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ABSTRACT 

Iii this \V()rk. a concel)tual  design of 17() GHz Megavatt (lass (oiitinuous Wave 

Gvmotron 15 P1''t The working mode is TE2  )2 A (lio(!e tVp(' lagnetioii 

Iii jectioli Guti ( \IIG) is (lesigne(l and OI)tilliiZe(l  Ilsilig Gvrotroii Design Suit (GDS) 

V3 2014 and ESHAY (Odes. This gvrotron is designed with conventional (avitv 

which iliclli(les interaction seitiuti with \V('ak illl)llt  and 011t1)llt tal)('1  se(tions. At 

place of interaction regioii sui)er-cun(lucmg uiagnets are use(l to provi(Ie lle(essalV 

magnetic field 6.725 1 for magnetic guidimce system. Output system of gvrutroii 

is designed that consists of non-linear taper followed liv Quasi-optical launcher and 

RF window. The softwares used to 1)rovide  the design of difkreiit parts are GDS 

V3, Gvrotruii Cavity Interaction Calculations. Launcher Optiniization Tool (LOT) 

• for qllaSi-Ol)tical laninlier desigii and MATLAB for Mirror Siithesis. 

Phase Retrieval Algorithin illil)lclil('Iite(l  and lnerge(l with ODS \13  for conventional 

Gyrotron and for (hiflerclll planes phase reconstruction has 1ecii done. The Iter-

ative Phase Retrieval Algorithm for Gyrotrouus employ a iuuinerical solutiouu which 

cl(-lermiuues the phase of t he HF wave froin the Iiueasure(l intensity profile. Phase 

reconstruction is aclmieve(l by Iterative or Error reduction method in this case. The 

Phase recoiust riicl ion provide profile (1esigning of internal mode converter reflectors 

amid matching optical unit (MOU) for Grotrons. The MOU with two mirror systeiui 

is designed to correct the beani parameters like astigmatism and cllipticity. The 

(orrect beam contains alnuost ideal gaussian (ontent. as uiiore than 99 Y pure l-IE 1 . i 

mode is required for optinmumuim perfi)rinance for electron cyclotron resomiaumce heating 

(ECRI I) transmission system or at plasma end. 
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Chapter 1 

Introduction 

yrotrons are the fast wave (phase velocity is higher than the light velocity) devices 

+ \Vlli(ll are (al)al)le to (lelivere(l kilo-watts to \iega-ivatts of l)0\Ver at liIillinleter/siih- 

imllimefer/tera-hertz wave freqiieiicies. From then (()llcel)tioll iii the late fifties until 

their successful developiiient for various applications. gyrotrons have collie a long 

way technologically aiiol llla(l(' an irreversible iunj)act 011 1)0th users and developers. 

Gvrotron I echnologv has significantly advanced from single frequency low poiii to 

inulti-frequeiicy high iowei' (luring this time towar(15 meeting the goals for reliable 

and efhoient soUrce of high p0\e1 in millimeter and Sill) millimeter wavelength range. 

1.1 General Introduction 

The gyrotron is a iwllinicter/sub-milhmeter beam source that generate the high 

power coherent radial ion. It coimsist a magnetron injection gun (MIG). The M1G 

P10(I11(('s all annular electroii 1)eaun, which goes into a cavity resonator. The (avity 

resonator is in the l)lesen(o  of an axial magnetic field. The axial magnetic field is 

(reateol by a special super—conducting muagliets. In I lie open cavil. the RF field 

comes in the mtera(tion with clectrons in the heani vhiichi are in cyclotron inotiou 

oluc to this interaction kinetic energy of inoviimg electron is converted in HF energy. 

1 



('IlAPTER 1. INTRoDUCTION 

Now ('xtra(tillg this fl F output call he achieved 1w two methods: 

Axial output (ciliplilig H F power in TE 1, iiiode is taken 1)v axial vaciiuni 

\villd[)\V. 

A quasi-optical launcher ((2OL) or mode convertor is used for coilversioii of 

TE1 , ll1O(le to gaussian mode SO power will flov radiall. tlieii radial power 

tiiiiisinittc'd by a ra(lial \r1(UUlll \Vil1(l()\V. 

Gviotron sV5t('IllS have iioveim  useful \V11e1(' (ollventional mni(ro\vav(' sources have 

not l)Cell al)le to fulfil t he ieqiiireiiients of some specific al)l)liratiOlis. This is 

(leulolmstrat('(l by the flhllfll)er of al)plicciti011s  ill \V1ii(l! tll('V (ll 1)(' 101111(1. There 

are iiianv al)h)li(at ions of gvrotron 511(11 OS [i] 

. Plasma heating and plasmima (hagnosis. 

. Satellit e (011lfllUlli(ati011. 

. la(la1 rangnig 011(1 immiaging. 

. Suh-iiiihliuietcr vwi' and TlIz spectroscol)v. 

. )daterials sintering and )rOce55i11g. 

1.2 High Power Continuous Wave Gyrotrons 

High frequency high power gyrotrons are niaiiilv developed for nucrowave heating 

and (lilTelit drives ill 1)111115 for thermonuclear fusiomi research. Electron (Yclotloli 

resonalice heating (ECR H) and electron cyclotron resonance current drive (ECCD) 

have proven to be important tools for plasma forimiation (levices ('sl)ecially for stel-

larator and TOKA\IAKS. as it l)rovides 1)0th miet cllirellt-free plasma startill) from 

the iieut ral gas and eihi(iellt heal ilig of the pla.simia [2]. 

For time international therinolmu(lear eXl)erilllelltal reactor (iTER) (lesire(l I)o\Vei for 

1800 seconds 1)11150 is 2 \ l\V from a single gvrotromm. The niaxunuin pulse length 

2 
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(IL\PTEH 1. INTUODUCT1ON 

is achieved by 140 GlIz. nicgavatt-class gvrotron is 60 niiiiiit es with 0.92 \1\V 

out put power. 14A ('fli(iellcv 0101 97.5 X Gaussian niode cont eni . This gvrol loll 

1)1111(1 ifli(l('1' tli(' (ollal )()iat ion of CPI and European KiT-CR PP-CEA-TED. It is 

('lliploviilg sviitlietic (iialil( oicl out put window and single-stage depressed collector [3]. 

1.3 Plasma Heating Techniques in nuclear Fusion 

Reactors 

ihe iesear(]1 going oii the t lieriuonuclear fusion reactor to fulfil the energy need 

in the future. The nuclear fusion is the ('leanest and safest way to generate the 

1)o\('l. The  l)1o(('55  of 101(lear fusion is two low nuclear mass positively charged 

nuclei (olli(le to ('0(11 other at high temperature. The lighter nucleus fuse to I1eaVi('r 

nucleuS. In donig. this 1)1ocess  they release a large aniount of energy. Fusion power 

is a most researching area 1)lasiila j)llysicS. To fuse the Deuterium-Tritiuiii atouiis. 

the reqllir('(1 teml)eratule is in the range of 100 - 150 x 106  CC 

1.3.1 Ohmic Heating/Current Drive 

Plasma l)ellaves as an electric con(hictor because it is nothing but a ionized gas. 

It can be heated by inducing current through it. In a plasma torus, there are 

electromagnetic viiicIiiig outside. \Vlien we apply the current on these windimigs, 

the induced current (levelol)ed in the plasma. We cini ulnlerstali(l this nie(hlanisnl 

by taking an example of a transformer. The winding is primary coil and plasimia is a 

se(Iondary (oil. This is instiiictivelv a I)lmlsel l)1o(('ss because there is a limiiit to tli(' 

current through the plilliarV (there are also other limitations oii bug pulses). So. 

this tyl)e of heating called ohumnc 01 resistive heating. 

3 



ChAPTER 1. INTRODUCTION 

1.3.2 Neutral Beam Heating 

In this type of lieatiiig. a lugli - energy heani of neutral atonis injects. C4enerallv 

these are isotopes of'  hv(lrogen at oiii such as cleutei'iiini and tritiuiu. These highlv 

energized atonis transfer their energy to the plasiiia The transfer of this energy 

gives the iiicreuient in t he teuilperatulre. 

1.3.3 Radio-Frequency Heating 

In this type of heating radio waves inject jilt 0 the pla.snia at a fixed frequency. 

At this frequency the particles in p lasilia resoilate With a fixed rotation. 011(1 these 

wave particles transfer their energy to l)laslna particles. These 1)lasilia particles have 

diflerent resonance frequencies. Therefore the heating can he al)plie(l selectively to a 

defined groui) of particles in a defiiied beat 1011 lfl I h Plasiiii. by iii jecting radiation 

at just the right freqiieiicv. This is kiiovn as Ion-Cyclotron Resoiiaiice heat jug 

(IC'RI-l). 

1.4 Motivation and Scope 

ihe generation of power is getting very crucial dily by day. to overcome the prob1'iii 

of generation of P°'" we iieecl to decide au alternative of Classical l)oW('r gell('rat iOu 

methods. The nuclear fusion pronuses these as it is the niost safest amid (leanest 

iuiethiod and (11 generate huge ainounit of power. so. the most iniportant use of 

gyrotrons are heating of l)l}1si1i1s in nuclear fusiomu experimli('llts reactors .Aiiother 

01)1)licatiouis are high temperature processing 011(11 sintermg of materials. The (IC-

signing of gvrotroiis for nuclear fusion exl)eruhients ext ends from bug 1)11151' to ieal 

C\V regime with the highest power while niaifltaifliflg the higher efficiency. 

Present lv ITER is the largest nuclear fusiuii project is under developing under the 

collaboration of seven countries. European Union (EU). Unites States of America 

USA), India. Peoples Republic of ('hiiia, Russia. Japan. South Korea. The operat- 

4 



11 CHAPTER 1. INTRODUCTION 

ing frequency \alies froni 3() to 170 GlIz of gviatrons in t lie ITER [4]. Preiit1v. the 

goal of r ieareliers i to acliievi' the 1I1(1Xiliililii oulpill power. liiaxiliiilln ('I1i(ielitV ii11( I 

iliaXiiiiillll l)Uls(' (Illiatioli. Along with I his I)roje(t.  another 1)ioi('(l  \V1I1(11 is ilahll('(I 

as Stea(IV slate super cond itcl ing TOK;MAK ( SST- 1) is under the fabrieatioii 

aiiil (lesiglliiIg at the institute for Plasiiia Research (1P13 ) Gandhuiiagar. India with 

relatively low iilagnet i( field and power general ton [5]. 

The goal of this work is t o designing of C\V operation of a 170 Gllz gyration with 

all 011t1)Ut 1)oW('I of the level of M\V for 1)1051110 hieatiiig al)pli(atioil like ITER. And 

(lesigning the (omplete output systeni along with lilirri a synthesis 1111(1 checking the 

\v()rkilig of lteiative Phase Retrieval Algorithm (IPRA). 

