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Foreword of the Editor

Gyrotrons are vacuum tubes based on the electron cyclotron maser instabil-
ity. They are the only microwave sources that are capable of efficiently gen-
erating continuous-wave (CW) power at megawatt levels. As such, gyrotron
oscillators will be used for electron cyclotron heating, current drive, and
stabilization of the magnetically confined plasma in future nuclear fusion
power plants, including the first demonstration power plant (DEMO).
Already today, gyrotrons are used for the same purpose in plasma experi-
ments such as ASDEX-Upgrade and Wendelstein 7-X, and they will be used
in the ITER experiment accordingly. These state-of-the-art gyrotrons deliver
up to 1 MW CW output power at single frequencies of up to 170 GHz.
However, gyrotrons for DEMO shall deliver an output power of 2 MW at
frequencies of up to 240 GHz. Additionally, possible operation at multiples
of the RF window’s resonance frequency is required. Nonetheless, today’s
technical limitations for emitter current density and thermal loading of the
cavity wall still have to be considered. The latter implies a highly oversized
gyrotron cavity, hence operation at very high order modes. This, in turn, re-
quires methods to reduce mode competition. One method is to use a coaxial
insert that extends from the magnetron injection gun (MIG) into the cav-
ity; its introduction also reduces space-charge effects of the electron beam.
All these conditions combined question the possibility to obtain a realistic
design. A design process that answers this would encompass systematic se-
lection of the operating modes and proper design of cavity (including coax-
ial insert) and MIG, followed by tolerance studies with regards to electron

beam misalignment and to the coaxial insert.



Foreword of the Editor

In his work, Dr.-Ing. Joachim Franck proposes the physical design of the
two key components — MIG and cavity — for a coaxial-cavity 2 MW CW
gyrotron with a main operating frequency of 238 GHz and auxiliary fre-
quencies at 204 GHz and 170 GHz. The design is based on present-day
technical boundary conditions. He derives and implements a holistic design
process and selects the operating modes according to a novel systematic
multi-frequency mode selection approach. The advanced triode-MIG he
develops corresponds to a realistic 10.5 T magnet design, obtained in the
frame of this work. Multi-frequency behavior of MIG and cavity is inves-
tigated in detail. Dr.-Ing. Joachim Franck analyses the most severe effects
of a too small number of corrugations and of possible insert misalignment:
Mode deterioration and voltage depression variation. The study of mode
deterioration due to insert misalignment is based on an expansion of the
electromagnetic field into eigenmodes, and the effect of voltage depression
due to insert misalignment is simulated using an efficient method.

Dr.-Ing. Joachim Franck provides the gyrotron community with a solid
starting point for more detailed design activities for high-power coaxial-
cavity gyrotrons. The general design concepts and tools he developed are
very valuable for future studies to maximize the possible gyrotron perfor-

mance.
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Kurzfassung

In der vorliegenden Arbeit wird das physikalische Design der Kernkom-
ponenten — Wechselwirkungsraum und Elektronenquelle (MIG) — eines
koaxialen 238-GHz-, 2-MW-Dauerstrichgyrotrons, welches fiir zukiinftige
Fusionskraftwerke geeignet ist, erarbeitet. Fiir beide Komponenten wird
das Mehrfrequenzverhalten untersucht. Die Arbeit beinhaltet neue systema-
tische Ansitze fiir Modenauswahl, Magnetspezifikation und MIG-Design
um die hohen Frequenz- und Leistungsanforderungen, die an das Gyrotron
gestellt werden, zu erfiillen. Obwohl eine ambitionierte Arbeitsmode sehr
hoher Ordnung untersucht wird, werden die Grenzen des heute technisch
Machbaren wihrend des Designs beriicksichtigt.

Gemeinsam mit dem Vorteil der hoheren moglichen Ausgangsleistung
haben koaxiale Gyrotrons den Nachteil, dass der Innenleiter gegeniiber der
Resonatorwand und/oder dem Elektronenstrahl versetzt sein kann, was die
Betriebsstabilitit beeintrichtigt. Wihrend einige diesbeziigliche Aspekte in
der Vergangenheit untersucht wurden, prisentiert diese Arbeit zum ersten
Mal eine robuste, systematische Analyse der kritischsten Effekte des Innen-
leiterversatzes, ndmlich Storung der Moden und Variation der Spannungs-
absenkung. Weiterhin wird eine Analyse der Abmessungen des Innenleiters
und der Anzahl seiner Korrugationen durchgefiihrt.

Die vorhandene Theorie der Modendeformation wurde iiberarbeitet und
erweitert, um den Versatz des Innenleiters noch besser behandeln zu kdnnen.

Im Zuge dessen wurde eine systematische, prizise Schreibweise erarbeitet.






Abstract

In this work, the physical design of key components — cavity and magnetron
injection gun (MIG) — for a coaxial-cavity 238 GHz 2 MW CW gyrotron,
being suitable for future fusion power plants, is developed. Multi-frequency
behavior is investigated for both components. This work includes new sys-
tematic approaches towards mode selection, magnet requirements, and MIG
design in order to fulfill the challenging requirements on the gyrotron con-
cerning high frequency and power. Although an ambitious very-high-order
operating mode is considered, present-day technological boundaries are re-
spected throughout the design.

Alongside with their advantage to allow higher output power, coaxial-
cavity gyrotrons have the disadvantage of possible insert misalignment
versus cavity wall and/or versus electron beam, which decreases operation
stability. While several aspects of this have been investigated in the past a
robust, systematic analysis of the most severe effects of insert misalignment
— mode deterioration and voltage depression variation — is presented in this
work for the first time. An analysis of insert dimensions and its number of
corrugations has also been made.

In order to treat insert misalignment more properly, the existing theory
of mode deformation was revised and extended. In the course of this a

systematic, concise notation was developed.
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Acronyms, Abbreviations, and Symbols

Acronym / Full term

Abbreviation

ACI After-Cavity Interaction

BCI Before-Cavity Interaction

BWO Backward-Wave Oscillator

CARM Cyclotron Autoresonance Maser

CcC Compensation Coil (a.k.a. Bucking Coil)

CVD Chemical Vapor Deposition

Ccw Continuous Wave (synonymous to long-pulse as
opposed to SP: pulses longer than one second)

DEMO Demonstration Power Plant

DNP-NMR Dynamic Nuclear Polarization in Nuclear Magnetic
Resonance (Spectroscopy)

ECCD Electron Cyclotron Current Drive

EC Electron Cyclotron (Resonance Heating)

ECM Electron Cyclotron Maser

EGYC European Gyrotron Consortium

FEL, FEM Free Electron Laser; Free Electron Maser

FEM Finite Element Method

FZK, FZKA Forschungszentrum Karlsruhe (Research Center
Karlsruhe, now part of KIT)

GC Gun Coil

HD High Depression

IC Ton Cyclotron (Heating)

IHM Institut fiir Hochleistungsimpuls- und Mikrowellen-

technik (Institute for Pulsed Power and Microwave
Technology)

iX



Acronyms, Abbreviations, and Symbols

Acronym / Full term

Abbreviation

ITER Latin iter “route”, “journey”, “the way’’; initially:
International Thermonuclear Reactor

JAEA Japan Atomic Energy Agency

KIT Karlsruhe Institute of Technology

LD Low Depression

LH Lower Hybrid (Heating)

LOG Large-Orbit Gyrotron

LTS Low-Temperature Superconductor

MC Main Coil

MIG Magnetron Injection Gun

MHD Magnetohydrodynamics

MSDC Multi-Stage Depressed Collector

NBI Neutral Beam Injection

NTM Neoclassical Tearing Mode

PFC Poloidal Field Coil

QOL Quasi-Optical Launcher

RF Radio Frequency (denoting any oscillating electro-
magnetic field)

RMS Root Mean Square

SCM Superconducting Magnet

SDC Single-stage Depressed Collector

SHM Space Harmonic Method

SIE Singular Integral Equation

SIM Surface Impedance Model

SP Short Pulse (as opposed to CW: pulses shorter than a
few milliseconds)

TFC Toroidal Field Coil

TLK Tritium Laboratory Karlsruhe

TWT Travelling Wave Tube

UH Upper Hybrid (Heating)

VLD Very Low Depression




Acronyms, Abbreviations, and Symbols

(ewm I0 9YeUIPIO0-Z 0} JUSTBAINDY) S[qRLIBA [RIXY 90 3
wId) A1eniqly 7o =
(su/ww 8GHZ6L 662) W1 Jo paads €2 2]
(uonow
UOIO[OAD JO JRUIPIOOD) IAIUD (snIpe1 onsned aAne[al ‘uorssardurod
Surping 0) 9ATIB[AI 9JBUIPIOO)) onougew ‘3'9) sen[eAa 0m] JO OTJBI SSA[UOISUWI(] 10 o)
2/a K)1901oA pazijewniou (UONdIH) 99 ol
(uoneiA3 Jo 191uad)
I9)ua0 Furping ‘(Jop)ureag (seyeurp100o rejodiq) 1ejowrered JUSWUSITRSTIA] €q qQ
** oneugew ‘proy-gq (prey onougew) AJsuap xnp onjouse 1q g
9reurpiood rejodiq
Iensue {(Zg /Tg)uejore 9[3ue umorfug Io ynid ge 0
9€0°LET/T ~ JUBISUOD AINJONNS-UL] ge 00
JUDIOLJO09 [eoLIdWNU (@) ue) J0308) Jode], ce D
(Apoq) spoue urejy [enuajod 103094 (-1n0J) onjouseWONIq T® v
XJpul Se dges() d[qeriea Jo uondrLSy(@ dpo)  [OqUIAS

‘[#1 4.0] 998 ‘sannuenb [eo1sKyd Jo sanfeA [eoLIOWNU I0,] "XWTOTSTT pue X*™ OH7 pojoudp aq pjnom AIaed
puE JONIWO UaM)q dJUBISIP [eIxXe wnwrxew ) ‘o[dwexs ue sy ‘(s1ojowrered weaq "§-0) sonfea Sunoear ajoudp
SION9[ [Tews A[Iym (Anowoas ‘3-9) sonfea ndul/a[qe[[0NU0D IO PIXY AJoUap s19N9 [eided ‘Terouas Uy "JWIHONDS

pue ‘U2INOPIYIIN IPUL-0-UuS1S2(] SOPOd AU} UL SB [[oM SB JUSWNOOP SIY} Ul pasn S[oquIAS ore SUIMO[[O] Oy,

