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ABSTRACT 

Gyrotrons are high power microwave/millimeter wave sources capable of producing 

hundreds of kilowatts of long pulse to CW power. They are being used in a variety 

of Industrial—Scientific—Medical (ISM) applications ranging from plasma heating in 

thermonuclear fusion reactors to industrial heating of materials (particularly nano 

powders). It is basically an electron cyclotron maser (ECM) in which the electromag-

netic energy is radiated by relativistic elecrons gyrating in an external longitudinal 

magnetic field. 

In this work, the design studies of a 60 GHz, 100 kW, CW gyrotron are presented. 

Mode selection is carefully studied with the aim of minimizing mode competition; 

few operating modes are chosen which are capable of giving a perfect solid beam 

output through a synthetic double—disc window with a suitable dimpled—wall quasi—

optical launcher. Cavity design and interaction computations are then carried out. 

In addition, preliminary design of the launcher, window, magnetic guidance and 

beam optic system are presented. Thus, a comprehensive conceptual study is pre-

sented which indicates that the operation of such a gyrotron is possible and can give 

power in excess of 100 kW at > 35% efficiency. 

A Graphical User Interface package "GDS V.01" (Gyrotron Design Suit Ver.01) 

has been developed in MATLAB R2006a on HP xw6400 Workstation having 3 GB 

RAM. The software incorporates the mode selection procedure, starting current 

calculations, gun synthesis and design of coils, resonator design and RF—behavior 

calculations, launcher design, non—linear taper design and window design. This 

package can be used to carry, out feasibility studies and conceptualization of specific 

gyrotrons. 
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Chapter 1 

Introduction 

Gyrotron oscillators (gyrotrons) are capable of providing hundreds of kilowatts of 

power at microwave and millimeter wavelengths. From their conception in the late 

fifties until their successful development for various applications, gyrotrons have 

come a long way technologically and made an irreversible impact on both users and 

developers. Gyrotron technology has significantly advanced during this time towards 

meeting the goals of providing a reliable and highly efficient source of high—power 

millimeter wave radiation. 

1.1 General Introduction 

The gyrotron is a source of high power coherent radiation. It consists of a magnetron 

injection gun, which generates an annular electron beam which is focused into an 

open cavity resonator along an axial magnetic field, created by a superconducting 

magnet. In the cavity, the RF field interacts with the cyclotron motion of the elec-

trons in the beam and converts the transverse kinetic energy into a RF beam which 

may then be internally converted into a Gaussian beam. The spent electron beam 

leaves the cavity and propagates to the collector where it is collected. 

Gyrotron systems have proven useful where conventional microwave sources have not 
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been adequate. This is demonstrated by the number of applications in which they 

can be found. The possible applications of gyrotron oscillators and other electron 

cyclotron masers (ECMs) / fast—wave devices span a wide range of technologies [1]: 

(i) RF plasma applications for magnetic confinement fusion studies, such as 

a) electron cyclotron resonance heating and current drive (ECH/ECCD) 

(28-170 GHz), 

13) plasma start—up, 

c) plasma diagnostic measurements, 

(ii) Deep—space and specialized satellite communication, 

(iii) High—resolution Doppler radar, radar ranging and imaging in atmospheric and 

planetary science, 

(iv) Drivers for next—generation high gradient linear accelerators, 

(v) ECR ion sources, 

(vi) Sub—millimeter wave and THz spectroscopy, 

(vii) Materials processing, and 

(viii) Plasma chemistry. 

In the millimeter— and submillimeter—wavelength regions, the power that gyrotrons 

can radiate in continuous—wave and long—pulse regimes, exceeds the power of clas-

sical microwave tubes by many orders of magnitude. Millimeter and sub—millimeter 

wave plasma diagnostics are very valuable for the study of plasmas in magnetic con-

finement fusion experiments. Low to moderate power collective Thomson scattering 

provides data on instabilities, plasma waves, and turbulence. High power scattering 

from the ion thermal feature can provide measurements of localized ion tempera-

ture, effective Z, current density, alpha particles and D/T fuel ratios [2]. The unique 

features of gyrotrons are: 

2 
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• High interaction efficiency (35% overall efficiency, 50% with energy recovery 

system) 

• Single mode operation 

• Availability of sources ranging from centimetric to submillimetric wavelengths 

• High power (from a few watts up to 1 MW depending on pulse length) and 

high energy per pulse (up to 3.6 MJ at 170 GHz, 450 kW). 

Thus gyrotron is considered as the best candidate for a wide spectrum of applications 

ranging from fusion plasma heating, profile control, current drive, and diagnostics 

for fusion plasmas, to industrial microwave sintering or to electron paramagnetic 

resonance (EPR) studies [3]. They take the advantage of a cyclotron resonance 

condition to transfer energy from an electron beam to an electromagnetic wave. 

1.2 Motivation and Scope 

Intense work on gyrotrons is being carried out for some important applications, 

first of all for heating of plasmas at nuclear fusion installations and high tempera-

ture processing of materials. These efforts have resulted in considerable progress in 

transfer from long pulses to real CW regime at the highest output power as well as 

in considerable increase in efficiency of gyrotrons. 

The goal of the work is to see the feasibility of CW operation of a 60 GHz con-

ventional cavity gyrotron with an output power in excess of 100 kW for plasma 

diagnostics in India. Plasma diagnostics in the millimeter and submillimeter wave-

length range are valuable for the measurement of a wide range of plasma parame-

ters including density, electron and ion temperatures, magnetic field direction, and 

non—thermal fluctuations. Gyrotrons can make an important contribution to the 

advancement of these diagnostics. 

3 



CHAPTER 1. INTRODUCTION 

1.3 Related Literature Review 

Substantial work on gyrotrons has been done in the development of gyrotrons for 

plasma diagnostics in thermonuclear fusion experiments, materials processing, tech-

nological applications and medical applications as given in [1, 4] and the references 

therein. CW gyrotrons at or near 60 GHz have applications for plasma heating in 

controlled thermonuclear fusion experiments. However, the development of 60 GHz 

gyrotron with a power of around 100 kW has been attempted only long ago as listed 

below. 

For the heating of materials with smaller dielectric losses, the penetration depth 

is always greater. On the other hand, selective and localized heating may be pos-

sible by partially doping the materials with higher dielectric losses, which may be 

applicable to joining of ceramics. From these points of view, 60 GHz millimeter ra-

diation is one of the appropriate heat sources for processing such ceramics as pure 

alumina as given in [5]. Here the fine focusing of millimeter—wave radiation from a 

high—power pulsed 60 GHz gyrotron has been performed using a two—dimensional 

ellipso—parabolic focusing antenna system. Millimeter waves with the cylindrical 

TE0,2  mode radiated upwards from the output window of the 60 GHz gyrotron have 

been applied for alumina heating. 

In [6], the design of a Varian 60 GHz gyrotron has been shown to generate microwave 

power in excess of 200 kW. The operating mode of the gyrotron was TE0,2  with axial 

output collection. They used a beam velocity ratio of 2.0 with a beam voltage of 80 

kV. In the pulsed mode with a pulse length of 100 msec the gyrotron could produce 

an output power of around 200 kW but in CW mode the maximum power achieved 

was 70 kW. 

Machuzak [7] implemented a 60 GHz gyrotron collective Thomson Scattering alpha 

particle diagnostic which could launch a power of 0.1-1 kW in pulses of up to 1 sec- 

4 
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ond. For this experiment, a 0.1 to 1 kW, modulated 60 GHz gyrotron was pulsed for 

up to 1 second into the plasma, and the scattered radiation synchronously detected. 

A Varian 60 GHz, CW gyrotron was operated at power levels up to 200 kW CW [8]. 

The output mode of the cavity was TE0,2 circular waveguide mode in overmoded 

waveguide. Since the output waveguide also served as the gyrotron collector, mode 

conversion occurred in the taper sections and gaps incorporated into the collector. 

Comparison of measurement of the mode conversion on a 60 GHz, 200 kW, 100 

ms pulse tube with similar measurements on the 60 GHz, 200 kW, CW gyrotron 

indicated that the CW tube had significantly more conversion of the TE0,2 mode 

into other modes than the pulse tube. 

In all the above works, gyrotrons working with a lower order symmetric operating 

mode (particularly the TE0,2  mode) with axial output collection employing an ex-

ternal mode converter were designed. In the present work, a comprehensive design 

of the 60 GHz, 100 kW, CW gyrotron with radial output collection employing an 

advanced dimpled—wall quasi—optical launcher has been presented. The operating 

mode is the TE6,2  mode and is very well separated from other neighboring modes 

to avoid mode competition. An advanced dimpled—wall launcher has been used for 

radial output coupling, so that it can be directly used for plasma diagnostics. The 

exact problem statement is given in the next section and the design studies and 

results have been presented in the following chapters of the thesis. 

1.4 Problem Statement 

• To check the feasibility of CW operation of a 60 GHz conventional cavity 

gyrotron at a power level > 100 kW. 

• The following design studies have to be performed to consolidate the design 

conceptualization: 
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— To fix the operating mode. 

— Interaction Cavity Design. 

— Rigorous studies on RF—behavior. 

— MIG and guidance system. 

— Non—linear Taper. 

— Advanced dimpled—wall launcher. 

— RF Window. 

• To develop a Graphical User Interface for the complete design procedure of a 

need specific gyrotron. 

1.5 Organization of the Thesis 

There are five chapters compiled in this dissertation including the present chapter. 

• Chapter one gives a brief review of the theory and the motivation and scope 

on "Design of a 60 GHz, 100 kW CW Gyrotron for Plasma Diagnostics". 

• Chapter two presents the literature survey of gyrotron theory. The principle 

of gyrotron is given along with the description of the various components of 

the device. The theory of the various procedures undertaken for the analysis 

of a gyrotron is also given. 

• Chapter• three describes the Graphical User Interface package proposed for 

the design of gyrotron in detail. 

• Chapter• four deals with the design studies of the specific 60 GHz gyrotron 

taken up for this dissertation. The results of all the procedures have been 

given. 

• Chapter five concludes the thesis with the concluding remarks and outline 

direction for future scope. 

6 



Chapter 2 

Gyrotron Theory 

A brief review of the principles and theory of gyrotron and its components will be 

given here. A more complete and detailed description can be found in [4], [9]- [12]. 

This chapter presents some of the more immediately useful gyrotron equations, most 

importantly including a discussion of the mechanism through which the electron 

beam couples with the RF field and transfers its energy to the resonant cavity 

mode. 