1.5 Related Literature Review 

Gvrot ron fulfil the re(1llireiiielitS of the applicat ions in whereas the (ollveutiolial 

iniclo\vave S ulices ((illilot. SII1)stantial voik oil gvrotrous has been done in the de-

velopinent of gvrotrons for l)1a5111a (liagnostics in theimnonuclear fusion eXl)eiilli('iits, 

material pl0(essiilg. t('(hiliologi(al 01)1)hicatiOflS 011(1 nle(li(al al)h)li(atiofls  [6]- [9]. 

This se(tion eXl)lains the (1c'tails about the various (levelopmeilt )rogra1ns of gv-

iotioils operating at the frequency of 17() GILz around the world. The pra(tical 

iiiipleiiic'iitation of the cOncel)t of electron cyclotron resoiiance maser explored iii late 

1950s and later than iii 1111(1 sixties. Russia starts to (leVe101) the earliest version 

of the gvrotrons. Froiii that point the gvrotron technology starts to move fast 

011(1 110W t he lot ('St veisioiis of,  gvrot lulls are ca.h)al)le to fulfil the requireiiient s of 

the al)l)licatiolls.  Gvrotroiis require super conducting magnets to cant iol the beam 

paiaiiieters At the ('11(1 of iiinetieth century the sup'r coiiductnig mnagmiets are 

uiot available. vhich sto)ped the (1('velopullelit of high po\Ve1 gylotiolis. The ITER 

project had begun iii 1985. In this )1Oje(t 24 gyrotrons are required and for each 

5 



p ChAPTER 1. INTRODUCTION 

gvrotu)11 appr()xilllatelv 2 _\ I \\ power  rquired to deliver of 170 GIiz gyrotroii. This 

5te1) attract(sl scieiitisl for (lesigililig lugh power lu GUY. gvrotron [10]. 

Iaifl1v three I earns of (Iifielenl countries have vorke(l on 170 GHz Gvrol ion. 

• 1-lasnia I lea ting Laboratory. J apaii At( )lhhlc E11('rgv Ageii (.1 AEA) in ('01- 

oratioii \vitll TO511i1)a Elistroii Tubes Devices C)..Ltd..Japan. 

• The (\('O\I ('ollal)orates vit1i the liistit ute of Applied Phvsics(IAP). Russian 

AcademY of Sciences. INizhnv INovgor)d. H ussia. 

• 1\arlsrhllle liistitiite of ]echuiologv. 1\ai'lSIUhl('. Cerniaii. 

In the starting of the tweiitietli century .JAEA Starte(l a program to (l('V('1OJ) 1 I\\. 

170 GhIz. coiitiiiuous wave (C\V) gvrotroii for ITEP . They used conveiitioiial cavity. 

working mode TE31,5  with (1llalitv factoi' (Q) Was 1503. The (listri])lltiOn of the 

power is coiiverted into a Gaussian 1)ealhl froiii the jn-l)lljlt mflO(le-converter. The 

Gaussiaii 011t1)lit power is taken out by edge cooled diaiiiond window. The beani 

voltage and ieani current Was 71.2 k\ and 20-30 A resi)e('tively. For the 100 se('011(Is 

and 9.2 secoiids they achieve 0.5 M\\ and  90() K\\ resl)ectiVelv.  They achieve these 

results in 2001. To achieve the more better results they mno(hiuied the design. They 

replace their commveiit ional gun with the trio(le type magnetron uijection gun. which 

provi(le limore flexibility in the pitch factor. And at the end of 2009 they achieve 80() 

KW. (\V B F ollt1)llt I)o\v('r wit h the 35 % efficiency. The 1)ean1 voltage and current 

were 72 kV and 29.5 A. The group is also working on the designing of dual frequency 

regime gyrotrons for the frequencies 170 GlIz and 137 GI-lz with TE;uii  and TE25()  

niodes resl)e(tivelv. The iiiost common applications of 170 GI-lz is ECU!! and 137 

GUz is ECCD in TOKAMAKs. In 2011 by applying 40-70 A beam current they 

achieved 1-1.2 M\V power at the both frequencies. [11[- [201. 

The ('ollal)orative group GYCO\1/IAP olesigmmeol 170 GhIz gyiOtiOh1 in 2000. At 

the starting they uSe(1 1)01011 Nitride (BN) wimmdow v1iicii provides low traimsinission 

[1 
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of the 011t1)llt HF beaiii. Theii they (ollal)orate with the harlsiiilie Iiistitiite  of 

TFe(llllohgv ( F1T) . Clieiiiical \al)O1  I)el)ositioll ( ('\l)) 1)iaiiioiid \vill(lo\v was ill-

stalled. 'lucy aclueved :32 A with 80() KXV output power. And after using single 

stage (lepresse(l collect or (SDC) t he achieved effi(ien(i .v was 52 'A. TheY built I his 

gvrotron at TE2 2  and TE-)5.10  modes. The both iuiodes are best to deliver C\V 

output iover.  The lx'iuuii V()ltiIg(' and l)('alii current ranges iii this gvrotron were 

70-100 K\ and 40-50 A [21]- [281. 

Besides of the others. Karlsrutlie Institute of Techuio!ogv. Kai'lsi'uhie. (levelul)('(l Coax-

ial (HVitV gr()troll. The output power of this gyi'otl'oii is ('(hulal to 2 M\V and 

operating at the TE:j9  . 'lhl(' aI)l)lie(l beaiii Voltage and beam (lilT('ilt are 90 NV 

and 75 A respect ivelv. flie Magnetic field at ilitera('tion was 6.87 '1' and the lueaiìu 

velocity ratio is 1.3. Along with this gvrotron they are also (levelope(l 140 c;I-Iz and 

170 GI lz conveiit ional caVity gvrotron 291- 1351. All previous efforts for devolopineiui 

of 170 GHz gvrotrons are presented iii Table 1.1. 

The un-availability of sulper-con(Iucting magnets hunts the out put power.  .At the 

beginning stage a 6 T caii produce by normal magnets. but due to availabilit 

of super-conducting magnets the magiletic field can be achieved imp to 7 T. The 

(J'vD (liahllOfld \Vi1l(lOV and single stage depressed collector increase the efficiency of 

gyrotrons [361- [37] 

Tal)le 1. 1: Development of 170 GHz Gvrotrons bY different companies an(l 

Institutions unl(Ier Various collal:)oratioums 

Organization Mode Power 

( l\V) 

EfficiencY 

('A) 

Beam 

Voltage (1< V) 

Beam 

Current (A) 

JAEA.TOSIIIBA TE31 .TE;11  1-1.2 :35 70 - 90 40-60 A 

GYCO\1-N TE25 .TE25. 12  1 :32 70-100 40 - 70 A 

KiT. Karisruhe TE 1jq (Coax.) 2 50 9() 75 A 
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C'HAPTEH 1. INTRODUCTION 

1.6 Problem Statement 

. C'liecking the feasii:ilitv of 17() Gllz \1egavatt class Continuous Nvmv conven-

tional cavity gviotron. 

. The followiiig tasks are investigated, performed and designed: 

\ lO( Ic Select i()fl. 

- ('oml\'elltional ('avitv (lesigll. 

- \lIC ahl(l lmlaglleti(' g1li(Ia11ce systeiii (lesigll. 

- Studies omi H F - behavior. 

- A I\oii - linear taper (lesign. 

r - Advaiiceil dimpled - vaIl quasi - optkal launcher. 

- HF window. 

- Phase retrieval. 

- i\Iirrom synthesis. 

1.7 Organization of the Thesis 

There are five (:hapterS conul)iled in this dissertation inclu(Img the present (haI)t(r. 

• Chapte'r one gives a l)rief introduction of fundamental harmonic gyrotron 

and nuclear hisiomi techiuiques. along with the motivation an(l scope amid related 

literature review of 170 GlIz. Megawatt class fundamental harmonic gvrotroii. 

The literature review gives the details of various gyrotron deve101)mfleflt )rojectS 

goes un(!ler the ITER proje(-t. 

• Ghapter two 1!)I'esellts time related gyrotron theor which iiicliides time basic 

I)rinc'ipl( of gyrotrons. design feasibilit . starting currents. beam - wave inter-

action. RF behavior. The theory for the designing various parts are also given 

in this chapter. Initial design of ('ach coml)ollent has been earned out using 

8 
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CIDS \/:3 2014 (Gyrot roii Design Snit Version 3). This clial)ter also il!Cll1(l('s 

l)rief introduction about GDS l)a(kge which contains the new features like 

phase retrieval and mirror synthesis. 

• c?hapter three deals with the design stu(lies of the application specific 170 

GI-Iz. MV. CW gyrotromi operating at fundamental harmonic. The results of 

all the l)roce(hlres  have been given with (letaile(l analysis. It starts froimi design 

feasibility (mode selection). cavity design, B F behavior, MiG and magnetic 

guidance system design. This chapter also includes the output system which 

contains a miomi - linear taper. a (lilasi - optical launcher and BF window. 

• Ghapter four includes the Iterative Phase Retrieval Algorithm (IPRA) to 

m ent lnes afe the, lnher and after theg p rp  

Wm(iOw. The chapter also includes the olesigmung of mirrors using a latest 

mirror synthesis approach to correct the beam purity. So that, it can couple 

better to the corrugated waveguide. 

• Chapter five concludes the thesis work with the concludmg remarks and 

outline direction for future scope. 

9 



Chapter 2 

Gyrotron Theory 

In this chapter. the theories and p1iiil)l('5  of gvrotroii is given. This chapter l)1'eSellts 

115('flil gyroiron equatiolls. ill(l1I(l('S t he jut ('unction of HF field wit h t he electron 

beam alI(l the (onversatjull of the kinetic eluergv to the RF energy in the cavity. 

The (let ailed descriptioii of all the (olulponelits are are i1lS() pr'seiit'd in this chapter. 

2.1 Principle of Operation 

The arrangement of a simple gvrotron is given in Fig. 2.1. here, a magnetron 

l)aSecl electron injection gun is situated below in the figure. When voltage is applied 

at emitter it geneiatC's electric field. This ('led tic field (oliSists hielPendicular ail(l 

parallel components with respect to the lines of the magnetic field pro(llu(e(l by a 

sol('noid .Now when electrons enutted from the cathode it has orbit al and axial 

vclocit.v components. Tlieii, electrons will move forward to interactioui region in the 

iulcreasing, magnetic fiel(I. the elect ron flow undergoes the adiabal it compression so 

electron orbital I1)olfleiitluiui inueases. Now In the uniform magnetic field regioul, the 

electrons interact with the mode of the cavity and transform a part of their kinetic 

energy into RF energy. Then. the l)('mun exits from the axially open cavity settles 

on the collect or \Vith decreasing magnet ie field. The RF out limit l)0\'er iii the TE 

10 
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111U(1e is (0111)1('(1 thiioiighi the axial (alt])Ut Va(1111111 \VjJ1(lu\V 

Figiii 2.1: Schematic of a higll('F order volume 1I1O(l(' grot run [1 

('lassnal llli(T()\ViIV(' tiil )es 1e(Il1i1C jut eraction StH(tuu1(S sniahlei tliauu a \VaVelellgthl 

(hue to ele(tlouu (Oulelent ua(Iiatiou1 involved. Gyro! runs hiovever. o1x'rul e oil the prin- 
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(11)le of (v('lot r( )11 reo11a1ice. In t liese kind of devices. I he electrons (Oil resonantly 

interact with fast \vavrs. which an propagat(' eveii in five space. Therefore. the 

iiiteia(t 1011 space in gvrot 10115 (all be 11111(11 larger than in classical iilicrowav(' tul)es 

operatnig at the saiii(' vavelengt1i. Iii such (ir(liits the 1)iias(' velocity of the E\l 

wave is higher than velocity of light (c) 3S 

In last wave (levices electroii inidergoes ii osciilatioii transverse to the dire tion 

iiiotiofl of beam by the act ion of external held so they radiate, this is the condition 

of coherent i'a(iiation. which is ol)taine(i when iiieciianisin of l)uhlcliing exists to create 

electroii (lensity variation of size compare with vaveiengtli of I he electromagnet i(.  

wave. To obtain this inechanisni. a reSonance ('Ofl(iitiOli is satisfied l)etwceii the 

pij heal inoveiiient of the electron and EM wave in the iiltera('tion section. 