X1



Acronyms, Abbreviations, and Symbols

3ud/o[3ue UIoyug :suojoyd 22/ z0 — 1/V/1 10198] ONSIAR[Y 9b L
(uonezirewrou Arenigre) o[goid p[oy omod[e [BIXY vh I
(0)uey 10198) YA ¢cb b
uoI3a1 DI ‘(A[oym e se) DI 10308} 3urdnod ( ff-(7) 10sud} p[ay o1dodsoIdrIA 6 )
Juduodwod [eyPINWIZY (seyeuIp1009 Iej0d I0 JOPUI[AD) YINWIZY 97 %
aseyd(-0143) mols GJ 0]
[enuajod onousewond9 Ie[edS 73 P
Kouanbaiy (AreurpiQ) o I
(g-7) 10SUd) P[oY d1OUTBWONIH 17 A
SIXE QJRUIPIO0D FUO[E J0JOIA JIUN {JOqUIAS BIAID-TAY] 99 E)
((;20r) /1 = 0z wmnoea) Ayammuiad oL Go 3
wyLIeso[ [eInjeu Jo aseq €o el
(rerouasd ur oponaed 10) U0 (D 70T - LLIZ09'T ~) d8reyo Areyuswo[g ) )
(Tenuad “OpotIed) TN O PIRY o11091H o o
B[ S JOOUO0TY ‘uUondouny B[ S, ORI
$10I19 {3UruN}op ‘UOTIBLIBA ‘UOTBIAJD ‘QOUIPI 9P 0
(suone[nored [eoownu ur) - jo doys (wnwrxen) P \v4
uorssaidap (a3eIj0p) 1919wered uone3niio)) cp p
[enuaIeIq P p
PIoY Juawaoe[dsip
u3Iso(q 210AR {(ssaury) ‘@7 pourad (7 yidop) soueisi(q P a
XJ9pul se dges) d[qertea Jo uondrsd(q dpo)  [OqUIAS

Xii



Acronyms, Abbreviations, and Symbols

Xopur (Teurpmisuoy) [erxy yped Suofe aoue)sIp ‘Xopul ([eUIpMISUO]) [BIXY €T ]
UOIOUNJ UUBWNAN
Joyoune] 10 [assag ‘stxe-z 0} (pajooloid 10) [orered ySua T T
K)ISUSp 93IRYD [BUOISUIWIP-IU() 93 8
¢ Xxoput Jeroedg X /LLg I9QUINUSABAY €y 3y
onsne)) XLIJRW,/Uonouny oNsLo)orIeyD) T i
7 xoput [eroeds ¢(suonoos juau
-odwod 10}) 9[qeLeA 3ununo)) KJISUQP JUALIND JLNIAH el A
KJ1suop 93Ieyd [BUOISUIWIP-INO0] et r
JUSIOYJI00 [35Sg
‘syxed Jouul (DA [RIXBOD) uonouny [assog 1C r
K)ISUQp JUIIND J[oTIR] 9T 1
1 xoput [eroedg (u *** T Arensn) 191uno) €T v
1— /M yun Areurdew] T I
(319SUI [RIXBOD "O°T)
K)1ABD JO Q0BJINS JoUU] JUSIIND OLIOI[ TT I
Kouaroyyg 9y b
$9)eUIp100d JejodIq — URIsae) Surddew
{(opow awIn[oA ‘SA AI9[[e3-3uradsIym) 19)orIeyd PO €y Y
(S[ pg—0T - TLEFGO'T ~2) JUBISUOD S OUR[J PINPAY cu Y
JouSeN pley Surzrougew ‘(77 99s ‘stxe-z Juofe YI3ud]) WIIOH T4 H
XJpul Se dges) dqertea Jo uondrsy(q dpo)  [OqUIAS

Xiii



Acronyms, Abbreviations, and Symbols

oronaed jo o31eyd O1o9[g b °b
9qold 9318y JL109[9 [eIdUAST (10108) Ajifend) 1o O
Aysuop wmuowowt {(*6S1#1°€) 1d od L
61°d ‘b ur pouyep se wid) uone3niio)) cd m
X9pUI 9poul [BIpeY XJPUI JOOI {XJPUI pOU [RIPBY cd d
WAISAS AJeUIPIOOD
ewse[d ¢1oje3uojoid O Iejodiq e ur sojod jo uoneooy ‘1omod (uoneipey) 1d d
KJ1ABD (JO Q0BJINS IINQ)) 10 o)
7 Xopur awnaoedg gpouw Jouul (aind) Jo anfeaua3rg qu 1
(suonoas (ewnjoa 1od 1oquinu)
juouodwos) Fununod Jo pug  AJISUSP JUBLIBAUL $XOPUI QATIORIJAI ¢ JO JoqUINU [BO], cu U
opm3
JUSIOYJO0D UUBWINAN 9S0U DA -9ABM IE[NTULIOAI UI XOPUI 9POW ‘UONOUNJ UUBWINAN Tu N
I xopur awnaoeds  Ayjiqeawrad cuoneurjour (y33ud] AJIABD SSUOISUWI(] qu 1!
(zV/N ,—0T - 2¥) Anpqeowad onouSew wnnoevs Gu o7/
XJpul 9powl [BYINWIZY JOPJIO UUBWINAN]/[SSAY XPUI 9pOW [BYINWIZY cur w
(B 1g—0T - €8€60T°6 ~) SSeUl JSaI UOII[H A o
uorouNy QUBIqUIdW 9pIN3oALm
dpoue (Iouur I0) UOB[NPOIN Je[n3uejoal Ul Xapul 9pow (19quunu (9A00IL)) Tu W
(ISUdRARA 9T X
Aysuop o3ueide] Al \Y
XJ9pul se dges) d[qertea Jo uondrsd(q dpo)  [OqUIAS

Xiv



Acronyms, Abbreviations, and Symbols

ouwn Jodoid ‘owneyIy / [eAIUI-OWI], 92 2z

juouodwod sy, (91RUIPIO0D) QWIL], €2 f]

— (opowr §) 91}oUIBWIOIII[ ISIIASURI], — WAL

— (opowr ) o1ouSeW OSIQASURIL], — WL

— (opowr H) 911)09]d 9SIdASURI], — 1L

[ouun) weayg armerodway, 13 L

€ xopur awnooedg KJIAIIONPUOD JLI}IAH 9s 0

(uonruyep uodn urpuadop) - jo peaids anjosqy Gs S

(eare 1od 931eYy0) AYISUOp 93IRYD 90RJINS {UOTOY vs €4

OTUOUWLIRY UOMO[ILD) STuoOuLIRY UOTO[ILD) €s s

unS 10309A 3unjukod ‘9oeJIng 1s g

KJISUQp [eUOISUSWIP-IN0J JO juauoduwod Je[eds 9x 0

91euIplood Jejodiq [erpel (AJIsusp a31ey)D Gx d
X9pul [eyInuIize Xopul [eyinuwiize

aimnsqns SJuouodwod [eIpey AIMNsqns {(9JeUIPIOOD [BOLIPUI[AD) JRUIPIOOD SNIPRY €1 )
SIXB-2

(1078U0S2I) KJ1ARD ([OYAL) WOIJ PAINSBIW ‘UOTOIIP [BIPEI UT [ISU] pauyad T Yy

(uonoaxrp Teynuize) 9[3ue peaidg 9b I’

XN ONAUIeN 2] M

XJpul [BYINWIZE 2JMNsqns XJpul [BYINWIZE 2JMNsqns ¢b b

XJpul Se dges) dqertea Jo uondrsy(q dpo)  [OqUIAS

XV



Acronyms, Abbreviations, and Symbols

Suner saues-opow ¢ Y/ X5 peaids aane[oy 9z D)
juouodwod [erxy 9)BUIPIOOD (URISAIE)) PIE) [RUIPMISUO[/[RIXY €z z
(5 0gT ~2) 9oeds 2a1y Jo douepaduy zz 07
Qouepaduwuy 1z 7
wiIo) AIeniqry A X
QJBUIPIOOD URISALIR)) PUT AJIOO[OA-INOJ ONISIANRIIY ¢k fi
101997100 (suonounj uuewWNAN I0J UOTIRIOU ANIRUIANY ) TA X
jusuwIn3gIe UuonouUNJuasIg 9% X
QJRUIPIOOD UBISAIRD) IS (O[qRLIBA IOP[OYIR[] cx x
d[qeLIeA IOp[oyade[d % X

(d‘w) = m xoput
pOW PaUIqUIOD IO PazI[eIouan)  (eare 1od 1omod ‘eore pue own 1od A310u0) xnpg AS1o0ug cm m
(s)mopuim ndinQ (uono9ra jo *3-9) A310Uuy7 ™ M
juouodwod Iejod 91eUIPIO0d A[3ue JB[od GA 0
(proy oness 1o doepns jusuodwod) 9[Sue Je[od A )
(fi ‘n ‘g :poads oronred) Ayoofaa dnoid aseyq cn Q
QuIn[oA A A
(ewserd ‘oaem onousewond9[d) Aouonbaiy rensuy gn ™
oy (eronaed 3uneyor) Aouanbaiy rem3uy pn )
WN)UIWOW SSI[UOISUIWIL(] cn n
deidn (eouarayip rennualod OLIOJ[I) 9FBIOA n N
XJ9pul se dges) d[qertea Jo uondrsd(q dpo)  [OqUIAS

XVi



Acronyms, Abbreviations, and Symbols

opmyrdwe ‘onfea yesaq — sd z
aseyq — yd yd

WAJSAS 2JBUIPIOOD 1IN0 ‘anfeA IndinQ — J0 no
anfea wnwndQ — do 1do

onfea pio — po pIo

anfeA mMoN — mu Mmau

anjea pue oddn/wnwirxey — XUl Xew
Xuew (qg) — Ju z

JN[BA PUD JOMO[/WNWIULIA — uu uru
WRISAS 91eUIPIO0D Jauul anfeA jnduy — ut ur
dnoip — Ib 13

JTUOIOJT — 1= 2910

an[eA [euy/pug — P pua

pasoouyg — oo [oud

HId — P 1p

an[eA JueuTWO( — wp wop
QAR — Ip RANY
Suneioiroiuno) — 30 1
3unejoI-0) — 00 02

onpea arewrxoxddy — de 1dde

XJdpul se dges) dqertea Jo uondrsy(q dpo)  [OqUIAS

Xvii



Acronyms, Abbreviations, and Symbols

— Jojerado oquialy . — 0
— Jojerado aoeyde — \V4
— J01e19dO B[QBN — A
— "+ Jo Arepunoq A% = 70) 9AIRALIOD [enIE] — 0
(Xmew (1) I0J09A — on x
anfea [eordAy, — da dfy
[enuasue], — jok} Sue)
an[eA [enIur/)Ie)s — 3s 1188
AATIR[Y — T o1
(onyeA x9[dwoo se passardxa
9q WySrur) srxe-z 0) Je[norpuadiog — dd T
SIXe-z 0 [9[[eled — 1d I
X9pul Sk 3ges) djqeriea jJo uondrLSy(q dpo)  [OqUIAS

Xviii



Introduction and Motivation

Nuclear fusion promises to provide reliable energy from abundant resources
while causing much less dangerous radioactive waste than fission power
plants. In magnetic confinement fusion, the fuel plasma has to be heated
to above 100 million kelvins, which can be achieved via electron cyclotron
heating with microwaves produced by gyrotrons, among other heating tech-
niques. In order to meet the requirements for the first demonstration fusion
power plants, these gyrotrons have to deliver more than 1 MW in stable,
continuous-wave (CW) operation with high efficiency at frequencies above
200 GHz. These values are beyond present practical experience, mainly due
to the very high eigenvalue of the required operating mode. For usage of the
same basic tube design for various tasks or in various facilities, operation
at several distant frequencies, termed multi-frequency operation, is worth
being investigated.

