CONTENTS

LIST OF FIGURES.......ctiiiiiiiiiei ittt bbb e e s s e b e e e e o b e e s s e b e e e e s o b b e e e s s b e e e s e s sbbb e e s s annres XVIH
LIST OF TABLES.... .ot i tttte ittt sttt e e st e e st e e s e e s s sassse e e s ase s ee e e sassee e s s nreeee e e asbeeee s nnneeeeesaseeeeeansnbnenasnassaneenannes XXI
ABBREVIATIONS ...ttt e e e e e e e e s s ab b e e s s e R b e e e e s s bR e e e s 4o RRe e e e s sabab e e s s abee e s s e mbbe e e s s anmreneesannn XX
LI RS IO o 1= P XXV
PREFACE 11 tet « teiittiieisitttie s ssireeessssrreeassassreessssseee e s s sseeeessassee e e e s s see e e easRE e e e e e naE s e e e e e e R R e e e e e nRReeeenaRRreeenanRnreeennnreeenannns XXIX
Chapter 1: Introduction and Literature ReVIEW..........cccecveveiieveece e, 1
1.1 Background and MOTIVALION .........cccooeiiriiiniiie s 3

1.2 Microwave Tubes Development...........coovviiiiiiicic i, 5

1.3 Gyro-twystron Amplifier: Structure and Physics ...........ccccevevveennee. 9

1.3.1 MIGand input COUPIEN.......oovevmiiieiieecece e 10

1.3.2 RF INteraction region .......ccccvevieiiieeiicsiee e 11

1.3.3  OULPUE SECTION....cviiiieiiiieierie st 11

1.3.4 Working PrinCiple ..o 12

1.4 LIterature FEVIEBW.......coveiiiiesiieie et 16

141 GYrotroN deVICES ....ccvcviiieecieeie e 16

1.4.2 GYIO-TWYSIION ..ot 21

1.5 Advantages of Gyro-twystron over other Gyrotron Devices.......... 27

1.6 Applications of Gyro-twystron Amplifier ..., 28

1.6.1 RADAR. ... 28

1.6.2 Particle aCCelerators ........cccocvevereerenreiee e 29

1.7 Problem Definition ..o 30

1.8 Significance of the Present Work .........ccccocevevevveivcie e 31

1.9 OULHNE OF THESIS..c.viiie e 32

1.10 CONCIUSTON ...t 35

Chapter 2: Multimode Analysis of Conventional Gyro-twystron Amplifier*37

2.1 INFOAUCTION. ...t 39
2.2 Design Methodology of GYro-twystron...........cceceeeerieeneseeseennnn, 40
2.2.1 Interaction structure design.........cccccvevviveiieri s, 40
2.2.2 Beampresent deSign ISSUES.......cccurvrereeierieiieniesieeeeeenens 44
2.3 Multimode analysis of GYro-twystron.........ccccceveveeriveresieseennnn, 47

Xii



2.3.1 Input Resonating Cavity........cccovvvevieiiievie e 49

2.3.2 Field-Free Drift REQION ......ccoeviiiiiiiicee e 58
2.3.3 Output Waveguide SECtION........cccvrererirereine e, 59
24 Numerical Benchmarking .........ccoooeeiiriiiinienieiece e 63
2.5 CONCIUSTON ...t 65
Chapter 3: Particle-in-Cell Simulation of Gyro-twystron Amplifier* ....... 67
3.1 INEFOTUCTION ... 69
3.2 Electromagnetic SImulation............cccceoiveiie i 70
3.2.1 Numerical teChNIQUES ........ccoveiveiieiece e 70
3.2.2 3-Dsimulation tool...........ccoiiiiiiiiiicee 72
3.3 Simulation Study of Conventional Gyro-twystron .............c.cee.... 74
3.3.1 MOAelling ...coveieeieeee e 74
3.3.2 Beamabsent study (cold simulation) ...........cccccocvrvrnnnne. 77
3.3.3 PIC SIMUIALION ....c.veiiiiiiiiciie e, 78
3.3.4 Resultand diSCUSSION ........coriierierinirisienese e 82
3.4 CONCIUSTON ... 84
Chapter 4: Stability and Design Studies of Periodically Dielectric Loaded
Gyro-twystron AMpPlifier* ... 85
4.1 INFOTUCTION ...t 87
4.2 Design Methodology........coovveiiiiiiciiece e 87
4.2.1 Pre-bunching Section........cccccveviiiiiieie e 87
4.2.2 ANalysisS OF PAraSIteS.........ccuvvverieriieiiiieese e 88
4.2.3 Designof dielectric-loaded section............cccccevviveinennnn. 91
4.2.4 BeamPresent Design ISSUES..........coereirenreiineneneiesnnes 98
4.3 Results and DISCUSSION ......ccuveuieiiieiieieriesie s 100
4.4 CONCIUSTON ... 101
Chapter 5: Multimode Analysis of Periodic Dielectric Loaded Gyro-twystron
AMPLHTIE I 103
51 INEFOAUCTION ... 105
5.2 Analytical model ... 105
5.3 Coupler and RF WINAOW .......ooiiiieiiiie e 111
5.3.1 Designand simulation of the Input coupler .................... 111
5.3.2 Designand simulation of RF window..............cccccevnuenne. 114

