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ABSTRACT 

Gyrotrons (gyromonotrons) are best suitable high power microwave devices for 

generation of high powers at microwave and millimeter regimes when comparing with 

conventional microwave tubes, used for plasma/fusion experiments. In present work, 

we focus on the problem of parasitic oscillations in the high power gyrotrons. Their 

origin can be anywhere in the whole geometry either in the region after the gyrotron 

interaction cavity or before. They can lead to a dynamic modulation of the output 

power or degrade the efficiency of the gyrotron. The major question which arises is, 

at which position these parasites are generated and which modes other than cavity 

mode are excited. The spurious frequencies generated by the parasitic oscillations 

are the most valuable and direct source of information about the parasites. To 

analyze such measured frequencies, a new tool called "Brillouin Analysis Tool" was 

developed in MATLAB. This tool is applied to different Ineasureniemit data from the 

KIT step-tunable gyrotron and some also from the W7-X 140 GHz gyrotron to Bud 

the position and mode of measured parasitic oscillations. 

The investigation of the coupling coefficient variation is a key feature to find the 

suitable modes of the parasites. The Coupled dispersion relation is also included 

in the tool to observe the brillouin diagrams. It can be applied to both the cavity 

mode and the parasites. The tool is also capable to observe the distraction from the 

uncoupled interaction frequency of the analysing mode (as observed experimentally 

also). 
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Chapter 1 

Introduction 

1.1 Background 

The (lelilaflds for energy are mcreasmg so rapidly and the stock of conventiona.l 

energy resources are depicting so fast, tlia.t it is now realised that nuclear energy 

derived from nuclear fission process can not alone cater to the preseit clay need. 

1-leiice the world is now determined to explore the miii niteci source of energy winch is 

possible only from the nuclear fusion. Nuclear power or energy is an out.conie of basic 

research in the field of reactor physics. Fusion research requires heating plasmas 

confined 1w intense magnetic field to high temperatures of 10-15 x 10U  Celsius where 

thermonuclear reactions can take place. Electron Cyclotron Resonance Heating 

(ECRH) has become a. well—esta.hhsiied heating niethod for both tokamaks and 

st.ellators type fusion nuclear reactors [1], which requires high frequency (28 - 240 

GHz), high power (0.5 - 4 MW) continues wave (CW) R.F-source. The confining 

magnetic fields in pieselit. (lay fusion devices are in the range of B = 1 - 7 Tesia.. 

Even though, solid-state semiconductor devices are used extensively as low power 

high frecuency sources, but they fail to satisfy high power requirements of many ap-

plications like Electron Cyclotron Resonance Heating (ECRH). Electron Cyclotron 

Current Drive (ECCD). material wl,  cl (. C vi 1 ii iliat gvn a u is 



ChAPTER 1. INTRODUCTION 

are fast wave devices which can provide hundreds of kilowatts power at niilluneter/ 

sub-niiflimcter frequencies and enable a wide range of technologies. At present. 

gvrotron oscillators, as sources of lugh power nijilineter waves, play a important 

role in heating systems for thernionnclear fusion reactors (for details refer [11]). 

Aniong many concepts, gvrotrons have uniquely met the needs of the pm'ogram and 

continue to excel meetmg the increasing demand for higli average power sources. 

There are several other applications also such as deep-space and specialized satel-

lite conmnuniication. lugh-resolution Doppler radar. radar ranging and imaging in 

atmospheric and planetary science. (lrivers for next-generation lugh-gradient linear 

accelerators. ECR ion sources. submillinieter-wave and TFIz spectroscopy. materials 

processig and plasma chemistry [1]. Time gvrotron is explained in (letail in Chapter 

2. 

1.2 Motivation And Scope 

Output power levels in gvrotrons. i.e., iii the order of one megawatt have been 

experiment imllv ol )tained with efficiency higher than 0.30 both at low (8 GHz) and 

high (140 G1Iz) frequencies. Because of the increasing beani currents and energies. 

new effects are ohsetved. 011101mg which parasitic oscillations may be the most dete-

rioratig one [141 [15]. They are excited by the electron beam prior to the desime(l 

gvrotron int.eractiomm zone (th(' cavity: description can be found in section 2.2) or 

later, it is an old problem in lmucm'owa.ve tube development, but here we (liscllss 

mainly in megawatt gvrotrons. Parasitic gyrotron oscillations in the frequency range 

of 120 - 130 GF1z have been observed a.t. the FZK/KIT lahoratory in the course of 

the development of the 1-MW 140-G1Iz CW gvrot.ron. It lowers the quality factor 

in order to increase the starting currents of possible mniwanted oscillations. 

The high energy electron hea.mmi can excite wa.vegimicle modes in all places where 

pi'oper resonance interaction between mode and beam is possible. Theoretically 

2 
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CHAPTER 1. INTRODUCTION 

it should do this in the cavity only, but oscillations are observed in other places 

also which we call pa.rasitics. These oscillations are considered as the cause of the 

following problems: 

• They increase stray radiation significantly, enough to damage components. 

• They increase bcain parameter spread; for beani tunnel oscillations, this means 

thia,t cavity mode is degraded; for after-cavity interaction, this means that 

(lepressed collector operation is degraded. 

• They cause spurious signals, which complicate niea.sureinent. 

This thesis describes experimental and theorctica.l investigations of parasitic os-

cillations. A new measurement da.ta processing tool is introduced to (letermine 

and characterize these undesired oscillations. and a dedicated stIldy is presented. 

Directly from the expernnent. we cannot determine from where these oscillations 

conic. On the other hand, simulation of parasitic oscillations is cumbersome and 

not well verified. This tool enables us to combine immltiple parasitic oscillation 

frequency measurements. and evaluate them together to check if a. common position 

and mode can be found in the gyrotroll. 

1.3 Problem Statement 

• To investigate and analyse the parasitic oscillations which are obtained at the 

output of the gvrotron. They can be generated anywhere in the gyrotron tube. 

• The main motive of designing this tool is to: 
ci 

- Find out where the oscillations conic from. 

- Investigate the mode present. 

3 



INTRODUCTION 

• The follo\villg (llara(t.eristics have to be (lesigileci for this investigation: 

- Implement suitable data import and inanagenient: loading different files 

containing geometry profile. B profile, measured frequencies and heani 

-. Beani paranieter calculation: simulation data is conveinently only avail-

able in one position, so beam pai'anieters in rest of geonietry must be 

-. Autoniatic fitting techniques and Brillouin representation. 

Further indicators: coupling coefficient and coupled dispersioii relation. 

Organization of the Thesis 

There are six chapters compiled in this dissertation including the presc'iit chapter. 

• Chapter one gives a brief jitroduction of gyrotromi. along ivit.li the motivation 

amid scope amid proble"i statement of this thesis. 

• Chapter two presents the related gvrotromi theory which includes the ha.-

sic prmeiple of gvrotromms. electron beam, bunching immechanismn in gyrot rons. 

dispersion diagram. beani - wave interaction and B F behavior. 

• Chapter three deals with the theoretical laws belund the dcsigmm of the tool. 

• Chapter four iicludes the descriptioii of the developed tool. 

the working procedure and different characteristics of the tool. 

• Chapter five presents sample results and findings. 

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

direction for future scope. 



Chapter 2 

Gyrotron Theory 

2.1 Introduction 

In this chapter. a brief review of the pri ieiples and theories of gvrotron will be give!!. 

A more coniplete and detailed description ca.n he found in [2] 
- [9]. This chapter 

presents useful gvrotron equations, most iniportantly includmg a. discussion of the 

mechanism through which the electron beam couples with the R.F field and transfers 

its energy to the resonant cavity mode. 

2.2 Principle of Operation 

\licrowave tubes are classified into two part based on the electron velocity. 

. Fast wave devices 

• Slow wave devices 

They are used to generate or amplify coherent electromagnetic radiation. Fast wave 

devices in which phase velocity ufl,, of electromagnetic wave is greater than the speed 

of light, in contrast, in slow wave devices wave phase velocity is less tha.n velocity of 

light. Gyrotron is fast wave device which can produce hundreds of kilowatt of power 

5 
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at very high frequency. According to type electron beam classification of Inn'rowave 

tubes shown in Fig. 2.1. 

I linear electron beam I 

Slow wa b rvc: 

W Reson ator ave  

Klystron 

Oscillator  

I Microwave Tubes 

Circular electron beam 

M-type 

Resonator 

Cavity 

Magnetron 

Oscillator 

Coaxial 

Magnetron 

Oscillator 

Cross Field 

Amplifier BW=5% 

Helical electron beam 

M-type 

fast wave: v. > c > I ,  -- 

Resonator I Travelling Wave 

Gyrotron 

Oscillator 

Gyrklystron Gyro-TWT 

Amplifier Amplifier 

BW=1% BW=20 % 

x 

Figure 2. 1: General ulassifual ion chart of Imcrowave I tibes (reproduced from [2] 

Fig. 2.2 shows the basic structure of gyrotron. A magnetron type electron gun is 

situated at lower end of gyrotron. The voltage applied to the cathode creates the 

electric field winch ha.s 1)0th the perpendi(:lllar and parallel component.s with respect 

to the lines of the magnetic field produced by a solenoid. Thus. electrons emitted 

from the cathode acquire 1)0th the orbita.l and axial velocity components, and follows 

helica.1 trajectories. Then, the electrons move towards the cavity in the growing 

magnetic field, in which the electron flow undergoes the adiabatic compression and 

the electron orbital monientuni increases. In the region of the uniforni magnetic field, 

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

kinetic energy into microwave energy. Then, the spoilt bea.ni exits from the axially 

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

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

6 
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output couplers. The RF output power in the TE, 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 transforms the 

rotatmg TE rn, mode with axial power flow to a Gaussian mode with a radial power 

flow. Time power is then transmitted through a radially located vacuum window, In 

Figure. 2.2 both ways of coupling are simowim but transversal is state of the art for 

nuerowave class coiitiiioiis WaVe gvrotrons. 

Output 

Window 

Collector 

Electron 

Beam 

Quasi-Optical 

Mode Converter 

- Cryostat i' — 

oeam I 

Tunnel I 

ModulatIoAnode  4L L 
Electron 

Gun b 

Main Coil 

 I IV 
Resonator

l 

I 
 V_N 

Figure 2.2: Schematic of a gyro oscillator (reproduced from [8]). 