2.1 Principle of Operation 

The arrangement of a simple gyrotron is shown in Fig. 2.1. Here, a magnetron—

type electron gun is shown on the left. The voltage applied to the anode creates 

the electric field at the cathode. This field has both the perpendicular and parallel 

components with respect to the lines of the magnetic field produced by a solenoid. 

Thus, electrons emitted from the cathode acquire both the orbital and axial velocity 

components. Then, the electrons move towards the cavity in the growing magnetic 

field, in which the electron flow undergoes the adiabatic compression and the elec-

tron orbital momentum increases. In the region of the uniform magnetic field, the 

electrons interact with the eigenmode of the cavity and transform a part of their 

kinetic energy into microwave energy. Then, the spent beam exits from the axially 

7 
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open cavity, undergoes decompression in the decreasing magnetic field and settles on 

the collector. The latter also functions as an oversized output waveguide in the axial 

output couplers. The RF output power in the TEmn  mode is coupled through the 

axial output vacuum window. While in the case of radial output coupling, a quasi-

optical mode converter is connected to the output waveguide and it transforms the 

rotating TEmn  mode with axial power flow to a Gaussian mode with a radial power 

flow. The power is then transmitted through a radially located vacuum window as 

shown in Fig. 2.1. 

COLLECTOR MAGNET COILS 

Figure 2.1: Schematic of a gyro-oscillator [9]. 

Classical microwave tubes require interaction structures smaller than a wavelength 

due to the kind of electron coherent radiation involved. Gyrotrons however, are 

based on the mechanism of coherent cyclotron radiation from electrons gyrating in 

a constant magnetic field. In these devices, the electrons can resonantly interact 

with fast waves, which can propagate even in free space. Therefore, the interaction 

space in gyrotrons can be much larger than in classical microwave tubes operating 

at the same wavelength. In such circuits the phase velocity vph of the EM wave is 

greater than the speed of light c. 

The benefits of gyrodevices are derived from the combination of the cyclotron res- 

8 
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onance interaction and the fast-wave interaction circuit. The electric field strength 

can be quite high in fast-wave devices, independent of the proximity of the metal-

lic circuit structure. This enables the electron beam to be situated in regions of 

high electric field, (to produce optimum coupling) without placing the beam in close 

proximity to delicate circuit structures [9]. 

In fast-wave devices electrons undergo oscillations transverse to the direction of 

beam motion by the action of an external force (field) and hence they radiate. 

The contributions from the electrons reinforce the original emitted radiation in the 

oscillator or the incident EM wave in the amplifier. This is the condition of coherent 

radiation, which is satisfied if a bunching mechanism exists to create electron density 

variations of a size comparable to the wavelength of the imposed EM wave. To 

achieve such a mechanism, a resonance condition must be satisfied between the 

periodic motion of the electrons and the EM wave in the interaction region [13]: 

w - kzvz  s11, s =1,2, ...(kzvz  = Doppler term) 	 (2.1) 

Here w is the wave angular frequency, kz  is the characteristic axial wave number, vz  

is the translational electron drift velocity, Q is an effective frequency, which is asso-

ciated with macroscopic oscillatory motion of the electrons, and s is the harmonic 

number. 

In electron cyclotron masers (ECMs), EM energy is radiated by relativistic elec-

trons gyrating in an external longitudinal magnetic field. In this case, the effective 

frequency SZ corresponds to the relativistic electron cyclotron frequency 

= Q./-y where Qco  = eBolmo and = [1 - (vic)2]-1/2 	(2.2) 

where -y is the relativistic factor. A group of relativistic electrons gyrating in a 

strong magnetic field will radiate coherently due to bunching caused by the rela-

tivistic mass dependence of their gyration frequency [14]. 

9 
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The transverse velocity component of electrons spiraling in the presence of an ap-

plied magnetic field interacts with the transverse electric (TE) modes of a simple 

waveguide or cavity circuit structure. An electron with a transverse velocity com-

ponent that is opposite in direction to that of the electric field gains energy (-y 

increases), so that its cyclotron frequency decreases and the electron begins falling 

behind the phase of the oscillating electric field. An electron with a transverse ve-

locity component that is in the same direction as the electric field loses energy (7 

decreases), so that its cyclotron frequency increases and the electron begins to over-

take the phase of the electric field. After many orbits, electrons that were initially 

distributed uniformly with respect to the phase of the electric field become tightly 

bunched in phase [9]. This is illustrated in Fig. 2.2 for four test electrons. Net 

energy is extracted from the bunched electrons if the frequency of the oscillating 

electric field is somewhat greater than the cyclotron frequency, so that the electron 

bunches are situated in the decelerating phase of the electric field. 

Ecosf cot> 

  

  

(2) 
	

03) 

Figure 2.2: (a) Four test electrons rotating in the presence of an applied magnetic 

field at the beginning of the cyclotron resonance maser interaction. (b) Electron 

positions after several orbits in the presence of an electric field that oscillates with 

a frequency that is equal to the electron cyclotron frequency [9]. 

Gyrotron oscillators (Fig. 2.1) are devices which usually utilize only weakly rela-

tivistic electron beams with high transverse momentum. The wave vector of the 

10 
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radiation in the cavity is almost transverse to the direction of the external magnetic 

field (k1 >> kz , and the Doppler shift is small) resulting, according to (2.1) and 

(2.2), in radiation near the electron cyclotron frequency or one of its harmonics [15]: 

sC2c , s = 1, 2, ... 	 (2.3) 

In cylindrical cavity gyrotrons with radius Ro the operating mode is close to cutoff 

(vph = wlkz  >> c) and to keep the electron bunches in the retarding phase the 

frequency mismatch w — sQ, is small but positive. The Doppler term lczvz  is of the 

order of the gain width and is small compared to the radiation frequency. Cyclotron 

harmonic operation reduces the required magnetic field for a given frequency by 

the factor s. The dispersion diagrams of fundamental and harmonic gyrotrons are 

illustrated in Figs. 2.3a and 2.3b, respectively. However, measured efficiencies of 

gyrotrons operating at higher harmonics (s=2&3) are lower than those operating at 

the fundamental frequency. 

(a) Fundamental Resonance 
	 (b) Harmonic Frequency 

Figure 2.3: Dispersion diagram of gyrotron oscillator [1]. 

Many other types of microwave sources are also based on the ECM instability, such 

as the gyro—klystron, gyro—twystron, gyro—travelling wave amplifier (gyro—TWT) or 

the gyro—backward wave oscillator (gyro—BWO). 

11 
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2.2 Theory of Gyrotrons 

This section presents the practical considerations for gyrotron design, keeping in 

mind the design constraints. In addition, the theory behind the starting current 

calculations and beam—wave interaction has been discussed. 

2.2.1 Design Feasibility — Mode Selection 

The design of a particular gyrotron always involves tradeoffs among a number of 

mutually incompatible design goals and constraints. The general design constraints 

for high power gyrotrons are shown in Table 2.1. The values of all these constraints 

are calculated for all the candidate modes of the particular gyrotron. These are 

analyzed comparatively and only that mode is selected as the operating mode for 

which all the constraints fall within limits. 

Table 2.1: Gyrotron Design Constraints. 

Peak Ohmic wall Loading (Avail) < 2.0 kW / an2  

Voltage Depression (AVIV) < 0.1 

Ratio of beam current to limiting current (4//L) < 0.5 

Magnetic Compression (b,,,p  = Bca B gun) < 50 

Electric Field at the Emitter(E,) < 7 kV/mm 

Emitter mean radius (Re ) < 50 mm 

Cathode Current Density (je) < 4 Al crig 

Fresnel Parameter (CF) Pe. 1.0 

The first four constraints given in Table 2.1 are related to electron beam physics 

whereas the emitter radius and the corresponding current density are technological 

constraints. The major physical constraints that limit the operating parameters of 

a gyrotron are wall loading, voltage depression and limiting current. The voltage 

12 
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depression and limiting current are problems related to the beam quality which has 

a direct influence on the resonance condition and interaction mechanism. 

Wall Loading 

The major constraint for CW gyrotrons is the peak ohmic wall loading Avail. This 

is calculated by integrating the RF power flow into the cavity walls, dividing by the 

surface area. The ohmic losses are given by [4,14 

— A/77r 1/.7rZl 	
1 

max 	 oo-  LA1.5  x2  — m2  mp 

where L is the length parameter of the effective Gaussian field profile and Zo 	377 S/ 

is the impedance of free space. For a = 3 x 105  (S2 crn)-is (corresponding to ideal 

hot copper) and A = 0.714 cm, this gives 

(dP.\ 	 2  P  QA  1 
0.0393 kW/cm 

dA 
 

200 kW L x2mp  — m2.  
(2.5) 

Voltage Depression 

It is the reduction of the potential within the beam tube with respect to the cavity 

wall due to the beam space charge. The voltage depression for a hollow beam of 

radius Rb is given by [4, 16]: 

AUb  c 6052 • 4 • In ( 0) 	 (2.6) 
fiz 	Flb  

where Rb is the beam radius, Ib is the beam current, and 0, is the axial velocity 

ratio in the units of c. It is assumed that the guiding center radius is much larger 

than the beam thickness. 

Limiting Current 

The limiting current is the current for which the voltage depression becomes so large 

(2.4) 
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that the beam cannot propagate. It should be at least twice as large as the operating 

current. It is given by [4, 16] as: 

Ii 	I* 
85001A --- In \mil  Rb 

= 10 [1 — (1 — 01)1/3] 3/2  

with i3z  = [1 — 01_ 1/79112. Here -yo and ,8,0  represent the values in the absence of 

voltage depression. 

Fresnel Parameter 

Russian researchers introduced a parameter called the Fresnel parameter (CF ) which 

can influence how a particular mode oscillates [4]. It is defined as 

(2.7) 

(2.8) 

CF = 

 

L2  
(2.9) 

  

8R41— (m )2 
x„,p  

where L is the effective length of the interaction region. It describes the effective 

diffraction of a wave at the taper transitions in a resonator. For TE modes near 

cut—off, (27r/A) (x77 , /Ro) which simplifies the expression for the Fresnel parameter 

as: 

Though this modified expression (2.10) is considered as the original definition for 

the Fresnel parameter but the relevance of the cavity radius Ro  in CF as given in 

(2.9) is much more important. According' ccording to Gaponov [17], cavities with Ro  > L, the 

Fresnel parameter is rather small CF < 1. This gives an unfixed longitudinal and 

transverse structure of the RF field. Therefore, it may be interpreted that in the 

case of operation with higher modes when Ro  > L, the fixation of the longitudinal 

and transverse structure of the RF field is difficult [4]. So it is probable that a value 

of CF  > 0.5 is desirable, but CF > 1 is not necessary. 

