provide the possibility to use the gyrotron 

tube for material processing applications. The usual operating parameters 

for technological type of gyrotrons are the following: frequency 24 to  

30 GHz, beam voltage 10 to 20 kV, electron beam current 0.5 to 2 A, output 

RF power 5 to 15 kW, pitch factor 1.3 to 1.6, and ∆𝑔 < 10 %, [SBC+11], 

Figure 2.8: Cavity profile (with the parameters that were optimized) 
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[Thu15]. Based on these two main functions the nominal parameters of the 

designed gyrotron are presented in Table 2.4. 

Table 2.4: Gyrotron parameters 

Parameter Value 

Beam current 0.5 – 2.3 A 

Cathode voltage 18 – 25 kV 

Pitch factor 1.1 – 1.8 

Output power 2 – 20 kW 

Pitch factor spread < 10 % 

 

The optimization procedure has been performed by simulating start-up 

scenarios for different cavity configurations, electron beam parameters 

and magnetic field profiles, tailored by using the additional coil (coil #4). A 

start-up scenario has been defined as a linear rise of the cathode voltage. 

This approach has been used in previous studies [Cho14], [Ber11], [Sch15] 

and has shown good agreement with experimental studies. The main goal 

of the optimization procedure was to provide stable, efficient generation of 

the main mode TE1,2 for the whole range of electron beam parameters 

listed in Table 2.4.  

The time length of the start-up scenario ramp up phase has been chosen as 

tramp-up = 1000 ns. Investigations showed that the flat top region where the 

voltage is constant should be around 1000 ns in order to verify stable 

operation of the main mode TE1,2 or find different instabilities that can be 

related to competition between modes. In Section 2.4 a more detailed 

investigation regarding the minimum ramp-up time that can be used in 

order to have proper simulations of mode excitation is presented. 
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During the simulations of the start-up scenario the following modes have 

been taken into account (Fig. 2.5): TE1,2 (n=2), TE-1,2 (n=2), TE4,1 (n=2),  

TE-4,1 (n=2), TE3,1 (n=2), TE-3,1 (n=2), TE2,1 (n=1), TE-2,1 (n=1), TE1,1 (n=1), 

TE-1,1 (n=1). Even though counter rotating modes have very low coupling 

coefficient, misalignment of the electron beam can increase the coupling 

coefficient of different spurious modes and lead to their excitation, as it 

was shown in [ZZMS11]. 

An example of the start-up scenario where the first harmonic mode TE1,1 is 

suppressing the main mode TE1,2 is shown in Fig. 2.9. The following elec-

tron beam and cavity parameters have been used: Ubeam = 20 kV,  

Ibeam = 2.2 A, g = 1.5, ∆𝑔 = 10 %, LR = 67 mm, 𝜃𝑑 = 3°, 𝜃𝑢 = 3° , Rc.o = 8 mm.,  

LS.d. = 15 mm, LS.u. = 15 mm, Rcav = 9.08 mm. One can observe from Fig. 2.9, 

that after 500 ns both modes, the first harmonic TE1,1 and the second 

harmonic TE1,2 mode are excited and increase their power but at the ramp-

up time around 750ns the first harmonic mode TE1,1 starts to suppress the 

main mode TE1,2 and finally at the end of the voltage ramp-up (t = 1000ns) 

the competing mode TE1,1 at the first harmonic reaches its maximum 

power and the main mode TE1,2 is suppressed to the noise level. The RF 

power of the first harmonic TE1,1 mode is separated in two parts. The first 

part is the power radiated towards the collector region as is the case for 

the main mode TE1,2, and the second part is the power radiated towards 

the gun region. As can be seen from the Fig. 2.9 most of the power is radi-

ated towards the gun region, which means that the TE1,1 mode is generated 

in the cavity as a backward wave mode. The low power which is radiated 

towards the collector is a small reflection of the backward wave from the 

down-taper region of the cavity.  



2.3 Non-stationary time dependent TE₁‚₂ cavity simulations with the EURIDICE code 

37 

 

 

Fig. 2.10 shows an example of a successful start-up scenario where the 

main mode TE1,2 on the second harmonic of the cyclotron frequency sup-

presses all spurious modes including the first harmonic mode TE1,1 and 

reaches stable generation at the end of the start-up scenario. The electron 

beam parameters used were the same as in start-up scenario Fig. 2.9. The 

following cavity parameters have been used for the simulation of the start-

up scenario that is shown in Fig. 2.10: LR = 117 mm, 𝜃𝑑 = 3°, 𝜃𝑢 = 3°,  

Rc.o = 8 mm., LS.d. = 15 mm, LS.u. = 15 mm, Rcav = 9.08 mm. The longer cavity 

(with LR = 117 mm) provides more efficient and stable generation of  

the main mode TE1,2 which supresses the competing mode TE1,1 at the  

first harmonic. 

An optimization procedure was used to scan through different cavity 

profiles by using different parameters (Fig. 2.8) in order to provide effi-

cient and stable generation of the main mode TE1,2 for the gyrotron param-

eters listed in Table 2.4. The parameters of the optimized cavity profile 

are: LR= 124 mm, 𝜃𝑑 = 1.5°, 𝜃𝑢 = 3°, Rc.o. = 8.03 mm, LS.d. = 18 mm,  

LS.u. = 22 mm.  

A detailed drawing of the cavity is presented in Section 6.4. 

Figure 2.9: Start-up scenario for the TE1,2 mode cavity 
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Simulations of the possible main mode conversion at the up-taper and 

down-taper region have been performed with the MCONV code from the 

code package CAVITY [Ker96]. The simulations showed that the mode 

conversion at the up-taper and down-taper region is less than 0.1 % in 

power, which is a very low level and should not influence the gyrotron 

operation.  

The maximum efficiency and power regime has been achieved with the 

following parameters: Ubeam = 25 kV, Ibeam = 2.3 A, g = 1.8, Icoil#4 = 1.2 A,  

η = 44.2 %. 

2.4 Dependence of the start-up 
scenario on the rise time  

In the previous section multi-mode non-stationary simulations with the 

EURIDICE code have been discussed. Simulations of the start-up scenarios 

have been performed with a voltage rise time of t = 1000 ns. In this Section 

studies of dependence of the mode competition on the rise time during 

start-up are described. Figure 2.10 shows the start-up scenario with the 

rise time t = 1000 ns. From Fig. 2.10 it can be seen that the TE1,2 mode 

Figure 2.10: Start-up scenario for the TE1,2 mode cavity 
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suppresses all other modes and reaches stable generation at the maximum 

of the beam voltage. However, if for the same operating parameters and 

cavity profile the rise time is decreased to t = 500 ns, a very different start-

up scenario can be observed. The competing mode TE1,1 at the first har-

monic of the cyclotron frequency has a higher coupling coefficient (Fig. 

2.5) than the TE1,2 mode, which provides an advantage during a fast in-

crease of the beam voltage and allows the TE1,1 mode to suppress the TE1,2 

mode. Figure 2.11 shows the start-up scenario with the rise time t = 500 

ns. It can be seen that the two modes TE1,2 second harmonic and TE1,1 first 

harmonic are excited at the same time at around t = 300 ns. From  

t = 450 ns, the TE1,1 mode starts to suppress the second harmonic TE1,2 

mode and at the maximum voltage, the first harmonic TE1,1 mode reaches 

stable generation and the main mode TE1,2 is suppressed to the noise level.  

 

 

 

Figure 2.11: Start-up scenario with the rise time t=500ns. The second harmonic TE1,2 mode is 

suppressed by the first harmonic TE1,1 mode 
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These studies showed that not only the magnetic field distribution, cavity 

configuration and electron beam parameters influence mode competition 

but also the rise time of the start-up scenario. Simulations with different 

start-up scenario rise times showed that in order to avoid effects related to 

the rise time during the start-up scenario, the rise time should not be 

shorter than 125 ns per 1 kV of voltage rise. 

2.5 Influence of electron beam misalignment 

In experiments, due to the mechanical tolerances, there is always some 

degree of misalignment between the electron beam and cavity axes. For 

the gyrotron in this work misalignment of 0.5 mm has been set up as the 

maximum value. This means that the generation of the main mode TE1,2 

has to remain stable if a misalignment of the electron beam with respect to 

the cavity is less than 0.5 mm. In this section start-up script simulations 

with misaligned electron beam using the EURIDICE code are presented. 

For the simulations in this section the electron beam guiding centre spread 

is set to 0 mm, which defines the electron beam thickness to be two larmor 

radii (2rL). In Fig. 2.12 the start-up scenario is shown for the same electron 

beam parameters and cavity profile as it was used in Section 2.3 for Fig. 

2.10, with ∆R = 0 mm, where normal excitation of the main mode TE1,2 can 

be observed. 