In this work, a realistic physical design for cavity and magnetron injec-
tion gun (MIG) of a 2 MW CW gyrotron is developed, with main operat-
ing frequency of 237.5 GHz, suitable for a DEMO reactor, and auxiliary
frequencies at 170.0 GHz (ITER) and 203.8 GHz. A general, systematic
multi-frequency mode-selection scheme was developed for this purpose, and
a realistic magnet design was obtained and used as a basis for the MIG. All
designs respect present-day technological restrictions.

The design itself is based on the coaxial-cavity concept, which promises
high output power and stability at very-high-order modes. However, the
coaxial insert requires careful study of its dimensions, surface corrugations,
and effects of possible misalignment versus electron beam and/or cavity

wall, which has been done based on a new method for voltage depression
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Introduction and Motivation

calculation in misaligned cavities and on an extension of the existing theory
of modes in misaligned coaxial cavities. The phenomenon of inner modes,
which is a characteristic feature of gyrotrons with corrugated insert, has
been investigated in detail.

In order to achieve a consistent notation for variables, a systematic nota-
tion throughout this work and related computer codes was developed. Exist-
ing formulas and derivations were revised and in some cases formulated in
a more elegant way, improving their readability, especially when translated

into computer code.

XX



1 Gyrotrons in the Context of
Nuclear Fusion

1.1 Nuclear Fusion
1.1.1 General Considerations

The global demand for energy is expected to grow by a factor of six by the
end of this century [LCV'05] due to both the growing world population
and an increasing average power consumption per capita, which in the past
has always been connected with prosperity [GS08]. While fossile resources
(oil, coal, and gas) are limited on Earth and contribute significantly to the
climate change [GS08, CSB™13], renewable sources are strongly dependent
on weather conditions (wind), require space and depend on special environ-
mental conditions (solar) or have a negative impact on our ecosystem (hy-
dro), fauna (wind), or on food production (bio fuels). Thus, it is undoubtly
important to investigate continuously available energy sources in addition to
the mentioned renewables, especially since energy diversification also poses
a strategic advantage.

Aside solar power, controlled nuclear fission and nuclear fusion are con-
sidered the most yielding energy sources accessible on Earth [IPP03]. Even
if one assumes perfectly safe fission power plants, about 1000 m® of nu-
clear waste are produced per generated GWh of electricity, of which 7 %
are high-level waste, i.e. waste with thermal power above 2 kW / m? and/or
half-life longer than 200000 years [Datl13]. Nuclear waste poses a latent

danger to the ecosystem — over timespans which are much beyond our capa-
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bilities of effective planning! — since it can cause cancer and genetic defects
in living beings. At present there are no practicable, large-scale technolo-
gies to fully protect the ecosystem from such waste, such as removal into
space or partitioning and transmutation (P&T) to non-radioactive nuclei. So
far, the best strategy to minimize the danger from radioactive waste is deep
geological disposal [AMO7]. However, site selection and confinement mate-
rials characterization for geological disposal are always based on short-term
considerations, such as current technology, model assumptions, and politi-
cal circumstances.

Nuclear fusion power plants, in contrary, could provide reliable energy
from abundant resources. The only genuinely radioactive material associ-
ated with fusion is the hydrogen isotope tritium [Tos13], one of the fuels.
The half-life of tritium is only 12.3 years, it decays into non-radioactive
particles and it emits very low-energy beta radiation (5.69 keV on average)
with a range of 6 mm in air and 6 pm in water. This makes tritium hazardous
only if it is taken inside the body, mostly via inhalation and ingestion of tri-
tiated water. However, it cannot be stored in living organisms permanently:
its average biological half-life in humans is 9.7 days. Most importantly, it
is not at all foreseen for the tritium to leave the power plant, since it would
be needed as fuel within the facility. Safe tritium handling in a closed loop
has thus been an important topic in fusion reactor design from the begin-
ning. Fusion power plants as a whole are inherently safe because the stored
amount of tritium would be small and no nuclear chain reaction can take
place [ECO9].

The second class of radioactive materials associated with nuclear fusion
are materials which are activated by the neutron flux leaving the fusion
plasma [KGOP90]. Already in the 1980s studies have been conducted to

! Insulation from the environment has to be maintained for around 10 to 20 half-lives
[FHKS89]. Half-lives for the most siginifcant radioactive waste are 24400 years for Pu-239;
210000 years for Tc-99; 380000 years for Pu-242; 2.1 million years for Np-237; 15.7 million
years for I-129.
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find suitable reduced-activation alloys for use in fusion reactors. Still to-
day it is consensus that only such low-activation materials may be used for
plasma-facing components in fusion reactors, and the search for and qualifi-
cation of such materials is one, maybe the biggest, obstacle in current reactor
design activities. This approach leads to heterogeneous, but almost entirely
[EG06, PEK*12] low-level activated waste with relatively short half-lifes.
In this respect, it is comparable to the waste from high-energy particle ex-
periments or from medical applications [AMO7].

According to our present understanding the constituents of atomic nu-
clei, protons and neutrons, consist of quarks bound together by the strong
force, one of the four known fundamental interactions alongside electro-
magnetism, weak interaction, and gravitation. In fact, the binding energy
itself makes up over 98 % of the nucleons’ rest mass. In stable nuclei pro-
tons and neutrons are bound by a residual of their intra-nucleon interaction:
the nuclear force. Still, this residual inter-nucleon force is not only strong
enough that it holds together the positively charged protons, it also prevents
the neutrons from decay [MK94]. The typical binding energy of the nuclear
force is around 8 MeV per nucleon, which is a mass defect of about 1 % of
the nucleons’ weight [OT 14]. In former times, the nuclear force was seen
as a fundamental force, with pions — instead of gluons — as force carriers.
While this is only an approximation, the pion mass of around 140 MeV
corresponds to an interaction length of the nuclear force of around 1.4 fm,
which is quite exactly the nucleon radius.

A detailed plot of the binding energy per nucleon versus atomic mass
number is given in Fig. 1.1. One can see that there is a clear maximum
binding energy per nucleon for nuclei with around 60 protons and neutrons.
Heavier nuclei can release a part of their energy through decay or fission,
while lighter nuclei must fuse to convert binding energy to other forms of
energy, predominantly kinetic energy. In fact, almost all nuclei heavier than
hydrogen and helium are thought to have been produced in stars by nuclear

fusion (stellar and supernova nucleosynthesis). One can also see that the left
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side of the curve is much steeper than the right part, which indicates that the
released binding energy per involved nucleon is much larger for fusion than
for fission reactions.

Some important nuclear reactions, including released (> 0) or required
(< 0) binding energy, are the following [IPP03, MK94]:

p+rp—D+e" +v +0.42 MeV (1.1)
p+D—3He+~ +5.49 MeV (1.2)
3He + *He — “He + p+ p +12.86 MeV (1.3)
D+D—3He+n +3.27 MeV (1.4)
D+D—>T+p +4.03 MeV (1.5)
D+T— *He+n +17.58 MeV (1.6)
D +3He — *He + p +18.35 MeV (1.7)
0 1
H
1 2H
2
*He
3[1°H
4

Average binding energy per nucleon (MeV)

0 30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 1.1: Nuclear binding energy per nucleon versus nucleon number of common nuclei.
The vertical axis points downwards to indicate that increasing binding energy corresponds to
increasing stability. See e.g. [IPP03, Sta05].
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T+T—%He+2n +11.3 MeV (1.8)
p+ "B — *He + “He + *He +8.7 MeV (1.9)
n+Li—*He+T+n —2.47 MeV (1.10)
n+%Li - 4He+ T +4.78 MeV (1.11)

n + 23°U — (heavy nuclei + neutrons) +200 MeV (1.12)
n + 29Pu — (heavy nuclei + neutrons) +200 MeV (1.13)

Hydrogen (protons (p) or protium (H), and deuterium (D)), helium-4 (*He)
and lithium (Li) are abundant and rather uniformly distributed on Earth,
while helium-3 (*He), tritium (T), uranium (U) and plutonium (Pu) are rare;
besides this, the latter three are radioactive. Reactions 1.1 to 1.3 are the
reactions through which hydrogen is fused to helium in stars (alongside the
CNO cycle). Reaction 1.1 involves the weak interaction and has therefore a
very small cross-section (reaction probability) [MK94]. Reactions 1.4 to 1.9
are those reactions of light nuclei which have a high reaction probability at
accessible conditions, with 1.6 being the most probable and reaction 1.9 in-
cluding neither radioactive isotopes nor fast nucleons as products. Reactions
1.10 and 1.11 produce tritium (breeding reactions) that can be used for re-
action 1.6, involving fast and slow (thermal) neutrons, respectively [Stal0].
Reactions 1.12 and 1.13 are typical reactions in fission power plants, for
comparison. From these considerations one has chosen reactions 1.6 and
1.10/1.11 for energy production and tritium breeding, respectively, in fusion
power plants. Fig. 1.2 illustrates the two resulting fusion-breeding reac-
tion pairs. One can see that the resulting fuel necessary for such a plant
is only hydrogen and lithium, while only the noble gas helium is emitted.
This simplified picture does not take into account materials activated by the
involved neutrons, but the radiotoxicity of such materials can rather be com-
pared with that from coal plants than that from conventional nuclear plants
[GSO8]. The energy yield per mass from deuterium-tritium fusion is about
one million times higher than the yield from burned coal [GS08].
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FUSION ' FUSION '
D X PLASMA R N PLASMA
POWER *l > MY POWER *l =Y
PLANT - PLANT N
CONFINEMENTA’T k P ey CONF'NEME“T)( k | +14.1 Mev

O Ty
.4RITIUD4\‘ . TRITIUM ‘

BREEDING BREEDING

Figure 1.2: Reaction pairs in a D-T fusion power plant with lithium-6 (left) and lithium-7
(right) as sources for tritium breeding.