14 
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2.2.2 Starting Currents 

A gyrotron will not oscillate if the current is below a threshold value /start, which 

depends on the beam properties, magnetic field, resonator geometry, etc. The start-

ing currents provide an estimate of the segregation of the different modes in the 

frequency domain, also taking into account their coupling to the electron beam. 

The purpose is to estimate how well the mode of interest is separated from possible 

competing modes that also couple well to the electron beam. The starting current by 

definition [4], is the minimum current for which dP,,,t1dt > 0 in the limit Pout 	0: 

P=0 

Stable operation is possible only when I > 1-start, and dP„,,t /d/b > 0, otherwise oscil- 

lation will not start at the operating point under consideration. To initially compute 

the starting currents of main mode and its competitors for preliminary assessment, 

a Gaussian field profile is employed. 

The starting current can be calculated in a linearized single-mode theory. This has 

been given in detail in [4]. 

QZ0e  17, 
8ryomec2) 

( 	
Limp(z)I2  dz) 

-1 

kpCmpCmp  ) 2  ( an2p70/3t0 ) 2(s-1)  ru   

(2.11) 

—1 
/start 

Oo(s-1)! 	2S10  

(
s+ wig a  ) 

2 vzo  aAsi 

 

L 
f(z)ei°ezdz 

2 

 

 

(2.12) 
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where 

As(z) = 	
(1 sC20(z)  

vzo 	coN ) 

Zo  = Vp,o /E0  f2 377Q 

X mp 

R(z) 

Gnu, = Jrn,(kmpRe ) for co — rotating modes 

= (-1)8  J,,±8(km,„Re ) for counter rotating modes 

The important point for this study is that the starting current is inversely propor-

tional to the beam—field coupling constant: 

T2 ( 	R.  ) 
772,8 	R. 

71-(X 71. 2 	M2)J77171  2  (X ) M 

(2.13) 

If this is too small for a given mode, the starting current will be large and the mode 

is unlikely to oscillate [18]. If starting current is too high, then rise times of field 

and current can be comparable and field cannot react fast enough to a change in 

the current. This becomes a problem in the pulsed mode. 

2.2.3 Beam—wave Interaction 

The gyrotron cavity is where the electron beam transfers energy to the transverse 

electric field mode. This is popularly known as beam—wave interaction that involves 

the precarious design of cold cavity structure (interaction circuit) and the study of 

RF—behavior. 
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Interaction Structure 

The design of resonators for gyrotron oscillators requires the knowledge of the RF 

field profile, resonator eigenfrequencies, and quality factor Q. With a good design, 

the microwave radiation can be extracted at high efficiency levels. In conventional 

gyrotrons, the cavity is a standard three section structure with an input taper and a 

uniform mid—section followed by an output uptaper as shown in Fig. 2.4. The input 

taper is a cut—off section which prevents the back propagation of RF power to the 

gun. Parabolic smoothing of the input and output tapers is carried out to reduce 

unwanted mode conversion at sharp transitions. The beam—wave interaction takes 

place in the uniform mid—section where the RF—fields reach peak values. The upta-

per with nonlinear contour connects the cavity with output waveguide and launcher 

of the quasi—optical output coupler. 

Parabolic 
smoothing 

4., 

Figure 2.4: Resonator geometry [4]. 

Reflections at tapers lead to resonant behavior of the apparatus; Q is a measure of 

the efficiency with which a wave is transmitted out of the resonator. The resonance 

frequency w and the quality factor Q are determined by the boundary conditions at 

the resonator output section [4]. The basic procedure to determine the eigenmodes 

in an open—ended cavity is to solve the wave equation in the cavity geometry by 

applying radiation boundary conditions for minimum reflections to obtain resonant 

17 
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frequencies of the eigenmodes. 

The physical electric and magnetic fields are obtained by taking the real part of the 

complex phasor multiplied by eiwt as given in [19], i.e. 

E(f, t) = Re [E(fleil 	 (2.14) 

The complex phasor for a TEmp  mode is given explicitly by 

Ez  0 

Er = ±im
mp 

 f(z) 

E, 	f(z) 
ar 

with 

mp = C mp mp (X mp R(z) 
 eime 

From -Of/at = p x E, we obtain 

iwp,Hz  = 	
(z) 

) 2 
f(z)klimp 

R 

0E0 = 
az 

icepHe OE, 

Cmp  = 
Vir(x?flp  — m2) Jm(xmp) 

is a normalization constant introduced such that 

27r 
 f

R 
rf.E12  dr = (z)I 2  

az 

1 	1 

(2.15) 

(2.16) 
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(2.18) 

(2.19) 
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As a first approximation, f(z) which describes the longitudinal variation of the mode, 

is obtained by solving an approximate equation due to Vlasov [20]: 

d2  f 
k2  (z) f = 0 	 (2.17) 

dz2  

Here f describes the longitudinal variation of a TE or TM mode, and k is the mode 

propagation factor. The eigenfunctions of an open resonator which are of interest in 

gyrotron design correspond to solutions of boundary conditions, which have the form 

of an outgoing wave at the resonator output. If the resonator dimensions are such 

that the working mode is cut—off at the input section and propagating in the output 

section, the appropriate radiation boundary conditions at the resonator input and 

output boundaries are: 

zin and zout  are the input and output radius as shown in Fig. 2.4 which depicts a 

typical gyrotron resonator. Also k2(z) = w2/c2  — x,n2  pIR(z)2 ,where xmp  is the p'th 

root of J, 21  (x) and R(z) defines the cavity profile. We take Re[k]>0 if Re[k2]> 0 

and Im[k] < 0 when Re[k2]< 0. It is assumed that IRe[k9 >> lirn[k2]1 and that 

Idk/dzi < k2. When Q is finite, the source free resonator fields decay exponentially 

in time, as expected. This corresponds physically to the fact that the electromagnetic 

fields propagate out of the resonator. It is convenient to normalize the f(z) such that 

the output power at zout  is fixed. From Poynting's theorem we have 

Pout =f rdr (Re E x 

 

(2.20) 

Applying the boundary conditions we obtain, 

1 
Pout = 	(zout)12  

 

(2.21) 

In single mode approximation, Vlasov equation reduces to 

(c.o2 	2  ) 
Vmq  

dz2 	
- 

 
(2.22) 
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where 4,,,2  is the source term given in [4]. 

bate .................... 
The solution of the above simplified equatio 	b ekttor 

Numerov algorithm when Jmq  = 0. The formalism g 	e is valid when cavity 

profile R(z) is continuous and differentiable. If R(z) has discontinuities, then the 

equations must be solved piecewise and the fields and their derivatives have to be 

matched at the discontinuities of R(z). 

For numerical calculations, the boundary condition at zin  is used to determine the 

starting value of DV/Oz. The boundary condition at zo-ut  is reformulated in the form 

dV ik zv  
dV Z 'k V dz 	z 

One could also specify a non-zero reflection coefficient Rload  such that the condition 

R — Rload I = minimum, is imposed. 

It is convenient to work with a normalized field profile. This will be done by defining 

	

V,ip  (z) = Vm„ imp  (z) 	 (2.24) 

Here, hip(z) is the field profile normalized to a maximum absolute value 1. In the 

cold cavity approximation, 	and the output power are related by: 

	

zout 	2 
QPout 	(7) Vlx  f imp(z)1 dz. 	(2.25) 

Zin 

RF—Behavior 

The equation of motion for a single electron traversing the resonator in the given 

electric and magnetic fields must be solved numerically to compute the efficiency, 

output power and energy loss or gain. The efficiency is then computed by aver-

aging over an ensemble of electrons uniformly distributed in their initial gyration 

phase angle. The fact that the electrons gyrate rapidly around the guiding center 

facilitates the numerical solution of the equation of motion. The approximation of 

IRI = = minimum 	 (2.23) 
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neglecting the RF magnetic fields and guiding center drift, and taking advantage 

of the fact that maximum energy transfer takes place when the electron gyration is 

approximately synchronous with a rotating field component, to an approximate one 

dimensional equation is known as the adiabatic approximation. 

In cold cavity calculations, the adiabatic approximation to equation of electron mo-

tion is derived and this equation of motion is solved in the fixed field approximation 

to compute the efficiency. In self-consistent calculations, the equation of motion 

is solved simultaneously with the field equations, taking into account the effect of 

beam on the cavity field profile and quality factor, as well as frequency pulling. 

The equations describing gyrotron operation at arbitrary harmonics have been ex-

plained long back as in [21,22]. A derivation for the conventions used here is given, 

for example, in [23,24]. Define 

= ,rif/c 	 (2.26) 

and 

P = iuie-i(A-Fee )  = n10/5 	 (2.27) 

where A is the slowly varying part of the gyrophase. The equation of motion for the 

electrons in the field of a TEmp  mode can be reduced to 

a, 	constant 	 (2.28) 

dP  + w -1 (-7 
-1+5 P dz 	vzo s 'Yo 

CA) -y 	(ckmpujoi5*  s-1  
i--Fmpfnip(Z) 

VZO 1/0 	 200  

Here f (z) is the normalized field profile, 5 is detuning parameter 

(2.29) 

21 



CHAPTER 2. GYROTRON THEORY 

= 1 — sOo 	 (2.30) 
'Tow 

and 

eV  C G 	1 Fmp  max mp Trip 

2mc2  %tip 	w (s —1)! 
is related to the similar quantity used by [12,25] as 

0
J_
2 ) s-2 

FG = 	 Fmp  
2 

Also 

(2.31) 

(2.32) 

Jrn±s(kmpRe) 	
(2.33) Cmp  Gmp  = 

J,,(x„p).\17r(x7 ,,2  p — m2) 

The output power in the TEmp  mode is given by the Poynting vector. One can show 

that [23]: 

	

(  	) 
Pout = V 2  xRe 

2i,u low imp  ,ow 	dz p 

evaluated at the resonator output. Also note that 

elcmpuio  N  si510 
2c20 	2 

In a self—consistent formulation, the field profile satisfies 

d2 dZ2 
_Env  f 	krn p(z)) Frnp f 
 C2  

	

I 
( iCk 	s-1 m,p1/10    

(Ps ) 

Here 

(2.34) 

(2.35) 

= CZ
°  4 C.mq  kmp  Gmp  2  1 

2MC2 	(s — 1)! 	uzo  

where 4 is the beam current, Zo  = e,:7 and kmp(z) = ZP), with radiation boundary 

conditions at the output. 
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2.3 Components of Gyrotron 

Single-mode mm-wave gyrotrons capable of producing high average power (0.5 - 1 

MW per tube) in long-pulse or CW operation, are currently under development 

in several scientific and industrial laboratories. A modern gyrotron consists of the 

following main units. 