Figure 2.13 shows the start-up scenario with a misalignment of 

∆R = 1.2 mm. As it can be seen, strong mode competition between the first 

harmonic TE1,1 mode and the second harmonic main mode TE1,2 is present. 

The analysis of the start-up scenario shows that due to the competition 

between the TE1,2 and TE1,1 modes, excitation of the main mode TE1,2 starts 

later (at t = 1100 ns) than in the case of zero misalignment (∆R = 0 mm) of 

the electron beam (Fig. 2.12), where excitation of the main mode TE1,2 

starts at around 900 ns. Also it can be noticed that at around t = 1300 ns 

the competing mode TE1,1 reaches the same power level as the main TE1,2 

mode but is then suppressed to the noise level. Also excitation of the 
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counter rotating mode TE-1,2 can be observed but with a very small power 

at around PRF = 10 W.  

 

 

 

 

Figure 2.12: Start-up scenario for the TE1,2 cavity mode with centred electron beam (R=0) 

Figure 2.13: Start-up scenario for the TE1,2 cavity mode with misaligned electron beam  

(R = 1.2 mm) 
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In Fig. 2.14 the start-up scenario for the TE1,2 cavity mode with an electron 

beam misalignment ∆R = 1.4 mm is plotted. One can see that in spite of the 

fact that the main mode TE1,2 is excited earlier (from t = 1100 ns) than the 

competing mode TE1,1, whose excitation starts at t = 1200 ns, the TE1,1 

mode suppresses the main mode TE1,2 and reaches stable operation at the 

end of the start-up scenario. This investigation showed that in order to get 

stable excitation and generation of the main mode TE1,2 electron beam 

misalignment, should not be larger than ∆R = 1.2 mm. This fits very well to 

the technical requirement of ∆R < 0.5 mm and should provide stable 

generation of the main mode TE1,2.  

 

 

Figure 2.14: Start-up scenario for the TE1,2 cavity mode with R = 1.4 mm electron  

beam misalignment 
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3 Design of the triode 
magnetron injection gun  

The design of the triode-type magnetron injection electron gun was opti-

mized using the KIT in-house code ESRAY [IB99]. Optimization was done 

for the cathode, modulation anode and anode profiles in order to minimize 

the pitch factor spread of the electron beam and to provide an appropriate 

beam radius in the cavity. 

3.1 Optimization of the electrode profiles 

In order to perform the optimization, the main design parameters and 

requirements have to be defined. The requirements can be related to 

mechanical parameters as well as to the different physical parameters of 

the electron beam. First of all, the magnetic system available for technolog-

ical gyrotrons at IHM has to be used. Its layout is shown in Fig. 2.1.  

One of the main requirements for the gun design has been mentioned in 

Section 1.6. The range of the emitter current densities is 0.5 A/cm2 < Jem < 

2.5 A/cm2. Emitter current densities in a low range 0.5 A/cm2 < Jem < 1.5 

A/cm2 can be utilized if the gyrotron design is used for technological 

applications, where the lifetime is a very important factor [SBC+11]. High 

value of emitter current density Jem ≈ 2.5 A/cm2 could be used for evalua-

tion of new emitter technologies for MW class fusion gyrotrons [JAF+13]. 

An additional requirement comes from the manufacturing of the CPR 

emitters that could be tested in this gyrotron in the future. Due to the 

complicated structure of this CPR emitter (see Appendix A.1), its thickness 

should not be smaller than 1.7 mm [Ive11]. Because the spread in the 

guiding centres of the electron beam trajectories at the cavity is mostly 

defined by the thickness of the emitter, it is preferable to make the emitter 
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as thin as possible to keep the guiding centre spread as low as possible. So 

the thickness of the emitter has been selected as the minimum that could 

be achieved in the manufacturing. 

Another very important parameter for reliable and stable operation of a 

magnetron injection gun is the maximum electric field in the electron gun 

region. Experimental investigations which have been performed at KIT 

with different gyrotrons showed that in order to avoid arcs and discharges 

during operation, the maximum electric field in the electron gun region 

should not be higher than 6 kV/mm [Ber11].  

Trapped electrons in the region between cathode and cavity have been 

studied in [MP09], [KLTZ92] and appear to be one of the main reasons for 

beam instabilities in the electron gun and beam tunnel and one of the main 

limiting factors for the increase of the pitch factor as well as a source of 

increase of pitch factor spread. The task to design an electron gun which 

has a minimum amount of trapped electrons during operation is very 

important. As it is shown in [Man06], the number of trapped electrons 

strongly depends on the type of the electron beam.  

As it was shown in previous studies [MP09], [KLTZ92] the alignment of the 

electron trajectories along the beam path is very important for the perfor-

mance of the electron gun.  

In Fig. 3.1 examples of three different electron beam types are shown 

[Ber11]. Figure 3.1(a) demonstrates a non-laminar or intersecting flow, 

where the electrons move along intersecting trajectories, Figure 3.1(b) 

shows a laminar flow, where the electrons form a thick sheet without any 

crossing trajectories and Fig. 3.1(c) demonstrates a quasi-laminar or 

boundary-type flow. 
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This flow is intermediate between laminar and non-laminar flow. All 

electrons pass through a narrow section (waist) without intersecting each 

other’s trajectory. Operational regimes with regular intersections of the 

non-laminar electron beam flow can cause an increase in pitch factor 

spread due to the increase of the space charge forces at the intersections of 

the electron trajectories. In order to decrease space charge forces during 

propagation of the electron beam towards the cavity, laminar or quasi-

laminar beams are preferable. At the same time a quasi-laminar electron 

beam has a lower spread of electron beam guiding centres than the lami-

Figure 3.1: Electron beam types: (a) – intersecting type, (b) – laminar type, (c) – boundary 

type. [Ber11] 
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nar electron beam due to the smaller slope angle of the emitter. A smaller 

guiding centre spread makes it possible to achieve higher interaction 

efficiency in the cavity and decreases mode competition. 

In order to increase the flexibility of the gun operation a triode gun config-

uration (3 electrodes) has been chosen for the design [Ber11]. Due to the 

additional electrode (modulation anode) compared to a diode gun, the 

pitch factor of the electron beam can be changed by changing the modula-

tion anode voltage. In addition, a triode gun is more flexible with respect to 

cathode position due to the opportunity to adjust the voltage of the modu-

lation anode to compensate a possible axial shift of the cathode. Simula-

tions of the influence of the axial shift of the cathode are discussed in 

Section 3.2.  

Optimization of the gun electrode profiles has been performed with the 

ESRAY code [IB99]. A special parameter sweeping procedure which will be 

described below has been used. The main idea of the optimization proce-

dure is to minimize the pitch factor spread by optimizing the geometry of 

the triode electron gun. In addition to the requirements which have been 

described above in this chapter, there are several other conditions which 

have to be fulfilled. First, minimization of the pitch factor spread has to be 

done for a wide range of pitch factors 1.1 < g < 1.8 and emitter current 

densities 0.5 A/cm2 < Jem < 2.5 A/cm2. 

In order to optimize the electron gun, the geometrical profile has to be 

parametrized. Different dimensions of the cathode, modulation anode and 

anode have to be optimized to achieve a geometry that provides the lowest 

possible pitch factor spread for the electron beam parameters listed in 

Table 3.1.  

In Fig. 3.2 the electron gun profile with parameters is shown. 
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Table 3.1: Cathode and electron beam parameters 

Parameter Value 

Beam current [A] 0.5 – 2.3  

Cathode voltage [kV] 18 – 25  

Beam radius (cavity region) [mm] 3.13  

Pitch factor 1.1 – 1.8  

Emitter current density [A/cm2] 0.5 – 2.5  

Pitch factor spread [%] < 10 

Emitter width (l5) [mm] > 1.7  

 

All parameters and requirements are summarized in the Table 3.1. Due to 

the fact that the geometry of the gun is described by a large number of 

Figure 3.2: Profile of triode-type magnetron injection gun (MIG)  
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parameters (Fig. 3.2), at any simulation step, only 4 different parameters 

have been taken into account. Scans using four geometrical parameters 

simplify the analysis of the data that are calculated from one step of the 

optimization procedure. For each of the four geometrical parameters, the 

range and number of variations are defined, and each geometry is calculat-

ed for different modulation voltages which covers as a minimum the 

following range of pitch factors 1.1 < g < 1.8 and also for different electron 

beam currents 0.5 A < Ibeam < 2.3 A. Calculation of the average value of pitch 

factor spread for the pitch factor range is done by using formulas (3.1) and 

(3.2) for the electron beam current range.  