11 
— . = 1.2. ...(k '. Doppler' steno) (2.1) 

I len' ' is angular frequency of wave. h' is axial wave ininiber. c is elect roil velocit. 

is an effective fi'e( ,ueii'v. which is related \Vitll oscillated iiiotioii of the electrons. 

and 5 (1('notes harmonic iiuinber. Iii EC\ 1. EM energy is radiated l!)y electrons 

which are gvrat ((l ill all ('Xl ('11101 loilgit u(iinal inagmiel ic field. The effective lrc'qiiency 

corresponding to the ('lectron cyclotron fi'eqiiencv is given as 

Q (llle!'( co = ('i3/111 (wil ,i = [1 (e/c)2]"12 (2.2) 

here is the relativistic mass factor.  .Agroup of relativistic electrons is gyrated in 

high niagnetic field will radiate coherent iv. 

The traiisverse velocity ('01111)Oii('ilt of electrons spiraling in the existence of applied 

iiiagiietic field interact wit h t he transverse electric (IE) lno(l('S of cavit.Aii ('lecti'ofl 

with a transverse velocity (onhl)onent  which is opposite ill (lir('ctioli of the electric 

field gains sonic energy (iii this case increase). then its resonance fre(luency 

decrease and the electron begins to fall l)ehind the phase of the oscillatory E field. 

In another ease An electron with a transverse velocity coliil)oii('llt which is in sanie 

direction as the electric field so it loses some energy (' decrease), thi('il its rc'sonaiic(' 

frequency increase and the elect ron begins to I akeover the h)hase of the E field. Aft er 

12 
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(ert 11111 orbits electrons \Vlii(li were iiiit jolly (list ru lute uuiif )niilv with respect to the 

phase of I lie elect In Iiel( I I >eoiiie I iglil lv hun(lle 1 in phase 39 . Energy is extract (d 

from the tightly h1U1(lle(l ('Ie(t rolls oiii \VI1eIi the frequency of the oscillatory eletric 

field is higher I han t he (v(lot ron res iiance lreqluen(v. I llell ('!e(t loll hunches are 

situated in the (ieceieiatiulg pl(' of' t he elect nc field. 

In (vii idrical cavity gvn (trolls with iadiis R0  the operatiiig mode is (1051 to (ut- 

0 ( w/k_ > 1) and to keel) the electron 1)lili(lies iii the retarding phase the 

fiequencv lluisiiiatcli u5 2 is less hut positive value. flie Doppler term _ i is of the 

order of the gain \Vi( It ii and is sinail as compared to radiation ft 11111ev. Ilarmomc 

operatioli (le(reases the requirement of magnetic field at a given frequency by factor 

s. Dispersion diagram for fiwdaniental harmonic is shown in Fig. 2.2. 

p 
[11] 

Gyrotron Resonance Waveguide Cavity  Mode 

IJiSPERSION LINE ., 

Velocity 01 Light Line 

co=ck 

Fast Cyclotron Mode 

BEAM LINE 

Figure 2.2: Dispersion diagrani of gvrotromi for fundamental Resoiiance [ffl] 

2.2 Theory of Gyrotrons 

This sect ion presents the pracl 1(0! considerations for gvrolioui design. keeping in 

mind the design constraints. In addition. the theory hehmd the starting current 

calculations 011(1 beam wave ml eractiomi is also discussed. 

13 
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2.2.1 Design Feasibility - Mode Selection 

The (lesiglling of a l)articular  gvrotron always iml)licate number of 11111tiii1ly in-

coiisistent design aitils and duress. The geiieral (lesigll constraints for high power 

gvrotrolis are sliowii in Table 2.1. The values of all these (OlistilUilts ale cal(ulad te 

for all the com)etiflg niocles of the particular gvrotron. Oiilv 0111' 1110(11' is selects for 

the desigiiiiig of that gvrotroli. 

'fable 2.1: G'iotiiai design constraints. 

Paramter value 

Peak Ohinic wall Loading (i1i ) < 2.0 k 11 7cm2  

Voltage Depression (V/V) < 0.1 

H atio of bcauii current to limiting current (I,,/I. ) < 0.5 

Magnetic Compression (b(.(m, /)  = Be,./Bq u, ) < 50 

Electric Field at the Eniitter( E, ) < 7 kV/nim 

Emitter meaii radius (I?, ) < 50 111111 

Cathode Current Density (j, ) < 4 A/ciii 

Fresnel Paianieter (C 1.) 1.0 

1. Wall Loading 

High l)0\\1'r gvrotrons suffers from the wall losses, a cooling system used to cool 

the walls of gvrotrons. For the cooling system it is important to calculate the wall 

losses. This depends into two types of losses. one is local wall loading and other 

is total vail loses. The definition is the ratio of integrating R.F )ower flov lfl the 

walls of cavity (hvide(l by its surface area [1]. Wall losses can be calculated liv the 

equation: 

( jp\\ ,,r /_1 PQ 1 

dA) 
?H(II V V z0 [I.5 1 2 - n 2 

(2.3) 

14 



C'IIAPTER 2. GYROTRON ThEORY 

where L is length of effective Gaussian field profile. Q is the olunic quality factor of 

resonator cavity and Z  is iree space iiiipedance vliose value is equal to 377 Q.  

Voltage Depression 

Voltage Depression (I/I)) is the reduction of the l)Oteilti~11  within the l)ealfl tube due 

to the beaiii space charge. \/) ftn a hollow beam of radius Rb is equal to [39]: 

60l• 
Ib 
 hi 

Ro 

() (2.4) 

where Rb is the i)eani radius. an(!I 3 is the axial velocity ratio. The upper limit for 

voltage depression is roughly estimated to be around 10 of the applied accelerating 

voltage above this value instabilities may o(cur. Effect of this depression aii he 

reduce(l by increasing the beam voltage. 

Limiting Current 

The limiting current I. is defined as current for winch the voltage depression value is 

very high so that )ropagat ion of electron beam is not possible ( - 0 and inirroriiig 

of the l)ealn oc('urs). Limitin(v current must be double then operating (inTent [1]. 

It is given as: 

1* 
(2.5) 

850(14 lii () 
 

1* = (1 
- 

i3) 
1/3] 3/2 

(2.6) 

where B. = [1 - - 1/,21 1/2 I-lore i and 3-o  represent the values in the absence 

of voltage (lepression. 

Fresnel Parameter 

This paraiiieter is mtroduced by a Russian researchers (aIled the Fresnel parameter 

(CF) Which descril)e how a specific mode will oscillates [1]. It is defined ilS 

p 
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L2  
CF= 

- 

(2.i) 

(:;:,,) 

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

diffraction of a wave at the tal)er transitions in a resonator. For 'FE fllo(IeS near ('Ut— 

off. (2'//\) (.rm1/ J?o )  which simplifies the expreSSion for the Fresnel parariieter as: 

j 2 

- 4 - rn 
(9 ) 

1111) 2 - 

Though this modified expression is coiisidered as the original defmit ion for t he 

Fresnel paraimieter but the relevance of the cavity radius R()  in Cj;' as given in eq. 

2.7 is flhll(iI more inhl)ortant. According to Gaponov [41]. cavities with R0 L. the 

Fresnel parameter is rather simmall Cl.- < 1. This gives an unfixed longitudinal and 

transverse structure of the RF field. Therefore. it may be iflterprete(l that in the 

case of operation with higher modes when H0  > L. the fixation of the longitudinal 

and transverse structure of the RF field is (lifhcfllt [1]. SC) it is 1)robable that a value 

of Cr > 0.5 is desirable. but C,, > 1 is not necessary. 

2.2.2 Starting Currents 

A gvrotron starts oscillation when the starting current '.r(  goes beyond to the 

miiiimuni ac'ceptal)le value. The value of 's!(]r/ del)emls on the l)eamn radius. cavity 

ra(lius, cavit.v mo(le. etc. Starting current separate the desired mode with the 

ol lie!' com)eting modes. Niso to couple elect ron beani eliectivel starting urrent 

calculation is (lone [1]. This Ltjri  it is the minimum amount of current when 

(/•/L)<,,/(It > (J in the limit J, —+ 0: 

16 
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'start = 

-1 

(2.9) 
dP 

gyrotron operation is occurred only wlieii 1 > 'start, and dP0 ,./d1b > 0. To initially 

compute the starting currents of main or operating mode and its competing mode 

for preluninary assessiiieni, a gaussian held profile is employed. 

This starting current calculation is done in a linearized single-mode theory. This is 

explain l)C1OW [1]. 

= ( 

QZ0e 
) T  
( f 

 ~ j(z) ~' dz) 
'start 8'07nc A 

k7 ,)C G 2 \ 2(s- 1) 
iaj fll)  

- 1)! / 2ch0  

/ 2 'i\ L 2 
- 

)

1 10 

f(z)edz . (2.10) 
2 vo ôij  

where 

--. (i — SlO(Z)) 

t'z0 W'() 

Zo  = 

k 
Xmp 

rnp 
- R(z) 

Grnp = •Jm _s  (kmp Rc ) for co — rotating modes 

= (_1)8 ,J7n+ (k,npRe) for counter rotating modes 
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12 (. 
,j lfl±.s 

(2.11) 

If this is too small flu a giveli no ole. the starting (lirrent vil1 he large and the mode 

is unlikely to oscillate 39 . If si arting current is too high, then rise time of field 

and (lirrelit (all he conhl)aral)le and lid(l (aililot 1(0(1 fast enough to a change in 

the (l1ll(flt . T'liis 1)e(O11l('s a I)1O1)leull in the j)ulsed I1lO(ie. 

2.2.3 Beam—wave Interaction 

The heiuii - wave interaction is a J)1oc('SS ill \V11i(h the electron beam transfers its 

kinetic energV to I lie I ransverse E-  held mode in the cavil y. The plo(('SS involves the 

SUs1)i(iolls design of the (01(1 cavity stfli(tUl(' (interact ion (il(lnt) and the stildy of 

HF - 1)ehaViol. 