2.3.1 MIG and Magnet System 

Gyrotrons need a high power, hollow, electron beam with sufficient orbital energy 

and small velocity spread. The development of powerful magnetron injection guns 

(MIGs) for gyrotrons has played a major role in making these devices powerful 

coherent radiation sources. The MIGs produce annular electron beams in which 

electrons execute small cyclotron orbits at a frequency required for cyclotron reso-

nance interaction in a gyrotron. The schematic outline of a triode-type magnetron 

injection gun is shown in Fig. 2.5. 

Figure 2.5: Schematic outline of a triode-ype magnetron injection gun (MIG) with 

two anodes and plot of a typical magnetic field profile [26]. 

For frequencies above 30 GHz where magnetic field strengths in excess of 1 T are 

required for operation at the fundamental cyclotron resonance in a gyrotron, su- 
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perconducting magnet coils are generally employed. The magnetic field strength in 

Tesla for a given frequency is approximately equal to f (GHz).-y/28 , where f is the 

operating frequency in GHz and -y is the relativistic factor. Most magnets usually 

consist of one or two main cavity magnet coils and a gun coil to adjust the magnetic 

field strength in the vicinity of the cathode. Magnet coils employed to shape the 

magnetic field profile in the collector are also usually room—temperature coils. The 

superconducting coils are usually made from Nb3Ti wire and cooled using liquid 

helium. 

Figure 2.6: Schematic of MIG with the Electron Beam Tunnel [4]. 

The region starting from the MIG and ending at the entrance of the interaction 

cavity is called the beam tunnel (Fig. 2.6). In this compression region the wall and 

electron beam radii are reduced from starting till the end. The beam tunnel usually 

has a sophisticated alternating metal—damping ceramics ring structure. This ring 

structure has specially shaped rings of lossy ceramics to suppress spurious oscilla-

tions and beam instabilities. 

Trade—off and initial design expressions for a Magnetron Injection Gun are described 

below [4]. The most important parameters for the gun design are given here. The 

initial design establishes the main gun parameters such as cathode radius (average), 

cathode—anode spacing, emitter current density, electric field at the cathode, and 

the cathode slant angle to the required beam properties. After that the simulation 
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codes are used for a final optimization of the shape of the electrodes. 

• Electron energy Ub and relativistic mass factor: 

Ub 	 1 
-Yo = 1 ± 

511 kVV1 — Oio  — 
(2.36) 

• Beam power Uo/b, where U0 is the accelerating voltage and /b is the total beam 

current. 

• Optimum cyclotron frequency: 

• Larmor radius at interaction: 

eB0  
we = 	 

me 7o 
(2.37) 

rLo = 

 

/3_Lo = 1.705 mm x l'o  
B(T) 

(2.38) 
we 

• Velocity ratio: 

vz0 
	 (2.39) 

• 	The radial thickness of the beam at interaction should not exceed A/8 + 2rLo. 

The other parameters should be chosen to provide the above beam parameters with 

minimal velocity spread. These include: 

• 	Compression ratio: 
Bo  

b = 

	

	 (2.40) 
B, 

• Emitter Radius: From Busch's theorem, the cathode radius is related to the 

beam radius (in paraxial approximation) by 

= VERe 	 (2.41) 

and the emitter radius thickness can be estimated from 

AR, = 	 (2.42) 
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• Emitter Length: Simple geometry determines the emitter length is  from total 

current 

Ib  = (2 7r-R c1.9 
	 ( 2 . 43 ) 

where cc  is the cathode slant angle and „I, is the cathode current density, note 

that (also) 

AR, = 18  sin cbc. 	 (2.44) 

• Cathode electric field: A first estimate of the required cathode electric field 

E, can be obtained from 

70.10 = N I7c7/1.c = 
Al6E

c 
 cos cb

c  Bc  

and this requires 
Bo-yovim E, cos 0, = b3/2  . 

• Cathode—anode spacing: The cathode—anode spacing (d) is given by 

A  d= RC rLoDF
cos 

(2.45) 

(2.46) 

(2.47) 

where DF  is the cathode—anode spacing factor (select DF  > 2) and is Tsim-

ring cylindricity parameter (= 1/V(rgo/rLo)2  — 1 and ro  is the guiding center 

radius at the RF interaction region). 

2.3.2 Interaction Cavity 

The interaction cavity for most gyro—oscillators consists of a simple cylinder with 

a down taper at the cavity entrance and an up taper at the cavity exit (Fig. 2.7). 

These devices operate most effectively near the cut—off frequency of the desired TE 

mode in the cavity. This enables the mild tapers at the entrance and exit of the 

cavity to provide enough reflection to maintain a standing wave in the cavity. The 

frequency of the resulting TEm,p,q  resonance is set to correspond to the desired op-

erating frequency, which in turn must satisfy the cyclotron resonance condition in 
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annular 
electron beam 

VIMINIMMINDIRM01263W 
if output: 
waveguide mode TE,,,,p  

	 resonator 	 uptaper 	  

cut-off section 

downtaper 

z-axis 

Figure 2.7: Schematic of Interaction Cavity. 

(2.1). The beam-wave interaction has already been discussed in previous section. 

One of the major advantages of gyrotrons is that the interaction is relatively insen-

sitive to the beam quality, especially in oscillators [27]. At the same time one of the 

most important problems in the design of high-power high-frequency gyro-scillators 

is ensuring operation in the desired mode. The design trade-offs that determine the 

choice of cavity modes are: 

• ohmic wall losses in the cavity (P,Thax  < 2kW crn-2 ), 

• beam voltage depression(Re/Ro  > 0.5), where Re  is the electron beam radius, 

• selection and mode competition (single-mode operation), 

• efficiency considerations 	35%), 

• high power requirements (1 MW in CW operation). 

All these requirements are met by only rotating high order volume modes (e.g. 

TE28,8 at 140 GHz). The coupling of the desired working mode with beam electrons 

is strongest if the nominal beam radius in the resonator coincides with the inner 

electric field maximum (approximately the caustic radius of the mode). The use of 

dispersion strengthened copper (Cu: A1203) as cavity material and advanced cooling 

techniques significantly improve the thermo-mechanical features of the cavity. 
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2.3.3 Non—linear Taper (NLT) 

Tapered transmission lines (tapers) are required to transform the output of a stan-

dard waveguide to oversized waveguide components. The taper should be designed 

in such, a way that the characteristic impedances at both the ends are matched. Two 

basic types of cross—section tapers are straight taper and variable (non—linear) ta-

per. In the straight taper, the taper angle is fixed throughout the length and abrupt 

discontinuities occur at both the ends, while in variable taper the taper angle is 

smoothly varied along the length of the taper. The advantage of a non—linear taper 

is that the conversion of power to unwanted (spurious) modes is very less compared 

to straight taper [4]. Different types of basic waveguide tapers are shown in Fig. 2.8. 

Abrupt Discontinuities 

    

    

tnput 0, 

 

Output 0 

(0) Stroight Taper 

input D, 	 Output 14 

(b) Vario le Toper 

Figure 2.8: Different types of Tapers [4]. 

In gyrotrons, the non—linear taper is used to connect the interaction region with 

the output waveguide system. The main challenge in the design of a non—linear 

taper for gyrotron is that it requires very high transmission (above 99%) with very 

less spurious mode generation. Due to high output power, even 1% of reflections 

cause severe damage to the entire system. For this reason, although it is a simple 

component, it has to be designed very carefully. 
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The main difficulties in the design of gyrotron output tapers in comparison with 

highly oversized waveguide tapers are as follows: 

• Input reflections as well as forward and backward scattered waves must be 

considered at the taper input, as the working mode is very close to cut off. 

• The ratio of the collector to the cavity output radii is very large for con-

ventional gyrotrons with axial output coupling. This can lead to a strong 

excitation of many parasitic modes. 

• Mode coupling occurs as higher order working modes tend to couple to higher 

and lower undesired neighboring azimuthally symmetric modes. TE,nn  modes 

with n > 0 couple not only to TE„Tig  modes but also excite TMmq  modes. 

The presence of a taper in a waveguide introduces unwanted parasitic modes. Gy-

rotron output tapers should act as a near perfect match at the input port with 

suppressed spurious modes at the output port with a taper length as short as possi-

ble. Conical tapers with constant cone angle introduce a higher degree of parasitic 

modes which is not preferable. Tapers with gradual change in the cone angle cause 

considerably less power conversion to spurious modes. Since all the gyrotron out-

put tapers are cylindrically symmetric, their performance does not depend on the 

sense of the rotation of the mode. The principle methods employed for the analysis 

and synthesis of gyrotron output tapers are given in detail in [4] and the references 

therein. 

In the present work, a raised—cosine profile has been used for the taper design. A 

schematic diagram of a raised—cosine taper is shown in Fig.2.9. The synthesis of 

this taper profile was carried out using the following formulae [28]: 

= —1.0 + 2.0 (-
iy 	

(2.48) 
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Figure 2.9: The raised—cosine taper profile. 

r2 — r1 	1. 	r2 — rl 
2 

r(z) = 	 (a --I- szn(7rce)) + 	 
 2 

r = r1  + r(z) 

(2.49) 

(2.50) 

2.3.4 Quasi—optical (QO) Mode Converter 

In the gyrotron, the QO mode converter consists of a waveguide launcher (cut), a 

quasi—parabolic or quasi—elliptical mirror and one to two toroidal mirrors (Fig. 2.10). 

The QO mode converter placed between the cavity and the output window is in-

tended to convert the gyrotron cavity modes into a linearly polarized Gaussian beam. 

This beam profile is formed at the aperture prior to the reflectors. 

The following requirements for the QO mode converter should be satisfied: 

• Low diffraction losses inside the tube (less than 3%) 

• Matching of the output wave beam to the HE11  waveguide transmission mode 

or the fundamental Gaussian beam with efficiencies higher than 97%. 

A typical and simple example of the mode converter/launcher is a Vlasov type 

launcher, which consists of a cylinder whose end opening is cut along a helix [29]. 

A Vlasov—type converter has a simple structure; however, it suffers high diffraction 
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Figure 2.10: Schematic of the Quasi—optical RF output system [30]. 

loss (15%-20%) at its opening because the beam profile that is formed has an ap-

proximately uniform field distribution in the axial and azimuthal directions at the 

aperture. However, the following methods can be followed to obtain low diffraction 

losses, resulting in a pencil—like wave beam: 

1. Pre—shaping of the wave beam before it is launched. To achieve a sidelobe-

free fundamental Gaussian beam as the output mode, the launcher must have 

space—periodic helical feed waveguide deformations (dimples) such that the 

incident rotating TE mode is converted to a suitable mode mixture generating 

the Gaussian beam distribution (Fig. 2.11). 