 ∆𝑔𝑎𝑣𝑒𝑟.𝑈 =
∑ ∆𝑔𝑖1.1<𝑔<1.8

𝑁𝑎𝑣𝑒𝑟.𝑈

 (3.1) 

 

  ∆𝑔𝑎𝑣𝑒𝑟.𝐼 =
∑ ∆𝑔𝑖0.5<𝐼𝑏𝑒𝑎𝑚<2.3

𝑁𝑎𝑣𝑒𝑟.𝐼

 (3.2) 

 

 ∆𝑔𝑎𝑣𝑒𝑟 =
∆𝑔𝑎𝑣𝑒𝑟.𝑈 + ∆𝑔𝑎𝑣𝑒𝑟.𝐼

2
 (3.3) 

 

where ∆𝑔𝑎𝑣𝑒𝑟.𝑈  is the average pitch factor spread over the pitch factor 

range 1.1 < g < 1.8 (the pitch factor is varied by changing the modulation 

anode voltage), and ∆𝑔𝑎𝑣𝑒𝑟.𝐼 is the average pitch factor spread for the 

electron beam current range 0.5 < I < 2.3 A.  

After calculating the average pitch factor spread from formula (3.3) for 

each geometry during the scan over four geometrical parameters, the 

geometry with the smallest ∆𝑔𝑎𝑣𝑒𝑟  is chosen and another four geometrical 

parameters are chosen and the optimization procedure is repeated to 

define again the geometry with the smallest ∆𝑔𝑎𝑣𝑒𝑟 . The optimization 

procedure is considered to reach saturation when the difference in ∆𝑔𝑎𝑣𝑒𝑟  
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between current optimization step and previous optimization step is 

smaller than 0.1 %.  

 ∆𝑔𝑎𝑣𝑒𝑟(𝑁 − 1) − ∆𝑔𝑎𝑣𝑒𝑟(𝑁) < 0.1% (3.4) 
   

where N is the step of the optimization procedure.  

The following optimized parameters of the gun profile have been found:  

l1 = 19.18 mm, l2 = 9.32 mm, l3 = 23.65 mm, l4 = 12 mm, l5 = 1.7 mm,  

l6 = 5.56 mm, l7 = 169.16 mm, 𝛼1 = 17.3°, 𝛼2 = 34°, 𝛼3 = 35°, 

𝛼4 = 26.0°, h1 = 31 mm, h2 = 19.05 mm, h3 = 7.7 mm, h4 = 11.44 mm,  

h5 = 9.93 mm, R1 = 9.5 mm, R2 = 7 mm, R3 = 14 mm, R4 = 6 mm, R5 = 5 mm, 

and R6 = 7 mm. 

In Fig. 3.3 dependences of the pitch factor and its spread on |𝑈𝑐𝑎𝑡ℎ − 𝑈𝑚𝑜𝑑| 

for the optimized electron gun profile are shown. Ucath is the cathode 

voltage and Umod is the voltage of the modulation anode. It can be seen that 

for the required pitch factor range 1.1 < g < 1.8 a pitch factor spread lower 

than 10 % has been achieved. Only for pitch factors higher than 2.0 the 

pitch factor spread is higher than 10 %.  

In Fig. 3.4 the dependence of pitch factor spread on electron beam current 

for the optimized geometry is shown. It can be seen that for the full range 

of beam currents from Ibeam = 0.5 A for Jem = 0.57 A/cm2 to Ibeam = 2.3 A for 

Jem = 2.6 A/cm2 the requirement to get a pitch factor spread less than 10 % 

has been achieved.  

The layout of the optimized electron gun and cavity is illustrated in Fig. 3.5. 
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Figure 3.3: Pitch factor spread (triangles) and pitch factor (diamonds) as a function of 

|𝑈𝑐𝑎𝑡ℎ − 𝑈𝑚𝑜𝑑| 

Figure 3.4: Pitch factor spread as a function of beam current for the optimized triode  

gun profile 
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In addition to minimizing the pitch factor spread for a wide range of pa-

rameters which has been described above, a very important requirement 

has been defined in order to avoid trapping of the electrons in the gun 

region. These electrons can be produced by the metallic surface of the 

cathode surface. This effect has been described by Pagonakis and 

Vomvoridis in [PV04]. Electrons that are emitted from the cathode and 

modulation anode surface (which is also under negative potential) are 

following the magnetic field lines.  

In order to check the possibility of the cathode and modulation anode 

surface to emit electrons which can be trapped, simulations of the electron 

gun when all the surfaces of the cathode and modulation anode are consid-

ered as possible emitters have been performed with the ESRAY code. 

Simulations showed that no trapped electrons have been observed in the 

optimized electron gun.  

Figure 3.5: Triode electron gun configuration and configuration of the magnet coils 
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The applied electric field distribution is shown in Fig. 3.6. As it was men-

tioned above in order to avoid arcing in the gun region, the maximum 

electric field should not exceed 6 kV/mm. As one can see from Fig. 3.6, the 

maximum electric field strength at the gun region is 3.73 kV/mm for a 

cathode voltage of 20 kV. For the maximum cathode voltage of Ucath = 25 kV 

the maximum electric field at the gun region is 4.67 kV/mm, which is lower 

than the threshold of 6 kV/mm.  

 

 

The electron trajectories of the optimized electron gun are shown in Fig. 

3.7. It can be noticed that at the waist of the electron beam (at the first 

turn) there are intersections between electron trajectories with a very 

small angle (between directions of different electron trajectories). The 

attempt to provide a purely laminar beam (without any intersections of 

the electron trajectories) during the optimization procedure led to a 

significantly higher pitch factor spread ∆ g > 13 % than for the optimized 

beam with slight intersections. Based on the results of the optimization 

procedure the decision has been made to keep a low pitch factor spread 

and an electron beam type with intersection. It will be shown in Section 7 

Figure 3.6: Applied electric field (V/m) in the triode gun 
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that it was possible to achieve stable operation for a wide range of pitch 

factors and electron beam currents.  

 

 

3.2 Influence of imperfect geometry 
of magnetron injection gun 

In order to define the sensitivity of the electron gun to deviations of the 

different parameters of the geometry, simulations using the ESRAY code 

have been performed. In experiments, due to the heating of the emitter to 

temperatures reaching 1150 °C, the cathode can expand up to 0.5 to 1 mm 

[Ive11]. This means that the emitter position with respect to the modula-

tion anode and anode changes and can affect the electron beam parame-

ters. In Fig. 3.8 the electron gun profile is presented. The distance between 

cathode nose and centre of the magnetic field is L0. In the simulations this 

value has been changed by ∆𝐿. The positions of the modulation anode and 

anode were fixed for all shifts ∆𝐿.  

Figure 3.7: Triode type electron gun with electron trajectories 
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Figure 3.9 shows the pitch factor spread as a function of pitch factor for 

different cathode shifts from ∆L = -3 mm to ∆L = 2 mm in steps of 1mm. 

From Fig. 3.9 it can be seen that for shifts 1 mm < ∆L < -1mm the spread is 

smaller than 10 % for the whole range of pitch factors 1.1 < g < 1.8 which 

satisfies the requirements.  

 

 

 

Figure 3.8: Electron gun profile: 1 - cathode, 2 – modulation anode, 3 – anode / beam tunnel. 

L0 + ∆L is the distance between cathode nose and center of the magnetic field 

Figure 3.9: Pitch factor spread as a function of pitch factor for different shifts ∆L of the 

cathode with respect to modulation anode and anode 
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4 Collector simulations 

The optimization of the electron collector included optimization of the 

angle between the cylindrical part of the collector (constant radius) and 

the tapered (conical) part (Fig. 4.1) and also the position of the transition 

point between these two sections. Optimization was performed using the 

ESRAY code. Simulation of the electron beam with the ESRAY code showed 

(Fig. 4.1) that using a collector with a constant radius at the part where the 

electron beam is dissipated leads to a very high wall loading of  

Pohm ≳ 500 W/cm2, as it can be seen from Fig. 4.1. For reliable operation 

and long collector lifetime, the wall loading using copper as the absorption 

material should be lower than 500 W/cm2 [Ber11]. In the optimization 

procedure, two parameters have been used, the angle of the tapering at the 

beginning of the collector and the position of the transition point between 

straight part and tapered part of the collector. The area where the electron 

beam is absorbed with a non-optimized constant collector radius is  

0.278 m < z < 0.57 m. The main goal of the optimization procedure was to 

decrease the maximum wall loading by optimizing the profile of the collec-

tor. Simulations for different combinations for the tapering angle and the 

position of the transition point have been performed. The optimized 

profile which demonstrated the lowest peak wall loading is presented in 

Fig. 4.1 and the corresponding wall loading in Fig. 4.2 (green colour). As 

can be seen from Fig. 4.2, tapering of the collector profile at the beginning 

redistributes the electron beam to the following area 0.263 m < z < 0.52 m, 

which decreases the peak wall loading to around 300 W/cm2. Most im-

portant is the redistribution of the highest peak to a wider collector area, 

which decreases the peak wall loading.  
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Figure 4.1: Electron trajectories in the collector. 1 – cathode, 2 – modulation anode,  

3 – anode-beam tunnel, 4 – cavity, 5 – collector 
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The optimized collector parameters are: tapering angle 𝛼 = 2.48° and 

distance between transition from taper to straight part of the collector to 

the centre of the magnetic field Zt = 319.3 mm. A more detailed drawing of 

the collector is shown in Section 6.5. 