Xiv



5.4 RF Interaction StrUCTUIE .........ccovieiiiieciecceee e 115

5.4.1 Modelling and Cold Simulation.............cccccceevvevveveenenne. 115

5.4.2 Hot Simulation ReSUIS ..o 117

55 Parametric Analysis and Validation ...........ccccooeviiiiiniicenn, 122

5.6 CONCIUSTON .t 123
Chapter 6: Performance Improvement Studies of Gyro-twystron Using an

Intermediate CaVILy ........ccovveeriiiieiieie e 125

6.1 INrOAUCTION. ... s 127

6.2 Design Methodology .......c.cocveieiieiice e 128

6.2.1 Magnretron Injection GUN (MIG).......cceoveiiiiiiiiniiinnn 128

6.2.2 RF Interaction StrucCture..........ccocvvvvinenienn e 132

6.2.3 Particle COHECtOr.........cccvoviiiiiiee e 134

6.3 Beam Wave Interaction Study ..........ccocevvrviininicncnceseeee 136

6.3.1 Modelling and Cold Simulation.............cccoeevoininiciienn 136

6.3.2 PIC Simulationand Validation ............cccocoveniieniiiinnnnn, 139

6.4 CONCIUSTON .t 140

Chapter 7: Conclusion, Summary and Future SCOPE .........ccccoververvrieerennns 143

7.1 Summary and ConCIUSION ........ccoiiiiiiiii 145

7.2 Limitations of the Present Work and Scope for Further Studies ..148

REFERENCES ...ttt st 149

AUTHOR’S RELEVANT PUBLICATIONS ............ccccooiiiieeiiiiiiiie i siiiaea e 157






ILIST OF FIGURES

Figure 1.1 Block diagram of the microwave tube...........ccooeviiiiiniiiies e 5
Figure 1.2 Taxonomy of MiCrowave tUDES ...........cccvereiiieieericiese e 7
Figure 1.3 Variant of gyrotron deVICES ........ccccveiieiiiieiie e 8
Figure 1.4 Schematic of gyro-twystron amplifier ... 9
Figure 1.5 Dispersion diagram of gyro-twystron amplifier ............c.cccccvevveiennnn, 14
Figure 1.6 Cyclotron resonance maser mechaniSm ..........c.ccccovvveveeinenencinnennenns 15
Figure 1.7 Phase bunching in cylindrical interaction structure............ccccoocevvnnenne. 15
Figure 2.1. SOC of the input cavity of gyro-twystron...........ccccoeveeeieeie e, 41
Figure 2.2 Start oscillation current Vs waveguide length unloaded gyro-

EWYSTION. e 44
Figure 2.3 Limiting current and depressed voltage variation over the ratio of

waveguide radius over the beamradius .........ccccccevvveveiieiiniiciccee, 46
Figure 2.4. Coupling coefficient of TE modes over beam position. ...................... 47