2. In cases where a simple Vlasov launcher is used in connection with a large 

quasi—parabolic reflector, specific non—quadratic phase—correcting mirrors al-

low one to generate any desired amplitude and phase distribution of the wave 

beam. 

A brief analysis of the quasi—optical launcher can be done as follows, for details 

refer [31] and the references therein. Helically propagating TE— and TM— modes in a 

circular waveguide can be decomposed into a series of plane waves, each propagating 

at the Brillouin angle BB relative to the waveguide axis: 

BB = arcsin(x,,,,/koRw) 	 (2.51) 
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Figure 2.11: Schematic contour of the Wall Surface of a Dimpled—wall Launcher [31]. 

— xmn, : root of Bessel function 

— lc()  : free-space wavenumber 

— : radius of the launcher waveguide 

The requirement of a zero azimuthal electric field at the waveguide wall defines their 

relative phases. In the geometric optics limit, a plane wavefront is represented by 

one ray. Its transverse location is defined by the requirement that the ray direction 

must coincide with the Poynting vector direction. If the point of interest is located 

at the waveguide wall the ray has the distance: 

R,= 
rn 

 R,„ 
xmn 

(2.52) 

from the waveguide center. Hence if all plane waves are presented by geometric 

optics rays they form a caustic of radius Re. In an unperturbed circular symmetric 

waveguide the density of the rays along the caustic is uniform. The distance that a 

ray has propagated in the axial direction between two subsequent reflections from 

the waveguide wall is [32]: 

„I 2  1/2 
772 

LB = 2R„,[1 	 cot OB 
xmn 
  

In the transverse direction a section of angle: 

(2.53) 

m 
= 261 = 2 arccos 	 (2.54) 
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reflects all rays exactly once. Accordingly, reflection points of each of the rays are 

placed on the waveguide surface in a helical line with the angle of inclination 

a = arctan (8 tan 8B/ sin 8) 	 (2.55) 

and the distance (pitch) that a ray has propagated in the axial direction when it 

has completed a full turn is [32]: 

kz  \11 
H 27R, cot a = 27rRy, 	 (2.56) 

k1 arccos( 7-11-) xmn  
which is the launcher cut length. Hence waveguide sections with the length Le  and 

the transverse width defined by OAR,„ reflect each ray once. 

The surface deformation points on type-2 surface are calculated on the basis of the 

studies given by Hirata [30]. The role of the deformation points is to transform the 

gyrotron cavity mode into a bundle of modes that form a Gaussian intensity profile 

at the aperture, prior to the reflectors. The deformation points are optimized to 

maximize the Gaussian content in the beam at the helical cut. The helical converter 

is described by the following wall perturbation: 

R(0, z) = a ± 51  cos(0131z — /10) ± 52 COS(A/32Z — /20) 
	

(2.57) 

where 

A/31 = 	kzm.±1,n, 11 = ±1 

	

A02 = kzm,n kzni±Arn,n±An 12 = ±Arn 
	

(2.58) 

Here, kzm,n  is the longitudinal wave number of the TEm,n  mode, m and n are the 

azimuthal and radial indexes, respectively [29]. The required minimal launcher 

length is 

Lorin = 

 

(2.59) 
I 2Nm,n 13m+1,n 
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2.3.5 RF-Window 

As gyrotron is a high power source that operates at a very high frequency, high power 

levels and good pulse lengths, hence the transmission line system from gyrotron to 

plasma must be designed to handle these with low losses and low reflection back 

to the gyrotron. Presently, Electron Cyclotron Heating (ECH) power/pulse length 

that can be delivered to the plasma is limited by the performance of the window [33]. 

Figure 2.12: Photograph of a diamond CVD disc before installation into a gyrotron 

with radiation frequency 170 GHz [34]. 

At present, chemical vapor deposition (CVD) diamond is the only solution for the 

realization of simple, edge-cooled (water) single-disc 1 MW, CW gyrotron and torus 

windows. Diamond disks grown by the chemical vapor deposition (CVD) technology 

(Fig. 2.12) have an exclusive combination of properties [34]: 

• a very high heat conductance. 

• small microwave losses. 

• modest dielectric constant 	= 5.67 ± 0.01). 

• low mm-wave attenuation (tan.55.---' 2 x 10-5). 
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CHAPTER 2. GYROTRON THEORY 

• mechanical resistance. 

• capable of transmitting radiation even with power 2-3 MW. 

However, sapphire and SiN windows are also being used in low and moderate power 

gyrotrons [1] depending upon the output power and operating frequency regime. 

In the present study, a double—disc face—cooled sapphire RF—window has been em-

ployed for output collection. 

Figure 2.13: Schematic of a double disc RF—window. 

The schematic of a double disc window is shown in Fig. 2.13. The value of disc 

thickness for the TE modes is obtained from the following: 

where f is desired resonant frequency, Rwin  specifies radius of the disc, and Xmv. is 

the Bessel root for the TEm,n  mode. 

2.3.6 Collector 

Most of the gyrotron collectors are designed in a way that the electron beam adi-

abatically follows the diverging magnetic field lines of the gyrotron magnet out to 
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a diameter where the power density is low enough to safely dissipate the remain-

ing beam power. The efficiency of microwave generation at high frequencies can be 

improved by floating the collector at a high negative potential thereby retrieving a 

part of the kinetic energy of the electrons through the electrostatic repulsion be-

tween electrons and the collector [35]. 

Figure 2.14: Gyrotron with energy recovery system [36]. 

The electron beam, after the generation of high frequency electromagnetic waves, 

is decelerated by a decelerating electric field before arriving at the collector, and 

the decelerated beam energy is recovered by the power supply system, which re-

sults in an improvement of gyrotron efficiency (Fig. 2.14). Shaping the collectors 

and the magnetic field is also necessary to minimize the effect of secondary electrons. 

Efficiency may be further increased by spatially splitting the spent electron beam 
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into several energetic fractions. Then each of the fractions should be collected at 

an electrode of a properly retarding potential [37]. Since the energy of the spent 

electron beam is substantially reduced, the total intensity of generated X—rays de-

creases significantly. It is obvious that all these favorable features bring a large cost 

reduction of Electron Cyclotron Wave (ECW) systems. 
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Chapter 3 

GDS V.01 

A complete Graphical User Interface package "GDS V.01" (Gyrotron Design Suit 

Ver.01) has been developed for the design of a gyrotron. It is a generalized design 

package which can be used to design and conceptualize specific gyrotrons. It incor-

porates the mode selection procedure, starting current calculations, gun synthesis 

and design of coils, resonator design and RF behavior calculations, launcher design, 

non—linear taper design and window design. This GUI has been developed in MAT-

LAB R2006a. In this chapter the software has been explained and the design studies 

are discussed in the next chapter along with the results. 

The first screen of the software is as shown in Fig. 3.1. There are two modes of giv-

ing input to this software. The first option is to set the values of input parameters 

in the input files that are provided. While the other option is to fill the forms at 

run—time to initialize the parameters. Both the methods give the same result. To 

select between these two options two buttons are provided on the homepage. On 

clicking on any of these buttons the screen that appears is as shown in Fig. 3.2. 

This screen has two panels Procedure and Results. There are nine different buttons 

present in the Procedure panel for the design of gyrotron. The results are displayed 

in the Results panel. If the Input File button is clicked on the homepage then all 
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Figure 3.1: GDS Homepage. 

Figure 3.2: Software Modules. 
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the modules will take parameters from the input files which are present in the folder 

of this software. On the other hand if the User Input button is selected, then forms 

appear for each module and user has to enter information into these forms. 

There is a Home button at the top right corner of the page which can be clicked 

to go back to the homepage and start all over again. Although the buttons are 

arranged in a manner in which these procedures are generally carried out, but these 

are independent of each other. This means that any specific procedure can be run 

by giving its input parameters without the execution of the prior modules. The 

details of each module are explained in the subsequent sections. The naming of the 

sections has been done in accordance with the names of the buttons. 

3.1 MSEL (Mode Selection) 

First step to design any gyrotron is to carry out a mode selection procedure to select 

the operating mode of the device. So the first procedure in the software is MSEL 

following [4]. In this procedure all the modes between a range of eigenvalues are 

inspected by calculating all the design constraints for them. These should satisfy 

the general design considerations. Only the most feasible mode is selected as the 

operating mode. The design constraints and theory of mode selection have already 

been covered in chapter 2. 

The two snapshots are given in Fig. 3.3 and 3.4 when the two input modes are chosen 

respectively. As can be seen in Fig. 3.4, when the user input mode is selected, a form 

appears on the screen where some values need to be entered. On clicking on the 

Calculate button the results appear in the Results panel. While the results directly 

appear in the Results panel on clicking the MSEL button in the input file mode. 

The results for the specific gyrotron designed in this work are given in section 4.1. 
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Figure 3.3: MSEL with Input File. 

Figure 3.4: MSEL with User Input. 
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3.2 Istart (Starting Current Calculations) 

Once the operating mode is finalized the next step is to do starting current calcu-

lations and analyze the mode competition problems. In this procedure the starting 

current is calculated with respect to the magnetic field for the candidate mode as 

well as the competing modes on the basis of [4]. On clicking the Istart button the 

starting current values with respect to the magnetic field for the different modes are 

displayed in the Results panel. Also the plot of these values is generated as shown 

in Fig. 3.5. 

Figure 3.5: Starting Current Computations. 

From the plot of the starting currents it can be analyzed easily that whether the 

candidate mode is well separated from the competing modes or not. The basics of 

the starting current computations have already been discussed in chapter 2 and the 

results for the 60 GHz gyrotron have been presented in section 4.2. 
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3.3 Gun Syn (Gun Synthesis) 

In this procedure the Baird's tradeoff equations [38] are solved in adiabatic approx-

imation to calculate the design parameters of a Magnetron Injection Gun. The 

parameters such as magnetic field at the gun, cathode—anode spacing etc. are calcu-

lated. The snapshots for the Gun Syn procedure are shown for the input file mode 

in Fig. 3.6 and the user input mode in Fig. 3.7. 

Figure 3.6: Gun Synthesis with Input File. 

The output values of the Gun Syn are used to make the geometry file of the MIG. 

The design of a gun requires the use of numerical simulation in rather complicated 

geometries with non—uniform magnetic fields. The numerical codes are used to 

optimize the electrode shapes and other gun parameters for the desired electron 

optical system and beam properties. This is not a part of this software. The design 

has been separately done using ESRAY code [39] and the results are given in section 

4.3. 
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Figure 3.7: Gun Synthesis with User Input. 