 

 

A reduction of the peak wall loading from 500 W/cm2 to 300 W/cm2 will 

significantly reduce the thermo-mechanical stress on the collector wall. 

Calculation of the wall loading has been determined considering three 

generations of secondary electrons which is also necessary to calculate the 

optimum position of the output window, which should not be hit by prima-

ry or secondary electrons. 

Figure 4.2: Peak power loading along the collector, for the optimized (green) and  

non-optimized (red) electron-beam deposition profile 
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5 Output window 

An output window is used to secure the vacuum inside the gyrotron and to 

allow RF power to be radiated to the load (e.g. a calorimeter for power 

measurements). An output window should also be able to survive a bake-

out procedure. There are many different dielectric materials that can be 

used as a window disk. The most widely used materials are: alumina, boron 

nitride and quartz. Quartz is the most expensive of all three and it is the 

most challenging to braze inside the waveguide. Boron nitride is a cheap 

material but it has a much higher loss tangent than alumina (the loss tan-

gent for boron nitride is 5 · 10-4 and 9 · 10-5 for AL-995 type alumina). In 

MW class gyrotrons CVD diamond windows are used due to their high 

thermal conductivity, but this type of material is very expensive and cannot 

be used for this work. Taking into account the characteristics of different 

materials, alumina has been chosen as the material for the output window.  

Alumina is unique in having properties that offer a good mechanical-

thermal-electrical insulation compromise: 

 good mechanical strength under compression load 

 good hardness and wear resistance 

 good corrosion resistance (liquids and gas) 

 good thermal stability 

 excellent dielectric properties (in the range from direct currents 

to microwaves) 

 low dielectric constant and loss tangent 

Alumina is produced by firing a tightly packed powder form of Al2O3 which 

includes some binder material. Commercially available grades range from 

90 % up to 99.95 % with the higher purity generating somewhat higher 

hardness. In this work AL-995 type of alumina is used which contains  

99.5 % of alumina and has one of the best cost - performance characteris-
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tics. AL-995 has the following dielectric characteristics at around 28 GHz: 

relative permittivity εr = 9.37, loss tangent tan 𝛿 = 9 · 10-5 [Ive12].  

In order to eliminate reflections from the window its thickness has to be a 

multiple of a half wavelength inside the window, in this case the wave from 

the first reflection (vacuum – side) will be cancelled by the wave from the 

second reflection (air – side) (Fig. 5.1). Figure 5.1 shows a schematic 

preliminary technical drawing of the window section.  

 

 

 

It can be seen from Fig.5.1 that the window should be brazed inside a 

copper waveguide which has the same diameter as the output diameter of 

the collector. This design allows propagation of the main mode from the 

collector to the load without reflections.  

The formula to calculate the thickness of the window which allows the 

elimination of reflections is the following: 

 𝑑𝑤 =
𝑛𝑤 ∙ 𝑐0

2𝑓√휀𝑟 ∙ 𝑐𝑜𝑠(𝛼𝐵𝑟)
 (5.1) 

 

Figure 5.1:  Scetch of the output window fixed (brazed) inside a waveguide 
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where nw is the number of half wavelengths inside the window, c0 the 

speed of light in vacuum, f the RF frequency, 𝛼𝐵𝑟  the Brillouin angle inside 

the window of the main TE1,2 mode and 휀𝑟 the permittivity of the window 

material.  

The Brillouin angle is given by the following expression: 

 𝛼𝐵𝑟 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑘⏊

𝑘‖

) (5.2) 

 

where k⏊ and k‖ are the perpendicular and the axial wavenumber, respec-

tively, with  

 𝑘⏊ =
𝜗𝑚𝑝

𝑅𝑐𝑎𝑣

 (5.3) 

 

 𝑘‖ = √𝑘0
2 − 𝑘⏊

2  (5.4) 

  

and 𝑘0 =
2𝜋𝑓

𝑐0

 (5.5) 

 

Using (5.1) 𝛼𝐵𝑟  can be calculated for the TE1,2 mode propagating along the 

waveguide with a radius of 20 mm (collector radius) in vacuum: 𝛼𝐵𝑟  = 

27.017°. When the wave moves from one medium to another, it changes 

the propagation direction, i.e. it is refracted. If it moves from a medium 

with refractive index n1 to one with refractive index n2, with an incidence 

angle to the normal of the surface normal of θ1, the refraction angle θ2 can 

be calculated from Snell's law.  

 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (5.6) 
 



5 Output window 

62 

The refractive index of a dielectric material is given by 

 𝑛 = √휀𝑟𝜇𝑟 (5.7) 

 

where μr is the relative permeability (μr = 1 for AL-995).  

Taking into account the propagation of the TE1,2 mode from the vacuum 

side into the window: n1 = 1, θ1 = 27.017°, n2 = 3.061 using (5.7) one can 

calculate θ2 = 8.534°. 

In Table 5.1 different window thicknesses with different numbers of half-

wavelengths nw are presented.  

From the mechanical point of view an output window with a thickness 

smaller than 3 mm is too thin to sustain stresses during the bake-out 

procedure and has a high probability of window cracking. Discussions with 

CCR led to a decision that the most appropriate thickness of the window is 

5.306 mm for nw = 3. 

Table 5.1: Window thickness for different number of half-wavelengths nw 

nw dw [mm] 

1 1.769 

2 3.537 

3 5.306 

4 7.074 
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6 Mechanical design of the 
gyrotron and the test stand 

6.1 Gyrotron design 

The mechanical design of the demountable gyrotron has to fulfil several 

requirements. First, the gyrotron has to run in CW operation. Therefore, 

the tube has to be baked out in order to achieve clean inner surfaces. In 

order to have the opportunity to bake-out the tube, all flanges have to be 

sealed with special Helicoflex type gaskets which allow high temperature 

bake-out. During operation, the vacuum inside the gyrotron is maintained 

by two ion-getter pumps. Of course, in order to allow CW operation, water 

cooling has to be applied to all parts of the gyrotron which will be heated 

during operation.  

The cooling system consists of the following water loops: 

1) Cavity cooling, which consists of four inlet pipes with 10mm inner 

diameter. 

2) Collector cooling which is the continuation of the water flow from the 

cavity cooling loop and in addition to the cavity loop contains another 

four inlet pipes with 20mm inner diameter. 

3) Indirect modulation anode cooling by cooling of the flange to which it is 

connected.  

4) Output window cooling. 

Figure 6.1 shows the technical drawing of the gyrotron with the main 

magnet and the electron gun magnet. The main components of the gyro-

tron are: triode-type magnetron injection electron gun, beam tunnel, 

cavity, collector, output window and two ion-getter pumps. The triode 

electron gun shown in Fig. 6.2 consists of the cathode (Figs. 6.3 – 6.5) with 
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a special feed-through flange for the twelve segmented emitter elements 

(see Appendix A.1), modulation anode (Fig. 6.6), and anode (Fig. 6.7). The 

anode includes the beam tunnel (Fig. 6.8), which is done by irregular cuts 

in a stainless steel cone at the region close to the cut-off section of the 

cavity. The output cone of the tube after the window is designed in order 

to provide a smooth transition between the output waveguide with the 

brazed output window and the calorimeter for measurement of the output 

power. The second purpose of the output cone is to be a fixture for the 

rectangular waveguide which takes a small signal from the output wave 

and directs it to a spectrum analyser in order to get information on the 

frequency of the output RF wave. In addition, the output cone contains a 

fixture for an arc detector which has to switch off the main power supply 

in case of arcing events. This is mainly done to protect the output window 

against possible cracks initiated by arcs. 

 

 

 

 

 



6.1 Gyrotron design 

65 

 Figure 6.1: Design drawing of the 20 kW/ 28 GHz gyrotron (with main magnet and gun coil) 
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6.2 Triode type electron gun 

In this chapter the different electron gun components will be discussed. 

Figure 6.2 shows the configuration of the triode magnetron injection 

electron gun. The preliminary technical drawings of the electron gun have 

been designed by the author.  