Figure 2.5 Coupling coefficient of TEo1 mode over the guiding centre radius......47
Figure 2.6 Arrangement of the gyrating electrons in Larmor orbit in the Cartesian

as well as cylindrical coordinate SYStems. ..........ccccevvevieveiiieieccieenn, 49
Figure 2.7 Growth of RF output power in desired mode as well as competing
mode along the axial position of waveguide...........cccccevvrveiviiieennene. 64
Figure 2.8 Normalized energy and electron along the axial position of waveguide
(b) phase of the electron along the axial position of waveguide.......... 64
Figure 2.9. Comparison of RF power variation over the beam current ................. 65
Figure 3.1 Particle in cell SImulation ............cccooviiiiiiiie i 72
Figure 3.2 Simulation procedure for beam wave interaction study ............c.c........ 73
Figure 3.3 CST model of X-band unloaded gyro-twystron...........cccceevvevveiernne, 75
Figure 3.4 (a) Mesh view, and (b) boundary condition of CST model of X-band
unloaded gyro-tWYSIION ......ccveieiiiiiieesee e 75
Figure 3.5 Relative dielectric properties of BeO-SiC in X-band..............c.ccueneee. 76
Figure 3.6 Different view of electric field confinement with quality factor .......... 76

Figure 3.7 The resonating frequency of the input cavity with the contour plot.....77
Figure 3.8 Electric field distribution ina drift tube ...........cccoevvviie i 78
Figure 3.9 Field distribution in output waveguide SECtion ...........ccccevererericriennen 78
Figure 3.10 Particle perspective view of gyro-twystron with particle emitter



Figure 3.11 Normalized momentum of particles Vs Axial length of gyro-

EWYSTION .. 80
Figure 3.12 (a) Temporal output signal response (b) the temporal output power

GrOWEN TE01 MOTE ... 81
Figure 3.13 (a) The temporal output signal response (b) the temporal output power

GrOWEh TE02 MOE ... s 81
Figure 3.14 The frequency response of developed RF output power .................... 81
Figure 3.15 RF power variation over the beam Current ..........ccccooevvveneicieeinennns 82
Figure 4.1 Variation of SOC with the magnetic field at the input cavity. ............. 88
Figure 4.2 The longitudinal view of PDL waveguide. ..........ccooveveiieneenesnieeeeee 92

Figure 4.3 Normalized azimuthal electric field variation over (a) space harmonic
number in vacuum region (b) modal harmonic number in the dielectric

(10 0] 4 ST USSP PP VTP PRURURUROROPR 95
Figure 4.4 Dispersion of lossy PDL gyro-twystron amplifier..............cccccoeveeenne. 95
Figure 4.5 Propagation loss as a function of frequency for dielectric waveguide

(complex permittivity of BeO-SiC iS 31-13)). ..eocvvvevverriieieeie e 96
Figure 4.6 Propagation loss Vs radial thickness of the dielectric material and (b)

SOC Vs axial length for operating TEor mode........c.cccevvviiieicnnnnne, 96

Figure 4.7 (a) SOC variation with the loss for different modes and (b) SOC
variation with propagation loss for different beam-velocity pitch

Figure 4.8(a) Coupling coefficient variation with the ratio of the beam to
waveguide radii (b) variations in the depressed voltage and limiting
current with the ratio of the waveguide to beam radii (at
L0 K TR 111 1 ) OSSR 97

Figure 4.9 (a) Temporal variation of RF output power and (b) spectrum of output
signal and contour (inner figure) of desired TEo1 operating mode (at
4% Of VElOCIty SPread). ....c.ocveieeicieceee e 99

Figure 4.10 RF output power Vs (a) radial thickness (b) length of dielectric rings
(complex permittivity IS 31-13]). .ooooerereiiiiiirieee e 99

Figure 4.11 RF output power Vs loss tangent for practical dielectrics (for fixed
Fth=21.1 MM and Wa=2mMM).........ccoeiireiiiiiieiie e 100

Figure 4.12(a) RF output power variation over the frequency (b) RF output power
variation over the beam current (for fixed RF input of 85kW). ........ 100

Figure 5.1 The transverse and longitudinal view of PDL waveguide .................. 107
Figure 5.2 Field amplitude variation along the axial length of waveguide. ......... 111
Figure 5.3 RF output power growth along the axial direction of the waveguide. 111

Figure 5.4 (a) Schematic and (b) CST model of mode launcher with electric field
QISIFIDULION. .ot 113

Xviii



Figure 5.5 (a) Vector plot of TE1o0 mode (port 1) and TEo1 mode (port 2) of the
input coupler and (b) Scattering coefficients of the input coupler....113