Interaction Structure 

The design of the cavity structure for gylotion depen(ls on SOIHC paiaiit'rs 511(11 

as licld feat ures. resonators eigen frequencies. and quality factor (Q) which are 

related to the resonance frequency. A reasonable design will lead to e(Iuction of 

microwave power effectively. Iii coiiveiitional gvrotrons. the cavity coflsists three 

different length structure of length L 1 . L2. L; , first is input taper then it is followed 

by a 1111iforill lni(l section length( Q) where the interaction occurre(l tlieii at the last 

oUt1)llt 111)-taper (oni('S. A silill)l('  resonator structure is given in Fig. 2.3. 

The up-taper 5t01)s the backward pr()pagations of HF wave. For undesired mode 

coliversioll instea(1 of abrupt (hange time parabolic smootlnng is l)referred. The 

interaction of i)eam - wave occurred in the mid - section At the (enter HF - field 

gives high value. And at later stage the up-taper connects the output vaveguide 

and t lien 1flO( Ic (( )nvert ers. 

Due to Refle(tiOlis generated in tapers resonant behavior is started a wave is t.raiis- 

nut ted vil ii lugh efficiency froill cavity. and Q are determnine(l by appivimig 

18 
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Parabolic 
smoothing 

I-' 

Out 

Figure 2.3: Resonator geometry [1]. 

boundary (O11(litioilS on resonator output taper [42]. Procedure to deterniine the 

eigellnlo(les ill (avitv is to solve wave ('(hllati011.  in the cavity geometry by applying 

radiation boUfl(laly (Oii(litioflS We obtuii minimum reflectioiis for resoiiant frequen-

cies of the eigelllno(l('s. 

Iii cold cavity analysis, 1flae  011(1 the output power are related by: 

1 2 
 QPOILt  = w1V = () / f(z) dz. (2.12) 

\Vl1('re, f,)(Z) is the Iie1(l j)I'()Iile n()rmalized to a nlaxiinhirfl absolute value I. 

RF—Behavior 

To compute the efficiency, output power and energy loss or gain, equation of motion 

for a single electroii must be solved numerically. The equation will be solved for a 

single elect ron which is in the irripendence of E and H field. 

In col(l ('avitV calculations. the adiabatic aPl)roXinlation  to equation of electron illo-

t ion is (lerived and I his equation of niol ion is solved in I he fixed field approximation 

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

solved simnuhl aneouslv xviI h the field equations. taking into account the effect of beanu 
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on the cavity field profile and quality factor, as well as frequency pUllillg [43, 44]. 

Derivation is given here 

= (2.13) 

and 

P = iu±e °  = ui_op (2.14) 

where A is varied very slow in parts of the gyro phase. The equation of motion for 

electrons in the field of a rr mode can be decreased to 

U2  constantvalue (2.15) 

51 

dP 
i 
wi/y 

- + -- i --1+1P 
dz v 0 s \Yo I 

= iiF17,f7(z) (cki PuiOP* Y_' (2.16) 
V 20 2o j 

Here 1(z) is the normalized field profile, ö is detuning parameter 

sno 
(2.17) 

IOLJ 

and 

eV 1 CrnpCrnp ckmp  1 
Fi,ap 

= 2mc2 ui_s ( - 1)! 
(2,18) 

is relate with 

s-2 

F 
= 

(
,SO_L 

_-) F, 1, (2.19) 

Also 

Jm±s (kiupRe ) 
GmpCmp = + (2.20) 

Jrn (Xmp)F7r(.,r2 np  - m2) 
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The output power in niode is given bY the Poyiitings theorem. [41]: 

= (__ illw 
(k 

(2.21) 

('Valuate at the output of resonator amid consider 

2Q0  - 2 

lii a self -cuiisist (111 . the field profile should satisfy 

(!2Ff + 

(  

-i (_ir/ ;  iio)1 
(Ps) (2.22) 

I Iere 

- 

2 
eZo I1, (C lfl(I A n )CThI) 1 

- 2nc2  \, (.s - 1)! ) :() 

where Z0 
= 

and A( z) with radiation boundary coiiditioii at 011t1)Ut. 

2.3 Components of Gyrotron 

2.3.1 MIG and Magnetic Guidance System 

Gvrotrons nee(1 a high 1)OW('I'. hollow. electron l)eain with Orl)ita1 energy and small 

velocity spreads. The deVeloi)mnent of pOW('rflll magnet i'oii injection gun for gyrotron 

has play a major roi(' in making these devices powerful coherent radiation sources. 

MIG generates annular electron beam. this l)eam electron executes sinail cyclotron 

orbit at a frequency at which cyclotron resonance interaction occurred in gvrotron. 

For higher frequencies such as greater than 30 GHz, Magnetic field is higher then 1 T 

is used for operate at fundamiiental cyclotron resonance. Super-conducting magnetic 
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(()ilS are geneiallv eniploved. Ma,nict ic field is given in Tesla at any frequency is 

relate(l to frequeinv hvf (Cl-I:;). /28. where / is the opei'atioii frequen(v( Gflz) and 

is I lie relativistic factor. \ lost magnet consist of,  one 01 two niain cavity niagnet 

(oils an i H gun (Oil for adiist ing I he magnet i( field iii 1 he (at Iiode. \Iagflet coils 

are used for shaping hclds in collector. 

Magnetron injection gun (triode MIG) with beam tunnel 

A r Modulation Compression Zone 
Anode 

beam Absorng Mateal Anode tu n 7ne I 

Emittet 

Cathode 

to cavity 
Electron Trajectories z 

Figure 2.4: Scheniatic of MiG with the Electron Beam Tunnel 1]. 

The legion started at the M IG and ('lid at cut rali(e of the cavitv is called the beam 

tunnel shown in Fig. 2.4. In this compression region electron heani radius and wall 

radius decreases from si arting to ('11(1. The beaiii tiiiiiiel has structure of alternating 

metal (laniping ceramic rings. This has special shape rings which are made by iossy 

ceramic for suppressing unwanted oscillations and beani instability. 

Ira( he-off aii I initial (lesign expressiolis for a Magnel ron inject ion Gun are given 

below. The initial desigii estahlisll('5 the iiiaUil gull parameters such as radius of 

cathode (average), spacing between anode and catlo)de. emitter (urrent (lellSlty. E 

field at (at bode. and cathode slant angle to the reqiured beam properties. After that 

I he sinìulal ion codes are used for a final opt iniizal ion of the shape of the electrodes. 
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• Electron energy U,, and relativistic mass factor: 

= 
1 + 511kV = 

- 
- 

(2.23) 
LO 

 

• Beam power (JI,,. where U0  is the acccleratmg voltage and l, is the total beam 

current. 

• Optimum cyclotron frequency: 

= . (2.24) 

• Larmor radius at interaction: 

= 1.705mm X 
B(T) 

(2.25) 
we  

• Velocit ratio: 

= - (2.26) 
V:0 

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

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

minimal velocity spread. These include: 

• Coniprcssion ra.tio: 

b = 
BO 

(2.27) 

• Emitter Radius: 

Re = rbR (2.28) 

and the emitter radius thickness can be estimated from 

= V'LR1 . (2.29) 

• Emitter Length: Simple geometry cleterinmimes the emitter length i from total 

current 

lb = (21r I? ( 1S ),J( . (2.30) 
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CHAPTER 2. GYP 0TH ON THEORY 

wlieie O, is the eatllo(l(' slant angle and A. is the cathode current (lensitv. note 

that (also) 

= ISiflOe. (2.31) 

. (it bode rli'(t rn field: \ first est inlate of the required eatlxle dectric field 

I'e (11l he ol)taiile(l from 

cos O 
= (2.32) 

Be  

amid this i'e(lilir('s 

E co Qe Be
0 

(2.33) 

• Cat bode ano(le 5uing: The cat liode anode spacing (d) is given liv 

1 i 10Di 
(2.34) 

cos Q 

where DF is the (atlio(le—anode spacing factor (select DF ~ 2) and p is 

Tsiniring cvlindricitv parameter (= 1/ /(r qo/mni) 2  - 1 an(I r90  is the guiding 

(('liter radius at the HF interaction megion). 

2.3.2 Interaction Cavity 

lllteraCti()fl cavity for gyrotrons consists a simple cylin(lricai structure with a input 

taper at the cavity starting position ail(l output taper at cavity exit as shown iii Fig. 

2.7. These device operatioli are effective near cutoff frequency of the operating 'FE 

nio(le in interaction cavity. in cavity, lllil(l tapers are at the starting and end of the 

cavity for >ioic1iiig ie(iiiil'C(l  reflections to ifltroclu(e a standing wave in cavit. The 

frequency of the TE1111)  resonance is set corresponding to the Ox'rating frequency. 

which must satisfy the cyclotron resonance c011(litioll. The l)eafll \VaV(' interaction 

has already been discussed in ievioiis s('(tiofl. 

One of the major advantage of gvrotrons is that the interaction is relatively 

insensitive to the beam quality, especially in oscillators [42]. The design trade off 

that (leternune the (hoi(e of cavity mno(les are: 
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annular 

pIIIIIIIIIIIIIiuuiuuiuuui....uuI 

electron beam rf output: 
waveguide mode TEm.p  

- resonetor - uptaper 

downtaper  

i-ax(s 

Figure 2.5: Sclieiiiat ic of Interaction Cavit 

. \Va11 loss iii the (avitv should be (P, r  < 2kW/eiii 2 ) 

. Volt age depression should be less. 

. careful iiiode select 1011. 

All tilese requireiiients are met by oiilv lngher Or(ler fllod('S. The (011i)liflg of 

the operating iiiode with ele(troll 1)('alll is strong when sinail l)eaill radius iii the 

resonat 01 coillci(le wit 11 lilner F. field nlaxinlulli 

2.3.3 Non—Linear Taper (NLT) 

Tapered transmission hues (tapers) are used to transfer the outl)ut fi'olll cavity to 

oversize waveguide component . Time taper is designed in a fashion so that the Ztj  

should be moat cli at but hi t he en(ls. lhere are two types of taper. first is a straight 

taper and second is a iion-hinear taper. Straight tapers is the taper which have fmxe(l 

angle and swideim discolitillility occurs at 1)0th end. iii case of variable tapers. as 

name suggest angle is vary along length. In variable taper l)0\\er  coiiverted into 

iuuidesired mode is lower then straight taper [1]. Different types of basic waveguide 

tapers are showim in Fig. 2.6. 

The 11011 - linear taper for gvrotron is designed with high transniission coefficient 

(above 99 ) with less unwantc(l mode generation. When output power is high so 
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Abrupt Discontinuifies 

............... ~'ll""I'l~~~~~~~,,~~~~~~~~

,,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~' ll""'ll""II  ................ 