Beyond the nucleus radius the nuclear force drops quickly and the Cou-
lomb repulsion between protons dominates. In order to fuse nuclei, this
electromagnetic force has to be overcome before the binding energy of the
nuclei can be accessed. It is therefore easier to fuse nuclei with small proton
numbers: for the hydrogen isotopes one would only need a few hundred
keV to overcome Coulomb repulsion directly. If the quantum-mechanical
tunnelling effect is taken into account, this value drops to around 20 keV
thermal energy (around 200 - 10 K) [IPP03]. At these energies, atoms or
even molecules cannot be formed, so the nuclei and their unbound electrons
are in the (macroscopically neutral) plasma state.

A plasma can retain its temperature if at least some of its constituents
interact exothermally (“burn”), e.g. fuse, and if at least one reaction product
transfers its kinetic energy to the other constituents. A rather simple energy
balance leads to a characteristic fusion parameter (Triple Product), which
for a D-T plasma — with alpha particles as the heating, high-energy product
and with neutrons as the accessible source of kinetic energy — has to fulfill
the Lawson criterion

nT7T>3-10*'keVsm™3 (1.14)
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where 7 is the number density of ions in m~3 (of both species; and equal
to the number density of electrons), T is the temperature? in keV and 7 is
the energy confinement time in s [Sta05]. The electrically neutral neutrons
leave the plasma and heat the surrounding confinement.

Without analyzing these numbers in detail, it is immediately clear that
the conditions for nuclear fusion cannot be achieved easily on Earth, other-
wise the existing fuel would have already burned up, e.g. due to lightning
or meteorite impacts. One of the reasons for this is that the reactants for the
most probable reactions — mainly deuterium, tritium and helium-3 — are rare
or sparsely distributed on Earth. While there did exist natural fission reac-
tors involving uranium-235 (Oklo/Gabon [MK94]), tritium has a 57 million
times smaller half-life and can therefore not accumulate naturally to a suf-
ficient degree. The other, more important reason is condition 1.14, which
implies also a high temperature or a long confinement time to be given.
There are two main technological concepts allowing to reach this condition
in a controlled environment: inertial confinement fusion and magnetic con-

finement fusion.

Inertial Confinement Fusion

Deuterium and tritium are compressed in a target to typical solid-state densi-
ties of 1027 m~3 to 102® m~3. This target is heated up to plasma conditions
within very short time, such that the unconfined plasma cannot expand too
quickly. Proposals for appropriate heating mechanisms are strong lasers,
fast ion beams, or electric current (Z-pinch). Recent achievements are fuel
gain, i.e. produced energy per incoming photon energy, above unity in laser
fusion (heating to 60 eV within about 20 ns) [HCC™14].

2 A given amount of energy W of a charged particle can either be expressed as kinetic energy
eU or as thermal energy kpT’, where kg is the Boltzmann constant, thus 1 eV ~ 11600 K.
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Magnetic Confinement Fusion

An alternative approach is to reduce the particle density and simultaneously
increase the confinement time, i.e. to have a steady-state plasma. A typical
thermonuclear plasma has n = 10%2° m~3 to n = 10?2 m~3; thus, the
required confinement time is of the order of 0.1 s to 10 s. While the detailed
behaviour of plasmas is complicated, it is certain that it can best be confined

in a magnetic field which is both

* toroidal to have closed magnetic field lines, since charged particles

follow them, and

e helical with shear to avoid Grad-B drift on a large scale towards the

upper and lower sides of the torus.

Despite there are other approaches (e.g. magnetic mirror devices such as
the Gas-Dynamic Trap (GDT) in Novosibirsk), only this technology will
be discussed in the following. See [RS83, Sta05, Stal0] for details. Mind
that the plasma confinement is necessary for the reaction: Any significant
leakage or otherwise undesired operating conditions will immediately lead
to expansion, cooling, and recombination of the plasma and thus stop the
reaction. This, as already mentioned, is different from fission plants, where
chain reactions can take place if the main reaction is not conducted in a

porperly controlled manner.

1.1.2 Plasma Confinement Concepts

The required magnetic field configurations can be achieved in two ways:
either indirectly using a relatively simple coil configuration plus a magnetic
field created by the plasma itself (tokamak principle), or directly using coils
of complicated shape (stellarator principle), see Fig. 1.3. For the former, a
plasma current has to be driven along the torus. In either case the coils for

large fusion facilities have to be made of superconducting material to avoid
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ohmic losses, e.g. NbTi (ductile, but practical field limitation to 8-10 T) or

NbsSn (brittle, but larger superconduction region in B-T-5 space).

Tokamak

The static component of the magnetic confinement in a tokamak is main-
tained by vertical, D-shaped toroidal field coils (TFC), with possible correc-
tions by horizontal, O-shaped poloidal field (ring) coils (PFC). The dynamic
component, the current drive, can be created by three methods (or a combi-

nation of them):

¢ Inductive heating: A strong central solenoid (CS), called ohmic heat-
ing (OH) transformer, is placed in the symmetry axis of the torus.
While its magnetic field changes, an electric field in toroidal direction
is generated, accelerating the charged particles. For current drive,
the electric field must continuously point in the same direction, which
means that the axial component of the CS field can either be increased
or decreased during the time in which the plasma is confined. Thus,

the inductive method only allows pulsed operation.

Transformator coil

Poloidal
field coil

Plasma current | plasma Toroidal Plasma

Magnetic field line field coil Magnet coil Magnetic field line

Figure 1.3: Magnetic confinement principles: Tokamak (left) and stellarator (right). See text
for explanations. [IPP0O3], own translation.
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 Collisional heating: The plasma is driven in mostly one direction
using strong particle or electromagnetic beams, for example mi-
crowaves (electron cyclotron current drive, ECCD). This method re-
quires that the particles/waves enter the plasma vessel through wall

ports/antennas.

¢ Internal heating: Due to radial variation of the plasma pressure a spon-
taneous (non-inductive) plasma current can occur, termed bootstrap
current. If this current is maximized inductive and collisional current

drive can be reduced, even down to steady-state operation [RBB12].

Since each plasma is resistive to a certain extent, current drive will also
always heat the plasma; and the collisional heating methods described below
might additionally drive the plasma.

In tokamaks, due to the dynamic stabilization of the plasma, instabilities
are likely to occur that might grow and eventually disrupt plasma confine-
ment. The most prominent example are neoclassical tearing modes (NTMs),
where the plasma temperature is lower than required. Thus, to mitigate these
plasma modes, the plasma has to be heated locally.

The details of the confinement are complicated and depend also on plasma
density, plasma pressure, and other factors. Notable current examples for
tokamaks are ASDEX Upgrade (Germany), Tore Supra (France), JT-60
(Japan), DIII-D (USA), JET (Joint European Torus), and ITER, the latter be-
ing an unpreceded international collaboration between China, the EU, India,
Japan, South Korea, Russia, and the USA. Apart from actual tokamaks there
are some other tokamak-based concepts like Heliotron, Spherical Torus, or
Reverse Field Pinch.

10
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Stellarator

In contrast to tokamaks, stellarator-type devices do not require current drive,
but their coil layout is more complicated and they generally need more space
for the same plasma volume. Notable state-of-the-art examples are LHD
(Large Helical Device, Japan) and Wendelstein 7-X (W7-X, Germany). Po-
tential fusion power plants using the stellarator concept are referred to as
helical advanced stellarators (HELIAS). See Fig. 1.4 for the main parame-
ters of the world’s most advanced tokamaks and stellarators in history.

Reactor
Condmons

100
nt.T=5.10" m= s keV
1990's
TFTR e

ALC-Ce JT-60®
FT

Reactor-relevant conditions

04— ®ALC-A A
ASDEX @

PLTe

Ti0e

1980's

Fusion product, n;T¢. Tj (x102° m=3 s.keV)

0.01—

® D-D Experiments 1970's

© Full D-T Experiments

0.1 10
Central lon temperature T; (keV)

Figure 1.4: Achieved triple products and central ion temperatures of various plasma experi-
ments [EURI1].
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1.1.3 DEMO: The Way to a Fusion Power Plant

Apart from the magnets, experimental fusion facilities and power plants

consist of the following main components [Stal0]:

12

e Plasma vessel (vacuum chamber): The low plasma density corre-

sponds to a vacuum of about 1075 Pa (10~!Y bar) that can only be
maintained if the plasma is placed in an evacuated and cryocooled
vessel. Advantageous structural materials for the vessel and for most
other parts are low-activation steel (Eurofer) or, perhaps in the future,
silicon carbide (SiC).

The innermost component of the vessel is called first wall and con-
sists of individual panels, the blankets, which have to withstand (and
absorb) heat and neutron fluxes. Furthermore, plasma particles can
escape their magnetic confinement with a certain probability (espe-
cially during startup and shutdown) and hit the first wall, leading to
erosion and to an influx of impurities into the plasma and thus reduce
the plasma quality. In the blankets the kinetic energy of the outcom-
ing neutrons has to be converted into heat and the required tritium to
be bred; therefore, the blankets have to consist of at least five compo-
nents: A shielding material (tungsten), a structural material (typically
steel), a coolant (water and/or helium; maybe PbLi, liquid Li or LiBe),
a breeding material (Li,TiO3 or LiySiO4; maybe PbLi, liquid Li or
LiBe), and neutron multipliers (Be or Pb). As one can see, one tries
to combine breeding material (which has to be a lithium compound),
coolant and/or multiplier. ITER will have test blankets in some of its
upper ports in order to study different breeding blanket concepts, but

will not breed tritium on a self-sufficient scale.