Figure 5.6 (a) Reflectivity of RF window Vs frequency and (b) its CST model.115

Figure 5.7(a) CST model and E-field distribution of TEo1 mode in RF window and
(b) Scattering parameters of RF WiNdOW ..........ccccevviievveieninseene. 115

Figure 5.8 Modeled gyro-twystron RF interaction circuit with particle emitter..116

Figure 5.9 Confinement of E-field at the resonant frequency of the input
CAVILY. 1ttt bbbt 117

Figure 5.10 Transmission loss on different modes in the drift tube. .................. 117

Figure 5.11 Particles’ normalized momentum variation over the axial length (with
4 % spread in particles VEIOCItY). .......ccoevvvieveieiiere e 119

Figure 5.12 RF output signal amplitude developed in TEo1 and TEo2 modes (with
the drive input power 0f 85 KW). .....oooiiiiiiiice 119

Figure 5.13 RF output power developed in TEox mode monitored at the end of RF
interaction structure (V=440 kV, 1,=220 A with 4% velocity

SPIEAM). ...ttt 120
Figure 5.14 Frequency spectrum of the output signal in TEo1 mode. .................. 120
Figure 5.15 Thermal loss distribution and (b) temperature rise in the last four

BeO-SiC rings. (for fixed rtn=1 mmand Wg=2 MmM) .......ccoecererernene 120
Figure 5.16 Variation of (a) saturated RF output power and (b) gain over the RF

drive power (the beam voltage is fixed at 440 KV). ......ccooovverinnennn. 121

Figure 5.17 The variation of (a) RF output power (b) efficiency over the beam
current (the drive input power is fixed at 85 kKW)........c.cccevvvenenee. 121

Figure 5.18 (a) Gain over the frequency for different RF drive power (b)
Comparison of multimode and PIC simulation response of PDL gyro-
twystron (Vb=440kV, 1,b=220 A with unity beam velocity pitch factor

and 4% velocity Spread). ........coovveiiiiiiee 122
Figure 6.1 Schematic of two cavity gyro-twystron............cccccvevveveeiesieesiieseenens 128
Figure 6.2 Variation of Electric field and the ratio of current density (a) over

cathode radius and (b) beam voltage.........cccoovveeivevesiesie e 130
Figure 6.3 Electron beam trajectory in the emitter section............cccceevvevennnnns 130
Figure 6.4 Variation of Pitch factor and velocity spread (a) over modulating anode

voltage and (b) beam VORAQgE ..........coveveieiiiiiic 131
Figure 6.5 Variation of velocity spread over emitter surface roughness ............. 132

Figure 6.6 Resonating frequency Vs axial length of TEo1 operated cavity. ........ 133

Figure 6.7 SOC Variation of cavities with a magnetic field (b) SOC Vs waveguide
length for operating TEo1 MOTE. ......ccovveiiiiiiieieieee e 133

Figure 6.8 Variation of total efficiency of Gyro-twystron over (a) electronic
efficiency and (b) depressed potential .............ccccoveveiiieiiie e, 134

XIX



Figure 6.9 Variation of total efficiency of Gyro-twystron over beam voltage and
depressed POtENtial.........ccooveiieriiie e 135

Figure 6.10 Variation of pitch factor and cyclotron wavelength over the magnetic
decompression ratio (b) beam radius and magnetic field over the
magnetic deCOMPIESSION FALI0 ......c..erververeeriirieriiree e 135

Figure 6.11 CST model of two-cavity gyro-twystron...........cccccevvveveiieinesreenenn, 137

Figure 6.12 (a) Energy distribution profile of particles in two-cavity gyro-
twystron (b) the energy variation along with the axial position........ 137

Figure 6.13 Axial variation of (a) normalised energy (b) phase of particles of two-
cavity X-band gyro-tWyStrON. ........cccceieieiiniieii e 138

Figure 6.14 Axial variation of RF output power in TEo1 mode. .........cccccevvrnnee. 138

Figure 6.15 Temporal variation of RF output power (b) the frequency spectrum of
two-cavity X-band gyro-twystron ... 138

Figure 6.16 Comparison of analytical and PIC simulation RF output power of two
CAVILY GYrO-TWYSEION. ©.veiiieiiiciie et 140