Input D1 Output 02  

L .1 
(0) Straight Taper 

Input D1 Output 02 

L ..1 
(b) Variable Taper 

Figure 2.6: Different ty1)es of Tapers [1]. 

VciV less reflect iou an iuhro(lUce damage in I lie sstemn. That is vli nonlinear taper 

SIIOU1(l be (lesigli prop('ily. 

The main (hulicult jes in the design of gyro! ron out pill tapers in (:offll)ai1SOfl with 

highlv oversize(l \vavegui(lc tal)ers are as follows: 

• In1)ut reflections as well as forward aiid l)ackward scattered waves must be 
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c()nSi(lele(l at the taper input, as the working mode is very (lose to cut off. 

• The ratio of the colle(tol to the cavity output ra(lii is very large for coti-

ventional gvrotrons with axial output couphuig. This can lead to a strong 

excitatioii of many parasitic liio(lrs. 

• Mode couphmig occiii's 15 higher order vorkiiig modes tell(I to ('()llI)l('  to lligll('l 

and lO\V(1' llii(lesil'e(l iieigliboriiig azunuthally symmetric modes. TEffl1  modes 

with ii > ü couple not only to TE1  modes but also excite T\l11(1  mno(ies. 

The presence of a taper in a \vavegul(le intro(llmces mmnwamate(l parasitic modes. Gy-

rotromi oUtl)lit  tapers 5110111(1 act as a near l)erfeet match at the input port with 

suppressed splmriouls modes at the output port with a taper length as short as 

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

l)al'asiti( iilo(l('5 W1ii('li is not preferable. Tapers wit h gradual change in the coile 

angle cause considerably less power conversion to spurious nlo(les. Since all the 

gyrotron output tapers are cylindrically svmnnmetric. their performance does not 

depend on the sense of the rotation of the mode. The principle lnetlio(ls emnj)loyed 

for the analysis and synthesis of gyrotron output tapers are given iii detail in [1]. 

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

raised—cosine taper is given in Fig. 2.7. The synthesis of this taper profile was 

carried out using the following formulae [45]: 

= —1.0 + 2.0 
(1) 

(2.35) 

( 
+ _.Sifl((I)) + (2.36) 

I = r + r(.) (2.37) 
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r(. 

z0 

Figure 2.7: The raised -cosine tal)er profile 

2.3.4 Quasi Optical (QO) Mode Converter 

In the gyrotron. the (l1Th1 optical mo(10 C()11VC1tCI has a \vavegui(ie launcher. a quasi 

I)arabolic or elliptical IllilTOl and 0110 01 two toi'oiolal mirrors as sliowii in Fig. 2.8. 

The (10  lnO(le converter is illSertC(1 1)etwe('11 cavity and HF window This Q-O launcher 

is uSed to convert cavity iiiooles into a gaussian l)eam. 

A 511111)10 example of quasi optical launiclier is a Vla.sov tyX' launcher. it has a clinder 

in which a cut along a helix. A Vlasov-- type converter has a Silliple structur(' however. 

it suffers high diffraction loss (15%-2oX ) at its opening because the beam profile 

that is formed has a uniformly (hstributedl field in the axial and azimuthal directions 

at the al)erture. 

A brief analysis of the quasi optical launcher can be (lone as follows, for (1('tails 

refer [47] and the references therein. 

A zero azimuthal E field at the waveguido wall define its relevant phase. In geometric 
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Gaussian beam 
mirror 3 

(noiiquadratic) 

ptical) 

tTE34,19 

Figure 2.8: Selieniatic of the Quasi optical HF output sysleni 46]. 

O1)ti( liniits. a siniple wavefront is  (leliOte(l by one ray. Its luc?ltioli is derived (111 the 

basis that the ray (hrectioli iiiust coincide with the Povnting ve(tol (hirectioll. If poiilt 

is located iii wall of \VaVegui(le SO ra.v should have (listance Re given iii equatiOn 2.36 

from the (('liter of vaveguide 

Re = ._LRW (2.38) 
IS 

So if p1a11(' '.vlVes are pieseiited by geonietric optics ray formed a caustic of radius 

R. Now dislance that a ray propagates in the axial direction between two reflection 

froni the wall of NN.C.1vegilide is [48]: 

= 2R - 

)21 1/2 

013 

 

(2.39) 

Iii transversal (lirection angle is given liv: 
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= 20 = 2 arccos (--' (2.40) 

reflect all rays for one time. According to this reflections point of each rays  is 1)la(('d 

Ofl the wavegui(le surfaces in a helical ime with mclmation angle 

o = arctan (0 taii 08/ sin 0) (2.41) 

distance (pitch) that a ray has propagates in the axially when turns are: 

H = 27rJ? 1  Cot ( = 2r. 
. 

= Le (2.42) 
k1  arccos(----) 

which describe as 1auiiIier cut-length. Heiiee section of waveguide with length Le  

described as z.øI?, reflects each ray 
.1 

The surface (leforlilatioll 1)Oillt on type two surface is calculate on method given by 

Hirata [47]. This deformation point is used for transformation of cavity iiiode into 

a group of modes which form 1) s a gaussian profile. These oillts are optimized for 

inaxinnun gaussian content in beiun at helical cut. rlhlis  converter is (lefifle(l by the 

wall l)erturl)atioli: 

R(ø. z) = a + S1  cos (i3iz - lip) + 62 cos(A32 z - /2c) (2.43) 

where. 

1 77?,Il - h::nj_i.n. 11 = ±1 

= k-mn - ±n. 12 = +L\ni (2.44) 

here, k,, is the longitudinal wave iiumber for TE111  lno(Ie. m and n are the 

azimuthal and radial index. The required inmnual launcher length is 

Lmii, = 

7. 
(2.45) 

I 213mn  
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2.3.5 RF-Window 

As gvrotroii is a lugli po\Ve1' 5()1111e I hat operates at a very high frequency% lugli l  )wel 

levels and good pulse lengths. hence the transnnssion line s stem from gvrotron to 

plasnia must he desigue( I to handle 1 liese xviI h low losses and low reflect ion hack to 

the gvrotion [40]. Present lv. heatnig power/pulse lengt Ii that can I e delivered to 

the ill(llist rial al)plicatiou is limited by the performance of the \vnido\V. 

-C 

502 

T 

hum 

-- 

For5chungzentrum Kartsruhe 

r 
1e.chnc Um-.iei 

Figui' 2.9: Dianiond ('VD disc before installation into a gvrotron Star-of-FZK [1]. 

RE-window is classified in to main three categories. 
• Single (lisk wmoh)w 

• DOl1l)le disk \Vii1(lO\V 

• Brewster \Viil(lo\V 

Single (lisk \Vi11(lO\V is used to pr\i(l(' transmission for single frequency l!)an(l. Brew-

ster win(low provides better transmission for wide fiequeiicv ])and. So. it is iiiost 
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siutable window for multi-frequency gvrotrons. Brevster \Vin(lOw Nvorks only fre-

(I11('I1cv lange l)etween 110 to 150 GIIz. Double (lisk viiidow is snital)le for dual 

l)an(l gvrotloll. \ ow ('VD vhicli is described as cll('lllical vapor dcl)OSitiOfl  (li flOfl(l 

and BN CVD are used for formation of sillll)1('.  single-disc Vi11(lO\V5. Disks growii l)V 

the cll('lnical vapor d(1)OSit 1011 (C\'D) technology 5110111(1 have (')ClllSive (Oflhl)iliatioll 

of l)rol)erti('5: 

-1 Vel\' high h('at (O11(Ill(tl11('e. 

• sniall microwave losses. 

• niodest dielectric (omistamit 

• 1ov iinn-wavc attenuation (to n5 2 x 10) 

• mechanical resist alice. 

2.3.6 Collector 

Most of the gyrotron collectors are designed in a way that the ele(tron beam follow 

adiabatic diverge magnetic field line of gyrotromm magnet with a (hametci where the 

power is low so that reinaimmiug bcam pO\'r will sale dissipale(l. The ellicicimcy of 

microwave generation at high frequencies can be increased by float collector at a 

highly negative voltage [49]. 

The electron beam. after transfer of kinetic energy in BF energy is decelerated iw a 

ret arded E field before arrival at collector. this decelerate bealn energy is gained by 

the power supply. \vhiich inlprove gyrotron efficiency ver.y effectively. 

Efliciencv may be lurt her increased by spatially splitting the spent elect roll l)eam 

into several energetic fractions. Then cach of the fractious should be collected at all  

electrode of a retarding potential. 
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2.4 GDS V3 2014 

A user friendly Graphical User Interface package "GDS V3 2014" (Gyrotron Design 

Suit for Fundamental Harmonic Version 3) is developed for the design of a gvrotroii 

by cumulative efforts of members of millimeter wave laboratory with iiiotivation and 

rre\o'ai1ce of prof. M. V. Kartikeyan. It is an updated versioll of GDS V.01 [50]. It 

is a generalize package can be ilsecl for designing and conceptualize specific gyroirons. 

This graphical user interface has been (levelope( I in \ IAILAB. It incorporates the 

s1,cific J)rocedlll'e for selection of iiiodes starting einrenf (alculation. coils t  resonator 

design and RF behavior calculations. launcher design. nonlinear taper design and 

single disk and double disk window design with user friendly interface. The Updated 

version of GDS V.01 also includes PSO Ol)tiflhizatiOn for Self C (alcnlation. Non 

linear taper and capability of i)roccssillg of very higher order modes with dual digit 

radial component. The new V3 has features to retrieve the pha.se  of otit l)llt l)CaIU 

and designing the profiles of mirrors as internal ouch exteriial iimode l)tlriher. 

• - 

GOS V3 2014 
Go to Homepage button 

Operatton Buttons Gyrotron Desgi Suit VER3 2014 

Figure 2.10: Dashboard of Gyrotron Design Suite. 
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GDS V3 2014 
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Figure 2.11: Mirror Synthesis input window 
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Figure 2.12: Mirror Synthesis results vnidow 
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Chapter 3 

Design Studies of 170 GHz, MW 

class CW Gyrotron 

3.1 Mode Selection 

T['lic' fl1O(I(' sel('('tioll stel) is most iml)ortant 5tC1) in (lesigllilig of gvrotron. These are 

the 50111(' 1)OilltS \vllicl] shOul(l ke1)t in uhill(i to selecting a mode ill gylotiomi 

higher order volume modes realize(l, 

Select ion proc litre should be carefullY carried out. which will capable to 

giving high-quality soli(l l)eahll OUtpUt through a synthetic diamond window. 

Iocle Sele(t ion illv()lves the modes that 5111)1)oit all a(l\umI(e(l (uaSi-Optieal 

mode converter and less fundamental competitors. 

Hestrictiomi the excitation of lmndeSire(l modes. 