Divertor: It is necessary to steadily clean the plasma from impurities
and from helium ash. For this reason the outmost magnetic surface of

a tokamak plasma has one (rarely more) X-points, where it intersects
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itself. Tons are then likely to escape the plasma at this position and hit
nearby surfaces, from which they can be pumped outside the vessel.
This system is called the divertor. The plasma-facing components of

ITER divertors consist of carbon (planned to be replaced by tungsten).

* Fuel cycle: A significant part of the exhaust particles consists of deu-
terium and of the radioactive tritium which did not take part in the
nuclear reaction and which are to be re-used in the plasma; especially
the tritium at best without any loss. Thus, a dedicated system of in-
situ analysis, purification, storage, and re-injection of both hydrogen

species has to be designed and installed.

» Diagnostics; remote handling: Not only for experimental facilities
like ITER, but also for demonstration and, later, for commercial reac-
tors some degree of plasma diagnostics will be necessary. Quick and
safe remote handling of components, e.g. exchange of blankets in Hot
Cells, will also be of crucial importance.

The various plasma heating concepts will be explained in more detail in
the next Sections.

So far, all existing plasma/fusion devices, including ITER, are experimen-
tal facilities, i.e. they are not designed to produce a significant amount of
energy. This includes JET, which has however been operated with burning
deuterium-tritium plasma. Fusion power plant concepts are at the moment
studied in the EU, where they are referred to as DEMO concepts [FKW T 14]
— short for demonstration power plant, since their purpose is to demon-
strate that energy production from nuclear fusion is technically and econom-
ically feasible before commercial fusion power plants will be built. Paral-
lel projects are underway in other ITER collaborators, e.g. China (FDS-
1) [Wu08], Korea (K-Demo) [KIK™15], the US (ARIES-AT) [NABT06]
and Japan (SSTR) [KSNOO]. DEMOs are currently planned for 2040-2050
[GS08, RBB*12], usually as tokamaks, but power plants could also be de-

13
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signed as stellarators, e.g. in Germany if Wendelstein 7-X performs as ex-
pected [RBBT12]. The basic layout of a fusion power plant with empha-
sis on the fuel cycle is shown in Fig. 1.5. Typical figures for a 1.6 GW
DEMO reactor are 50 MW bulk heating and current drive, 10 MW to
15 MW for magnetohydrodynamics (MHD) purposes (Neoclassical Tear-
ing Mode (NTM) and sawtooth (ST) stabilization), and 50 % total ECRH
efficiency, including transmission losses. Required EC frequencies are from
160 GHz upwards to 240 GHz, depending on the device’s aspect ratio (torus
radius : plasma radius), e.g. 150 GHz for initial heating and 180 GHz for
current drive (bulk heating and NTM stabilization) for an aspect ratio of 2.6;
160 GHz/195 GHz for an aspect ratio of 3.1; and 190 GHz/240 GHz for an
aspect ratio of 4. In Europe, there are two variants under discussion, a pulsed
“DEMO1” and a steady-state “DEMO2” using more developed technology;
both, however, intended as direct predecessors of commercial power plants
[GBBT15].

Blanket

Plasma heating
Current drive

Divertor

Turbine
Generator

Gy
D Layout of a fusion
i power plant
Li D Graphic: IPP, Karin Hirl

Figure 1.5: General layout of a future fusion power plant [IPP].
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There are several issues which have to be solved porperly before DEMO can
be built and operated. These include usage of stable low-activation materi-
als, tritium self-sufficiency and safe breeding, stationary plasma conditions,

and reliable, efficient plasma heating.

1.1.4 Fusion Plasma Heating

Before the plasma reaches the intended burning state it has to be heated ex-
ternally. The so-called fusion gain factor @) describes the ratio of achieved
fusion power to external heating power of a fusion plasma. Typical values
for power plants are (Q = 20 to 40 [GS08], where () = 1 is commonly re-
ferred to as break-even point and, since the neutrons carry away 4/5 of the
energy, external and internal heating of the plasma are the same for () = 5.
There are four collisional plasma heating methods: neutral beam injection
(NBI), electron cyclotron (EC) (resonance) heating, ion cyclotron (IC) heat-
ing and lower hybrid (LH) heating®, competing with each other on the ques-
tion which one would be the best for a future fusion power plant. Plasma
heating with electromagnetic waves (‘“wave heating”: IC, EC, LH) is based
on resonant wave-particle interactions: there are resonance frequencies at
which the plasma absorbs the waves efficiently, see Annex A.5. RF beams
are polarized, can be generated far away from the plasma vessel and guided
to it by waveguides and, if their wavelength is small enough, can be focused

at certain spots in the plasma.
The four collisional heating methods in more detail are:

e Neutral beam injection: In order to cross the barrier imposed by the
magnetic field, the net charge of injected particles (or compounds)
has to be zero. Neutral high-energy hydrogen or deuterium beams
are produced by accelerating ions (mostly H™) and neutralizing them

3 In the different experiments, the acronym of the heating method varies, e.g. Electron Cy-
clotron Heating (ECH), Electron Cyclotron Resonance Heating (ECRH), Electron Cyclotron
Range of Frequencies Heating (ECRF), ... In this work, ECRH is chosen.

15
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right before they enter the plasma vessel. Here they ionize and re-
lease their kinetic energy via Coulomb interaction; realistic values
are 20 kA/320 keV for a 20 s deuterium beam [Sta05]. NBI is only
weakly dependent on the plasma temperature. The disadvantage of
NBI is that it needs a large space in the vessel wall and that the beams
are so thick that they cannot be focused on plasma instabilities. The
total efficiency from electric power of the NBI system to the heating

power of the plasma is also an issue.

Ion cyclotron heating: The ion-ion resonance is in the region of
30 MHz to 120 MHz. IC heating thus requires waves with vacuum
wavelength of up to 10 m and, correspondingly, rather large antenna
structures as well as contact of the antenna to the plasma to reduce
the local wavelength. IC-relevant radiation comes from triodes or
tetrodes. The Coulomb interaction with the plasma ensures that the

electrons are also heated.

Electron cyclotron resonance heating: The electron cyclotron res-
onance is of the order of 100 GHz to above 200 GHz, corresponding
to wavelengths of around one to three millimeters. Kinetic energy
is transferred to the ions due to Coulomb interaction. There are two
plasma modes, ordinary (O-) modes (linearly polarized, with E I B)
and extraordinary (X-)modes. Gyrotrons are used to produce such mi-
crowaves with sufficient power and efficiency which are then guided
to the plasma vessel by oversized waveguides. EC current drive is not
very efficient; but since the wavelength of the radiation is small, the
beams can be focused very well and can therefore be used for control

of the plasma stability.

Lower hybrid heating: There are two hybrid frequencies: lower hy-
brid (wion < wrp < we) With resonance frequency around 1 GHz to

8 GHz (A ~ 10 c¢m), and upper hybrid (wyng 2 we). Application of
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LH waves is not a very successful heating method, but the most effi-
cient current drive scheme. Waves are produced by klystrons, trans-
mitted by standard rectangular waveguides and launched with phased

(i.e. internally structured) arrays.

In this work it is examined how an existing technology for plasma heating
in ITER, namely gyotrons as microwave sources for ECRH, can be adapted
to be suitable for DEMO. While the relevant regime of output power and
frequency has already been touched in several publications, an in-depth
physical design study of the main components for DEMO gyrotrons does
not exist yet. This work is exclusively dedicated to coaxial-cavity gyrotrons,
a technology that promises very high output power at high frequencies at the
cost of an advanced manufacturing process. In parallel to this study, the pos-
sibility of using the hollow-cavity gyrotron concept is investigated at IHM
[KAFT15a, TFKT15, KAFT16a, KAF™16¢], which promises more robust
gyrotrons with less output power.
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1 Gyrotrons in the Context of Nuclear Fusion

1.2 High-Power Gyrotrons
1.2.1 Interaction Mechanism

Consider a physical system, consisting of at least one charged particle, in
an excited state. This system might drop to a lower energy level by emit-
ting a photon, either spontaneously or after interaction with another photon
of the same energy, i.e. with a resonant photon. The second case is com-
monly termed stimulated emission (of radiation). If several of such systems
are placed nearby (i.e. form an ensemble, the gain medium), one incoming
photon can trigger an avalanche of coherent photons; and if at least some
of the photons are reflected back into the medium (i.e. if they are trapped
in a resonator), one can ensure that most of the systems participate in that
avalanche. By continuously replacing the systems which are in ground state
or by re-exciting them (pumping the medium to obtain a population inver-
sion), one can obtain permanent coherent radiation. This is the general
maser/laser principle (Microwave/Light Amplification by Stimulated Emis-
sion of Radiation) [TBP13].

While in some of such devices the gain medium are atoms or molecules
(e.g. gases or solids) and while the energy levels used are the respective
orbitals, one can also use solely electrons in vacuum, gyrating in an ex-
ternal magnetic field, like in a cyclotron. These electrons have discrete
energy states (Landau levels) due to their quantized angular momentum.
In this case the pumping is done by a continuous input of higher-energy
electrons through the cavity resonator. This is the principle of electron cy-
clotron masers (ECMs) [HG77]. ECMs have the obvious advantage that
neither their frequency nor their energy or efficiency is constrained by ma-
terial properties of some gain medium. Quantitatively the number of (almost
equidistant) rotational states which can be occupied is much larger than in
atomic/molecular lasers, and their energy difference is significantly lower,
allowing photons with longer wavelengths — specifically, on the other side
of the terahertz gap, i.e. with A 2 1 mm.
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1.2 High-Power Gyrotrons

In ECMs, the electrons radiate only if their phases are not equally dis-
tributed. But since the cyclotron frequency* ¢ depends on the electron

energy due to the relativistic factor v [KBT04],

_ qeB

YMe

Qc (1.15)
(qe is the electron charge, B is the applied magnetic field and m, is the
electron’s rest mass) and since the acceleration/deceleration of the electrons
depends on their phase relative to the RF field E [Jac99],

P=q0 E (1.16)

(P is the power transferred to the electron and ¥ is the electron velocity),
phase bunching occurs after some interaction time. During this process
and with a properly tuned initial cyclotron frequency, the electrons will on
average lose kinetic energy to the RF field via bremsstrahlung. The electrons
can have either mildly relativistic or highly relativistic speed (> 1 MV),
the latter devices being specifically termed Cyclotron Autoresonance Maser
(CARM). Basically, the electrons need to stay in phase with the RF field
in their direction of travel, i.e. their velocity has to be similar to the group
velocity (smaller than speed of light) of the field, fulfilling [Edg93]:

w(k.) = sQc + k.vg: 1.17)

Here, w is the RF (angular) frequency5, s is the cyclotron harmonic, k.
is the axial wave vector and v, is the group velocity in the electron

guiding center’s rest frame. This implies forward- or backward-directed

4 In this work, cyclotron will be used synonymously for gyro- and precession, as in “cyclotron
radius”, “cyclotron period” or “precession frequency”.