 

 

In Fig. 6.3 the cathode is shown which consists of cathode head, cathode 

stem, ConFlat (CF) flange for vacuum seal, and feed-through flange. For the 

initial experiments presented in this work, an M-type tungsten dispenser 

emitter has been used with a 3-pin feed-through flange. This 3-pin feed-

through flange has been used to provide the cathode voltage and the 

power for filament heating. 

Figure 6.2: Configuration of triode magnetron injection electron gun 
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The emitter and the cathode head were manufactured and assembled by 

CCR in collaboration with Semicon company in the USA. Figure 6.4 shows a 

magnified photo of the cathode head where good precision of the assembly 

and the alignment of such parts as the cathode nose, emitter ring and back 

focus electrode can be seen. Before connection to the cathode stem, the 

cathode head has been tested in a vacuum bell jar (Fig. 6.5). The emitter 

has been heated up to 975 °C which is lower than its activation tempera-

ture (T = 1150 °C) but still enough to analyse the thermal behaviour of the 

Figure 6.3: Cathode assembly 
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different parts of the cathode head during heating. Measurement of the 

temperature distribution along the azimuth of the heated emitter ring has 

been performed with a pyrometer and showed that the deviation of the 

temperature less than 10 °C which is low enough to provide uniform 

emission of the electron beam during operation. Also from Fig. 6.5 it can be 

seen that the two adjacent parts to the emitter ring, the cathode nose and 

the back focus electrode are much lower in temperature than the emitter, 

which has been achieved by providing two thermal gaps. The first thermal 

gap is 0.12 mm wide and located between the emitter and cathode nose, 

the second one is 0.08 mm between the emitter and the back focus elec-

trode. When the emitter is at room temperature, the gap between emitter 

and cathode nose has to be larger than the gap between emitter and the 

back focus electrode, because the emitter with its support structures 

extends and moves towards the cathode nose during heating, thereby 

decreasing the gap between the cathode nose and the emitter. The thermal 

design of the cathode head has been performed by CCR. One of the main 

goals of the thermal design was to avoid possible contact between the 

emitter, the cathode nose and the back focus electrode when the emitter is 

heated up to the operating temperature. At the same time, the thermal 

gaps should be small enough in order not to disturb the electric field 

distribution at the cathode surface. 
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Figure 6.4: Cathode head 

Figure 6.5: Cathode head with heated emitter inside a vacuum bell jar 
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The assembled triode electron gun is shown in Fig. 6.6. It includes cathode, 

modulation anode (copper part which can be seen at the top), first isola-

tion ceramics with flanges between cathode and modulation anode and 

second isolation ceramics between modulation anode and anode. 

 

 Figure 6.6:  Assembled triode electron gun with modulation anode at the top 
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6.3 Anode and beam tunnel 

Figure 6.7 shows the part of the gyrotron which includes the anode, the 

beam tunnel and the stainless steel pipes for water cooling and vacuum 

systems. Preliminary drawings for the part shown in Fig. 6.7 have been 

done by the author.  

 

 

In order to avoid additional flanges or brazing connections, the anode and 

beam tunnel have been manufactured from one piece of stainless steel. 

Due to the requirement to fit into the electron gun coil (shown in Fig. 6.1), 

the vacuum and cooling pipes are connected from the top of the flange. 

There are four vacuum pipes: two pipes have been used for the ion-getter 

pumps, one pipe for the vacuum valve and one pipe as a spare for possible 

connection of an additional ion getter pump if it should be necessary. 

Figure 6.7: Cross section of the anode with the beam tunnel close to the cut-off section  

of the cavity 
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Figure 6.7 shows a cross-section of the anode with the beam tunnel. The 

beam tunnel consists of a stainless steel cone with irregular groves in the 

wall. There are 12 cuts, which are distributed along the azimuth of the 

cone and have a depth of 2 mm, a width 1.8 mm and lengths from 23 mm 

to 32 mm. In the beam tunnel section parasitic modes can be excited 

because the electron beam in this region already has a relatively high pitch 

factor. These oscillations can decrease the electron beam quality and thus 

the efficiency of the interaction of the main mode and the electron beam in 

the gyrotron cavity. Such a construction of the beam tunnel made it possi-

ble to avoid excitation of parasitic oscillations before cavity due to inter-

ruption of the wall currents by the cuts and provided single mode genera-

tion in the cavity. Figure 6.8 shows a photo of the anode, beam tunnel, and 

the vacuum pumping and cooling water pipes. 

 

 Figure 6.8: Photo of the anode with beam tunnel and cooling and vacuum pumping pipes 
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6.4 Cavity 

Figure 6.9 shows a drawing of the cavity. It has been produced from Glid-

cop AL-15 material (Appendix A.2), which is with alumina dispersion 

strengthened copper that has very similar electrical and thermal conduc-

tivities to pure copper, but at the same time it is much stronger in terms of 

mechanical and thermal properties. The main material properties for 

different Glidcop composites can be found in Appendix A.2. Glidcop can 

sustain more cooling-heating cycles than oxygen free high conductivity 

(OFHC) copper, which is important for experimental investigation of the 

gyrotron in different regimes, with high thermal loads. One of the main 

reasons to use Glidcop material for this gyrotron is that it is strong enough 

to allow the use of flanges. As can be seen from Fig. 6.10, the cavity body 

and flanges at both ends of the cavity are produced from one piece of 

Glidcop material.  

This has several advantages: first it eliminates the necessity to braze these 

two flanges; this increases the overall strength of the part and decreases 

the possibility of vacuum leaks. Second, manufacturing of the cavity and 

flanges from one piece of Glidcop material allows to achieve higher accura-

cy of the alignment of the cavity body and flanges. 

 

 
Figure 6.9: Technical drawing of cavity and up-taper 
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6.5 Collector 

The technical drawing and a photo of the collector which is connected to 

the output window structure are shown in Fig. 6.11. Preliminary drawings 

for the collector design have been done by the author. The collector has 

been manufactured from three parts due to its length (530 mm) and the 

difficulty to manufacture such a long and small in diameter part from one 

piece of copper. The inner collector diameter at the output section is 40 

mm. From the cavity side it has an approximately 207 mm long up-taper 

(see Section 4) with a stainless steel flange (collector input diameter  

D = 23.04 mm) which is used to connect the cavity to the collector part 

through a flange connection with a Helicoflex type gasket. As it was shown 

by optimization in Section 4, the collector up-taper consists of two sec-

tions, one with an angle 4.96° that provides the area where the electron 

Figure 6.10: Photo of cavity and up-taper 
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beam is absorbed, and the other with an angle 4.91° where no electrons 

are absorbed. This taper section has been used only as a smooth transition 

between the collector and the cavity. From the window side the collector 

has a stainless steel sleeve which is used to connect the window part by 

welding to another stainless steel sleeve. The collector is manufactured 

from copper in order to avoid possible problems with brazing of the flang-

es and for good heat conduction. 
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 Figure 6.11: Drawing and photo of the collector connected to the window assembly 
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6.6 Output window 

Figure 6.12 shows a photo of the output window brazed into the output 

waveguide, and two stainless steel sleeves which are brazed to the wave-

guide. Figure 6.13 shows a 3D drawing of the window assembly connected 

to the collector and output waveguide. Preliminary drawings of the window 

assembly have been done by the author. The design of the window part has 

been done in such a way that the waveguide has no interruptions; this was 

achieved by brazing the alumina AL-995 window disk inside the waveguide. 

This construction allows one to avoid reflection and unwanted conversion 

of the main mode TE1,2 into other spurious modes. Such a construction of 

the window unit improves the overall efficiency of the gyrotron. 

 

 
Figure 6.12: Photo of the window assembly 
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Figure 6.14 shows a 3D drawing of the window assembly connected to the 

gyrotron and installed with the water cooling system. The window wave-

guide where the window disk has been brazed has its own water cooling 

loop separated from the water loop of the cavity and collector. This separa-

tion of the cooling loops allows to control pressure and water flow inde-

pendently from other cooling loops which is very important because the 

window waveguide has relatively thin walls (thickness = 0.8 mm) and high 

water pressure may cause window disk cracking. 

Figure 6.13: Drawing of the window assembly connected to the collector and  

output waveguide 
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6.7 Bake-out procedure of the gyrotron 

The gyrotron has to be prepared for operation in a CW regime. This means 

that the tube has to be baked-out. The bake-out procedure that has been 

set-up for this gyrotron is based on the procedure that is used for gyro-

trons and klystrons produced by THALES and is described in [Lie10]. The 

maximum temperature that is used for bake-out of a MW class fusion 

gyrotron is 490 °C, and the overall bake-out time is around 14 days. The 

bake-out temperature increase (ramp-up) should be done with a rate not 

faster than 15 °C/hour in order to provide uniform heating of all parts of 

the gyrotron; the same rate should be used for decreasing the temperature 

during cooling of the bake-out oven.  