3.4 Coils (Coil Design) 

Gyrotrons mainly employ solenoids which may be either superconducting or normal 

conducting coils, to provide the necessary magnetic field for beam guidance from the 

cathode through the interaction region up to the collector. The magnetic guidance 

system for the gyrotron is designed by designing the coils of the magnets. A current 

carrying loop produces a magnetic field (Ampere's law) which forms the basis for 

the design of solenoids. 

The magnetic field lines guide the passage and exit of the electrons. The magnetic 

field is required to be uniform over the resonator with the maximum value at the 

center of the cavity. By changing the coil dimensions, number of turns and other 

such parameters the magnetic field can be varied. The Coils button calculates the 

magnetic field over the axial direction and generates a plot of the same on the basis 

of [4] and [40]. This is shown in Fig. 3.8. The results obtained after coil design for 
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the specific gyrotron under discussion have been presented in section 4.3. 

Figure 3.8: Coil Design. 

3.5 Cold Cavity 

The initial design of the resonator cavity is obtained by carrying out cold—cavity cal-

culations. In these calculations, the adiabatic approximation to equation of electron 

motion is derived and this equation of motion is solved in the fixed field approxima-

tion to compute the efficiency. This module of the software calculates the field profile 

and the cavity radius with respect to the axial direction following [4, 23, 41, 42]. A 

plot of the field profile and cavity radius with respect to the z axis is also generated 

as shown in Fig. 3.9. The user input mode is shown in Fig. 3.10. 

The physics of the cold cavity design computations has been described in chapter 

2. The output of these cold cavity calculations is further used in self—consistent 
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Figure 3.9: Cold cavity design with Input File. 

Figure 3.10: Cold cavity design with User Input. 
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computations to evaluate power and efficiencies. The results of cold cavity design 

of a conventional cavity gyrotron at a frequency of 60 GHz have been presented in 

section 4.4.1. 

3.6 SelfC (Self—consistent Calculation) 

The first approximation obtained by cold cavity calculations must be extended to 

include the effect of the beam on the cavity field. Thus the equation of motion and 

wave equations are solved simultaneously to reach a self-consistent solution in a 

dynamic system which takes into account the effects of the beam on the cavity field 

profile. The SelfC button does the self-consistent calculations following [4,23,24,43]. 

The results appear as shown in Fig. 3.11. 

Figure 3.11: Self-consistent Calculations. 

There are different self-consistent models for the gyrotrons. The model used here 
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computes resonant frequency, Q and field profile in Vlasov approximation. This 

version writes self consistent field profiles, cavity geometry, magnetic field and beam 

parameters to file for further use by other programs, such as exact solution of equa-

tion of motion or mode competition. 

3.7 QOL (Quasi—optical Launcher) 

High power gyrotrons operate in low—loss volume modes with a high—order mode 

index. These gyrotron cavity modes are not suitable for power transmission in free 

space due to their strong diffraction and polarization losses. For long—pulse high 

power gyrotrons the implementation of an output coupler is required that separates 

the spent electron beam from the outgoing RF power in order to increase the electron 

beam interception area of the collector. The preferred output mode of the gyrotron 

is the fundamental Gaussian beam TEMoo. Therefore, a special quasi—optical (q.o.) 

mode converter is required for the mode conversion from the cavity mode to the 

eigenwave of the transmission line. 

The code behind this button (QOL) has been developed to calculate the deformation 

values for advanced dimpled—wall launcher on the basis of the analysis given by 

Hirata [29]. The launcher and mode specifications are required as input for this 

code as shown in Fig. 3.13. The results obtained are as shown in Fig. 3.12. These 

deformation values are further used to write the surface files (.zfg files). These files 

are the input files to the Launcher Optimization Tool (LOT) [44] which is used to 

design the Q.O. Launcher. The results of LOT have been shown in section 4.5.2. 
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Figure 3.12: Quasi—optical Launcher design with Input File. 

Figure 3.13: Quasi—optical Launcher design with User Input. 
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3.8 NLT (Non—linear Taper) 

Even when the desired mode is produced, mode competition and other considera-

tions often demand waveguide dimensions that are incompatible with the heat load 

requirements of the beam dump or the electric field constraints on the output win-

dow. To meet these constraints, a slowly varying waveguide cross section after the 

interaction circuit is usually favored over a discrete transition because of transmis-

sion and mode purity considerations. 

Figure 3.14: Non—linear Taper design with Input File. 

The button NLT runs the design code of non-linear taper following Wagner [28], and 

gives the transmission coefficient value for the taper specifications. It also generates 

the taper profile as shown in Figs. 3.14 and 3.15. Raised—cosine profile taper has 

been generated. The values of the taper radius with respect to the axial distance 

from which the profile has been generated are shown in the Results panel. Taper 

design results for 60 GHz have been presented in section 4.5.1. 
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Figure 3.15: Non—linear Taper design with User Input. 

3.9 RFWin (RF-Window) 

When this button is clicked a separate GUI window appears as shown in Fig. 3.16. 

It is complete in itself for the design of any single disc or double disc window follow-

ing Nickel in [45]. Different panels are present for specifying the input parameters 

such as the RF parameters, the disc specifications, the material specifications and 

coolant parameters. 

In the output the absorption, reflection, transmission and VSWR values are gener-

ated with respect to the frequency. The optimum frequency value is also selected 

and shown. The reflection (S11) and transmission (S21) can also be plotted with 

respect to frequency. The snapshot of the GUI with results is shown in Fig. 3.17. 

The results of the design of double disc window for 60 GHz have been shown in 

section 4.5.3. 
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Figure 3.16: RF Window Design. 

Figure 3.17: RF Window Design GUI with results. 
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Chapter 4 

Design Studies 

In this chapter the design studies of the specific gyrotron have been illustrated along 

with the results obtained. The design parameters and goals for this 60 GHz, 100 

kW CW conventional cavity gyrotron are as stated in Table 4.1. 

Table 4.1: Design Parameters and Goals. 

Frequency 60 GHz 

Output power .c----,100 kW, CW 

Diffraction Q (QD) P.:_-, 1000 

Beam current (4) 5 - 10 A 

Accelerating voltage (Ub) 60 - 70 keV 

Magnetic field (interaction) Pe, 2.1-2.3 T 

Velocity ratio (a) ,-.-"., 1.3 

Total output efficiency r:-.: 35  

Estimated wall losses < 2.0 kW/cm2  

Overall losses < 10 % 
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4.1 Mode Selection 

The given frequency corresponds to a free—space wavelength of 5 mm. As we very 

well know, the electromagnetic radiation in a gyrotron is produced in a TE mode 

near the cutoff frequency for that mode. For operation in the TEm,p  mode, the 

cavity radius is related to A by Ro  = x,,,,i,A/(27r) where Xm,p  is the pth root of 

.777,1  (x)=0. For operation at the first harmonic (s=1) the optimum electron beam 

radius is given by Rb = Xm±1,iR0 Xm,p = Xm±1,iA / ( 270 (i=1 or 2). In general, the 

co—rotating mode (with the lower sign) is chosen, since this provides better coupling 

of the electron beam to the RF—field. 

Initialize (Read Design 
Parameters) 

For I = 0 to M, 
J = 0 to P 

IIncrement I,J 

Compute Design 
Constraints 

List Modes 

Select Modes 

Figure 4.1: Methodology of Mode Selection Procedure. 
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In the mode selection procedure, all the modes with eigenvalues ranging from 8 to 

18 were inspected (as matter of experience). In addition to the satisfactory eval-

uation of the modes that are meeting the general design considerations (such as 

peak wall loading, voltage depression, limiting current, etc.), the candidate modes 

should also support an advanced dimpled wall launcher of the quasi-optical output 

coupler. These design constraints have been explained earlier in chapter 2 and con-

straint limits are given in Table 2.1. Only well qualified modes are selected for this 

feasibility study. The general methodology of mode selection has been depicted in 

the flowchart in Fig. 4.1. 

Table 4.2: Azimuthal index, radial index, mode eigenvalue, cavity radius, beam 

radius, voltage depression, limiting current, peak-wall loading, and m2/2 (=-- 3600/0) 

for probable candidate modes for a 60 G-Hz gyrotron. 

in p Xm,p RO 

mm 

Rb 

mm 

Vd 

kV 

I, 

A 

dP/dA 

kW/cm2  

m2/2 

0 3 10.173469 8.10 1.47 1.88 23.7 .060 2.00 

3 2 8.015237 6.38 2.43 1.06 42.0 .113 2.65 

3 3 11.345925 9.03 2.43 1.45 30.9 .052 2.41 

4 2 9.282396 7.39 3.34 .87 51.1 .089 2.79 

4 3 12.681909 10.09 3.34 1.22 36.7 .043 2.51 

5 2 10.519861 8.37 4.23 .75 59.4 .073 2.92 

6 2 11.734936 9.34 5.11 .67 67.1 .061 3.04 

7 2 12.932386 10.29 5.97 .60 74.4 .053 3.15 

The values of the design constraints of each of these modes are calculated as shown 

in Table 4.2. Three modes, namely TE5,2, TE6,2  and TE7,2, were found to be within 

the design constraints. But to fulfill the requirements of the advanced dimpled-wall 

quasi-optical launcher, TE6,2  mode was found to be the best candidate. 
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4.2 Mode Competition and Starting Currents 

As a next step, the starting currents have been computed for this candidate mode 

and possible competing modes that might prevent operation in the desired mode. 

The starting currents for a TE6,2  mode gyrotron operating at 60 GHz along with 

its competing modes is shown in Fig. 4.3. A Gaussian field profile was employed 

for these calculations, which is a common practice to initially compute the start-

ing currents of main mode and its competitors to have a preliminary assessment. 

The general methodology of starting current computation has been depicted in the 

flowchart in Fig. 4.2. 

Initialize (Read Global 
Parameters) 

Read Candidate Mode Parameters, 
Count of Parasitic Modes (NPMX) 

Read parameters of Parasitic 
Mode 

No 

Yes 

End 

Figure 4.2: Methodology of Starting Current Computation. 
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Plot of starting currents 

Figure 4.3: Starting current /start  as a function of magnetic field Bo for various modes 

with beam radius (R5) optimized for the TE6,2 mode at 60 GHz, with accelerating 

voltage Uo = 65 kV, a = 1.3, Ro = 9.34 mm, Rb = 5.11 mrn, and Q D  = 954. 