5 As it is common in the gyrotron community, the term “frequency” will be used and corre-
sponding values f = w/(27) will be given in this work, despite the fact that most formulas
include angular frequencies w. The only exception to this are window resonance frequencies,

expressed as ordinary frequencies f.
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1 Gyrotrons in the Context of Nuclear Fusion

fast waves, i.e. waves with a phase velocity larger than the speed of light
(since Vppvgr = ), or, equivalently, with a refractive index n := ¢/vpn
smaller than 1. But there are also other suggestions, e.g. to operate a
CARM in the Cherenkov regime using slow waves, which are usually as-
sociated with axial rather than azimuthal bunching. Mildly relativistic fast-
and forward-wave ECM oscillators are called gyromonotrons or, shortly,
gyrotrons [KBT04, Nus04, Edg93]. For typical gyrotrons the ratio between
transversal velocity v and axial velocity v, of the electrons, the pitch factor
g, is not much larger than unity. As a rule-of-thumb, f(B) ~ 28 GHz/T
for nonrelativistic electrons and f(B) & 24 GHz/T for typical high-power
gyrotrons (U,c. ~ 85 kV).

Since the electron beam needs at least one dimension to pass through the
cavity, there are two general cavity geometries for ECMs: plane-parallel
(with a sheet beam) or axial (with a hollow beam), see e.g. the consid-
erations in [DKS81], of which the former are limited to sub-MW power
[GGG™12]. For the axial configuration, there are two possibilities: either all
electrons gyrate directly around the same axis (Large-Orbit Gyrotron, LOG
[LB82]) or around axes which themselves are arranged around a central axis.
If the electron orbits are far away enough from this purely geometric axis,
one could also consider placing a metallic insert there, which would play
the role of an additional cavity boundary.

Gyrotron cavities are open towards both ends, thus appear as parts of
inhomogeneous waveguides. Electromagnetic waves within them will be
at least partly reflected by any inhomogeneity, such as a narrowing down-
taper in the direction upstream of the electron beam or a widening uptaper
in the downstream direction, hence they can behave like being in a cavity
resonator. The excited RF field in this resonator will appear as a number
of eigenmodes, i.e. standing electromagnetic waves, which can in principle
be calculated by either solving Maxwell’s equations in differential form or
using iterative methods, such as integration paths demonstrated in section

23-2 of [FLS62]. Usual high-power high-frequency gyrotrons are strongly
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1.2 High-Power Gyrotrons

overmoded, which implies that the spectral density, i.e. the typical distance
between mode eigenfrequencies A f relative to their frequency f, is high and
that there can exist many modes above cutoff, leading to mode competition.
By proper design only one mode is excited or it suppresses all other modes
sufficiently and thus, the gyrotron can produce monochromatic output.

In the “small-orbit” design it makes sense to use a circular waveguide as
the cavity, not only for manufacturing reasons, but also to ensure a homoge-
neous (i.e. everywhere minimized) ohmic loading from the RF field on the
cavity wall. The interaction with the electron beam is highest if the electric
field vector lies in the plane of the gyromotion of the electrons; thus, one
is primarily looking for transverse electric (TE,,;;) modes in the cavity,
where m denotes the azimuthal, p the radial and [ the longitudinal index®
(see Annex B.1). Since the cavity is axisymmetric those modes have a ro-
tationally symmetric field maximum, and one would place the beam there
(or, for TE,, 1, close to the maximum); thus, the electron beam should at
best be axisymmetric as well. Such beams also have the advantage of uni-
form charge distribution in azimuthal direction, reducing the risk of electron
beam instabilities.

In hollow cavities with sufficiently small taper, the electric and magnetic
fields on the axis must be unambiguous in magnitude and direction and can
thus only be zero or point parallel to the axis for either TE or TM modes.
In coaxial cavities [VZO76], i.e. cavities with a metallic rod along the sym-
metry axis, the second boundary condition on the inner rod removes this
possible unambiguity. Therefore, it is possible to excite TEM modes in
coaxial cavities; but they will be disregarded in this work due to their prop-
agation (in axial direction) at the speed of light c. Nevertheless, the coaxial
insert reduces TE mode competition (see [IKP96] and B.4 for details) and
is therefore advantageous, despite the fact that it makes the gyrotron man-

ufacturing clearly more complicated, as will be discussen in Chapter 3 in

6 In this work, mode indices will be separated by comma if they are expressed as numbers or
formulas, regardless of whether they are one-digit integers or not.
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more detail. Figure 1.6 gives an example of a very high-order TE mode in
a rotationally symmetric coaxial cavity (cross-sectional cut). For details of
the coaxial insert in a gyrotron, see Fig. 1.11.

In a fusion power plant the power necessary for plasma heating, among
other contributions, has to be subtracted from the generated power to obtain
the net power of the facility. Considering ECRH only, gyrotrons are there-
fore required to operate at high efficiency in order to ensure high efficiency
of the whole plant [RBBT12]. Furthermore, the anticipated realistic output
power per tube (between 1 and 2 MW) will be much smaller than the total
ECRH/ECCD power needed; therefore, any decrease in total number of gy-
rotrons needed will relax the necessary effort for control, maintenance and
exchange of individual tubes.

The general design of an advanced high-power, high-frequency gyrotron
is shown in Fig. 1.7. A hollow electron beam is generated by a heated annu-
lar emitter in the temperature-limited regime. The electrons are accelerated
towards the anode and enter the strong magnetic field of a superconducting
magnet, where they follow the magnetic field lines. This increasing field
compresses the hollow beam adiabatically (according to Busch’s theorem,
see Annex A.8), increasing the pitch factor of the electrons. The electrons
now enter the cavity, where they lose a fraction — typically one third — of
their kinetic energy, specifically of the energy corresponding to their an-
gular velocity component. The electron beam now leaves the high-field
region, where it decompresses. Finally, the electrons hit the collector. In
the ideal case, the collector consists of one or more biased electrodes which
decelerate the electrons before impact; thus, their kinetic energy is partially
recovered and the total efficiency of the tube is increased in comparison with
a non-biased collector. The microwave beam, on the other hand, leaves the
cavity in the direction of the quasi-optical output coupler, where the axial
component of its wavevector increases due to the slowly increasing launcher
radius. The beam is then coupled out in radial direction and leaves the evac-

uated gyrotron via a mirror system and a suitable window.
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1.2 High-Power Gyrotrons

Figure 1.6: Operating mode TE 49,29 in a waveguide with corrugated coaxial insert and with
properly scaled electron beam (upper: full view; lower: detail). Color-coded is the amplitude
of the electric field, where purple means small, green medium, and red large amplitudes. Mind
that the actual azimuthal field maxima of the innermost ring are shifted by half a period versus
the azimuthal maxima of the outermost rings, with a transition region around the fifth ring.
As depicted, a guiding center spread of around three times the cyclotron radius needs to be
considered in the design proposed in this work.
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Collector
Electrodes
Trim coils
Vacuum

Electron beam

Mirror box

Output windew

Metallic mirror system
Cooling pipes
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Microwave beam
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Superconducting magnet
Beam tunnel/body anode

Insulation (e.g. ceramics)
Modulation anode
Cathode with emitter
Coaxial insert

High voltage ofl

Figure 1.7: General design of an advanced high-power gyrotron. Height and diameter of the
magnet are around 1 m. The electric connections to the electrodes usually require several dm
space under the magnet, which is therefore placed on a rack. Red and green indicate negative
and positive electric potentials, respectively: Insert, beam tunnel, cavity, and launcher are at
the same potential. The Brewster-angle window is rotated by 90° around the RF beam axis to
emphasize its geometry.
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In order to find potential alternatives to gyrotrons for ECRH in fusion power
plants one could consider different microwave tube designs (see [Bre91],
section 3). In slow-wave devices such as klystrons, travelling-wave tubes
(TWTs), backward-wave oscillators (BWOs), magnetrons, etc., the elec-
trons pass the cavity structures very closely — of the order of the wavelength
A or even below \/10 for TWTs — in order to ensure a high interaction ef-
ficiency. This implies that the electrons have to pass close to the metallic
surfaces, which increases the necessity for cooling of the surfaces. Alterna-
tively spoken, the dimensions of the delay line needed for slow-wave tubes
become impractically small. For devices operated in continuous-wave (CW)
mode, this limits the possible output power to values much lower than those
of gyrotrons with the same frequency, see Fig. 1.8. Among fast-wave de-
vices, gyrotrons, gyroklystrons, gyro-TWTSs, peniotrons, and free-electron

lasers (FELSs, or ubitrons — undulated beam interaction electron tube) exist.

e Gyro-klystrons differ from gyrotrons by having several interaction
cavities in a row. Efficiencies can be comparable to those of gyrotrons,

but frequencies and long-pulse power are lower [Thul6].

e In contrast to gyrotrons, gyro-TWTs lack a selective cavity and are
therefore operated at low-order modes. As with gyro-klystrons,
frequencies and output power are lower than for gyrotrons [Thul6].
However, recent conceptual studies exist to use a HF input in
gyrotrons via the quasi-optical launcher (QOL) in order to improve
mode-selection (frequency or injection locking), either from another
device [BDN14], or as self-injection locking [MRR™16]. Gyrotwys-
trons combine the properties of klystrons (input cavity) and TWTs

(wideband output structure).

 Peniotrons use rectangular waveguide structures, which are disadvan-

tageous due to the very high ohmic loading.
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1 Gyrotrons in the Context of Nuclear Fusion

* FELs can reach extremely high power at very small wavelengths and
have been considered for plasma heating [SJO190], but efficiencies
and pulse lengths comparable to those of gyrotrons have not yet been
achieved (see [Thul6], sections 13, 14).