For operation in the TE,,,, mode. the cavity radius is related to \ liv 

H0  = Wfl /\/27r (3.1) 

where is the 11th  root of •':, The electron beam radius is usually chosen to 

maximize the coupling between the elect ron beam and the HF field. For fundanieni al 
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ol)erati011 (S= 1) the optimiun ('lectroll l)('am radius is given l)V 

1?1, = (3.2) 

while for secon(l harmonic operatioii (S=2) the optimum electroii beam radius is 

given liv 

= \m±2.i'\/2 (3.3) 

\Vhere (i=1 or 2) 

in general. the ('orotating mode (xvith  the h)wer sign) is (h()Se1i since this provides 

better coupling of the electron beam to the HF Field. The selected mode is YE28, 12  

Table 3.1: Gvrotromi Design Constra juts 

Parameter Value 

Peak ()lilmn(' wall loading (pu.ij! ) < 2K1 

Voltage depression ( V /V) < 0.1 

Magnetic Compression (b = B(.(U/BW) < 50 

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

Emitter mean radius (1?, ) < 50 mum 

Cathode Current Density (j, ) 4.4 A/em2  

Fresnel Parameter (C1. ) 1.0 

for the designing of this gyrotron. 

3.2 Cold cavity design 

The HF behavior anal sis of gvrotron consist of inaimilv three steps: 

. Conventional cavity is (lesigned according to frequency and requirenidnt to 

1 achieve desired Q value of cavity. 

• Single mode self -comisistence cakulatiomi is carried out to get optimum oUt1)lit 

power and efficiency of gvrotron for given beam I)am'amlletel'. 
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. II F behavior aiialvsis is llhlllti-1i1O(l(' tilil(' (Ie1)('n(lance calculation \Vllich iii-

Vol VCS analysis of out I)Ilt I)owel• with time in the presdnc'e of other compel ing 

ilio(les. 

This 5('ctioli ill(Il1(Ie5 ()ld-caVitv (lesigli. Single iiio(l(' and \Iu1ti-niode sclf-CollSistellc(' 

(al(lilatioils will be (arrie(l out after hIG all(l iiiagnet i( guidance s steni (lesign. fhe 

cavity is a stan(lal( I I liiee sect ion structure wit h an input taper au(l a uuifiiii iiiid 

sectioii folloW('(l l)V all output 11)-taper. Pa1'll)O1i( sinoot king of the ml)ut  and output 

taj)ers is carrie(l out to ieduce unwanted mode coliversion at Shari) transitions. The 

inPut sect ion is (lit oil 5(51 iOn \Vl1i(li 1)1CVe1lt S t he l)a(:k propagat 1011 of RF wave 

to glili. The l)ealn wave interact ion takes pla(e in the iinifriii mid section wller(' 

lie Rl.' hcl(ls icacli peak values. The up1 akes wit h iionliiiear (01110111 (oliliects the 

cavity with 011t1)lit wavegumi(I(' and lainicher of the quasi-optical output couipler.The 

eXt ernal magnet Ic field starts to decrease in the umpi akes region which results in 

residual interaction that sometimes causes a loss of efhciencv. ilierefore the output 

tapel has not been included as a part of resonator geoinet iy. Researchers are working 

to minimize aft(,r cavity iimteraction to ifl)prove efficiency. Iab1e 3.2 shows a set of 

'fable :3.2: Interaction oavitv data 

Parameter set 1 set 2 set 3 set 4 set 5 

L 1  (mm) 14 14 14 14 14 

L9 (nmiii) 14 15 16 17 18 

L (mimi) 14 13 14 14 14 

2.5 2.5 2.5 2.5 2.5 

92() (I (J 0 0 () 

2.5 2.5 2.5 2.5 2.5 

D 0 (iiiiii) 2.5 2.5 2.5 2.5 2.5 

D9 (mm) 2.5 2.5 2.5 2.5 2.5 

Q (at iTo Ghz) 1166.7 1343 1549.9 1771.1 2020.8 

37 



ChAPTER 3. DESIGN STUDIES OF 17() GIIz. \IW CLASS C\V GYHOTRON 

0.96 

. 0.72 

2 0. 
V 

0.48 
U. 

 
N 

0.24 

0.00 
Field Profile 

.. 
- Cavity Radiuj 

0 10 20 30 40 

Cavity length Z(mm) 

Figure 3.1: Cold cavity field profile at 170 GHz. 
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data for W11i(11 (aVitV colnl)lltations 11aV(' 1I)ec'11 carrie( I (Jilt. For TE. 12  iiiode at 170 

GIL'.. the cavity radius is 20.77 nun and beaiii radius is 8.27 mm. Computations has 

lX'eli (lone for cavity sc'ctions leiigtlis L 1  14 mni. L9= 15 inni and L:1=14 iiiiii that 

give values Q= 1381 for TE251. on the l)aSiS of reflect ion coefficient F=0.00018 and 

011t1)uit frequency is 170.038 GIIz. 

3.3 Designing of magnetic guidance system 

Ii is V(rV inij)ortalit slep in (lesigunig of gvrot bUS. Magnetic field profile dat a 

are ul('('de(l to l)erforlii precise simulation stu(lies on iiiaguietron injection guuii and 

HF-behavioral aspects aiid also required for collect or design. Lfli(ielitly designed 

\ Iagiietic guidauice systemui generates the 111aXiluuuuli1 required uuiiforimi uuuaguietic field 

at the center of the cavity and uses the stray field in the gun and collector region. 

To (lesigil such a iliaglietic guidance systeni most of I he gvrotromis elnl)loy  solenoi(ls 

(either SiI)er-coll(Iul(til1g or normal conducting coils) to 1)r0Vi(l(' lI('cessaly iiiagiietic 

field for l)rauul guuidall(e frouii the (at bode throl l"ll iiiteraxtioii region Ill) to I he 

collector. A simple and cost effective niagnet lesin (lIl e acieec usig a sinleg b g  

coil while here \V(' have used a ra(hallv tapered maui (Oil (nlodele(l by a single niain 

(Oil and two auxiliary coils) and one gull1 coil to design a more eflective gili(lalice 

systemmi. The setup of the niagnetic gui(Iance systeni is shown in Fig. 3.2. The initial 

data obtained from GDS V3. is t hen optiuiiize<l using [51]. Here in our gvrotron 

design the required magnet ic field is 6.725 Teshi for I lie lun(lalnent al operation at 

170 GHz frequency. The change in t he magnetic field is achieVe(l by aI))lyilig the 

l)rol)(u current to the coils. For this gvrotron it (bode tpe MIG is l)r('s(mitccl. The 

01)tilliizC'd coil (lata is tabulated iii Table 3.3 for diode MIG. 
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Figure 3.2: Magnetic field guidance system consists ol main (Oil, auxiliary coil & 

glum coil. 

Table 3.3: Magnetic guide S stem coils data for diode tV1)C MIG 

Coils Length (mm) Radius (mm) No. of Thrns (N) Current I (A) 

Main Coil 340 15 20600 98 

Aux. Coil-1 85 7.5 800 98 

Aux. Coil-2 85 7.5 800 98 

Gun Coil 25 1.5 995 -475 
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Figure 3.3: Magnetic field profile for diode MIC. 
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3.4 Designing of Magnetron Injection Gun 

rule teriii _\IIG refers to a class of elect 101l gulls in which I herunonic elilission arises 

froill an axially symmetric cathode innnemsecl in an axially svmniet lie magnetic 

field. arranged so I hat I he ayes of svniiimcl ry of,  I lie eat bode and 1 lie field (ill(i(lc. 

The 1)arammlet ('15 t hat decide the heaiui (lualitv are velocity ratio (o = i /e ) and 

3 =e1/c). In a gvrotromi cavity resonator. the interaction is in het'.ve ii trailsvers(' 

electric fields and the I mansverSe velocity of the electrons. hence o slmc)uld be greater 

than one for a net energy transfer from l)ealil to the wave. For bigh pover levels and 

efheien('v. an intense heamu is required with a larger (1 amid simialler velocitY spread 

(An). We require a high bec-lili quality, the cathodes used in \IlGs for gyrotrons 

are 0I)elate(i lmn(ler t('mnl)erat  llr(' limnite(l reginle rather than ii! 5)ace-Charge-1il!1ite(l 

to inilmililize the velocity spread in the beani. 

initial Step of (lesigililig of the MIG is the calcumlat ion of the 01)timmlnl i)eammi radius 

afl(l uiiaxiiiiuuil magnet ic field requirenmemit. From resonator design (alcullatiolis one 

has illf()ifllat ii)!l al)oUl the magnetic field re(Iuiren1elmI s in I he cavity region. (avily 

ra(hius and leamim ra(limms. liien . by iiiakiiig misc of Baird s trade-off eXpressions 

52] one can (oliiplil(' the gimmi design P111mlllwt('1s iii adiabatic api)roXifllatioll. 

taking into 41((Olilit the te(hnical and physical constraints. miaiiiely ('lliitter radius. 

('mnitter (ulrrent (lensitv. space charge ratio. cathode to aiiode distance. etc. These 

(alculations are made with an initial beani voltage. beam cumrm'emit and velocity ratio 

taken from the cavitv (lesigli. The design optiniizatiomi is carried omit using the 

ESRAY code. The himmal desigim values obtained alter 01)1  iiiiization arc smuimmarized 

in Table 3.4. 

Desigiming of \ hl( is fist bas('(l on Biiselis I lo'oremii [1' From Biiselms 1 hmeoreiim the 

cathode ra(liuls is related to the beam radius (in pamaxial approxiniation) l)Y 

It Re = Ti.;R1, (:3.4) 

\\here  Re is cathode radius. R,, is the beam radius and h( is the 

(omlipiessiomi ratio. Designed MIG for for a l)articullal' frequency can be ol)erate(l 
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Table 3.4: Preliminary Design Data of Diode-M1G. 

Parameter Value for Diode-MIG 

Bviiiii current 12 A 

Accelerating \Toltage 77 ke\ 

Mnonotic field at (avilv 6.725 T 

Magnetic field at gun 0.248 T 

Compression ratio 27.12 

Bvilill radius at interaction 8.295 mm 

Relativistic niass factor (, ) 1.52 

Larniour ra(Iius 0.088 imu 

Cat liode ra(lius (J?(.) 50.65 nun 

Emitter radius (R1 ) 44.23 nun 

Anode radius 66.8 mmii 

Axial length of Emitter 3.8725 mmmi 

Emitter current (lensitv 4.4 A/cm 2  

Cat bode-Anode sl)a(i11g ((11111) (R 1i ) 16 111111 

Euiiittcr-Anodc s)adn1g (perpendicular) 18.17 mm 

Cathode angle 

d (A!3z ) 0.364 

3 (BJ) 0.303 

\'elocitv ratio (o) 1.202 

\elocitv ratio S)readmg ((i) 2.986 

E-field at cathode 7.4 kV/imn 

Max. wall loading 9.36x 106  Watts/cm2  

Total a bsorl ed power 2.91 x 10 \Vat ts 

E-kinctic [keV] 69.49 
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on other frequency by changing the vluc of B9  which results a. change in com-

pression ratio(b) and achieved the desired guiding center radius( Rb). For our 

operation R=8.273 mm, optimized velocity ratio ((1=1.2) and minimum velocity 

spread (Q < 5%). 