In a later stage of the bake-out it is also necessary to heat up the emitter to 

temperatures close to its activation temperature (t = 1150 °C) [Ive12]. This 

Figure 6.14: Drawing of the end of the gyrotron tube, including part of the collector, window 

assembly, part of the output cone, and cooling system 
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makes it possible to evaporate different contaminations that can be pre-

sent on the emitter surface. At the same time heating of the emitter creates 

a uniform BaO layer on its surface which is needed for the good perfor-

mance of the emitter during operation. 

For the gyrotron that is designed in this dissertation, the bake-out proce-

dure was modified. The maximum temperature has been lowered to 250 °C 

in order to decrease stresses on different gyrotron components, such as, 

for example, isolation ceramics at the electron gun region, output window 

and also flange connections with Helicoflex type gaskets. The decrease of 

the temperature by a factor of 2 should in general increase the bake-out 

time by a factor of 2 [Pio12], but taking into account the smaller volume of 

the gyrotron designed in this dissertation (compared to MW gyrotrons) 

this factor should be around 1.5, which gives approximately 21 days for a 

bake-out procedure. All the gyrotron parts have been designed in order to 

withstand the 250 °C temperature treatment.  

Figure 6.15 shows a photo of the gyrotron standing inside the bake-out 

oven on a special support frame. The vacuum pumping system is located 

outside the oven and is connected to the gyrotron through the corrugated 

and therefore flexible metal pipe, which is also shown on the photo.  

Several thermocouples are connected to the gyrotron in order to control 

the temperature during the bake-out process as well as to control possible 

temperature differences between different parts of the gyrotron. The bake-

out procedure has been controlled and performed by a special control 

system, which can be programmed to perform different bake-out scenari-

os. Figure 6.16 shows the dependence of the tube vacuum on time during 

bake-out.  
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The bake-out procedure consisted of three main phases. The first phase 

with a duration of 7 days is a step-wise increase of the temperature from 

room temperature to the maximum temperature which has been set to  

250 °C. The second phase has been performed with a constant temperature 

(T = 250 °C) and lasted for 11 days. Finally, the third phase is the decreas-

ing of the temperature from 250 °C to room temperature (T = 25 °C). It 

took 2 days.  

The control system included several interlocks whose task was to react to 

different events during the bake-out procedure. One of the main events is 

an increase of the tube pressure during ramp-up of the temperature.  

As demonstrated in Fig. 6.16 the pressure did not exceed the level  

Figure 6.15: Photo of the gyrotron installed for the bake-out procedure inside the oven  

(at IHM)  
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P1 = 1 · 10-6 mbar. This value has been set as the maximum value, and if the 

pressure in the gyrotron exceeds this value, the control unit of the oven 

stops increasing its temperature and goes to a regime of constant tempera-

ture. During the regime of constant temperature in most cases the vacuum 

improves (pressure decreases) and after crossing another vacuum interlock 

value which was set to P2 = 5 · 10-7 mbar, the temperature was again al-

lowed to increase with the same slope that was used before the first inter-

lock (for P1). A third vacuum interlock was set to P3 = 5 · 10-6 mbar. If the 

pressure exceeds this value (P3), the temperature decreases until the 

vacuum improves to values smaller than P2. A fourth vacuum interlock has 

been set to P4 = 5 · 10-5 mbar. When the pressure increases above this value, 

the bake-out procedure stops immediately and the temperature decreases 

much faster than in the case of exceeding the value P3 as was described 

above. It can be seen from Fig. 6.16 that the tube pressure several times 

reached the value P1 = 1 · 10-6 mbar and the temperature went to a constant 

value for some time. But after recovery of the vacuum to values smaller 

than P2 = 5 · 10-7 mbar the increase of the temperature continued. During 

the second phase (constant temperature of T = 250 °C) one can see very 

smooth improvement of the vacuum conditions inside the tube which 

indicated proper outgassing of the internal surfaces of the gyrotron.  

Heating of the emitter of the gyrotron has been performed at the end of the 

second phase as can be seen from Fig. 6.16 where three peaks are present. 

Heating of the emitter has been performed during three days, with a 

duration of 8 hours every day. The increase of the pressure during heating 

of the emitter indicated outgassing of contaminations at the emitter sur-

face. The final tube pressure which has been achieved at the end of the 

bake-out process was P = 1 · 10-8 mbar. Separation of the gyrotron from 

the pumping system (which was located outside the oven, as has been 

mentioned) has been done by using the special valve which is shown in Fig. 

6.15. After closing the valve, magnets have been attached to the two ion-

getter pumps. After switching on the ion getter pumps the vacuum im-

proved even further to P = 1 · 10-9 mbar. The main task of the ion-getter 
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pumps is to provide good vacuum (P < 1 · 10-7 mbar) during CW operation 

of the gyrotron. 

 

 

6.8 Test stand and water cooling system 

Figures 6.17 and 6.18 show photos of the assembled gyrotron after the 

bake-out procedure and of the test stand with the installed gyrotron. The 

preliminary design of the test stand was done by the author. The test stand 

has been constructed using standard aluminium profiles which allows easy 

and fast modifications if necessary. The test stand consists of three frames: 

the main frame and two additional frames connected at the back of the 

main frame, which are shown in Figs. 6.19 and 6.20. The main frame as can 

be seen from Fig. 6.18, includes the gyrotron, the magnet system, the 

calorimeter, the pipes of the cooling system, flow meters, as well as tem-

perature and pressure sensors. Figure 6.19 shows the additional frame 

Figure 6.16: Gyrotron vacuum as a function of time during the bake-out procedure 
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where the power supply for the filament (heater of the emitter) is in-

stalled. In Fig. 6.20 the control system of the gyrotron test stand is shown 

which is based on a Siemens Simatic S7 control system. A similar system is 

used for the control of the test stand for MW-class fusion gyrotrons at IHM 

[DBC+99].  

 

 Figure 6.17: Photo of the assembled gyrotron 
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 Figure 6.18: Gyrotron with calorimeter installed in the test stand 
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Figure 6.19: Gyrotron filament power supply 

Figure 6.20: Gyrotron Simatic S7 control system 
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6.9 Cooling water system 

In Fig. 6.21 the scheme of the cooling water system of the different gyro-

tron components is shown. The preliminary design of the configuration of 

this system has been done by the author. The cooling water system in-

cludes several water loops: anode/cavity, collector, output window, modu-

lation anode and calorimeter. The flow rates of the different water loops 

are summarized in Table 6.1. The water loop of the collector is a continua-

tion of the anode/cavity water loop with four additional input pipes con-

nected at the beginning of the collector region (Fig. 6.22). As is the case for 

the output window and the modulation anode, the calorimeter also has a 

separate water loop. It is done in order to avoid possible influences from 

other water loops and to provide precise power measurements. The input 

water temperature has been set to 20 °C.  

Table 6.1: Flow rates of the different flows loops of the cooling system 

Water loop 
Flow  

[l/min] 

Output 
temperature 

[°C] 

Maximum 
pressure, 

[bar] 

Pressure 
drop 
[bar] 

Mod. anode 0.2 – 0.4 50 – 35 8 2 

Anode/cavity 4.3 – 8.6 50 – 35 8 2.5 

Collector 65 – 130 50 – 35 8 2.5 

Output 
window 

0.3 – 0.6 50 – 35 3 0.5 

Calorimeter 7.5 – 15 50 – 35 8 2 
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 Figure 6.21: Cooling water system of the gyrotron test stand 
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Figure 6.22: 3D-drawing of the gyrotron together with mounted cooling water supply system 
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7 Experimental investigations 

After the bake-out procedure had been performed, the gyrotron was 

installed in the test stand and the conditioning process was performed. 

This conditioning process included reaching the nominal electron beam 

current for the emitter. After this process of cleaning the internal surfaces 

of the gyrotron from contaminations and the presence of a thin layer of 

gases with the help of the electron beam and electromagnetic waves 

generated in the cavity.  

The conditioning procedure started from low electron beam currents (I < 

0.01 A) and low voltages (U < 1 kV) with a pulse length t < 1 sec. The series 

of pulses were repeated several times with the same beam parameters in 

order to improve the vacuum and guarantee that a low vacuum reaction 

during pulses would be achieved. When the vacuum was improved, the 

electron beam current, cathode voltage and pulse length were increased 

step by step. The conditioning procedure was performed over a period of 

two weeks and made it possible to achieve good vacuum conditions of the 

internal surfaces of the gyrotron and the nominal electron beam current 

with nominal cathode and modulation anode voltage.  