For a mathematical illustration of the resonance condition in various tubes,
see A.9. Further information on vacuum tubes can be found in [EH89], and

on lasers/masers in [KM69].
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Figure 1.8: Historical development of P f2 of several amplifier types. For a given frequency,
gyrotrons can deliver the second highest power after FELs, but at higher efficiency and pulse
length than FELs. Reproduced from [QLP*09].
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1.2 High-Power Gyrotrons

1.2.2 Key Components of High-Power Gyrotrons

One of the first articles presenting the basic gyrotron design as it is still
considered today, although under the more general term electronic maser,
was published by Soviet scientists in 1967 [GPY67] and had a focus on
the bunching mechanism. The authors’ goal was the same as it is still to-
day: to obtain high-power millimeter radiation. In their review [FGPY77]
ten years later the researchers from Nizhny Novgorod (then Gorky) could
already refer to numerous articles on gyrotron theory and experiments. At
that time, low-order modes such as TEq 1,; and TEq » 1 were employed to
operate first- (i.e. fundamental, s = 1) and second-harmonic gyrotrons with
wavelengths around 1 mm, efficiencies up to 50 % and output powers of
about 20 kW. The challenges faced when increasing output power and effi-
ciency of these vacuum devices were summed up by Gaponov et al. in 1981
[GFG™81], who also gave a good overview over the key components of gy-
rotrons. The possibility of coaxial-cavity gyrotrons and the use of gyrotrons
for plasma heating is also discussed there. Zapevalov [Zap12] reviews the
development of gyrotrons to state-of-the-art gyrotrons for fusion applica-
tions, which is the major driver for high-power gyrotrons. Thumm [Thul6]
compiles yearly reports on high-power gyrotrons, and his compilation shows
that the details of gyrotrons intended for the same purpose (e.g. heating
in W7-X or ITER) vary considerably between the manufacturers Gycom
(Russia), Toshiba (Japan), CPI (USA) and Thales (Europe). Nowadays,
typical gyrotrons for fusion applications with SDCs deliver 0.8-0.9 MW at
frequencies of 140-170 GHz with an efficiency of 35-57 % in CW opera-
tion (¢ > 1000 s). Gyrotrons with other frequencies, efficiencies or oper-
ating at higher harmonics are used for a broad range of applications such
as materials processing [TLSJ15], detection of concealed radioactive sub-
stances [NPAT10], active denial systems [NRIO9, SKK*13] or dynamic
nuclear polarization (DNP) in nuclear magnetic resonance (NMR) spec-
troscopy [NBGT11].
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Unless explicitly stated otherwise, this work only refers to MW-class
gyrotrons with frequencies above 100 GHz in CW operation. Power,
frequencies, or efficiencies higher than given in this work are mentioned
in the literature, but only for the other values being significantly smaller; a

list and discussion of those more exotic designs is given in Sect. 1.3.2.

Magnetron Injection Gun and Beam Tunnel

A magnetron injection gun (MIG) is the electron source of the gyrotron,
owing its name from the similarity with the emitter of magnetrons, that is,
producing a hollow beam parallel to a magnetic axis and showing signifi-
cant space-charge effects’. Located in a magnetic field, an annular surface
with low work function is heated from below and/or subjected to a strong
accelerating electrostatic field (“cold” emission if no heating is applied),
allowing the surface electrons to escape. These two operating conditions
are termed temperature-limited regime (thermionic emission, described by
Richardson’s law) and space-charge limited regime, respectively. In order
to obtain defined electron trajectories and thus to ensure high beam quality,
gyrotrons are operated in the temperature-limited regime; and for simu-
lations, the Richardson-Dushman-Schottky law [IL09] is commonly em-
ployed to describe the behavior of the MIG accurately:

Wy — ) EE

kpT)> . Vimeo 1.18
(kT)” exp kol (1.18)

. mee
JB= 2m2h3

Here, jg is the current density at the emitter, m, is the electron mass, 7" is
the emitter temperature Wy is the emitter material’s work function and E is
the applied electric field.

The emitter surfaces of cathodes intended for thermionic emission

can be coated (for example, BaO on nickel or tungsten) or, for longer

7 see IEC 60050, term 531-23-31
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lifetime and reusablity, can be dispenser cathodes. B-type dispenser
cathodes are usually made of porous tungsten, either impregnated with
barium/calcium/aluminum oxide or attached to a barium reservoir. M-type
dispenser cathodes are additionally sputter-coated with e.g. ruthenium, rhe-
nium, osmium, or iridium. The porous tungsten can either be compressed
powder, i.e. result from a stochastic process, or sintered wires, i.e. of con-
trolled porosity. For practical reasons, the latter conflates with segmented
emitters [MIP™12]. For both emitter types lifetime decreases considerably
if emitter current density is increased moderately, see Fig. 1.9.

The initial properties of the annular electron beam are mostly influenced
by the geometry of the emitter (radius, width, and slant angle) and by the
direction and strength of the electric and magnetic fields at the emitter posi-
tion. However, the shape of the magnetic field and of the electrodes nearby
the emitter will also have an influence on the beam quality, especially on
the pitch factor and on the statistical distribution of velocity components
(velocity spreads).

If one uses just one cathode and one anode the electric field at the emitter
can be modified only if the accelerating voltage is changed accordingly. A
MIG with two anodes, one modulation anode opposite of the emitter and
one main (or body) anode for the actual acceleration, allows to control beam
energy and pitch factor separately.

Since a coaxial insert has to be fixed in the MIG region, coaxial-cavity
and conventional-cavity gyrotrons require different MIG designs. However,
during physical studies the mere existence of the insert does usually not have
a significant influence on the key components of the MIG. From a technical
point-of-view, in contrast, one has to consider cooling, fixation, and electric

connection of the insert.
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Figure 1.9: Emitter lifetime versus current density for B-type and M-type emitters. Repro-
duced from [Gil86], p. 132.

Several MIG designs have been proposed which can be classified according

to the following criteria (other criteria are, of course, possible):

¢ diode or triode; in this work denoted “d-"/“t-" due to a lack of consis-

tent nomenclature
¢ conventional or coaxial; “coaxial” denoted “C”
e conventional or with inverse emitter; “inverse” denoted “I”

This immediately leads to seven possible design types in addition to the
conventional diode design d-MIG, see Fig. 1.10, most of which have been

studied theoretically and/or experimentally:

t-MIG: [BL86]
* d-CMIG: [PioO1]

* t-CMIG: [BIJT09]

d-CIMIG: [LMK™95] and [PBD799]

t-CIMIG: [RPG16]
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The only exceptions are conventional IMIGs, of diode or triode type, prob-
ably due to the fact that inverse MIGs work better in triode configuration
and that the inner anode can readily be extended to a full coaxial insert. For
a coaxial gyrotron in a so far unpreceded region of frequency and output
power, e.g. of very high-order modes with eigenvalue x > 120, one would
desire a triode MIG to study start-up scenarios and the effects of changes
in beam parameters, especially the pitch factor, in more detail. An inverse
MIG might, additionally to more efficient cooling, promise a more compact
design due to the reduction of potential wells in its rear part [PR16] and thus
a smaller magnet bore-hole diameter, but experience with inverse MIGs is
rather limited at the moment. For this reason a t-CMIG design is most ap-
propriate for the 2 MW 238 GHz gyrotron design, with the perspective to
develop a suitable t-CIMIG in the future, e.g. based on [RPGT16].

Several adverse phenomena can occur in the electron-optical system, es-
pecially the MIG and the beam tunnel. For example, since electrons can
be reflected by magnetic fields decreasing along their path (magnetic mir-
ror effect), electrons can get trapped between the magnetic mirrors around
MIG and cavity if their pitch factor is too large. A second phenomenon are
potential wells due to the combination of static electric and magnetic fields:
if a magnetic field line crosses an electric equipotential line twice, electrons
following the magnetic field line that have low kinetic energy (such as elec-
trons from ionized residual gas) might not overcome the potential barriers
corresponding to the equipotential line. Third, reflected or trapped electrons
could hit the cathode surface at arbitrary points, releasing secondary elec-
trons, which themselves could be reflected or trapped. As a consequence
these three phenomena lead to uncontrolled accumulation of electrons in
the MIG and tunnel region, which can lead to low-frequency oscillations
in the gyrotron, to bombardement of anode surfaces [Zhal6], or to arcing
within the tube (Penning discharges) [PHG109, PHAT10].
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Figure 1.10: Schematic illustrations of the eight main MIG types as described in the text. The
modulation anode potential is usually smaller than the main anode potential, but still positive
with respect to ground (indicated by different shades of green).
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1.2 High-Power Gyrotrons

Cavity

As it is well known there are two directions in which a non-axisymmetric
mode can rotate with respect to the angular motion of the electrons:
co-rotating and counterrotating, see Annexes B.1 and B.8. The coupling

factor Gy, s between hollow-cavity mode and electron beam is:

meBz,mfs(kmpT‘b>
mps = s Jg— km 1.19
G P (Tb) UL,'mp/(wan/k%np) J, 1( PTC) ( )

where ry, is the electron beam radius, Xy, is the mode eigenvalue, £, is the
perpendicular wavevector, B. is the field amplitude, U is a normalization

constant, J is the Bessel function, and r¢ is the cyclotron radius; see also

2
mps*

[Bor91]. The coupling itself is proportional to G

Since BLm_S(kmprb) =B- J)_o(kmpms), the coupling to a chosen co-
rotating mode (m > 0) can generally be stronger than to the corresponding
counterrotating mode (m < 0) due to the larger global maximum of .J, |’m75|
compared to J "m 48P provided s > 0 by definition. Physically, this inequal-
ity can be explained as follows: Each electron orbit can be divided into two
zones: the zone where the electron is at a position more distant from the cav-
ity axis than its guiding center (abaxial zone) and where it is closer to the
cavity axis (adaxial zone). Clearly, the abaxial zone always covers a larger
angle (> ) than the adaxial zone (< 7). For one beamlet, i.e. an electron
bundle with the same guiding center, more electrons are thus in the abaxial
zone and, equivalently, stay there for a longer time. For co-rotating modes
the field maximum is located at the abaxial position, while for counterro-
tating modes it is at the adaxial position, which accounts for the different
coupling.