CHAPTER 2. GYROTRON THEORY 

Classical nucrowave tubes require interaction structures smaller than a wavelength 

(inc to the kind of electron coherent radiation involved. Gvrotrons 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. Therefore. the interaction space in gyrotrons can be much larger 

than in classical nlicrowave tubes operating at the same wavelength. Because of 

this large interaction area. they allows the designer to reduce the power loss density 

at the cavity wails and with the use of appropriate coolents, wall loading could be 

further reduced. 

With the iuuqiie features and wide range of applications, it gives an impact on 

users and developers that gvrotrons ( gvroinonotrons) are best si.mitable high power 

microwave devices for generation of hiph powers at microwave and millimeter regines 

\vllen coniparing with conventional microwave tubes. 

2.3 Gyrotron Interaction Principle 

In the gvrotrons. input power given is DC with acceleratmg voltage U0  and  beam 

current I,,. Electron beam is generated bY thermionic emnissioml In these fast-wave 

devices electrons undergo oscillations transverse to the direct ion of beam motion 

Lv the action of an external force (field) and hence they radiate. The gvrotron 

cavity is where the electron beam transfers energY to the transverse electric field 

mode. This is popularly known as beam wave interaction. 1h& magnetic field in 

the interaction region (cavity) is chosen in a way that the cyclotron frequency or 

its harmonics is close to the frequency of the RI' field. Time contributions from 

the electrons reinforce the origina.l enntted radiation in the oscillator. This is the 

cOilditi011 of coherent radiation, which is satisfied if a bunching meclianisni exists 

to create electron density variations of a size coniparable to the wavelength of the 

imposed EM wave To achieve such a mechanism. a resonance condition must be 

8 

* 



CHAPTER 2. GYROTRON THEORY 

satisfied between the periodic motion of the electrons and the EM wave in the 

interaction regioll [1], [2], [91, [17]: 

LC - h'k L'1 s = 1,2, ... (kIrvH = Doppler term) (2.1) 

Here w is the wave angular frequency, l is the char&teristic axial wave number, vi 

is the axial electron drift velocity. Q, is an effective frequency, which is associated 

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

in gyrotrons, EM energy is radiated by relativistic electrons gyrating in an external 

longitudinal magnetic field which is produced by superconduetnig magnet. In this 

case, the effective frequency Q,. corresponds to the relativistic electron cyclotron 

frequency: 

= 
Ro  where = aand.

= 

1 
(2.2) 

- ()
2 

 

where y,.j is the relativistic factor. A group of relativistic electrons gyrating in 

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

relativistic mass dependence of their gyration frequency. Bunching is achieved 

because, as an electron loses energy, its relativistic mass decreases and it thus gyrates 

faster. The strength of the magnetic field determines the radiation frequency. 

The motion of an electron in an EM field is governed by the Lorcntz force equation: 

dP  
= —e(E + v x B) (2.3) 

dt 

where p is the relativistic momentuni of electron, —e its charge and v its velocity, 

E and B the electric and magnetic fields. respectively. The velocity is divided into 

two components i.e., vll  = j31 c and v1 = /31c. The component ell is parallel to the 

magnetic field and the other one Vj perpendicular to it. The electrons gyrate around 
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the axial magnetic field with electron cyclotron frequency (following equation 2.2 

given by 

cB 
(2.4) 

711'07ra 

Here ??LQ is the electron rest mass and 
= 1 12 2  the relativistic mass factor, 

V 
which can also he expressed in terms of the beam voltage Ub: 

E•, 
= 1 + _____ 

irl 1 + 
b 

T jC2 511kV 
(2.a) 

fl  

The electrons follow the helical trajectory around the external field lines of force. 

The relation between U0  and U, is given in equation 3.7. Eh.I,, is kinetic energy of 

electrons and can also be expressed as: 

Ekm = 111 0c ( 1) = eU,, (2.6) 

The lar7nor radius is the radius of the helical path of a charged particle spiraling 

about magnetic field lines, i.e. the radius of gyro—motion and is given by 

Ujo  Li P.j_ -, 

= = 
. (2.) 

The phase bunching process can he mostly understood in a frame of reference in 

which the axia.l velocity vanishes. First of adl, let us find the rate of change of energy 

by taking the scalar product, of Eq. 2.3 with v: 

(1T'V dp 
= (2.8) 

since (m x B) I v. \Ve conclude tha.t those electrons which have a velocity component 

in the direction of E a.re decelerated (TV < 0), and those with a. velocity component 

opposite to E are accelerated (TV > 0). 

In short, we put in DC. which is transformed into kinetic energy of electrons, in the 

interaction, the E-field of a. TE mode decelerates the electrons, by this converting 
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motion energy into field energy. Of the mode, only the transverse field component 

acts. 50 ollly transverse electron energy can be extracted. 

2.4 Bunching Mechanism 

The phase bunching niechanism can be explained as follows (details (an be found 

in [18]): Consider three ra.ndonilv pliaseui electrons which are labeled as 1. 2 and 3 

as shown in the Fig. 2.3 (a). These three electron",  are gyrating about a. common 

guiding center in a uniform magnetic field. As they are gyrating with equal radii 

1 L ) they are said to have equal initial energy (Jul  = v2 — I3 ) Fig. 2.3 (a) shows 

the phases of rotation and the electron vek)cities when we start following them. The 

RF field present, in the resonator cavity is described by a. radial elect lie field which 

we assume to be uniform over the region of interest.. Furthermore, let the angular 

frequency of rotation (') be equal to the electron c elotron frequency (a.). 

 

B. 

: 

 

', , 

Figure 2.3: Illustration of the azimuthal bunching nieclianisni in a. gyrotron 

(reproduced froni [18]). 
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Due to the different phases with respect to the rotating electric field, the gyrating 

electrons may gain energy or truisler it to the lick!. hi time situation shown in 

(a). electron 1 loses energy and electron 3 gains it while the field does no work on 

electron 2 which moves perpendicularly to the field. In (b). the resulting bunching 

(exaggerated) after one field period is shown. The effect is clue to the relativistic 

dependence of cyclotron frequency oil electron energy. 

Due to the different angles between velocity and electric field vector the electron 

energies do not change similarly. We aii summarize the effects of Eqs. 2.4. 2.7 and 

2.8 as follows: 

. The electron 1 gets decelerated as the scalar prochict E i' > 0. which leads to 

an ilicrease in the and a decrease in the 1L 

• Electron 2 does not experience any change in energy as the scalar product 

F' = U. Its cyclotron frequency and Larmor radi is remain constant. and it 

stays in phase with the rot ating field. 

• The electron 3 gets accelerated as the scalar product. F' ' c < 0. This slows 

dlo\vn the gyration and increases the La.rmor radius. 

After one field period [see Fig. 2.3 (h)] the electric field again points as in (a), but 

the electrons have 1 een bunched around the positi\'e v-axis [18[ 

in cylindrica.l cavity gyrotrons with radius R0  the operating mode is close to cutoff 

wlk j  >> c) arid to keep the electron himchc.s in the retarding phase the 

frequency mismatch ' - is small but positive. The Doppler term A-11  1,1  is of the 

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

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

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

illustrated in Figs. 2.4a and 2.41). respectively. However, efficiencies of gyrotrons 
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operating at higher harmonics (s=2&3) are lower than those operating at the fun-

damental frequency. 

(a) Fundamental Resonance (b) Harmonic Frequency 

Dispersion diagram of gyrotron oscillator (reproduced from [191). 

The dispersion relation shows that there are strict relationships between wall radius. 

cyclotron frequency, mode frequency and its propagation constant. These relations 

are the basis of the tool described in the next chapter. 



Chapter 3 

Theoretical Concepts Behind The 

Brillouin Tool 

3.1 Introduction 

In this chapter. the tlieor(tical (oii(epts of the' tool are piseiited along with 

terminology used throughout the application. It uiamly iii(hlcles the adiabatic 

approxi nation to the equatioli of motion and the various eoiist i'amt.s which are 

iiscsl for developing of the tool, i.e. power correction. mode approximation. hrilh)uimm 

(liagrahmi roupling (oeffiyiehlt . and the coupled dispersion relat loll. 

3.2 Brillouin Diagram 

'IFhme waveguide (hispersioml relation of the gyrotron geoimiet.ry ( between beam tunnel 

entrance and launcher end) tells which modes are able to propagate with which 

speed and which frequency, through hvberbohical contours ill the diagram. The 

gyrotron beani line (describing the electron beam in all abstract way) intersects 

these hyperbola where an interaction between the mode described by the hyperbola 

and the electron hea.rn can take place (showed in figure 2.4). The simplified resonance 

14 



CHAPTER 3. THEORETICAL CONCEPTS BEHIND THE BRILLOUIN TOOL 

(onclit.ioll between field and beam is given in equation 2.1 and the waveguide mode 

dispersion relation ca.n be represented as: 

= +  11 
(3.1) 

For solviiig these relations we want certain parameters. From simulation we have 

B(z), and beam parameters (Ek , o and R) only at one position in the cavity so 

they must be calculated in the rest of the geometry. From measurement we have 

U ) , 'b f (RF frequencies) and Pr , j . 

The elections gyrate rapidly around the guiding center and Inaximuni energy transfer 

occurs when the electron gyration is approximately synchronous with a rotating field 

component. Description of the electron motion in crossed electric and magnetic 

field leads to an approximate, one dimensional equation known as the adiabatic 
10 

 approzmation. It is valid only if the variations of the electric and magnetic fields 

are very small as compared to the dimensions of electron trajectories [21]. 

The rela.tioii 

.2 
C012.St (3.2) 

is referred to as the adiabatic approximation, where p_L  is the tranverse electron mo-

mentum and B is the magnetic field [20]. It is used for caliilating beam parameters 

(like ,31 , and I3j)  along the Z axis (geometry of gyrotron) as we can use the transverse 

momentum pj  as well as norma.lised velocity /L).  Initially for calculating these 

parameters at referellce point (Z position in geometry profile at which the beam 

parameter reference simulation is performed) we want certain equations which are 

given below: 

• Electron energy 11b  and relativistic mass factor: 

15 
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E 0 U!, 1 

m0C2 
= = 

1 + 511kV 
= - 

(33) 

where eU1, is the beam kinetic energy and Et,t  is total energy. 

• Beam power LJ0 I1,, where U0  is the accelerating voltage and 'h  is the total beam 

current. 