LIST OF TABLE

Table 2.1 Design parameters of gyro-tWyStron .........ccccecereienenineeieneneneseeiens 62
Table 4.1 Design parameters 0f PDL gyro-twystron ........ccccceevveveviveneeiesie e 97
Table 5.1 Structural parameters of PDL gyro-twystron...........ccccceevveveeiieciecnnenn, 110
Table 5.2 Structural parameters of iNput COUPIEr ..o 113
Table 5.3 Structural parameters of RF WiNdOW ..........cccccocviievieiiiic e 114
Table 6.1 Design parameters of two cavity gyro-twystron..........ccccceevvveeveesnnnns 134






Abbreviation

BeO-SiC
BWOs
CARM

CPI

CRM

CST

DC

ECRM

EM

FDTD
FEM

FIT

GHz

MW
Gyro-amplifier
Gyro-BWO
Gyro-TWAs
Gyro-TWT
IAP

LHC

MHz

MIG

ABBREVIATIONS

Full Form

Beryllium Oxide-Silicon Carbide
Backward Wave Oscillations
Cyclotron Auto-Resonance Maser
Communication and Power Industries
Cyclotron Resonance Maser
Computer Simulation Technologies
Direct Current

Electron Cyclotron Resonance Maser
Electromagnetic

Finite-Difference Time-Domain
Finite-Element Method

Finite Integration Technique
Gigahertz

Megawatt

Gyrotron Amplifier

Gyrotron Backward Wave Oscillator
Gyrotron Travelling Wave Amplifiers
Gyrotron Travelling Wave Tube
Institute of Applied Physics

Large Hadron Collider

Megahertz

Magnetron Injection Gun



MoM

MW

NRL

OFHC

PBA

PBG

PDL

PIC

PML

RF

SOC

SSDs

SWSs

TE

™

TeV

THz

TWAs

TWTs

UDL

VEDs

Method of Moments

Megawatt

Naval Research Laboratory
Oxygen free High conductivity
Perfect Boundary Approximation
Photonic Band Gap

Periodic Dielectric Loading
Particle-in-Cell

Perfect Matched Layer

Radio Freguency

Start Oscillation Current

Solid State Devices

Slow wave Structures
Transverse Electric

Transverse Magnetic

Tera Electron Volt

Terahertz

Travelling Wave Amplifiers
Travelling Wave Tubes
Uniform Dielectric Loading

Vacuum Electronic Devices



LIST OF SYMBOLS

Symbol Details
I Relativistic mass factor
a Pitch factor
Vp Beam voltage
I Beam current
'w Radius of waveguide
Iy Electron guiding centre radius
Fcav Radius of cavity
r Larmor radius
rd Radius of drift tube
Lc Length of cavity
Ld Length of drift tube
Lwg Length of waveguide
Vi Transverse electron velocity
v, Axial electron velocity
@ Angular frequency of RF wave
Q Electron cyclotron frequency
c Velocity of light in free space
A Operating wavelength
e Electron charge
Me Mass of electron
Bo DC magnetic field
S Electron beam harmonic number



Mgq, Ng

pt
Pz

N
Hmn

Xmn

un

”ele

Pin

Eo

Qcpl

Azimuthal, and radial indices of g™ mode
Total number of modes

Particular number of mode

Normalized momentum of electrons
Transverse momentum of electrons

Axial momentum of electrons

Phase of electron

Normalized beam current

Normalized interaction length

Transverse AC current density
Azimuthal coupling coefficient
The nt zero of Jm (Bessel function)
Complex permittivity

Free-space permittivity

Free-space permeability

Start oscillation current
Normalized field amplitude
Bunching parameter of the electron beam
Transverse efficiency
Electronic efficiency
Driver power at the input cavity
RF electric field
RF magnetic field
Electric field amplitude at the input cavity
Quality factor

Coupling quality factor

XXVi



Ky Transverse propagation constant

k, Axial propagation constant

B Normalized transverse electron velocity
s, Normalized axial electron velocity

V4 Voltage depression

I Limiting current

G Gain
Sd Skin depth
o Conductivity
tw Window thickness
Iwin Radius of window
erw Relative permittivity of RF window

XXVii