By inspection of the starting current curves that were computed for the candidate 

mode and possible competing modes, as shown in Fig. 4.3, it became clear that the 

TE6,2  mode was best separated from possible competing modes. Also during the 

mode selection process it has been observed that this mode satisfies all technical de-

sign constraints within the limits. Hence this mode has been considered as operating 

mode for further studies. 

4.3 MIG and Guidance System 

Electron optical and guidance systems namely, the magnetic coils and electron gun 

are major components of a gyrotron. oscillator. In this section, the design of the 

magnetic coil systems and magnetron injection gun has been carried out. 
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4.3.1 Magnetic Guidance System 

 

Read Axial Parameters and 
Number of coils (ncoil) 

 

= 1, J=1 

Increment 
Axial point 

Yes 

Compute the 
Magnetic Field 

End 

Figure 4.4: Methodology of Guidance System Design. 
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The magnetic guidance system design is a very important step in the design of gy-

rotrons. A rough estimation of the device length can be made by looking at the 

magnetic field profile. Magnetic field profile data are needed to perform precise sim-

ulation studies on magnetron injection gun and RF—behavioral aspects. In addition, 

it is required for collector design. Most gyrotrons employ solenoids (either super-

conducting or normal conducting coils) to provide necessary magnetic field for beam 

guidance from the cathode through interaction region up to the collector. In this 

section, the design of a magnetic guidance system required for a 60 GHz, 100 kW, 

CW gyrotron is presented. The general methodology undertaken to design the coils 

has been depicted in the flowchart in Fig. 4.4. 

Table 4.3: Coil Data. 

Coil AZ 

(mm) 

AR 

(mm) 

Nc Ic  

(A) 

Main Coil 360.00 15.00 9920 72 

Aux Coil - 1 90.00 7.50 630 72 

Aux Coil — 2 90.00 7.50 630 72 

Gun Coil 20.00 15.00 610 -49.5 

A simple and cost effective magnet design can be achieved using a single coil which 

gives the maximum required field at the center of the cavity and uses the stray field 

in the gun and collector region. However, in a more effective design of the magnetic 

guidance system employed here, a single main coil, two auxiliary coils and one gun 

coil have been used. The coil data has been calculated using GDS and shown in 

Table 4.3. The plot of the magnetic profile generated by GDS is shown in Fig. 4.5. 

This initial data is then optimized using ESRAY. The axial magnetic field with 

the proposed coil arrangement with gun geometry and a plot of magnetic flux lines 

obtained through ESRAY are shown in Figs. 4.6 and 4.7. A magnetic field of 2.32 

T is obtained over the uniform section of the cavity. The center of the cavity is 
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situated at 338 mm from the cathode. 

Plot of Magnetic Profile 

Figure 4.5: Magnetic field profile of the coils obtained through GDS. 

Magnetic System 
TE_43.2 Gyro...400J 21 FEB  2000-  

z(m) 

Figure 4.6: Magnetic field profile of coils through ESRAY [39]. 

Field Lines 
Magnet. TE_6.2 Gyrotron (RJ, 01 FEB 2010) 

Figure 4.7: Plot of magnetic flux lines using ESRAY [39]. 
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4.3.2 Magnetron Injection Gun 

For the TE6,2  mode operating at the first harmonic, the beam radius is 5.11 mm. 

Assuming a compression ratio of approximately 18, gives a cathode radius of ap-

proximately 21.5 mm. The accelerating voltage should be in the range 65-70 kV, 

and the velocity ratio approximately 1.2-1.4. Simple adiabatic theory, leading to the 

Baird—Lawson equations [38] indicates that, for a triode-type gun, and parameters 

as given above, the anode-cathode spacing would be rather large. Under adiabatic 

approximation, the electron motion in crossed electric and magnetic fields can be 

separated into a gyration motion of the electrons and a drift of their guiding cen-

ters [4]. This adiabatic approximation is valid if the electric and magnetic fields are 

rather small at dimensions characteristic for the electron trajectories. 

Table 4.4: Design Data of Triode Type MIG. 

Beam current 5-10 A 

Accelerating voltage P....- 67 kV 

Compression ratio 18 

Beam radius (interaction) 5.11 mm 

Larmor radius (interaction) 0.308 mm 

Cathode radius 21.02 mm 

Cathode angle 20.8 0 

Anode angle 20.8 0 

Cathode slant length 3.52 mm 

Emitter current density 2.1 A/cm2  

Cathode-anode clearance 9.77 mm 

Velocity ratio a 1.2-1.4 

Electric field at cathode 4.2 kV/mm 

As a matter of convenience and flexibility, a triode version of the MIG has been 
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proposed. In addition, it provides more possibilities to control beam parameters. 

However, a diode type MIG is simpler to realize. Assuming a compression ratio of 

about 18, the design data have been prepared and are shown in Table 4.4. The 

initial design was obtained following a simple adiabatic theory, following the Baird-

Lawson equations [38]. The design is then refined using the ESRAY code [39]. 

9 steps 

Particle positions 
Magnets: TE_6,2 Gyrotron (RJ, 21 FEB 2010) 

0.06; 

012 	0.04 
	

0.06 
	

0.08 	0.10 

z [m] 

Figure 4.8: Triode type MIG with particle trajectories [39]. 

"Bectron 

Figure 4.9: Contours of the magnetic field in the MIG region [39]. 
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Figure 4.10: Contours of the total voltage in the MIG region [39]. 
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Figure 4.11: Contours of E, in the MIG region [39]. 
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Fig. 4.8 shows the geometry of the gun and the particle trajectories for one of the op-

timized runs of ESRAY. Typical beam properties obtained for a compression of b = 

18 are fairly good and are Ub = 66.06 kV, a = 1.2925, /3± = 0.367, Act/a = 5.788%, 

with Umod = 34.0 kV and 4 = 10 A. It is noted that the velocity spread increases 

significantly for higher values of Umod , mainly due to the larger values of 13± for 

electrons emitted from the outside edges of the emitter. Figures 4.8-4.11 show the 

results obtained by the ESRAY simulations. 

4.4 RF Behavior 

The optimum cavity design is carried out by computing the power and interaction 

efficiencies in cold cavity and self—consistent approximations for various parameters 

until a satisfactory cavity design compatible with the design goals such as efficiency, 

wall losses, output power etc. is obtained. 

4.4.1 Cold-cavity Design Calculations 

The cavity is a standard three section structure with an input taper and a uniform 

mid—section followed by an output uptaper. The beam—wave interaction takes place 

in the uniform mid—section where the RF—fields reach peak values. The external 

magnetic field starts to decrease in the uptaper region which results in residual in-

teraction that sometimes causes a loss of efficiency. Therefore the output taper has 

not been included as a part of resonator geometry. The methodology undertaken 

for the cold cavity analysis has been portrayed through a flowchart in Fig. 4.12. 

Table 4.5 shows the different sets of cavity data for which computations have been 

carried out. For the TE6,2 mode at 60 GHz, the cavity radius is 9.34 mm and beam 

radius is 5.11 mm. For cavities with moderate quality factors, the length parameter 

of the Gaussian field profile L is generally taken between 7A < L < 8A, where A is 

the free space wavelength. As the wavelength is 5 mm, it gives a diffractive quality 
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Figure 4.12: Methodology of Cold-cavity Design Calculations. 
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Table 4 5: Interaction cavity data. 

Set # 1 Set    2 Set /1 3 Set 71-/- 4 Set # 5 

L1  (mm) 30 30 30 30 30 

L2  (mm) 34 35 36 37 38 

L3  (mm) 40 40 40 40 40 

01  (°) 2.5 2.5 2.5 2.5 2.5 

02 (°) 0.0 0.0 0.0 0.0 0.0 

03 (°) 3.0 3.0 3.0 3.0 3.0 

D1  (mm) 10.0 10.0 10.0 10.0 10.0 

D2  (mm) 10.0 10.0 10.0 10.0 10.0 

f GHz 60.029 60.024 60.019 60.015 60.011 

QD 825 888 954 1023 1095 

Cold-cavity field profile 
15 

0) 

0 

-0 

(L5 

O 
N 

0 z 

 

	0 
100 40 	60 	80 

Axial distance Z (mm) 

Figure 4.13: Final Cold-cavity Field Profile. 
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Table 4.6: Final Design of the Cold-Cavity. 

RI 8.03 mm 

R2  9.34 mm 

R3  11.436 mm 

Li  30 mm 

L2 36 mm 

L3  40 mm 

01 2.5 ° 

02 0 c 

03  3.0 . 

Di  10 mm 

D2  10 mm 

(2Diff 954 

factor QD 900. We have varied the cavity mid-section length over the range and 

obtained the data as shown in Table 4.5. After a careful study of the various sets 

of results obtained keeping in mind the goals defined, a cavity mid-section length 

of 36 mm was selected as it gives a QD = 954. The wall losses become too high 

for greater quality factors. The final cavity data has been depicted in Table 4.6. 

Fig. 4.13 shows the cold-cavity field profile, as well as the cavity geometry for L2 = 

36 mm. The output of these cold cavity calculations is further used in self-consistent 

computations to evaluate power and efficiency. 

4.4.2 Self-consistent Calculations 

Self-consistent calculations [4,23] for power and efficiency are carried out for a range 

of external parameters, namely: beam energy, beam velocity ratio a, beam current 

and applied magnetic field. Computations are carried out for three cavity mid-

section lengths L2  = 34.0/36.0/38.00 mm that give values of QD = 825/954/1095 
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respectively. 

The results of the cavity design based on self-consistent computations are shown in 

Figs. 4.14-4.17. These indicate the cavity geometry corresponding to QD = 954 as 

the best choice. From these figures, it is evident that operation at the fundamental 

(s=1) at 60 GHz with the TE6,2  mode as the operating mode gives well above 100 

kW of cavity output power with around 38% efficiency and maximum wall losses of 

0.5 kW/cm2. 

150 
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90 

60 

30 

0 
2.31 	2.32 	2.33 	2.34 

	
2.35 
	

2,36 
Magnetic Field B0  (1) 

Figure 4.14: Output power as a function of cavity magnetic field (B0) with: LID = 

65 kV, /B 5 A, and ce = 1.3. 