• Velocity ratio: 

o 
L'L 

(3.4) 

The parameters for resonance points and beam lines in dispersion (hagrairis are cal-

culated using equations 3.5 and 3.6 respectively. For resonance points, we deternune 

l by giving the value of frequency (obtaiiiecl from the ineasiirenieiit). While beam 

lines are obtained by giving the range of /. 14 

- 
- 2 .foffset 

A1 
= I31e 

(3.5) 

= 
. + 31 xk 1 1 ± 2 . r (3.6) 

These dispersion (hagranis are also called w - kH plots or Brillonin Diagrams. For 

each frequency. at each Z position a waveguide hyperbola ('an be defined from the 

resonance condition. Here is used just to facilitate user during operation, i.e. to 

perfectly match the resonance points int.o the defined hyperbola. Suitable matching 

yields an eigenvaluc which allows mode guessing. It becomes only meaningful when 

we use multiple measurement points. If we find a suitable Z position where one 

hyperbola fits all points, then in the same instance we have found a probable place 

of origin and the corresponding eigcnvalue. So, the more points, the results will be 

better. 
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3.2.1 Voltage depression 

The influence of space charge forces on the local beam parameters must he con-

siclered. Since this space charge is present in the beam. the potential within the 

beam is reduced with respect to the cavity wall. The amount of voltage depression 

depends on beam current. 'h,  axial velocity /H  and ratio of cavity to beam radius. 

It causes a large kinetic energy degradation as the beam current is increased. In a 

(oliventianal hollow cavity, it is given by 

AL ,, = U0  (lb = 
'b 

in  R
o  
- (3.7) 

2ircocfi R. 

wlieie is the a(c(leiatin- voltage, R0  is the cavity radius and R is the average 

radius of guiding centers at interartion. R0  is available from geometry profile and 

R, must he calculated using adiabatic approXiiIiatioii, as froni the simulation data 

we have R at only ielemenie j)o5iti()11. 

3.2.2 Power Correction 

\Vlien in the inported data we have Pr,,t  values, then power correction after beam 

wave interaction makes sense. The gyrotron cavity is where the electron beam 

transfers energy to the transverse electric field mode, so power correction is actually 

needed bclnnd the cavity, i.e. Z > ZCaVit.,  to give meaningful results. Also note 

that the power extraction is (with some simplification) only affecting the transverse 

energies, hence we use the measured power to correct 31  and with this 'yj will also 

change for Z > Z: t y. if we have an estimate for the power loss between cavity and 

output window, the measured power can be scaled up accordingly. Also note that 
4 

this way of calculation is very prumtive, since it assumes tha.t energy is extracted 

from all electrons in the same way. In reality, it depends on the bunching, and the 

beam parameters are spread very far after the power extraction. Here, be simply 
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assmne that the avel'a.ge electron energy can be considered this way. 

DC power in input beam is given by 

Pin = UjIb (3.8) 

Beam Voltage a.fter extraction of power from beam can be presented as: 

Ub2 = - P)/Ib (3.9) 

where P,,,1, is output power from the gyrot.ron. Corrected and /3±  are showed 

below: 

72 = 1 + (3.10) 
lit0 ( 

.132 
= F2 (3.11) 

= (3.12) 

The values of /312 are smaller than the due to the reduction of power present in 

the beam. After interaction in the cavity 3_L  follows the path of 112. 

3.3 Calculating appropriate modes 

For high-power. high-frequen(:y devices the effective mode density is high, since the 

spectrum is dense and the current is above the starting threshold for many modes. 

However, for a given set of paraneters, any one of the several modes ca.n be the 

stable operating mode, but typically only one of these has high efficiency. 

Here we have to find the appropriate mode of the parasitic oscillation frequency 

t.ha.t we are considering. Eigenva.lues along the whole geometry can be calculated 

0 
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by using the following equation 

= R0 / (3.13) 

where. 

1L = 
- A

ll (3.14) 

here ki is taken from equation 3.5 and k0  is defined as w/c. In this w is the angular 

RF frequency which is available in niea.surenient data.. 

Boot mea.n square values and variance in the cigenvalues along whole geometry are 

also calculated for different measurement data to find the suitable eigenvalue and 

position. In the "normal' curve we take the points and assume that they come 

Vt 
from one Z location, and we investigate the variance of . The inversion is more 

complicated, but nmch more physical in this, inverse Z values are calculated to 

cross examine the curve. From this curve we will be able to get the answer of the 

following question: "If the correct cigenvalue is yo. how far do we have to spread out 

the points on the Z axis to make them match?". By providing the eigeimvalue ra.11ge 

we can check their position of existence along the Z axis. i.e. we assume a fix x for 

all points, and allow the points to be spread out on the Z axis. For this reason, we 

have calculated variance(Z(y)). Tlieorit,ica.11v normal x curve and inversion curve 

should resemble each other, and it is also proved in our analysis results (see Figure 

4.7 and 4.8). 

3.4 Coupling Coefficient 

From the Brillouin diagram. we find one or several (Z. x) combinations which are 

likely the source of parasitic oscillations. The resonance condition only considers 

relative motion along the Z axis of beam and mode, and the cyclotron frequency. 
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But. the beam -mode coupling is also determined by the field structure. Since the 

Leaiii radius nuist be in a place where there is sufficieni ly strong field. \Vc use t he 

found eigenvalue in the coupling coefficient calculation, to find probable modes in 

the cige.nvalue range we have determined. 

The important point, for this studY is tha.t the starting current is i verselv propor-

tional to the beam—field coupling constalit.. In general. the coupling coefficient is 

given by follo\ving ecillat.ions [2]: 

CC = ± 
.(h,,,,R, 

: (3.1) 
11 2) 

- i" 2" C. o'upiing Coef fi.cic'iit = C Mll (3.16) 

where A,,,,, is /. In gvrotrons the electron beam radius R, is usually chosen 

such as to maxinuze the coupling of the electron beani to the RF field, which is it 
polarized either co-rotating or counter-rotating with respect to the gyrating electrons 

is maxmiuin) We can see the variation of coupling coefficient along 

geoniet.ry in Figure ??. 

Froin the beamn-field (-oupling coefficient = c,,, k,,, (k,,,,, R,) one can see that.: 

when .J,,,,  (k,,,,R,  ) < .J,_.(kR, ). only the co-rotating wave is excited: 

when (A,, ) ,, I?( ) > .1,,, (k,,,.,,R). only the counter-rotating wave is excited: 

when .J,,, (A',,,,, R, ) and .1,,, (k,,,R, ) are comparable, and l.othi nonzero, it is 

difficult to determine exactly how much of each rotating component is present. 

3.5 Coupled Dispersion Relation 

A linear theory of cyclotron instability of a bea.ni of electron oscillators in a waveg-

uicle. i.e.. gvrotron (from [23]) is used. There is a so-called ....oupled dispersion 
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relation", winch takes into account the distortion of the wa.veguide dispersion rela-

tion due to the electron beam. More thc.ory about this can be studied in [24]7  [25]. 

[26], [27], [28]. The dispersion relation describes the dispersion of the eigell modes of 

the wa.veguide, i.e. gyrotron, winch is penetrated by a bcain of electron oscillators. 

For an electron beam of finite density, the wa.veguide and beam modes are coupled 

to one another and thereby are both perturbed. The perturbation is strongest. 

near the points of intersection between the dispersion curves of the waveguide and 

bea.ni  modes. In the vicinities of these points, the modes are unstable (having a 

considerable growth rate). The two niaxinia in the growth rate correspond to two 

resonant points where the unperturbed dispersion curves of the wa.veguide and beam 

modes intersect. The dispersion curves f = Rc( ) are calculated by solving the 27 

dispersion relation 3.17 for a. va.culuhl wa.veguide. In this, we have not considered the 

electron plasma density inside the wavegiude. The instability growth rat.e is given 

by 27 

2 2 
2ne2 (m - c h1) 

2 2 mu. r ,,2 ,, ( X0,  
Wm,l 

- (, () \2 .ujIJ JL 
1 ( Q I.LQ - a 'c) 

(3.170 

+ 
- 
h) 

X1j + U,,, (X0. XL)] 
(w 
- 

where the mli'scril )ed (lilnemisionless quantities X ()  . XL ("In he defined as 

Xo R, (3.18) 

XL uI?i. (3.19) 
RO  

and the rest variables are 

IJ.(XX L ).J. (X( ).J'(X / (3.20) 

A1,) 2ii X .x1. 2X1I, XH

XL 

J])X i.  

{.J. l (xQ )'(XL) + J' m (Xo)J'(Xi} (3.21) 
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Lc, (X0 . XL) X L J(X L ) 
1j

,(X L ) 

 { 
11 - 

S 
J (X0 ) - {.J_ (XI))I2 

} 

—2 ' XL 
 ~'(XL)J1-11,(X0)1j1,-1'1(X0)] 

(3.22) 

(2 
- ??l2)J2(X)/2 11111 2 (3.23) 

= c2(k + ,\/R') (3.24) 

The beam mode Q in the resonalice terni is given in equation 2.1. 

Budkers paranieter ii used in dispersion equation is (lefined as 

II =  Nc 2/7110C (3.25) 

where N is the electron number density per unit axial length. Relativistic la.rmor 

radius at interaction R1, as given in [2] 

= 1'L,/ = = = 1.705mm x (3.26) 

The eigeiivalue probleni given by the dispersion relation 3.17 can be considered as 

that of finding eigeufrequenuies w for given wa.venuinher k1  , or that of finding eigen-

wavcnunibe.rs ki  for given frequency w. At a given wa.vcnumber h't.  the dispersion 

equation 3.17 is a. qua.rt.ic equation in w, thereby giving four eigenfrequencies w. If 

any of the four roots is complex, i.e., w = w,. + . we consider that mode iuistable 

with a growth rate given by wj  at the real frequency W r . Close exanunation of 3.17 

reveals the following properties: 

• There are two modified waveguide modes with w +w,, (3.24), which are 

always stable, representing waves propagating in opposite clirectioiis. 

• There exist two modified beam modes with w , (forward waves in 2.1). 

which may be unstable. 
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3.6 Summary on analysis procedure 

In the analysis procedure, frequencies of parasitic oscillations are measured exper-

imentally [30], varying external parameters like U0  or B field. As long as these 

frequencies only change slightly and monotoneously, we assume them to come from 

the same mode in the same position inside the gyrotron. Our assumption can be 

checked in an indirect way, which is used by the tool. If we find a fitting (,Z) 

combination, then the assumption will be justified. If we don't find the best fitting 

combination in the brillouin diagram, then the situation is more complicated than 

the tool can cover. 