A diode type of MIG consists of a ring emitter mounted over a cathode and 

an accelerating anode as shown in Fig. 3.4. A diode-type gun is preferred for 

applications which have stringent requirements on the power supply [53]. The beani 

trajectory is shown in Fig. 3.5. 

7 

6 

5 

4—
I- 

N 

2 

(I 

0.4 

0. 

E 

0.1 

Magnetic System 
Magnets: TE_28,12 Gyrotron 

- 

zLm] 

Figure 3.4: MIG geometry and magnetic field l)1Ohle for (iiOde MIG. 
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Particle positions 
Magnets: TE_28,12 Gyrotron 
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Figure 3.5: Beam trajectory for (lio(le MIG. 

3.5 Self - Consistent Calculations 

Self-consistent calculations for l)0\Ve1 a nd efhci(11('y are calTiedi out for a range of 

externa.l parameters, iiamely: 

beam voltage, beam ci.irrent and applied magnetic field. Computations are carried 

out for three cavity mid section lengths L.2  = 11.0/15.0/16.0,/17.0/18.0 mm that 

give values of (2/) = 1166.7/1343/1549.9/1771.1/2020.8 respectively. The results of 

the cavity design based on self-coiisistciit computations are shown in Figs. 3.6 3.9. 

These mdicat.e the cavity geometry correSpon(ling to (2!) = 1343 as the best choice. 

From these figures, it is evident, that Ol)(ratioii at I lie Iiuiohuiiental harmonic (s= 1) 

at 170 GHz with the TE28, 12  mode as the ol)eratiflg mode gives well above 1200 kW 

of cavity output power with around 37% efficiency a iid minimum wall losses. 
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Figure 3.6: Cavity output power all(i efficiency as a huiiction of cavit,v magnetic field 

(13) with Ub=77 kV.  111=42 A and n=1.20. 
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Figure 3.7: Cavity 0ut1)ut I)o\\e1  and efficiency as a function of applied beam voltage 

(U,,) with B0=6.725 T. I1,=42 A and o=1.20. 
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Figure 3.6: Cavity output power and efficiency as a function of applied beam current 

(Ii,) with 77 kV. 13=6.725 T and o=1.20. 

- 1.0 1.1 1.2 1.3 1.4 

Beam Velocity Ratio (a) 

Figure 3.9: Cavity output 1)o\\er  and efficiency as a function of l)ealn velocity ratio 

(a) with U,=77 kV. I3=6.725 T and J?=42 A. 
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3.6 Output System 

3.6.1 Designing of Non linear taper 

lahl(' 3.5:N L'I' (lesign values after optililization 

I-? j (miii) 21.381 

i?9 (iiimii) 23.1 

Length L (inni) 165.76 

No. of seetiomis N 216 

Shape lael or 0.706 

'Iramismimission ('oefHeieiit ( $' ) (at 170 Ghz) 99.50 

In the NLT (1('sign section a iioii linear (lialneter taper of raisc(l cosilie tVl)e  is 

I)resellt('(l v1iich is coiille(ting to the olltl)I1t s('(tioii of g\'i'Oti'ofl cavity to the uiiiforiii 

vavegui(le s(CtiO1i. The re(luireilldnt of 1 (liaFlietel' taper in gvrotrons is to Pro\'i(l( 

a good niatch between input and ollt1)llt sections of taper with very low spurious 

nioolo' content. In this work, a mien hjimear taper of raise(l ('Osille 1)I'ofil(' has been 

used as it Viel(ls very low liiod(' C'oflvel'Sioll. The analysis of the taper was ('arl'ie(l 

out using a oledicated s('atterilig niatrix code. and for the design 01)tililizatiOn of the 

11011 linear taper. an  nnl)roved l)al'ti(h' Swarm optimization (PSO) all evolutionai' 

Optiuilizatiomi algorithm has been use(l. 

The objective of t he desigii was to obtain a iuiiXiiuhim transmissioii coeffi('idflt 

0.e.,5'91  l)amuuu('ter). operating with TE25,12  mnoole at  170 GIIz with mniniiiuized spu-

i'ious niocle (:Outeiit. Finally. taper contour profile along its length is ap)rCciatCd 

graphi('ally in Fig. 3. 10.A t raiisuuission of 99.50 V at 170 C4 liz has I )een achieved. 

3.6.2 Designing of Quasi optical launcher 

Time a(lvaflce(l luio(le converter consists: 

• A (hifliplC(l vahl \vavegui(le se(ti011 and a helical-cut launcinng aperture as au 
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antenna. 

• One qUaSi elliptical mirror and two toroidal 1nirr()rs OS l)(-aJ11 iorniiig mirror 

systeiii (Internal phase correctors). 

Fable 3.6: Launcher (IC ign paraumcters 

Launcher length (nmni) 220 

Helical cut length (imn) 82 

\\aveguuide  radius (iiun) 23.1 

laper angle (Had.) 0.0105 

4 

r Wall Field Intensity (dB) TE 28,12 F17OGHz 
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Figure 3.11: Wail Field iulelisitv for TE252  uimude at 170 Cl-Is. 

There is a imeed for the conversion of higher order modes to galissiall like beam for 

better efficiencies. The deformations prescu1t on the scattering surlace of the dimpled 

-al1 waveguui(le antenna can translorm the input eigen\vave to an eigenWave of the 
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Figure 3.12:  Aperture Field liii for H;25 12  mode at ho (41hz. 

Table 3.7: flesmilts for designed bundler 

(4aussiaii content factor 99.68% 

Energy coliversion 99.58% 

weakly pertmirhed transixussioii line. Illat beaiii i appropriate to be used (IirectlV 

as a. free space TEM00  mode, or to be transniitted as a low-loss hybrid HE, I  mode 

in bighlv over-mnoded corrugated waveguide. The launcher (lesign paranieters are 

pieseiited in lable 3.6 and achieved results are in laNe 3.7. 

3.6.3 Designing of RF window 

The RF vacuum Nvindow separates the vacuum of gvrotromi from time outside atmo-

sphere. It plays an important role iii t ransmmt t lug Ill' olitlYllt to the external system. 
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Table 3.8: Design values for single disk windows 

Window material Dialll()11(l BN C\TD 

\Vindov aperture radius (nim) 45 45 

Disk thickness (d)(min) 1.8529 2.4419 

Disk dielectric constant ( ) 5.67 4.7 

Loss tangent 0.00004 0.00115 

Transmission Coeflicieiit (%) 99.9 97.2 

The properties of a good window is: 

It must withstiuicl in the high power. 

• it should have ahility to handle mechanical stresses and iressii'  gra(hents. 

• Low loss tangcnt. 

• 1-ugh thermal conductivity and mechanical strength. 

• Easy mnetallization/brazing and make a strong vacumun tight seal with metals. 

• CVD Diamond is the material which is most suitable for the desigmng of 

\vill(low at high l)o\Ve1 level. 

Single disk window is used to provide transmission for smgle frequency band. Brew-

st.er window l)1O\i(1('S i)etter transmission for wide frequency l)al1(l. So. It is imiost 

suitable window for multi frequency gvrotrons. Brewster window works only fre-

quency range between 110 to 150 GI-Iz. Double disk window is suitable for dual 

l)a.nd gvrotron. The design values for single disk windows shown in Table :3.8. Fig. 

3.13 and Fig. :3.14 shows transmission and reflection co-efficient for BN CVD and 

dianiomid type wifl(k)w respectively. 
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Chapter 4 

Phase Retrieval and Mirror 

Synthesis 

4.1 PHASE RETRIEVAL ALGORITHM 

4.1.1 Introduction 

in this ehal)ter. the (olleel)t  of reeoiist iuetion of l)llase is exl)IaiI1ecl. The Algoiitliin 

Iterative Phase Hetrieval Algoritliiii(IPI1A) is explaiiiel. The probleiii of phase 

retrieval fioiii two intensity 1I1('HS1I1('lflelltS (iii b('H111 ilivestigation of gvrotroii and 

("lectron flhl(1Os(UI)y 01 wave-front sensing) [54]. Our goal is to design the phase 

correcting reflectors of i gvrotron wliiohi are a('(11r1t(' and relial)he. Fhe surface ])F()hhe 

of these reflectors shape the output mi(rowave h)ealll by (:orre(;tillg for al)elTation 

iii the phase front [55]. F r aiialvsis and synthesis of these mirrors. we require the 

kiiov1edge of'  phase and aniplitwie both [561 . Phase (an hot 111('aShlre(l (lire(tly at 

higher frequencies iii the labs, so we need to formulate the phase from the iiieasiired 

intensity pattern. \\e wish to (levelol) an accurate and reliable metho(l to retrieve 

¶ the phase of a gyrotrull gaussian-like beani from a series of mtensitv ineasurenients. 

There are two 01 inure ahlil)lithl(le (histribhhtiohls along the direction of propagation is 

given vitli the help of these phase must be retrieve. Once the phase is knowii. we 
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(all Pl1 the waves l)ehavior at aii point. This ii'ocess is useful in designing tll(' 

l)llase-crre(t ilig lell((tOl5 of I 11(' gvrot 1011. 

4.1.2 Iterative Phase Retrieval Algorithm 

iterative Phase Retl'i('Val Algorithiiii(1PRA) is also knowii as Gercliherg - Saxtoii al-

goritliiii [57 \Vd5 originally iilvente(l iii (Oiliie(ti011 with the prol)l(,nl of recoiistructing 

Phase from two inteilsity iiieasurenient [53]. \Ve take the measure intensity planes. 

The iiiinibei of 1)lalles (all l)(' several. We are taking two I)1a11('s i an(I j 05 shown iii 

Fig. 4.1 (a). The iiiet hod consists of 6 st('J)s 

Assullle initial I)1lase. mUltiply it Nvith the measured iiiteiisitv at plane 1. 

Propagate it with anY propagator to I)lafle 2. calculate intensity aii(l phase at 

1)11fle 2. 

Replace (ounputed anhl)litu(le  With the measured amplitude of plane 2. 

Back propagate it to the plane 1 using same pro)aglto1. 

Replace t he lneasure(l ailul)litllde  at I)Ialle 1. 

Repeat the al)ove until the error readies to the required threshold. 

Forward Propagation 

The E\I fiel(I of a wave at ,' 1)lalle can be written as 

F(x, y. .) = A(x. y) ('XI) [io(x, y)1 (4.1) 

\Vliue. .4, (r. q) and o, (.r. y) are wave amplitu(1e and l)lulse at the l)laile 

respectively. The field F j  after distance Zi is given as 

F, (.r.y.z) = F 1  {exp[i(z1 - x F[u1 (x.y.} (4.2) 

\Vhere. /. is wae number and F and F I (Iellotes the Fourier Transform and 

its ifl'er5e respect ivelv [50]. Figure 4.1 shows the Iteration method. If the wave 
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1- )i Forward Propagation A2. 91 2 
at plane I at plane 2 

Replace I.i j  = A1 Replace IA2  = A2  

A1. L'1 Backward Propagation A2. 92 

at plane I at plane 2 

Figure 4.1: Algorithm of PIiae reconstruct ion ill two cross sect ions .A1 .A2  and A1  

-42 an,  t he 1ileasURsl awl (akillate(l fiekis ill t lie I \VO l)lancs Zi  an(1 Z2 resl)('(llvelv 

[59]. 