In addition, time—dependent self—consistent (SELFT) calculations [46] are carried 

out for various values of QD considering all the probable competing modes. Fig. 4.18 

shows the results of a simulation with SELFT for the TE6,2  mode along with probable 

competing modes. In these calculations, the beam energy is increased from 40 keV 

to 65 keV over a fictitious startup time of 5000 ns (typical voltage rise times are 

around 100 ps), and the velocity ratio varies accordingly. The beam current and 

magnetic field are held constant. The computations are carried out for three different 

oL 

a 

68 



CHAPTER 4. DESIGN STUDIES 

200 

160 

120 
0- 

80 

ao 

0 
4 0 	4.8 	5.6 	6.4 	7.2 

	
80'  

Beam Current lb  (A) 

Figure 4.15: Output power as a function of beam current (/B) with: UB  = 65 kV, 

Bo = 2.32 T, and a = 1.3. 
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Figure 4.16: Output power as a function of beam voltage (UB) with: /8  = 5 A, B0  

= 2.32 T, and a = 1.3. 
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magnetic fields (Bo(T) = 2.27, 2.32, 2.37). If the magnetic field remains constant 

at 2.32 T, then the TE6,2 mode oscillates well. These results indicate that stable 

operation of a gyrotron in the TE6,2 mode at 60 GHz at power levels around 100 

kW should be possible. 

4.5 Output System 

The output system consists of: 

a) A Non—linear, Taper which connects the interaction region with the main 

waveguide system. 

b) A Quasi—optical Launcher for radial output coupling. 

c) RF—Window to transmit power outside the gyrotron. 

d) A Collector for the dissipation of the energy of electrons. 

In this section these components of the output system have been designed. 

4.5.1 Non—linear Taper 

The requirement of a diameter taper in gyrotrons is to provide a good match be-

tween input and output sections of the taper with very low spurious mode content. 

In gyrotrons, cross—section taper (in general of cylindrical type) are employed be-

tween the output section of the cavity to the main waveguide section. Cross-section 

tapers should not generate spurious modes above a certain acceptable level. 

In this work, a raised cosine taper profile has been used as it yields very low mode 

conversion [47]. The analysis of the taper was carried out using a dedicated scatter-

ing matrix code [28]. The parameters of the non—linear taper are: the length of the 

taper (L), the radius of the taper at the input end (ri), the radius of the taper at 

the output end (r2), the number of sections to be discredited (N), and a geometrical 
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Table 4.7: Final Design of Non-linear Taper. 

r1  11.436 mm 

r2 13.100 mm 

L 100.00 mm 

'y 0.67 

N 350 

S21 99.6087% 

Non-linear Taper Profile 

Figure 4.19: Final profile of the designed non-linear taper for the values given in 

Table 4.7. 
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parameter gamma (-y). L, N and y are varied while keeping r1  and r2  constant to 

achieve maximum transmission. The values of the design parameters considered for 

the design are summarized in Table 4.7. The objective of the design was to obtain a 

maximum transmission coefficient (i.e. S21—parameter), operating with TE6,2  mode 

with minimized spurious mode content. 

Finally, taper contour profile along its length is appreciated graphically in Fig. 4.19. 

A transmission of 99.6087 % has been obtained. This non-linear taper can further 

be optimized as given in [48] if required. 

4.5.2 Quasi—optical Launcher 

The advanced mode converter employs: 

• a dimpled—wall waveguide section and a helical-cut launching aperture as an 

antenna, and 

• one quasi—elliptical mirror and two toroidal mirrors as beam—forming mirror 

system. 

The wall distortions (scattering surface) of the dimpled—wall waveguide antenna can 

transform the input eigenwave to an eigenwave of the weakly perturbed transmission 

line. That beam is appropriate to be used directly as a free space TEM00 mode, or 

to be transmitted as a low-loss hybrid HE11  mode in highly over—moded corrugated 

waveguide [29, 30, 49]. 

For the current gyrotron operating at the TE6,2  cavity mode the design achieved 

99.60 % conversion efficiency from high order waveguide modes to Gaussian—like 

beams in free space, allowing them to be used in high power gyrotrons. QO launcher 

radiation pattern is simulated and optimized using Launcher Optimization Tool 

(LOT). The launcher parameters are given in Table 4.8. These parameters are op-

timized using LOT. 
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Table 4.8: Launcher Parameters. 

Launcher Length 215 mm 

Helical Cut Length 60 nun 

Waveguide Radius 13.10 mm 

Taper Angle 0.004 ° 

Wall Field Intensity (dB) 
350.0 

320.0 

250.0 

2400 
6 
; 2000 

1000 
e.■ 

120.0 

80.0 

40.0 

55.0125.0 	1'71.2 	214.2 
Z (=A) 

Figure 4.20: Wall Field Intensity of Launcher. 
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Figure 4.21: Aperture Field Intensity of Launcher. 
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The first step is to take only 2 sets of perturbations on type-2 surface (surface 

deformation points are calculated on the basis of the studies given by Hirata [30]) 

and optimize to get the maximum Gaussian fit. Then one more set of perturbation is 

included in the optimized file and again maximum Gaussian fit needs to be achieved. 

Same process is followed one more time to have four sets of perturbations in the same 

surface file on type-2 surface. Finally the surface is converted to type-3 surface using 

the surface converter and then optimized. The final Gaussian fit obtained using this 

design is 99.60 %. The wall field intensity and aperture field intensity obtained on 

type-3 surface after optimization using the Launcher Optimization Tool with four 

deformations are as shown in Fig. 4.20 and Fig. 4.21 respectively. 

4.5.3 RF—Window 

The RF—window is a critical component that transmits the output power to the 

external system. It must withstand high power, mechanical stresses, and pressure 

gradients. Therefore, care must be taken in selecting the proper window material 

with low—loss tangent, high thermal conductivity, and mechanical strength since the 

window must withstand large thermal and mechanical stresses. Ideally, it should 

also offer easy metallization/brazing and make a strong vacuum—tight seal with met-

als. 

The state—of—the—art of window materials for high—power gyrotrons is described 

in [1, 45, 50]. For high—power CW gyrotrons at millimetric wavelengths, advanced 

materials such as sapphire, CVD diamond, Au—doped silicon, etc., have to be used. 

For the current conceptual design, a double disc window has been designed with 

sapphire as the window material. The window design is carried out for a Gaussian 

beam with radial output coupling with an estimated window aperture radius of 50 

mm (approximately 1.67 times the Gaussian beam radius). The dimensions of both 

the disks are kept same. The design values are given in Table 4.9. The variation 

of the reflection and transmission with frequency for this design are as shown in 

75 



57 58 
60 

56 

CHAPTER 4. DESIGN STUDIES 

Fig. 4.22. A transmission of 98.127 % has been achieved for the design values in 

Table 4.9. 

Table 4.9: Design values for Double disc Window. 

Window material Sapphire 

Window aperture radius (ri) 50 mm 

Disc thickness (D1  and D2) 2.447 mm 

Distance between disks (tj) 3.732 mm 

Disc Dielectric Constant 9.41 

Loss Tangent of disc 5.56x10-5  

Coolant Dielectric Constant 1.8 

Loss Tangent of coolant 26 x 10-4  

Variation of Reflection and Transmission with Frequency 

	 3 
59 	60 	61 

	
62 
	

63 
	

64 

Frequency (GHz) 

Figure 4.22: Transmission and Reflection Characteristics of the window. 
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4.5.4 Collector 

After the interaction, the spent electron beam dissipates on the walls of the collecting 

surface. The magnetic field is reduced smoothly and sufficiently slowly towards the 

collector in a gyrotron so that the transverse momentum of the electrons decreases 

adiabatically. The uptapering of the output waveguide increases the collector area 

and thus reduces the power dissipation density at the collector surface, which is very 

important for operation at high average power levels. Conventionally, the installa-

tion of collector at an axial extent where the magnetic field reduces to X100 Gauss, 

gives satisfactory results. 

For the current gyrotron, the magnetic field reduces from 2.32 T to 100 Gauss at 

a distance of 80 cm from the center of the cavity. The center of the cavity is at a 

distance of 338 mm from the electron gun and the point where magnetic field is 100 

Gauss is at a distance of 1038 mm from the electron gun. So the axial extent of the 

collector is estimated to be around 80 cm to keep the average power density on its 

walls within the limit of 0.5 kW/cm'. A first estimation of the collector position, its 

dimensions and its magnetic field requirements for sweeping purposes to lower the 

heat dissipation on the walls can be made by (i) observing the electron trajectories 

and/or magnetic field lines from the interaction, and (ii) noting the placement of 

the launcher and mirrors [16]. The design analysis of collector is carried out with 

electron trajectories obtained using ESRAY code. This design is beyond the purview 

of the thesis. 
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Chapter 5 

Conclusions And Future Scope 

5.1 Conclusions 

The overall thesis work can be summarized as follows: 

• The feasibility and conceptual design studies of CW operation of a 60 GHz 

conventional cavity gyrotron at a power > 100 kW have been presented in this 

thesis. The main application of this specific gyrotron is for plasma diagnostics 

in India. An efficiency of around 38% has been confirmed theoretically. 

• The initial mode selection procedure has been carried out for 60 GHz. After the 

detailed study of mode competition through the starting current calculations 

TE6,2 has been selected as the operating mode. Cold—cavity computations have 

been carried out to design the conventional cavity for this specific gyrotron. 

The output of these cold cavity calculations is further used in self—consistent 

computations to evaluate power and efficiencies. Finally the output system of 

the gyrotron has been designed which includes the non—linear taper, quasi—

optical launcher and a double disc window. 

• The triode type MIG has been designed using GDS code and optimized with 

the ESRAY code. The magnetic profile and other parameter values have been 

generated. The advanced dimpled—wall launcher has been designed using the 

78 



CHAPTER 5. CONCLUSIONS AND FUTURE SCOPE 

Launcher Optimization Tool. 

• Gyrotron design software GDS V.01 has been developed. It is a complete 

package which can be used for, the design and conceptualization of specific 

gyrotrons. The calculations involved in the analysis of gyrotron operation can 

be performed. The initial design values required for the design of Magnetron 

Injection Gun and Quasi—optical Launcher can also be produced using this 

software. It also designs the non—linear taper and the RF window which can 

be either single disc or double disc. Suitable design plots are also generated 

in this software. 

5.2 Future Scope 

Some of the future works of the current research work are as follows: 

• The design studies of the specific gyrotron can be used for plasma diagnostic 

applications. The more distant plans of gyrotron developers will be focused 

on the further escalation of the CW output power together with further en-

hancement of their efficiency and reliability. 

• Also, the use of single—stage and multistage depressed collectors in such tubes 

operating with electron beams with more than 4—MW CW power are impor-

tant future advances, as well as the related thermal management issues that 

include the intense cooling of large—diameter resonators and small—diameter 

inserts. All of these advances will simplify the microwave facility required for 

plasma experiments and substantially reduce its cost. 

• The software GDS can be further developed to include some more features such 

as the inclusion of space charge effects and the time—dependent self consistent 

calculations. The design of the other variations of cavities, tapers and windows 

can also be included in the software. 
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