S 

'S 
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Chapter 4 

Description of Tool 

The described functionality was implemented as a Bri11ouin Analysis Tool" in 

MATLAB. This chapter collt.aills a description of the graphical user interface and 

serves a.s a user instruction manna.!. 

4.1 Overview of the Tool 

The tool requires file based input data. which is inport.ed in the Data Import. i.e., 

openilig window. All further data processing is mt.ernal, however result data can 

be exported into ma.t.lab workspace files and figure. e.g. as pdf. With the help of 

this tool, we analyse the data present., calculate the different, characteristics of the 

beani (parameters), and observe the position and niode of the parasitic oscillations. 

All the mneasi.mrement data and simulated data must be available in order to do the 

same. The beam paramiiete'rs at the reference point are simnmla.ted with the KIT code 

ESRAY. 

An overview of the steps which are to be clone wiule using this tool. is shown in the 

lollowuig fig 4.1. The whole tool consists of six windows to perform the operations 

nientioned in the steps. The working of each window is described in detail in the 

following sections in easy-to-learn environment. \'Ve can move to the other window 
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one by one or after completing the operation of one WiUdOW. We can proceed to the 

next one for further operations. 

Import the files 

Data Analysis 
Power 

Cnrrrtinn 
(Beam Parameters are calculated 

along the geometry) 

Arbitrary (LZ) 

Brillouin Diagram 

Analysis 

Optimized 

Calculation of Chi 

valses and its variance 

Ch
inima points In 

RMS and Its 

vane nce 

Cosplirsg coefficient 

insestigation 

Check the behavior of the Cospled dispersion 

mode along the geometry relation 

Figure 4.1: Overview of the tool. 
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4.2 Data Import Window 

In the Data Import window, we first import all the data files which will be used 

in our analysis. i.e 

• geometry profile of" 'rotron. 

• magnetic field profile, and 

. main data file (ont aining the measurement data and simulation data like 

cathode voltage. beani current, frequency. output power. kinetic energy. alpha, 

beam radius at reference point (refer Table 5.1). 

The data in the geometry profile contains R0  vs Z. while magnetic field profile has 

B variation along Z axis. Main data file contains different data lines depending on 

variation in cathode voltage or B profiles (as given in Table 5.1 or 5.7). These are 

basically different measurement data which are sampled for analysis. Then we have 

to choose whether geo profile and B profile are in mm range or in range. In this we 

load as many magnetic field profile as we want for making assignment. Then 

following steps have to be iloiie: 

. We have to specify the cavity (enter location in the respective coordinates. 

which is the crucia.l alignment. iiiforniation. 

. The user has to give the value of Z (liscret,ization and reference point (Z 

position in geoluet ry profile at which the Ijeilill 1.)raiiletei reference simulation 

is performed). 

Both profiles are interpolated according to the user defined cliscretization between 
* 

two Z points. This is (lone due to the non avalaibilit.v of uniform data and also 

to make synchronization of both profiles which makes our calculation easier. Dis-

cret.izat.ion in the range of 0.1--0.5 yields good results, extra large value will not. be  
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useful for calculating uniform beam parameters and extra small value will take long 

time to evaluate parameters which degrades the performance of tool. When the 

cavity centers of geometry profile and B profile are different, then co-alignment of 

B profile with respect to geometry profile is done. Then 

• load the above defined files using these options, i.e. I Load Ceo profile 

Load f and c-beam data I  Load B profile 

• Plot and Save After selecting common Z. range of both profile files, it will 

plot the figure. 

While loading the main data, file, if output screen shows the message that it already 

contains the assigned magnetic field profile (i.e. for each data row, a B filename is 

specified), then there is no need to import B profile, one can directly load B profile 

by hitting Load B profile . It should be always remembered that the tool expects 

a B profile file of that name in the same director' where the niain data file exists, 

otherwise there will be an error. Figure 4.2 presents the Data Import window 

showing all the defined features. 
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• data inprt 

Geometry File [Browse j U:\New folder\STG2009_simp.txt 

Import File Brow U:\New folder\STG_data-1E22-8_Bvar2,xlsx 

B Field File L Browse  I 
Required plot is shown with number of points 

2633 
Re Cay contlmm 

Geo profile - 

Z. ay - 3957 

Cce 

Bprohle m - 

396 16 

30 Zo I Daft 5 

Z Discretization/mm .1 

Reference point/mm 3945 

Load Geo profile 

Loadfande-beam data ] [HOorted no 
Geornetry 

of and ave Magnetic fIeld 2 

Clear] 

- Magnetic fIeld 3 
Magnetic Cold 4 _AriaIysis 

-- -- 
250 300 350 40 Magnetic Sold 5 

- 

Z ntm] Magnetic Sold 6 
Mann.aiy Cold 7 

Figure 4.2: Data Import window plotting geonletry of gvrotron and eorresponding 

magnetic fields. 

4.3 Data Analysis Window 

On (liekilig Data Analysis. 2u(l window will open as shown in Figure 4.3. It takes 

the data present in all the loaded files as input from the ist window and will give 

an overview of the imported data. 

. A table shows the inported data. 

• : We can select the rows and assign a particular B profile to them ESE  

a ppearnig ill pushdown button. 
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• Delete Field: We can also delet.e particular B profile appearing in the push 

dowii button. 

• Calculate: We calculate here the beam parameters for all points of the co-

aligned and interpolated geometry, and this is the basis for all following actions 

in the tool. 

• One more option is introduced, ic, Power Correction (refer subsection 3.2.2). 

As in the cavity, HF interaction takes place. Some power from electron beam 

gets extracted to H.F Beam. So at the output, reduced power is obtained. For 

this reason Power Correction is mtroducecl, for getting correct paranieters 

after HF interaction. 

• Measured power is also affected by Power Loss which is occuring winle travel-

ling from launchers and reflecting mirrors. Both these features (earlier one and 

present one) makes sense only when we have measured output power. Define 

Power Loss in percentage. For example. if the measured power is 700 kW, the 

assumption of 5% loss between cavity and calorimeter will scale up the power 

assunied for the beam para.nieter correction to 735 kW. 

• \\e have to select the data lines from the table then it will plot diflci'ent 

paramieters (±. /', 'y. depression voltage, resonant frequency) for the selected 

rows. For example Figure 4.3 and 4.3 show the i  without power correc-

tion and with power correction respectively, also showing the features of the 

window. 
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Figure 4.3: Data. Analysis window showing plot of /3  without power correction 

along geometry of gyrotron. 

4 

Figure 4.4: Plot of with powc.r correction along geometry of gyrotron. 

• After doing calculations we can save the parameters in a file by using Save. 

• We can load that saved file whenever we require by using Load and choosing 

that particular file. 

30 



ChAPTER 4. DESCRIPTION OF TOOL 

4.4 Brillouin Diagram Window 

On clicking Brillouin Diagram, the 3rd window will opel1 as shown in Figure 4.5. 

. We can plot 3 things here, i.e. Hyperbola. Beam Lines and Resonance points. 

depending upon the selection. 

A Slider is provided to set the value of Z in the geometry of Gvrotron. 

For plotting a hyperbola we have to give the eigenvalue ( ). 

• We can set the range of h by using either Manual or Automatic mode. In the 

manual niode, we can change the kr range externally or it will take default 

values while in the automatic mode, tool itself set the /j range as 1.5 times of 

llla.xilnuln and nunnnuni values. 

. A frequency Offset is provided to shift, the graph as per our requirement and 

can he used to take into account that the gvrotron interaction band ha.s a 

certain width. 

. Beam lines and resonance points are plotted a.(cordmg to the highlighted data 

lines in Data Analysis window. 

• Can also import the A,  and Z value by using I  Push the extracted parameters 
 1. 

This button is to pull the settings from the next window, i.e. Data Fitting 

to easily get the suitable (), Z) combination to fit in the present window. 
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Figure 4.5: Brillouin Diagram window showing plot of hyperbola, bearn lines and 

resonailce pomts. 

4.5 Data Fitting Window 

On (-licking Data Fitting. 4th \vindo\v will open as shown in Figure 4.6. 

• Calculate Clii First calculate the eigen values for all data lines. 

• l Calculate \Tariance  I  Then calculate variance (lepencling upon the data selec-

tion in Data Analysis. 

• Fplotl it will plot the x values and variance along the geometry as presented in 

Figure 4.7. 

The variation in eigenvahie curve among different, data lines is calculated. 

• A table shows the loca.l minima points along RMS deviation and variance 

(-urve. 
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. The data of selected row can be exported to the third window for plotting 

Brillouin diagram according to that. 

• Data with respect to the data cursor can also be exported by using 

Extract. Parameters from Data. Cursor 

dot.jtting 

For Plotting Chi values along geometry 
Local Mininrnr 

(RMS) 

On Z 

Pointo 
('AktANCE) 

Chi-, Z 

j 
For at data 1 :71682 269.7003 1 471882 260.7000 

Calculate Chi 2 1 42.0617 293 2 42.8017 293 

Data selection in DataP.nalysis 4 4&6874 30.6 370 

j V.80,6. 

Vananco is calcolaled for Data lino 
1234567691011121314 

For Plotting Inversion (Z positions for Chi values) 

Calculate =Z For all data 

Calculate va4z(chi))] Data selection in Data Analysis 

Chi Start 0 Z Start/mm 220 

Chi Stop 55.34 Z Stop/mm 483.5 

plctloweralon* ] pkotvanancel 

Figure 4.6: Data Fitting window showing minima points along RMS deviation and 

\ar1aI1ce curve. 
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250 300 350 400 450 
Z [rVin] 

Figure 4.7: Plot of X values and variance along the geometry 

We do following steps for plotting inversion curve. 

• Calculate Z Calculate the values of Z depending on the x range given by 

user. 

• 1 Calculate Variance I Then calculate variance of Z values for each x value. 

• I Plot Inversion and Plot Variance Gives the following plots shown in Figure 

4.8 and 4.9 respectively. In general, Plot Variance I will give linear plot while 

by choosing Log var, will give logarithmic plot, Min var will give plot of 

points having minimum variance and choosing both will give logarithmic plot 

of points having minimum variance. 
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Figure 4.8: Plot of Z values,  correspondmg to the x range. 
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4.6 Coupling Coefficient Window 

On clicking Coupling Coefficient, the 5th window will open as shown in Figure 

4.10. 

. Choose the Z value at which we want to find the possible modes which can 

exist. 

Depending on the Z value, it will give us the possible range of x values. 

. Also provides the possible modes which can exist. 