)ropaga1ion hap)e1liiig ill Z-(lilC(tion, taking x. V plane, at the later (listailce - the 

generalize field expr(,ssion can he written as 

Fj(r'.y') ILh g/—y)dxily (4.:3) 

\Vhere, (x,v) rej)resents the i111)Ut 1)lall(' coor(Imates and (.r'. y') represents til(' ()11t1)Ut 

plane coordinates at Z1  aiid Z, plane respectively. P(.r' - x 
. y'- y) is the propagator 

USed to I)rolm-ate the field from the plane at Zi  to Z, and Q is the region of input 

plane [58] 

Backward Propagation 

Ihe iicw fiel(I at plane 4, have the .42  and 62 aml)litude an(I 1)liase resl)e( tivelv. 

A2  is rcl)laced  by -42  The field is now back )lOi)agatc' from Z3  to Z, using the 

-ç 
propagator \Vllicll is the conipiex conJugate of the forward propagatol .At plane 

Zi  new field will hieive 110W A 1  ami(I 01 aml)litll(le an(I l)h1aS(' r('5I)ectiV(lV. theii .41  is 

replaced lv 01(1 01111)1itllde 
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Propagators 

The 1)ro)agatO15 here used cim he directlY Green fuiiction all(l liii gens - Fresnel 

i)ropagatol as this is for the (al(lllatioll of iiear field. So. green function for this 

liletlio(I 

P (.r - .r. q / 

- y) —f G 1  (.r - .r. q / 

- 
;j) (4.4) 

6 ii (.U'  - r - q) = 
(('X l) i.)) 

(4.5) 

or it is nearly equals to 

G (.r' - . 
- !I) = 

(. 
- 

1) exp(iki') 
(4.6) 

\Vhere k is the wavemunber given in terms of wavelength \ by k = 27r//\. Az = 

(zj—z;)aicir=[(.r —x)+(!/—yY+(AzY]. 

1 liiygens- Fresnel )ropagator. 

1 1.,. '1 1. .r 2 +y2 1 - 

h (.r, 0 
 =  AA 

CX (4.) 

4.1.3 Error, Iteration, Advantages and Disadvantages 

The criterion to stop the iteration is when error reaches to 

E7'> 
= j - A' oIs <c (4.8) 

\vliere. n is the number of iterations and ( j  is a set of small c'nor values, S is surface 

in vlìic1i the integral is performance. Advantages of this is it is iiiore accurate 

in general case of gyrotrons [9]. (an Use to calculate for high fraction of inglier 

order Ino(les 1591• The (lisadvant ages arc the initial olioice affects the result plane 

separation and l)laile dmiension are fixed. For large errors ITiet hod does not converse 

to solution. 

4.1.4 IPRA Results and Discussion 

To show the phase reconstruction mechanism an arbitrary amplitude contours have 

been taken as shown in Fig. 4.2. The Fig. 4.2 (a)-(d) shows amplitude contours 
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at different separation from the window. The (orresponduig reconstru(te(l ihase is 

sliovn in Fig. 4.3. The Error and Cross (olTelation faetors are shown in Figs. 4.4 

and 4.5 respectively. Ihese l)araln(1e1s represents the effectiveness of IPRA. 

4.2 Mirror Synthesis 

Based on the inctliod given in [60] two mirrors system designed for MOU. The 

('(luationS are as follows: 

2 1 (i - r) (y - g0)2  
j  

v 7rwu u u / 
The above equation used to produce the Gaussian-like beam. The eqilatioli 4.10 

represents the l)hlase (listribution of Gaussian beam. 

( - 
)2 

IT  W - Uo) co• co = + - -- - -- (4.10) 

The equation 4.11 and 4.12 represents the beam waists in the x and v direction for 

different value of z (direction of I)ro)agatio11) 

= Fl+  
(i\ 

2 

2 

(4.11) 
lrwor  

U q  = WO!//1+ 

(' 2) (4.12) 
v irw011  

The equation 4.13 and 4.14 represents the beam radii in the x and y direction for 

different value of z (direction of prol)agatioli) 

= (z - Z0 r ) + 
(—A 

1 71 W6.1

) 
(4.13) 

= (z - 0y) + 
( 

('o) 
(4.14) 

The equation 4.15 and 4.16 represents the heaiii waists in the x and y direction for 

the value of z=0. 

60, = tan I (i\( _0x)) 
(4.15) 

iT•U' r  
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= tan 
(A ( (4.16) 

The equations 4.17 - 4.20 gives the information of iliase of incident and reflected 

beam at the mirror. \Vhere so,,, and AOWd are the change in input and output 

I)11aS(' respectively. 

gill = 6 + Aoi,, = 
(Oou ± 00yin) 

- kz - 
A (Cz_.r0) 

+ 
1 - 

(4.17) 
- .ew 11171 

Ocin =  —k = + (tall-, 
[A z)] 

± tan' 
A (2e z0111) 

) (4.18) 
2 ira 

Y())
2 

= ceoiit + A0, = 
(0x0hh1 c0oul) 

- Az - 
(( + 

- 

(4.1(J) 
.)'7fl1t j 
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To get the mirror profile, the results comes out by the above four equation put in 

the equation 4.21. 

A a. 0711  — Aç ( ( /)oul — (0lIl ) - (o - ezn ) 
5 (a:. Y. z) = = (4.21) 

2k cos 8 2k CO5 

In MOC the center 1)Ositioll of nurrors is 250 mm and 750 imu from the gyrotroll 

window. The seh)aratiOn  l)etween them is 500 111111 and the angle with the iiicideiit 

beam is 45°. Fig. 4.6 shows the schematic arrangement of the mirrors in MOU. The 

obtame(l mirror profiles for the mirrors are shown in Figs. 4.8 and 4.9. The axial 

view or normalized field intensity in I lie axial direction at beam center of propagating 
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wave 1)eaill is slio\VII in Fig. 4.. The iii('i(lellt heaiii at the mirror I has 19 win and 

20.5 111111 i)('aifl waists in x and v (Iiieetion lesI)e(-tiVe1V.  The i)eaiil has astiglilatisin 

in the z (hire(-tioll of 60.5 nun After (-orrcction of l)eanl e1li1)ti('ity the beani waists 

are 20.3 and 2031 in the x and v (hireetiOn respeetivelv. The d11i1)ti(-itv of lwaill is 

(-OlTected fromii 1 .133 to I wink the astignlatisni (orre(-te(l frommi 60.5 nun to 3.25 

miii Aft er 01)1 aiiling this 1('silits tll(' 1)Caill will haVe l>et ter (-ouphng efficiency wit ii 

the c-ori-ugated waveguide of 63.5 inni diameter. In Table 4.1 shows the in(-i(lellt and 

011t1)Ut 1)eanl 15-uialii('t('i5. 

4-. 

 

r 2 

 

minor 1 
me 

Figure 4.6: Schematic arrangenient of beam sliapiiig imrrors in MOU [60]. 
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CHAPTER 4. PFIASE RETRIEVAL AND MIRROR SYNTHESIS 

Table 4.1: Input. Output vavc beam pa.raiiieters for \IOU 

Parameter I11ci(lerlt bea-in Output beam 

L'Dr (111111) 19 211.3 

wo (mm) 20.5 20.31 

ZOr  (mmiii) 0 910 

z0 , (mm) 60.5 913.25 

Ellipticitv ( 1.133 1 

Gaussian mode purity 98% 99.8/: (100% desired) 

Astigmati.sin Azo(m) 60.5 3.25 (0 (Iesired) 
A 

0.96 

0.84 

0.72 

-0.60 

0.36 

0.24 

0.12 

1000 0 "0 100 200 300 400 500 600 700 800 900 
Z (Pixels) 

V 

11 

Figure 4.7: Side view of propagat big wave. 
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Figure 4.8: Mirror 1 profile. 
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Figure 4.9: Mirror 2 profile. 
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Chapter 5 

Conclusion And Future Scope 

5.1 Conclusion 

The work preselite(l in the previous chapters is a cOflcej)tuhII design of 170 G1lz, \l\V 

(lass. CNV gvrotron for ECR 11 applications in the tliel'1I1(nhllcical fusion reactors for 

ITER or ITER- He pro]ects. By the Self-(' (aldulatiolls we achieved the efficiency 

around 37 Of and delivering po\Ve1 is arolul(1 the 1.1-1.3 MV. The required iilaglletic 

held is achieved by settlng the no. of turns of the (oils and by varying current and 

voltage in t he coils. 

The first step of designing of this gvrot ron is mode selection. After following 

the nlo(le selection pro(edure the selecte(l mode is TE22. To achieve mininnun 

reflection, the gvrotromis (old cavity is designed using the self consistent calculations. 

IuLt i-mode timiie dependent calculations are also (10110 .\ magnetic guidance sstein 

and a diode type niagnetron injection gun is designed using the ESRAY code. The 

achieved iiiagnetic field at the (enter of the cavity is 6.725 T. The output system is 

designed which includes a non - linear taper with 99.50 % of transniissioii, a quasi 

- optical launcher winch gives 99.68 (/ Gaussian mode content and RF-window. 

The latest update is (10110 in GDS \73 with phase retrieval methods (Iterative and 

irradiance) and Mirror S mithesis. Using this update a two mii'ror MOU is designed. 

Pr 
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5.2 Future Scope 

This research vork (all be eXten(le(i into following tisks: 

• The design study for this gyrotron has beeii done for the fuiidaniental liar-

monic. This can also be designed for the further harmonics with improved 

St intl UI'C. The higher harmonic ol)erat ion require less magnet ic field at the 

interactioim but the efhciencv decreases. 

• ilie saime gvrotromi caii be built using the (OaXial cavity to iiiil)roVe the effi-

(iiemlcv 50 that the 011t1)Ut PO\\er  (1fl be a(hlieVe(l iliore. 

• The Self-T calculations will be calculate to eXI)lore  the multi-mode behavior of 

this gyrotron. The Self-T analysis will give the information that the gyrotron 

is capable to give power continuously or not. This analysis performed the CW 

ol)e.ratiOn of gyrotron. 

• Using the single stage tkiressetl collector time efficiency can be ililplOVC(l from 

37 % to more than 50 %. 

• The iterative phase retrieval mnetho(l is used to reconstruct the phase .Merging 

it with irradiance niomnemit method a new approach can be developed wit ii 

the mmanie as "iterative irradiamice method . The new l)rOl)OSed method can 

reconstruct the phase with better efficiency. 

• The two mirror systeni MOU is (iesigne(l for this gyrotron. Using the same 

aj)proach preselite(l in chapter 4 an internal mode converter unit can also be 

designed. 
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