An example of a pulse is shown in Fig. 7.1 where the electron beam current 

and cathode voltage are plotted. The pulse duration was set to 30 seconds. 

During the pulse the heating power of the emitter (filament) was kept 

constant. It can be observed that the electron beam current decreases. This 

happens due to the cooling effect of the emitter surface when electrons 

leave it. The electron current that flows through the cathode has electrons 

that enter the cathode from the “cold” side where the cathode is at room 

temperature and leave the cathode from the emitter surface which is 

heated to 1150 °C. This means that when the electron current starts to 

flow through the cathode (after the start of the pulse), electrons start to 

leave the heated emitter surface, decreasing its temperature, which de-
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creases the electron beam current. After some time an equilibrium tem-

perature is reached and the current stabilizes. This happens when the 

energy that electrons have taken from the emitter surface is compensated 

by the heating of the filament (Fig. 7.2). 

 

 

Longer pulses showed that after a pulse duration of around 1-2 min the 

electron beam current reaches a saturation level. Figure 7.2 presents a 

pulse with the length t = 120 seconds. It can be seen that after approxi-

mately 80 seconds the decrease of the electron beam current becomes very 

small compared to the rapid drop that occurs during the first 20 seconds. 

Figure 7.1: Electron beam current (solid curve) and cathode voltage (dashed curve) as a 

function of time, with constant filament heating. The pulse length is 30 sec 
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In order to keep the electron beam current at its original value it is neces-

sary to increase the filament heating (by increasing (boosting) the filament 

current) in order to compensate the cooling effect of the emitter surface. An 

example of a pulse where an increase (compensation) of the filament heat-

ing has been performed is shown in Fig. 7.3. It can be seen that in the first 

several seconds the current decreases but then the increase of the filament 

current compensates cooling of the emitter during the pulse. Then the beam 

current increases to the nominal value and reaches saturation. This pulse 

shows just one example of how the current drop can be almost compen-

sated. A system with a feedback loop is needed for such experiments.  

 

 

Figure 7.2: Electron beam current (solid curve) and cathode voltage (dashed curve) versus 

time, with constant filament heating. The pulse length is 120 sec 
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7.1 Experimental results 

An example of a 17 kW, 5000 s long pulse is shown in Fig. 7.4 where the 

vacuum inside the tube (blue curve), measured by one of the ion-getter 

pumps, output power (brown curve) measured by the calorimeter, cathode 

voltage (blue curve) and electron beam current (green curve) are plotted. 

The voltage is kept stable automatically by the high-voltage power supply. 

At the beginning of the pulse it can be seen that stabilization of the current 

has been performed; the procedure has been described in a previous 

section. The internal tube pressure during the pulse is stable and does not 

exceed the limiting value of 5 · 10-7 mbar which was set as a maximum 

value for the interlock system. The frequency of the output wave has been 

measured by a spectrum analyser and is shown in Fig. 7.5. The measured 

frequency f = 28.03 GHz agrees very well with the theoretical simulations. 

Figure 7.3: Electron beam current (solid curve) and cathode voltage (dashed curve) versus 

time, with boosting of the filament heating 
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Figure 7.4: 17 kW, CW gyrotron operation (pulse length 5000 sec) 

 

Figure 7.5: Spectrum of the RF output wave. The gyrotron is operated in the main second 

harmonic TE1,2 mode 
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Different regimes of gyrotron operation have been studied. The additional 

coil (coil# 4) has been used to optimize the magnetic field profile in the 

cavity in order to reach a record efficiency of 43% for CW operation of the 

second harmonic 28 GHz gyrotrons. The optimum current of the coil #4 

was 1.2 A. As it can be seen from the list below, regimes with low emitter 

current density have been also demonstrated, these are suitable for mate-

rial sintering applications [BEG+04, LFT+99, TLST04, LHJ+04] 

The main regimes that have been studied are listed below:  

1) Ubeam = 23.4 kV, Ibeam = 2.23 A, PRF = 22.5 kW, η = 43 % - high efficiency, 

high cathode voltage operation.  

2) Ubeam = 21.8 kV, Ibeam = 2.23 A, PRF = 19 kW, η = 39 % - high electron 

beam current operation. 

3) Ubeam = 20.6 kV, Ibeam = 1.47 A, PRF = 11.4 kW, η = 37 % - average elec-

tron beam current regime. 

4) Ubeam = 20.6 kV, Ibeam = 1.02 A, PRF = 7.6 kW, η = 36 % - low electron 

beam current regime, with an emitter current density of 1.2 A/cm2 for 

long lifetime operation of the M-type emitter.  

In addition to operation with constant power in CW operation as is shown 

in Fig. 7.4, regimes with smooth (step-wise) change of the output power 

during the pulse are important for material sintering applications 

[BEG+04, LFT+99, TLST04, LHJ+04, RLFT00]. Several approaches can be 

used in order to change power during operation. The first method is to 

vary the output power by changing the main magnetic field via variation of 

the current in the main coils. This is demonstrated in Fig. 7.6, where the 

output power is decreased from 22.5 kW to 1.6 kW by step-wise decrease 

of the cavity magnetic field. Each step has a time duration of around 30 

seconds and represents one magnitude of the cavity magnetic field. It can 

be seen from Fig. 7.6 that stable generation of the main mode TE1,2 can be 

achieved over a wide range of output powers. The maximum power 22.5 

kW is generated in a stable regime for more than 1000 seconds. 
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The second approach for changing the output power is by changing the 

cathode voltage. In order to keep the pitch factor constant, the modulation 

anode voltage has to be varied accordingly. This approach allows fast 

variation of the output power, because cathode and modulation anode 

power supplies make it possible to change the voltages much faster than 

the power supply for the main magnet. 

Figure 7.6: Stepwise change of output power by variation of the cavity magnetic field 
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8 Comparison of the experimental 
and theoretical results 

In Section 7, the experimental results which were acquired during experi-

mental studies of the gyrotron have been described and summarized. In 

this section comparison of the experimental results and simulation results 

will be shown.  

At first the high efficiency high voltage operating point which was shown 

in Section 7 (Fig. 7.6) will be compared with simulation results. In Fig. 7.6 

in addition to the demonstration of the stable generation of the RF power 

of 22.5 kW during 1000 seconds, a step-wise change (increase) of the 

magnetic field was also demonstrated where each step was approximately 

30 seconds long. This made it possible to vary the output power from  

22.5 kW to 1.6 kW. 

In simulations, sweeps over the magnetic field with the EURIDICE code 

were performed using a step-wise approach. In this case a certain magnet-

ic field was fixed for a certain amount of time, then step wise switched to a 

smaller or higher magnetic field with a predefined step. In order to do such 

a step-wise sweep, the main cavity mode first had to be excited in the 

standard start-up scenario (example in Fig. 2.10). This point is shown as 

time = 0 ns in Fig. 8.1 and then the magnetic field was changed stepwise. In 

simulations the same electron beam parameters were used as in the exper-

iment: Ubeam = 23.4 kV, Ibeam = 2.23 A, g = 1.8, ∆ g = 8 %, and Icoil#4 = 1.2 A. 

The pitch factor and pitch factor spread were calculated employing the 

ESRAY code. Figure 8.1 shows a comparison between experimental results 

and simulation results. In the simulations each step over the magnetic field 

is equal to 0.003 T.  
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Analysing Fig. 8.1 one can conclude that the results of simulations agree 

very well with the results obtained from measurements. Both experiments 

and simulations showed that the main mode TE1,2 is suppressed at cavity 

magnetic fields lower than 0.512 T by the competing backward wave mode 

TE1,1 at the first harmonic of the cyclotron frequency. Its power radiated to 

the direction of the electron gun region amounts to approximately 4 kW as 

shown by the other red curve in Fig. 8.1.  

In the following, one can see additional comparisons of the data achieved 

experimentally and in simulations for the following electron beam parame-

ters: Ubeam = 20.6 kV, Ibeam = 2.08 A, ∆ g = 8 %, and Icoil#4 = 1.2 A. Figure 8.2 

shows the similarities between simulation and experiment.  

 

Figure 8.1: Comparison of experimental results (squares) with simulations for the high 

efficiency regime Ubeam = 23.4 kV, Ibeam = 2.23 A, PRF = 22.5 kW, η = 43 %. The  

time steps correspond to stepwise changes of the maximum cavity magnetic  

field from 0.512 to 0.524 T 
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Figure 8.2: RF output power of the gyrotron as a function of magnetic field for different pitch 

factors achieved in (a) the experiment where the pitch factor was varied by vari-

ation of the modulation anode voltage and (b) simulated with the EURIDICE code 
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Several effects can be observed, as predicted by the simulations, the exper-

iment reveals a saturation of the power after increasing the pitch factor 

above a certain level. In Fig. 8.2 Ucath = -20.6 kV, and Umod is the voltage of 

the modulation anode. 