• We can also change the range of Chi and get the corresponding modes using 

Upda.te mode list 

• Then we can select the mode and get the coupling coefficient variation along 

Z. 

• IPlot will give us the maximum and minimum coupling coefficient variation 

along Z. 
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•cojpfirgcmfficient - = i 

Zlmm] 269.7 

Defined Chi range (user can also change) 

Chi min 46.859 

Chi max 475247 

Update mode list 

- - n 0,1 I G(m) G(n,in) 
44 1 46,8741 9.9370-2S 9.0515 
15 9 47.0595 0.0025 0.5 

12 472218 0.0017 0.5 
38 2 472461 1.4625.17 1.35454 
30 4 47.4790 1.43852-09 1.3641e 

6 13 47.5220 1.8342.04 1.61152 
18 8 47.5951 0.0033 0,5 

4 II, 

New Figure [Pkt coup Coeff Var] Coupled .Disprsion Relation 

Figure 4.10: Fifth Window showing different modes depending on a x range for a. 

particular Z position. 

4.7 Coupled Dispersion Relation Window 

On clicking Coupled Dispersion Relation. 6th window will open as shown in 

Figiue 4.11. 

• Choose the mode and the Z position where we want to check the sustaina.bilit.v 

of the relation. 

• When we hit the ] Calculate] button of left hand side it will calculate relation 

for all data lines accordmg to the loaded file. 

• We can change the kH  range and the step size, otherwise it will take the default 

values. 

• Then we can plot each data line using Plot]. After hitting, the related data. 

will appear in the right hand side of the window. 
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• We can also change the fields of the data i.e., 01 ,, i.  E /fl . R0 . R. 'b.  and BM 

(Magnetic field), and calculate according to the provided data. 

• The following results will he displayed on the window. i.e. 

- i\Iaximuni possible interaction frequency 

- Mini nuin possible interaction frequency 

-. Approximate possible interaction frequency 

- Interaction frequency according to the Cold Dispersion Relation. 

Kstarttl/m] 50 Kstopjl/mj 120 SteP 
. 2 

m 28 Required plot is shOwn Betapar 0.323 

Betapeop 0.3377 
8 

EIdMceV 66.9899 
Z Posttior'nwit 

Rolrnm 20.48 

r uate j 
Re/rn 10.15 

lb/A 38.4 

Max Req 140.092 OMIT 5604 
Data Line ln$eraction/GHz 

Plot 

Min Freg 140.00 

lnleraclion/GHz  

Calculate n 

Approx Freq Cold Dispersion 140.0897 
Ir4ecaction(G14z 140.089 Interaction (GHz) 

Figure 4.11: Coupled Dispersion Relation \Vinclow. 
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Chapter 5 

Analysis Results 

5.1 Overview 

In this chapter, the results and outcomes of the tool are discussed. We will discuss 

different sets of measurements. each consisting of a set of measured parasitic fre- 

quencies the KIT step-tunable gyrotron [291. More details about measurement 

system are provided in [30]. Discussed measurement data examples: 

• Sweeping niagnetic field. 

• Sweeping cathode voltage. 

• Sweeping cathode voltage along with P,,,t,  measurement. 

Simulations using the "Brilloiiin Analysis Tool" give the electron beam parameters 

in the whole gyrotron geonictry (that means along the Z axis). We now, want to find 

out where the oscillations come from. If we knew where that would he, we could 

take the beam parameters in that Z position, and the measured frequency points 

should fit on the hyperbola of one mode. By this a.t least the eigenvalue of that 

mode can he identified. Since we don't know, we simply have to try iiiany positions 

till we find one which provides the best fit. 
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5.2 Results and Discussion on loacting the posi-

tion and mode for parasitic oscillations 

5.2.1 Case 1 

I-lore We discuss the results coming from the tool when we are consideri ig variation 

along magnetic field in the measurement data. Data file for 140 GHz Gyrotron 

is given in the Table 5.1 and it.s constraints are given in the Table 5.2. In this 

measurement, parasites are in the range of 129 130 GHz. 

Table 5.1: Catlnu he volt age. beam current. frequency, output J0\ver. kinetic energy. 

alpha. 1 )eam ra imims. and assigned magnetic profile for a 140 GHz gyrotron. 

Ieasurement dat a Siniulat ion data 

LI0  'b f P,,,, E 1,, cm RI, B file 

kV A Gl1z kV' keV nun 

74.3 39 129.435 0 67.51 1438 8.013 1392.80_35.22.dat 

74.3 39 129.115 0 67.51 1.438 8.013 B92.77_35.22.dat 

74.3 39 129.395 0 67.51 1.138 8.013 1392.72_35.22.dat 

71.3 39 129.381 0 67.51 1.438 8.013 1392.66_35.22.clat 

74.3 39 129.361 0 67.51 1.438 8.013 B92.62_35.2.dat 

74.339129.348 0 6751 1.438 8.013 B92.5735.22.dat 

74.3 39 11 129.328 () 67.51 1.438 8.013 B92.52_35.22.clat. 

74.3 39 129.314 C) 67.51 1.438 8.013 B92.47_35.22.dat. 

74.3 39 129.291 0 67.51 1.438 8.013 B92.42,35.22.dat 

74.3 39 129.271 0 67.51 1.438 8.013 B92.36_35.22.dat 

74.3 39 129.247 0 67.51 1.138 8.013 B92.32_35.22.cla.t 
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Table 5.2: Gyrotron constraints 

Mode TE22,8  

Geometry Cavity Center (zG_ca.vityCenter/nim) 395.7 

Magnetic Field Cavity center (zB_ca.vityCenter/rnm) 395.16 

Reference Position (zB_refPos/rnm) 394.5 

Based on the available data. we have calculated the eigen values along the whole 

geometry, and also their root mean square error and variance between different data 

lines. Their curves can he seen in x RMS and Variance plot winch is given in Figure 

5.1. 
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Figure 5.1: x RMS and Variance plot. 

Plot shows severa.l local minima points in RIvIS value of x which are given in Table 

5.3, also local minima, points in Variance curve of x given in Table 5.4. Taking only 

variance minima-s into our consideration, Brillouin diagram for Variance minimum 

1) and minimum 2) are shown in Figure 5.2 and in Figure 5.3 respectively 
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Table 5.3: Local minima, points in RMS value of x 

X 11  Z I  log(R.MS+(le-6))  11 

1 42.1119 348.8000 -6.217 

2 51.8882 447.2000 -6.005 

Table 5.4: Local minima, points in Variance curve of x 

IJx 11 Z 

1 42.1119 348.8000 -12.21 

d2 51.8882 447.2000 -11.86 
A 

= 
0 
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Figure 5.2: Brillouin Diagram for Variance minimum 1). 
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Figure 5.3: Brillouin Diagrain for Variance minimum 2). 

At 

We are getting best fit at Z=348.8 and Z=447.2. As we are using frequency offset, 

so on increasing the range of x  value we are getting several approximate modes. 

First taking Z = 348.8 and x  range between 41.5-42.5, expected modes and their 

coupling coefficients are given in Table 5.5. On seeing the table, we came to know 

that mode TE19,6  and TE22,5  are giving best results. Coupling coefficient variation 

along Z axis for mode TE196  is shown in Figure 5.4 and for mode TE22,5  is shown 

in Figure 5.5. 
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Table 5.5: Expected modes and their coupling coefficients at Z=348.8 and \ range 

between 41.5-42.5 

m [n A G(max) 
[ 

G(min) 

2 13 41.5689 0.0017 0.0017 

0 13 41.6171 0.0016 0.0016 

16 7 41.6433 1.8977e-04 1.8964c-04 

25 4 41.7206 4.3477e-04 4.3472e-04 

11 9 41.7286 0.0019 0.0019 

39 1 41.7623 1.5916c-14 1.5911e-14 

33 2 41.8754 3.4337e-09 3.4328e-09 

19 6 41.9446 0.0057 0.0057 

22 5 41.9879 0.0045 0.0045 

29 3 42.1626 3.7194e-06 3.7187e-06 

9 10 42.2246 2.2269e-05 2.2215e-05 

14 8 42.4259 1.8259e-04 l.8244e-04 

7 11 42.6115 0.0023 0.0023 
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Since there is no power nieasurenient data, so no po\v1 correction is made. Because 

of this, the minima found at Z > are not worth very niucli but for the sake 

of explanation. we have (liscussed this minima also. Expected modes and their 

coupling coefficients at Z=447.2 and range between 51.3-52.3 is given in Table 

5.6. Similail, mode TE21.8  and TE19,9  are giving best results. so  coupling coefficient 

variation along Z axis for mode TE218  is shown in Figure 5.6 and for mode TE199  

is shown in Figure 5.7. 

Fable 5.6: Expected modes and their (olipinig coefficients at Z=447.2 and N range 

between 51.3-52.3. 

rnnjj G(inax) G(inin) 

21 8 51.1011 0.0044 0.0044 

11 12 51.4331 0.0016 0.0016 

:30 5 51.4364 4.1416e-07 1.1410e-07 

42 2 51.5214 6.4481e-18 6.4467e-18 

2-1 7 51.6394 9.5860e-04 9.5854e-04 

27 6 51.6629 3.8370e-05 3.8367e-05 

16 10 51.6874 1.9634e-05 1.9610e-05 

9 13 51.8308 8.2470e-06 8.2295e-06 

49 1 51.9778 1.7738e-25 1.7733e-25 

34 4 52.0361 5.5829e-10 5.5820c-10 

7 14 52.1438 0.0020 0.0020 

38 3 52.1517 1.5903e-13 1.5900e-13 

19 9 52.2612 0.0045 0.0045 

14 11 52.2993 2.1066e-04 2.1057e-04 

5 15 52.3756 0.0018 0.0018 
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Figure 5.6: Coupling coefficient variation along Z axis for mode TE218  

Figure 5.7: Coupling coefficient variation along Z axis for mode TE19,9  
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5.2.2 Case 2 

We discuss the results coming from the tool when we are considering variation along 

cathode voltage in the measurement data. The (lata file for 140 GHz gvrot.rofl 

is given in the Table 5.7 and it.s constraints are given in the Table 5.8. In this 

nieasurement parasites are in the range of 116-117 GHz. The variation in nieasiired 

frequency along variation in cathode voltage is presented in Figure 5.8. 

Table 5.7: Cathode voltage. beam current. frequency, output power, kinetic energy. 

alpha.. beam radius, and assigned magnetic profile for a 110 GHz gyrotron. 

\ Iea.surement dat a Simnula t ion (Ia t a 

U0  

kV 

'b 

A 

f 

GIIz kW 

Ec,, 

keV 

0 Rb 

mm 

B file 

75.7 38.4 116.789 0 70.42 1.132 8.47 B86.22-36.22.da.t 

76.3 38.4 116.742 0 71.01 1.110 8.17 B86.22-36.22.cla.t 

77 38.4 116.702 0 71.71 1.149 8.46 B86.22-36.22.dat 

77 38.4 116.661 0 71.71 1.149 8.46 1386.22-36.22.da.t 

77 38.4 116.621 0 71.71 1.149 8.16 1386.22-36.22.dat 

77.7 38.7 116.581 0 72.39 1.156 8.43 1386.22-36.22.dat 

78.3 38.7 116.548 0 73.02 1.163 8.49 B86.22-36.22.dat 

79 38.7 116.5 0 73.72 1.171 8.48 B86.22-36.22.dat 

79.7 38.7 116.16 0 74.41 1.178 8.46 B86.22-36.22.dat 

79.7 39.2 116.417 0 7 4.3 0  1.176 8.46 B86.22-36.22.da.t 

80.3 39.2 116.375 0 74.91 1.181 8.16 B86.22-36.22.da.t 

81 39.2 116.334 0 75.62 1.187 8.46 B86.22-36.22.dat 

81.7 39.2 116.28 0 76.32 1.192 8.46 B86.22-36.22.dat 

81.7 39.2 116.24 0 76.32 1.192 8.46 B86.22-36.22.dat 

S;.  
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Figure 5.8: Data plot 
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Table 5.8: Gyrotron constraints 

Mode TE227  

Geometry Cavity Center (zG_cavityCeiiter/rnm) 395.7 

Magnetic Field Cavity center (zB_cavityCentcr/mm) 395.16 

Reference Position (zB_refPos/mm) 1  394.5 

Based on the available data, we have calculated the eigen values along the whole 

geometry, and also their root mean square error and variance between different data 

lines. Their curves can be seen in X RMS and Variance plot is given in Figure 5.9. 
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Figure 5.9: X RMS and Variance plot. 

Plot shows several local minima points in RI\IS value of x a.s given in Table 5.9, 

also loca.l nlininla points in variance curve of x given in Table 5.10. Taking only 

variance minimas into our consideration. Brillouin diagram for variance minnium 

1). minimum 2) and mninimuni 3) are shown iii Figure 5.10, in Figure 5.11 and in 

Figure 5.12 respectively. 

Table 5.9: Loca.l minima, points in RMS value of x 

= 
x Z log(RMS+(le-6)) 

1 29.2142 257.5000 -4.286 

2 34.8215 358.9000 -4.48 

3 45.8921 438.7000 -4.19 
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.1 

Table 5.10: Local minima, points in variance curve of x 

[[=1 x Z log(var+(le-6)) 

1 1  29.2142 257.5000 -8.568 

2 358.9000 -8.952 

3 

[34.

.

8215 

458921 438.7000 7 -8.377 
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Figure 5.10: Brillouin Diagram for variance minimum 1). 
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All the nniiiina points are giving good results, i.e.. a.t Z=257.5000, Z=358.9000 

and Z=438.7000. As we are usilig frequeiicy offset, so on increasing the range of 

value we are getting several approximate modes. First taking Z=257.5 and V range 

between 28.5-29.5. expected modes and their coupling coefficients are given in Table 

5.11. On seeing the table, we came to know tha.t mode TE09  and TE14,4  are giving 

best results. coupling coefficient variation along Z axis for mode TE0,9  Figure 5.13 

and for mode TE14,4  are showil in Figure 5.14. 

fable 5.11: Expected modes and their coupling coefficients at Z=257. 5 and x range 

between 28.5-29.5. 

niu x, G(iiiax) 

17 3 28.5114 0.0040 0.0039 

14 4 28.6943 0.0038 0.0037 

4 8 28.7678 0.0018 0.0018 

21 2 28.8156 2.4469c-04 2.1253c-04 

2 9 28.9777 0.0018 0.0018 

0 9 29.0468 0.0017 0.0017 

9 6 29.2186 0.0021 0.0020 

27 1 29.4482 8.0496c-08 6.2445c-08 

18 3 29.6701 0.0037 0.0036 
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Figure 5.13: Coupling coefficient variation along Z axis for mode TE0.9  
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Figure 5.14: Coupling coefficient variation along Z axis for modeTE 4  
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Similarly, expected modes and their coupling coefficients at Z=358.9 and \' range 

between 34.2-35.3 are givell in Table 5.12. Mode TE011  and 1E11, 7  a.re giving best 

results, so coupling coefficient variation along Z axis for mode TE22, 3  Figure 5.15, 

for mode TE0 11  Figure 5.16 and for mode TE117  are shown in Figure 5.17. 

Table 5.12: Expected modes and their coupling coefficients at Z=358.9 and N range 

between 34.2-35.3.  

ni n G(mnax) G(min) 

22 3 34.2608 0.0015 0.0013 

26 2 34.2930 1.6065e-05 1.3059e-05 

8 8 34.3966 9.8172e-04 6.6087e-04 

13 6 34.4145 8.9001e-04 5.8075c-04 

32 1 34.5885 1.1485e-09 8.3752e-10 

19 4 
11 

34.6915 0.0061 0.0061 

16 5 34.7125 0.0042 0.0038 

6 9 34.8134 0.0026 0.0025 

4 10 35.1039 0.0026 0.0026 

11 7 35.1667 0.0029 0.0026 

2 11 35.2755 0.0021 0.0019 

11 35.3323 0.0022 0.0019 
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Figure 5.15: Coupling coefficient variation along Z axis for mode TE22, 3  
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Figure 5.16: Coupling coefficient variation along Z axis for mode TE0,11  
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Figure 5.17: Coupling coefficient variation along Z axis for mode TE11,7  

Since there is no power measurement data., so no power correction is niade. Because 

of this, the minima found a.t Z > Z nvy j  are not worth very much but for the sake 

of explanation, we have discussed this minima, also. Expected modes and their 

coupling coefficients at Z=436.2 and x range between 45.5-46.4 are given iii Table 

5.13. Similarly, mode TE226  is giving good result. Coupling Coefficient Variation 

along Z axis for mode TE22,6  is shown in Figure 5.18 and plot of variance iii Z as 

a function of x in Figure 5.19. Coupling coefficient variation along Z axis for mode 

TE17,8  is shown in Figure 5.20 
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Table 5.13: Expected modes and their coupling coefficients at. Z=438.7 and range 

l)CtWCCfl 45.5-46.4 

G(max) G(inin) 

32 3 45.5102 4.6574e-10 3.3979e-10 

25 5 45.5592 5.3229e-05 4.4366e-05 

22 6 45.6243 0.0013 0.0011 

14 9 45.7102 3.4935e-04 1.9541e-04 

7 12 45.7940 8.6299c-05 1.2250c-05 

43 1 45.8521 6.5409e-21 4.0117c-21 

5 13 46.0586 2.0127e-04 1.2046e-04 

37 2 46.1745 2.4319c-14 1.6391e-14 

3 14 46.2330 7.3213e-05 6.7910c-06 

17 8 46.3138 0.0040 0.0039 

1 15 46.3196 5.1722c-04 2.9939e-04 

29 4 46.3333 2.6218e-07 2.0277c-07 

12 10 46.3378 0.0017 0.0014 

33 3 46.6218 2.1991e-10 1.5862e-10 
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Figure 5.20: Coupling coefficient variation along Z axis for mode TE17,8  
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5.2.3 Case 3 

We discuss the results coming froni the tool when we are (lonsideruig variation along 

cathode voltage in the measurement data also taking into account the value of P,,,,. 

Data file for 140 CT-Tz gyrotron is given in the Table 514 and its constraints are 

given in the Table .5.15. In this measurement, parasites are in the range of 126-129 

GHz. The variation in measured frequency along variation in cathode voltage is 

presented in 5.21 and also we can see the variation in measured output po\ver. 

Table 5.14: Cathode \/oltage. Beam Current, Frequency. Output power, Kmetic 

energy. Alpha, Beam radius. and Assigned Magnetic profile for a 140 GHz gyrotron. 

leasureinent (hat a Simulation data. 

( To 11, f P0.,,, Ek ,, a I?,, B file 

kV A GHz kW keV mm 

87.7 43.3 126.425 960 78.90 1.541 8.29 1386.31_15.0_55.03.da.t 

86.5 46.3 126.611 900 78.722 1.541 8.280 1386.31_15.0_55.03.da,t 

85 46.3 126.786 830 77.157 1.542 8.280 B86.31_15.055.03.dat 

84 43.3 127.051 781) 76.12 1.541 8.280 1386.31-15.055.03.da.t 

82 42.6 1  127.439 650 74.70 1.536 8.287 1386.31_15.055.03j1at 

70 42 127.428 150 71.764 1.51 8.287 1386.31-15.0_55.03.dat 

78 11.6 127.635 380 1 70.83 1.496 8.287 1386.31_15.0_55.03.da.t 

77 42.3 127.813 360 69.720 1.478 8.287 B86.31_15.055.03.da.t 

76 41 128.014 310 68.97 1 1.462 8.286 1386.31-15.055.03.dat. 

75 41 128.211 260 68.00 1.441 8.288 1386.31_15.0-55.03.dat 

83 43 127.25 730 75.66 1.539 8.280 B86.31J5.055.03.da.t 

85.7 43 126.685 900 78.46 1.54 8.286 B86.31_15.055.03.da.t 

87 

E45 

126518 950 79.642 1.54 8.287 B86.3115.055.03.dat 

126.211 1006 80.93 1.538 8.287 B86.31-15.055.03.dat 
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Table 5.15: Gvrotron constraints 

l\Iode TE227  

Gc.onietry Cavity Center (ZC_cu.L'ityCe?ter/m.nl) 396 

Magnetic Field Cavity center (zB_cueityCentcr/m.in) 416 

Reference Position (.B_refPos/min) 416 

I 
0 
0, 

0 
E 

0 

U0  (kV) 

Figure 5.21: Data plot 

With Power Correction 

First of all, we (liscuss the case with power correction considering power loss of 15. 

Based on the available data, we have calculated the elgell values along the whole 

geometry, and also their root mean square error and variance between different data 

lines. Tlieii' curves can be seen in x RMS and Variance plot given in Figure 5.22. 