Several other details which were observed in experiments were also found 

in simulations. In Fig. 8.3 the same electron beam parameters have been 

used as in Fig. 8.2. One can see from Fig. 8.3 that if the gyrotron is operated 

at high pitch factors (g = 1.8), the sharp break of the generation of the main 

second harmonic cavity mode TE1,2 at the low-field side leads to the excita-

tion of the spurious backward wave mode TE1,1 at the first harmonic of the 

electron cyclotron frequency. Whereas for smaller pitch factors around  

g = 1.2, the reduction of the main mode generation is much smoother and 

there is no excitation of any other mode, including the spurious TE1,1 mode. 

 

 

Figure 8.3: RF output power of the gyrotron as a function of magnetic field for different pitch 

factors achieved in (left) the experiment where the pitch factor was varied by 

variation of Umod and (right) simulated with the EURIDICE code. 
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9 Conclusions and outlook 

In this work the design and experimental investigations of a  

20 kW / 28 GHz second harmonic gyrotron for evaluation of new emitter 

technologies were presented. The design phase of this gyrotron included 

numerical simulations of the cavity, the triode-type magnetron injection 

electron gun, the collector and the output window. Preliminary studies of 

different cavities that satisfy the gyrotron requirements made it possible to 

choose the most appropriate cavity with the main mode TE1,2. This cavity 

mode has the weakest possible competition from the spurious mode TE1,1 

at the first electron cyclotron harmonic. In order to optimize the geomet-

rical cavity profile, simulations with the non-stationary multimode code 

EURIDICE were performed. Optimization provided highly efficient, stable 

generation of the main second harmonic TE1,2 mode for a wide range of 

pitch factors 1.1 < g < 1.8 and a wide range of operating currents  

0.5 < Ibeam < 2.3 A. 

The next step in the design procedure was to optimize the three-electrode 

electron gun. A triode-type instead of a diode-type magnetron injection 

gun was chosen, in order to increase the range of operating parameters. 

The electron gun was simulated with the ESRAY code. A multi-parametric 

optimization was performed for a wide range of operating parameters. The 

main goal of the optimization was to minimize the pitch factor spread for a 

wide range of emitter current densities (0.5 A/cm2 < Jem < 2.5 A/cm2) as 

well as pitch factors (1.1 < g < 1.8) and to provide a proper electron beam 

radius (Rbeam = 3.13 mm) for stable single-mode operation of the main 

mode TE1,2 at the second harmonic of the electron cyclotron frequency.  

The third step of the design was optimization of the collector profile. The 

ESRAY code was used for these collector simulations. Multi parametric 

optimization of the collector geometry allowed to achieve reduction of the 

peak power loading from 500 W/cm2 to 300 W/cm2 for the beam parame-
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ters Ubeam = 20 kV and Ibeam = 2.2 A. For the maximum operating parameters 

that could be used in experimental investigations Ubeam = 25 kV and  

Ibeam = 2.3 A the peak power density is around 400 W/cm2, which is still 

lower than the maximum allowed peak value of 500 W/cm2. 

In order to provide proper evaluation of new emitter technologies in 

future, the gyrotron has to fulfill specific technical requirements. The first 

requirement is that the gyrotron has to be able to operate in the CW re-

gime. For this, a proper cooling system has been designed. The gyrotron 

was baked out during three weeks at a maximum temperature of 250 °C. 

This made it possible to remove all the residual gases and contaminations 

from the internal surfaces of the gyrotron. In addition to this, in order to 

provide good vacuum during operation, the gyrotron was equipped with 

two ion-getter pumps that could provide a vacuum down to 1 · 10-7 mbar 

during operation. The second requirement is to provide a modular design 

of the gyrotron. The main components of the gyrotron are connected with 

flanges and special Helocoflex gaskets. This construction allows to perform 

bake-out of the gyrotron, which provides good vacuum, and at the same 

time the flanges allow fast exchange of the components of the gyrotron for 

future experimental studies of new emitter technologies as well as new 

configurations of gyrotron components.  

Experimental investigations showed that the main TE1,2 mode at the sec-

ond harmonic of the cyclotron frequency can be excited over a wide range 

of operating parameters. A stable long pulse operation has been demon-

strated for a wide range of output powers from 1.6 kW to 22.5 kW, with an 

internal tube pressure not exceeding 1 · 10-6 mbar. Optimization of the 

electron gun made it possible to reach experimental operation with very 

high pitch factors for careful stability studies. High pitch factor regimes  

(g = 1.8) allowed to reach the world record efficiency of 43 % for CW 

second harmonic 28 – 30 GHz gyrotrons [Thu15].  
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PRF [kW] Efficiency [%] Manufacturer  

22.5 43 KIT, Germany 

10 42 IAP RAS, Russia 

10 38.7 Mitsubishi, Japan 

13 33.6 CPI, USA 
 

Experimental studies also showed that the gyrotron can be used for mate-

rial processing applications. It can operate in stable CW regimes, where the 

output power can be smoothly changed over a wide range (1.6 < PRF <  

22.5 kW) by changing the strength of the main magnetic field or by modu-

lation of the anode voltage, which is a very essential requirement for 

providing tailored heating profiles in material processing applications. 

Comparison of the theoretical and experimental results showed good 

agreement. In simulations a maximum achievable efficiency of the main 

mode in a regime with high pitch factor strongly depends on competition 

with the first harmonic TE1,1 backward wave, where as in the regimes with 

low pitch factors, excitation of the backward wave was not present. These 

effects have also been demonstrated in the experimental studies. 

One of the most promising cathode technologies that can provide uniform 

distribution of the electron emission and a long lifetime is a CPR cathode. 

Up to now, such a CPR gyrotron cathode can be manufactured only from 

segments. Such a segmented cathode emitter permits one to study experi-

mentally the influence of non-uniform emission on the operation of the 

electron gun and electron beam – RF wave interaction in the cavity.  

The gyrotron designed, manufactured and tested in the scope of this 

dissertation allows one to perform a proper evaluation of new emitter 

technologies for future fusion gyrotrons. The construction of the gyrotron 

provides a fast and easy exchange of the emitter. A wide range of operating 

parameters of the electron gun and cavity makes it possible to study the 

emitter in different regimes. 
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A Appendix 

A.1 CPR cathode 

In Section 1.5.3 the general structure and manufacturing procedures of 

CPR cathodes have been discussed. Here in Appendix A1 the design of the 

segmented CPR emitter suitable for the gyrotron designed within this 

dissertation will be shown. The technical design of the CPR cathode config-

uration has been done by CCR.  

The configuration of the gyrotron electron gun is shown in Fig. A.1. The 

modular design of the electron gun allows to exchange different types of 

emitters. In Fig. A.2 the CPR emitter configuration is shown which consists 

of twelve segments separated by thin ceramic insulators. Figure A.3 shows 

the drawing of one CPR emitter segment, which consists of heater, barium 

reservoir and tungsten wire emitter. A photo of the real segment assem-

bled by CCR is shown in Fig. A.4. When heated to operating temperature, 

the work function reducing material diffuses through the pores to the 

emission surface. For thermionic dispenser cathodes, the work function 

reducing material is usually a mixture of barium oxide, calcium oxide, and 

aluminum oxide. 
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Figure A.1: Gun configuration with segmented CPR emitter 

 

Figure A.2: Segmented CPR emitter configuration (12 segments) 



A Appendix 

129 

 

 

 

A.2 Glidcop material properties 

Glidcop is the registered trade name of SCM Metal Products for copper 

which is dispersion-strengthened with ultra-fine particles of aluminium 

oxide. Table A.1 lists material properties of different Glidcop types and 

includes the data for oxygen-free high conductivity copper (OFHC). All the 

data is given for room temperature 20 °C. 

Figure A.3: Configuration of a CPR emitter segment 

Figure A.4: Photo of one segment of the CPR emitter 
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Table A.1: Material properties for various type of Glidcop 

 OFHC AL-15 AL-25 AL-60 

Al2O3 content [wt.%] 0 0.7 1.2 2.7 

Density [g/cm3] 8.94 8.9 8.86 8.81 

Melting Point [°C] 1083 1083 1083 1083 

El. conductivity [MS/m] 58 54 50 45 

Isotr. therm. conductivity  
[W/ °Cm] 

391 365 344 322 

Coeff. therm. expansion  
[μm/m°C] 

17.7 16.6 16.6 16.6 

Young’s Modulus [GPa] 115 130 130 130 

Specific heat  
[J/kg°C] 

38.5 38.5 38.5 38.5 

Ultimate tensile strength 
[MPa] 

220 360 390 470 
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