Plot shows several loca.l minima points in RMS value of Clii as given in Table 5.16, 

also local minima, points in variance curve of X given in Table 5.17. Taking only 

variance mininias into our consideration. Brillouin (liagra.m for variance minimum 

1) in Figure 5.23. minimum 2) in Figure 5.24, minimum 3) in Figure 5.25. minimum 
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4) in Figure 5.26 and minimum 5) in Figure 5.27 are shown. 



flyperbola 
Data line I 
Data line 2 
Data 1ine3 
Data line 4 

- Data line 5 
Data line 6 

- Data line 7 E 

Data line 12 

Data line 13 

Data line 14 

Data line 1 
Data line 2 

Data line 3 

Data line 4 

• Data line 6 
Data line 7 

• Data line S 
Data lineS 

. Data line tO 
• Data line II 
• Data line 12 
• Data lice 13 
• Data lice 14 

1500 1550 1600 1650 1700 1750 1800 1850 
Kparf 1/Itt] 

128 

126 

124 

122 

Z (notn] 

Z - 269.7 

Chi = 47.1682 

Freq Offset = 0 

•1 

CHAPTER 5. ANALYSIS RESULTS 

Table 5.17: Local minima points in variance curve of x 

x [z logar+(1e-6)) 

1 47.1682 269.7000 -3.521 

2 42.8677 293 -2.79 

3 37.0647 358 -3.44 

4 45.6874 370.5000 -3.165 

5 50.6679  
f

442.2000 -5.851 

Figure 5.23: Brillouin Diagram for varia.iice minimum 1). 
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Figure 5.26: Brillouin Diagram for variance minimum 4). 
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Figure 5.27: Brillouin Diagram for variance minimum 5). 

We are getting best fit at Z=269.7. So on optimizing and taking the data lines 

2,3,4,6,7,8,9,10,12,13 and 14 for the variance minimum 1) x=47.1682.  Z=269.7, we 

get the following Figure 5.28. Depending on the selection of the data lines, we get 
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the x RMS and Variance plot as shown in Figure 5.29. 
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Figure 5.28: Brillouin Diagram after optimizing Variance minimum 1). 
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Figure 5.29: x RMS and Variance plot for selected data lines 

(2,3,4,6,7,8,9,10,12,13,14). 
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Plot shows several local minilila points in RIS value of 
' 

as given in Table 5.1& 

also local minima points in variance curve of A given in Table 5.19. 

Table 5.18: Loca.l nnnima points in RMS value of 

Z log(RMS+(1e-6)) 

1 15.4046 266 -2.699 

2 42.8677 293 -1.307 

3 37.0647 358 -1.655 

4 45.6874 370.5000 -1.53 

5 50.6783 442 -3.111 

Table 5.19: Local inininia points in variance curve of 

x Z log(var+(l(,-6)) 

1 45.4046 266 -5.399 

2 42.8677 -2.614 

3 37.0647 -3.33 

4 45.6874 .5000 

L44 

-3.059 

5 50.6783 -6.222 

We are getting best fit for variance iniuilnuin 1) Z=266 and =45.4046. as showii 

in the following Figure 5.30. 
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Figure 5.30: Brillouin Diagram for variallee nunilnurn 1). 

At position Z=269.7. depemliig on the range of X value we are getting several 

approximate modes as given in Table 5.20. Coupling coefficient varia.tion along Z 

axis with suitable modes are presented in the following figures, i.e., for mode TE159  

in Figure 5.31 and for mode TE158  in Figure 5.32. 

Table 5.20: Expected modes and their coupling coefficients at Z=269.7 and X lange 

between 46.859 47.5247. 

11 11  ii x fi G(max)  [ G(min) 

44 1 46.8741 9.9370e-25 9.0515c-25 

15 9 47.0595 0.0025 0.0025 

8 12 47.2218 0.0017 0.0017 

38 2 47.2461 1.4626e-17 1.3545e-17 

30 4 47.4790 1.4385e-09 1.3641c-09 

6 13 47.5220 1.8342e-04 1.6119e-04 

18 8 47.5951 0.0033 0.0033 
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Figure 5.31: Coupling coefficient variation along Z axis for mode TE15,9  
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Figure 5.32: Coupling coefficient variation along Z axis for mode TE18.8  
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Similarly at position Z=266, depending on the range of value we are getting severa.l 

approxnma.te modes as given in Table 5.21. Coupling coefficient variation along Z 

axis with suitable modes are presented in the following figures, i.e., for mode TE19, 7  

in Figure. 5.33 and for mode TE15,8  in Figure 5.34. 

Table 5.21: Expected modes and their coupling coefficients at. Z=266 and x  range 

between 45-45.8934. 

H n G(max) 

16 8 45.0254 0.0029 0.0029 

36 2 45.1017 2.2875e-16 2.1282e-16 

28 4 45.1847 1.2103e-08 1.1532e-08 

9 11 45.4355 9.5850e-04 9.2206e-04 

19 7 45.4357 0.0021 0.0021 

32 3 45.5102 4.5721e-12 4.3042e-12 

25 5 45.5592 2.8802e-06 2.7730e-06 

22 6 45.6243 1.7289e-04 1.68410-04 

14 9 45.7402 0.0013 0.0013 

7 12 45.7940 7.2182e-04 6.8617e-04 

43 1 45.8524 6.6101e-24 6.0355e-24 

13 46.0586 0.0014 0.0014 

JO 
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Figure 5.33: Coupling coefficient variation along Z axis for mode TE19, 7 4- 
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Figure 5.34: Coupling coefficient variation along Z axis for mode TE168  
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From the Figure 5.22, we can also see that best fit is also present at Z=442.2. 

So on optimizing and taking the data lines 1,2,3,6,7,8,9,10 and 13 for the variance 

minimum 5) x=50•6679 and Z=442.2 showed in Figure 5.27, we get the following 

Figure 5.35. 
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Figure 5.35: Brillouin Diagram after optimizing variance minimum 5). 

Depending on the selection of the data lines, we get the x RMS and Variance plot 

as shown in Figure 5.29. 
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Figure 5.36: x RMS and Variance plot for selected data lines (1,2.3.6.7.8.9.10.13). 

Plot shows several local immma pomts in R_\-IS value of x as given in Table 5.22, 

also local minima points in variance curve of x given in Table 5.23. Depending on 

the range of x value we are, getting several approximate modes, as given in Table 

5.24. Coupling coefficient variation along Z axis with suitable modes are presented 

in the following figures, i.e., for mode TE511  in Figure 5.37, for mode TE205  in 

Figure 5.38, for mode TE237  in Figure 5.39 a-nd for mode TE13,11  in Figure 5.40. 

Table 5.22: Local minima- points in RMS value of 

LII x II_Z log(R-IS+(1(,-6)) 

-1.951 

293 -1.325 a 269.1000 

358 -1.647 

370.5000 -1.517 

442.2000 -3.861 
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Table 5.23: Local minima points in variance cnrvc of 

Z log(var+(1e-6)) 

1 46.8939 269.1000 -3.902 

2 42.8677 293 -2.65 

3 37.0647 358 -3.295 

4 45.6874 370.5000 -3.033 

5 50.6679 442.2000 -7.72 

lal)le 5.24: Expected modes and their coiiplmg coefficients at Z=442.2 and range 

between 50-51 

in 11  1 v
G(inax) 11   G(min)  11 

10 12 50.0404 0.0017 0.0016 

20 8 50.1386 0.0037 0.0036 

29 5 50.2676 3.1694e-06 3.0363e-06 

15 10 50.3625 0.001() 9.8126e-04 

8 13 50.4070 7.1039c-04 6.6136e-04 

23 7 50.4088 0.0023 0.0023 

41 2 50.4541 2.0826e-16 1.9212c-16 

26 6 50.4634 1.7765c-04 1.7229c-04 

6 14 50.6878 9.4403c-04 8.9247e-04 

1 15 50.8862 1.8495e-05 9.6520e-06 

33 4 50.9004 7.1325e-09 6.7441e-09 

13 11 50.9458 0.0023 0.0023 

48 1 50.9576 1.1286c-23 1.0212e-23 

18 9 50.9711 0.0029 0.0029 

2 16 51.0013 9.5374e-05 7.3699e-05 
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Figure 5.37: Coupling coefficieiit variation along Z axis for mode TE614  
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Figure 5.38: Coupling coefficient variation along Z axis for mode TE20,8 
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Figure 5.39: Coupling coefficient variation along Z axis for mode TE23, 7  

- 
xl10 

3 
 

3. 

3 

2.5& 
C a) 

2 
a) 
0 

C-) 
1.5 

C- 
0 

10 

0.5 

0 
V. 200 250 300 350 400 450 500 

Z[mm] 

Figure 5.40: Coupling coefficient variation along Z axis for mode TE13,11  
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Without Power Correction 

Now we discuss the results coming from the tool with the sanie data but without 

considering power correction. X RviS and Variance plot is shown in Figure 5.41. 
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Figure .5.41: X HMS and Variance plot without power correction. 

Plot shows several local nnninia points in RMS value of x as given in Table 5.25, 

also local minima pouts in variance curve of x given in Table 5.26. 

Table 5.25: Loca.l minima, points in R,J\'IS value of x 

r x Z 
II_log(RMS+(le-6))  

1 47.1682 269.7000 -1.761 

2 293 -1.395 

3 

M 

358 -1.72 

4 370.5000 -1.582 

1 
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5.3 Results and Discussion on checking Coupled 

Dispersion Relation 

5.3.1 Case 1 

Now we discuss the results coming from the tool when we are testing coupled 

dispersion relation with \V7-X data. here we consider the variation along cathode 

voltage. Data file for the same is given in the Table 5.28 and its constraints are 

given in the Table 5.27. 

We do soinethmg special here, in applvmg our techniques to a cavity mode. An 
40 

important point is that the frequencies of both the coupled and the inicoupled 

dispersion relation fail to reproduce the behavior of the gvrotroii. This shows that 

strong interactions are 11111(11 more dynamic. and cannot he covered by linear 

theory. This is acceptable because parasites are by far not as strong or efficient as 

cavity modes. so  this discrepancy is expected to be snialier. Of course it is quite 

iiiipossibie to investigate the assumption (referred in section 3.6). 

Table 5.27: Gvrotron Constraints 

Mode 28.8 

Ma.g Field 5.604 

Cavity Ra.dius/miii 20.48 

Beani Radius/nun 1015 .  

1 
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Table 5.28: Data. of W7-X for TE285  

Measurenient data. Simulation data 

Data Line U0 

kV 

'b 

A 

f mea.s 

GHz 

EkI,, 

kV 

,8 

1 71.7 38.4 140.328 67.1 0.323 0.3377 

2 73.7 39.1 140.31 69.0 0.320 0.3483 

3 75.7 39.1 140.297 70.9 0.316 0.359 

1 77.7 40.0 140.297 72.8 0.311 0.37 

5 80 40.0 140.3 74.9 0.305 0.3826 

6 80.5 40.4 140.3 75.4 0.303 0.3854 

7 81.7 11.1 140.297 76.5 0.300 0.392 

8 82.3 41.1 140.297 77.1 0.298 0.3954 

9 83 41.1 110.289 77.7 0.295 0.3992 

10 81.3 41.1 140.281 78.9 0.290 0.4064 

11 85.7 41.7 140.274 80.1 0.285 0.4142 

12 86.3 41.7 140.258 80.7 0.282 0.4175 

13 87.7 41.7 140.242 81.9 0.277 0-1251 

The variation in measured frequency along variation in cathode voltage is presented 

in Figure 5.42. For data line 1, perturbed dispersion curves of the mode TE22,8  and 

ljnca.r instability growth ra.te in a vacuuni waveguide are shown in Figure 5.42. From 

the curves we can see the distortion in the hyperbola.. 
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Figure 5.42: Perturbed dispersion curves of the niode TE22,8  and linear instability 

growth rate in a vacuum waeguide. 
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As explamed earlier also, the perturbation is strongest near the points of mtersection 

between the dispersion curves of the wa.veguide and beam modes. in the vicinities 

of these points. the modes a.re unstable. Point of highest growth rate gives us the 

point of interaction. depencli ig on this, whole analysis of coupled dispersion relation 

for cavit.v mode TE288  is shown in Table 5.29. 

Table 5.29: Analysis of Coupled Dispersion Relation for 1E28.8  

DataLine Uncoupled Freq Coupled Max Freq Coupled Miii Freq Growth Rate 

GHz GhIz GlIz imag(.'/27,) 

1 140.0897 140.092 140.08 6.87E+16 

2 110.1536 140.157 110.145 7.07E+06 

3 110.2413 140.245 140.233 7.21E+06 

4 140.3619 140.366 140.353 7.43E+06 

5 140.5621 140.565 140.552 7.61E+06 

6 110.6077 140.61 140.597 7.68E+06 

7 140.7681 140.773 140.76 7.82E+06 

S 140.8577 14(1.861 140.848 7.87E+06 

9 140.9541 140.959 140.915 7.94E+06 

10 111.2016 141.205 141.191 8.OGE+06 

11 141.5907 141.594 141.58 8.22E+06 

12 141.7774 141.781 141.767 8.28E+06 

13 142.4854 142.491 142.477 8.39E+06 
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5.3.2 Case 2 

On applying coupled dispersion relation on the results of 140 GHz gyrotron, having 

measurement da.ta considering variation along magnetic field (as done in earlier 

section). following results are obtained. As we are getting best fit at Z=348.8 and 

Z=447.2. so both these are points are analysed with suitable modes. Here. analysis 

results are only presented for data, lines 1, 5. 8, and 11. 

Genera] data in Table 5.30 and analysis results of Coupled Dispersion Relation for 

TE196  are shown in Table 5.31. 

Table 5.30: Testing of Mode TElj(  

Z 348.8 

Mode 19,6 

Coup Coeff 0.0057 

41.9446 

Table 5.31: Anal sis of Coupled Dispersion Relation for TE196  

Data Line Uncoupled 

Freq 

GHz 

Coupled 

Max Freq 

GHz 

Coupled 

Min Fred! 

GiIz 

Growth Ra.te 

Iniag(i/27r) 

Freq in Table 

GIIz 

1 129.1293 129.132 129.123 4.93E+06 129.435 

5 129.2572 129.06 129.052 4.92E+06 129.361 

8 128.9989 129.002 128.993 4.92E+06 129.314 

11 128.9424 128.945 128.936 4.90E+06 129.247 
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General data in Table 5.32 and analysis result.s of coupled dispersion relation for 

TE225  are showii in Table. 5.33. 

Table 5.32: Testing of Mode 1E22.5  

348.8 

Mode 22.5 

Coup Coeff 0.0047 

k 11.9879 

Table 5.33: Aiialvsis of Coupled Dispersion Relation for 1E22,5  

Data Line Uncoupled 

Freq 

GHz 

Coupled 

Max Freq 

GI1z 

Coupled 

Miii Freq 

GHz 

Growth Rate 

Imag(w/27) 

Freq in Table 

GHz 

1 129.2231 129.227 129.216 6.17E+06 129.435 

5 129.1532 129.157 129.146 6.16E+06 129.361 

8 129.0957 129.099 129.088 6.20E+06 129.314 

11 129.0412 129.044 129.033 6.18E•+06 129.247 

General data in Table 5.34 and analysis results of coupled dispersioii relatic)11 for 

are sliowii in Table 5.35. 

Table5.34: Testing of Mode TE21,8  

447.2 

Mode 21.8 

Coup Coeff 0.0044 

51.4014 
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Table 5.35: Analysis of Coupled Dispersion Relation for TE215  

Data. Line Uncoupled 

Freq 

GHz 

Coupled 

Max Freq 

GHz 

Coupled 

Miii Freq 

GHz 

Growth Rate 

Inia.g(/2r) 

Freq in Table 

GHz 

1 128.5802 128.584 128.572 7.09E+06 129.435 

5 128.5006 128.505 128.492 7.10E+06 129.361 

8 128.4361 128.439 128.427 7.09E+06 129.314 

11 128.3745 128.378 128.365 7.1OE+06 129.247 

Genera.l data in Table 5.36 and analysis results of (ollple(l dispersion relat.ioui for 

TE19,9  are shown in Table 5.37. 

Table 5.36: Testing of Mode TE199  

z M 447.2  

Mode 19,9 

Coup Coeff 0.0045 

52.2612 

Table 5.37: Analysis of Coupled Dispersion Relation for TEucj,9  

Data. Line Uncoupled 

Freq 

GHz 

Coupled 

Max Freq 

GHz 

Coupled 

Miii Freq 

GHz 

Growth Rate 

Imag(w/27) 

Freq in Table 

GHz 

1 130.1248 130.119 4.58E+06 129.435 

5 130.067 

[130.127 

130.069 130.061 4.54E+06 129.361 

8 130.0221 130.024 130.016 4.55E+06 129.314 

11 129.9801 129.983 129.975 4.55E+05 129.247 
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General data in Table 5.38 and analysis results of coupled dispersion relation for 

TE714  are shown in Table 5.39. 

Table 5.38: Testing of Mode TE7, 14  

447.2 

Mode 7,14 

Coup Coeff 0.0020 

52.1438 

Table 5.39: Analysis of Coupled Dispersion Relation for TE71.4  

Data Line Uncoupled 

Freq 

GHz 

Coupled 

Max Freq 

GHz 

Coupled 

Miii Freq 

GHz 

Growth Rate 

1niag(/27,) 

Freq in Table 

GHz 

1 129.9016 129.905 129.895 5.18E-i-06 129.435 

5 129.8116 129.844 129.834 5.46E+06 129.361 

8 129.793 129.796 129.786 5.48E+06 129.314 

11 129.7473 129.75 129.741 5.48E+06 129.247 

The analysis result.s in the above tables provide us the corridor for interaction 

frequency considernig both coupled and uncoupled dispersion relation. On matching 

these frequencies with the measured frequencies, we can decide the existence of the 

particular mode which has been considered for aiialysis. 
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Chapter 6 

Conclusions And Future Scope 

6.1 Conclusions 

From the analysis results coming from the tool, we caine to know about prob-

able position of generation of parasitic oscillations. Frequencies of parasitic 

Oscilla.tic)lls are measured expeririientally and analysed to locate where they 

come. from. It simply tells us that these positions are probably the location of 

the freciuencics measured. 

- We found nniltiple inillinia along the Z axis. In case 1 and 2, 110 power 

correction is used due to unavailability of measured power, found Iflinima.S 

are of equal quality and appear at similar magnetic field strengths before 

and after the cavity because there are always two places where w WRF. 

-. In case 3. when we consider with power correction, after cavity effect is 

niuch stronger. This case shows tha.t power correction is necessary to 

distinguish between the minimas properly. While when we do analysis 

without power correction, the after cavity results are much different. and 

we do not get the strong minima. for Z > 
Pr 
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• Coupling coefficient invest igatioli is a valuable addition to the resonance- based 

investigation, and it helps to associate probable modes with the eigenvaiues 

found by the Brillouin Tool. The expected niode winch can be oscillated 

depends on their coupling coefficient value. We are using several dat a lines 

having a corridor of and also we are using frequency offset. due to these 

reasons we extend our range for calculating probable modes present. Varia-

tion of coupling along whole geometry gi\res us the idea of the behavior of the 

part.icula r 1110( he. 

• Coupled dispersion relation is used to investigate the point of interaction. 

The results are very nmch siinila.r to what explai ied in [23] [241. I-Iyperbola is 

distorted near the points of interaction and gives a corridor for approxi nation 

of perfect frequency of operat.ion. It is also measured experinientahlv that 
k 

operating Ireq1men(V is slight lv different  110111  the  cold iiiteract iou lrec]ueil('v. 

6.2 Future Scope 

Some of the future works of the current rcsearch work are as follows: 

• Depending oui the modes and position of parasitic oscillations which are gen-

crating in the gvrotrons, several measures have to be clone to remove these 

oscillations in order to increase the effic:iency of the main mode. 

• Our results for coupled dispersion relation are not as much accurate. more work 

can be done in this area. There are several other approaches also which define 

this relation, and can be iniplementeci to get some better results (as in [241). 

We can also take into account a niagnetizeci plasma waveguide penetrated by 

a beam of electron oscillators, having some electron plasma density to see its 
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effect on dispersion diagrams. 

The tool was developed for the use with conventional gyrotrons, and different 

formulation must be adapted if it is used on coaxial geometries. As in the 

case of a coaxial cavity having insert radius R, voltage depression is defined 

by [22] 

__
Ib  
___ 

1

Ro1n(Re /Rj) 

2 ocI3i Re ln(Ro/Rj) 
(6.1) 

The cavity radius R0  and average radius of guiding centers at interaction Re  

are given by R0  = - and Re  = 
= Xm±1,1.\ where Xmn is the nth 

root of J(x) and \ is the free space wavelength. 
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