The three means of basic selection which mode shall be excited in
the gyrotron cavity are electron beam radius, cavity radius, and cyclotron
frequency. Thus, for one chosen mode and a fixed electron beam radius

in a given cavity, all modes which have similar eigenvalues and similarly
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large or larger coupling factors are the main competitors of that chosen
mode because they can be excited as easily. From Eq. 1.19 one can read-
ily deduce that for co-rotating operating modes TE,,,,, (at least for typical
gyrotron modes with A,,;, > 0, see Annex B.1), the main competitors are
the counter-rotating modes with smaller |m/| and larger p: TE(m-3),(p+1)
and TE(_,;,_2),(p+1) [Ker96]. Other modes that have a strong coupling to
the beam and are therefore serious competitors are the azimuthal and radial
neighbors of the main mode as well as the mode TE(_,,_4), (p1), giving
in total the ten modes listed in Table 1.1 to be at least taken into account
in multi-mode simulations (such as for TESg ;4 in [Ker96], section 2.3.5).
Note that for a caustic radius [Vaj69] of Cx = m/x = 0.3 (equivalently,
p/m ~ 0.6), which corresponds to typical coaxial-cavity designs, the rela-
tive eigenvalues of the main competitors are symmetric to the main mode
(0.996 and 1.004, respectively), i.e. the main mode is farthest separated
from equally strong competitors. The set of coupling factors over eigen-
values is termed “coupling spectrum”. Examples for coupling spectra are
given in Fig. 2.2. One can well distinguish between modes with a coupling
above approximately 60 % of a chosen mode which are alternative candi-
dates for operating modes, but also candidates for competing modes, and
modes with a coupling below 60 % which are much less likely to take part
in the gyrotron interaction.

Optimum operation of a gyrotron requires not only the desired mode and
the beam at proper position, but also optimized beam parameters, especially
beam voltage and pitch factor. A certain starting current can be assigned
to each mode and a given beam voltage Uy, being the minimum current
at which the mode can be excited (soft-excitation or supercritical Hopf bi-
furcation regime). However, the parameter regions where modes can exist
generally overlap, which means that for exactly the same cavity geometry
and beam parameters, several modes can exist. If one of those modes has
already gained some energy, it will usually suppress the excitation of the

others, at least to a large degree, as long as it can remain stable.
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Table 1.1: Co-rotating mode TE;,, and its main competitors with their relative eigenvalues
(approximation for high m, p and p/m & 0.6) and relative caustic radii (“larger” and “smaller”
being very close to the main mode C', while “small” differs more). The fourth column lists
possible methods to suppress unwanted modes, see text for further discussion.

Mode Relative y  Relative Ck Possible suppression
TEY (p—2) 0.96 larger

TEY (-1 0.98 larger

TE(, 4. pr1) 0988 small

TEG—1),p 0.992 smaller rippled outer wall
TE(, 3).ps1) 0996 small coaxial insert
TES, 1.000 — _
TE(E:,,,_QMP +1) 1.004 small coaxial insert
TEG+1),p 1.008 larger rippled outer wall
TEL, (p+1) 1.02 smaller

TEY (p+2) 1.04 smaller

This effect can be used to leave the soft-excitation regime to a nearby re-
gion (with different Uy,) in which the mode could not be excited directly
(hard-excitation or subcritical Hopf bifurcation regime) [KBT04]. Conse-
quently, the operating mode of a gyrotron is in general not a state function
of the input parameters, but also depends on the time-evolution of the beam
parameters — the gyrotron displays a hysteresis [DIIT03]. Since at least the
beam current must change continuously from O A to the design value, one
cannot jump immediately to the design parameters of the gyrotron, but must
follow a path in the parameter space which in the end excites the desired
mode (and perhaps other modes in advance). In many cases the maximum
interaction efficiency can even be reached in the hard-excitation regime only,

so the described mechanism has to be used. In this context, excitation of the
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correct mode and maintaining operation at high efficiency can be difficult in
practice because the beam parameters, especially voltage, can be controlled
only with finite accuracy.

The less dense the mode spectrum is, the more likely it is that the proper
mode can in the end be excited. It is therefore very useful to find means
that suppress the onset of unwanted modes, i.e. increase their starting cur-
rent. A properly designed coaxial insert, see Fig. 1.11, can suppress the
counterrotating competing modes, see [Ker96] and Annex B.4.

As already mentioned, the typical gyrotron cavity consists of a down-
taper section (narrowing in downstream direction), a straight midsection
and an uptaper section (widening in upstream direction). Usually, parabolic
smoothings between the three sections reduce mode conversion, as does a
nonlinear uptaper which provides a smooth transition between the cavity and
the (larger) launcher entry [Ker96]. For cavities with corrugated insert the
general assumption is that modes are either almost unaffected by the inner
rod and therefore behave like hollow-cavity modes (practically no change
in eigenvalue or caustic radius), or that they do not play a role during the
interaction because they are suppressed by the insert. Therefore, most basic
considerations apply equally to hollow-cavity and to coaxial-cavity gyro-
trons. For a certain coaxial-cavity design, this assumption has of course to
be verified.

The uptaper extends outside of the interaction region and acts here as
an overmoded cylindrical waveguide to direct the RF beam away from the
cavity. Nonlinear widening minimizes reflections back into the cavity and
mode conversion, while the axial wave vector component increases (see An-
nex A.9). The downstream end of the nonlinear uptaper is typically 7 %

larger than the cavity radius.
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1.2 High-Power Gyrotrons

Figure 1.11: Lateral section of a coaxial-cavity gyrotron [PDDT05]. The coaxial insert (red)
is supported (lilac) in the MIG and extends through beam tunnel (green/orange), cavity and
nonlinear uptaper (brown) into the launcher (blue). According to present understanding, the
actual end position of the insert within the launcher region is of minor relevance for gyrotron
performance.

As with every metallic surface hit by microwaves, the cavity surface (and,
if present, the insert surface) heats up and therefore has to be cooled contin-
uously during steady-state operation. The ohmic losses of a TE mode in a

cylindrical cavity can be expressed as:

2eqw? W/x
Po=/ - 120
TN T T (20

Here, x and m are mode eigenvalue and azimuthal index, respectively, w is

the RF angular frequency, o is the cavity material’s conductivity and W is
the stored energy in the cavity. For a derivation, see Annex B.7.

Typical means of cooling for the cavity as well as for other gyrotron com-
ponents are Raschig rings or hyper-vapotron cooling. Possible effects of

inhomogeneous cooling are described in Section 3.5.
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Superconducting Magnet

The strong magnetic field in the cavity has to be provided by a surround-
ing superconducting magnet (SCM). In the interaction region, i.e. the mid-
section of the cavity, the field should be maximum, and decrease sufficiently
before and after this region in order to avoid possible Before- and After-
Cavity Interactions (BCI [Sch15]/ACI [Cho14]), i.e. unwanted waves which
are excited if their resonance conditions are unintentionally fulfilled. Since
the electrons largely follow the magnetic field lines, the actual shape of the
field from emitter to collector is of importance for a detailed design. If
the magnet consists only of one coil or of an assembly of concentric coils
with the same current and winding chirality (a main coil, MC), the magnetic
compression, i.e. the ratio between the magnetic flux densities at emitter
and cavity, depends on the distance between these two. However, if coils
with opposite winding are added around the emitter region (compensation
coils, CC, or bucking coils), the local field and likewise the required gyrotron
length between emitter and cavity can be greatly reduced. If additional coil
systems are fed by independent circuits one obtains the flexibility to con-
trol the shape and strength of the field at the emitter (gun coils, GC). Of
course, additional coil systems serve both purposes to some extent, hence a
distinction between CC and GC is to some degree ambiguous. In practice,
magnets for the same class of gyrotrons can have various designs, see e.g.
the magnets for the Japanese [SKK ™09, HKO'08], Russian [SFKT06], and
European ITER [CABT13] and W7-X [KDK™00] gyrotrons.

In Fig. 1.12 the lateral section of a gyrotron inside its magnet as well
as the schematics of a European-style magnet coil configuration with cor-
responding current directions (assuming the same helicity for all coils) are

shown.
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On a large scale, two materials for low-temperature superconducting (LTS)
wires are available: NbTi and Nb3Sn. As already mentioned in the con-
text of fusion plasma confinement, NbTi is ductile but can withstand local
fields of up to only 15 T, while Nb3Sn is brittle but can withstand fields
up to 30 T [GCD*06]. Critical parts of the coil structure, where the local
magnetic field is largest, are the edges of the windings. Thus, the achiev-
able central field of SCMs with large bore-hole and NbTi-only coils depends
on the winding, but it is typically below 10 T. In SCMs for powerful high-
frequency gyrotrons, Nb3Sn is therefore advantageous, especially for inner
windings. Modern superconducting magnets mostly use cryogen-free cool-
ing [HMHHOS5, Gool4].

If one could assemble a gyrotron in two subsystems (e.g. MIG — beam
tunnel — cavity — launcher, and mirror box — window — collector) and insert
them from both ends into the magnet before final assembly, the required
magnet bore-hole diameter would be determined by the narrowest part of
the gyrotron, which is the cavity region (see Fig. 1.11 or 1.12). Unfor-
tunately, after final assembly, a gyrotron has to be baked out in order to
achieve the necessary ultra-high vacuum of less than 10~8 Pa [KSMT04];
thus, the superconducting magnet would be deformed or its coils damaged
when subjected to high temperatures. Therefore, the magnet has to supply
enough space for the gyrotron to be inserted from either direction after it
has been baked out. For this reason, the minimum bore-hole diameter is
determined by the maximum diameter of the MIG. On the other hand, due
to the very nature of the windings, the required cryostatic environment in
the magnet and the strong magnetic forces, there is no known method to
build magnets with flexible diameter (e.g. a “resting position” with wide
bore-hole and an “operating position” with narrow bore-hole; or magnets
that can be longitudinally split and recombined).
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main coil

compensation
coil

gun coils

Figure 1.12: Gyrotron magnet with a gyrotron inserted from above (left); and EU-style coil
schematics (right).

Quasi-Optical Output System; Launcher

Since the direction of the electron beam cannot be changed without using a
very strong magnetic field, there are two methods to separate the RF beam
from the electrons after both leave the nonlinear uptaper. First, the upper
waveguide can be used as a collector for the beam electrons, leading to an
axial RF output. This is the original method, and it has lately been used
in the high-efficiency gyrotron described in [MIPT12]. The second method
typically employed for fusion gyrotrons is to couple out the RF beam in
radial direction [VO74]. In order to achieve this, the inner surface of the
output coupler has to be corrugated or deformed such that it acts as a line
of focusing quasi-optical mirrors — due to the nonvanishing k, (or, Poynting
vector S), the RF wave can now be understood as a beam climbing up the
output coupler and being focussed successively. The launcher of a gyrotron
designed for a co-rotating operating mode would be designed specifically
for this rotational direction and not be appropriate for the counterrotating
mode.

When the transformation is complete, the RF beam is launched radially.
Since a TE mode was excited in the cavity, the launched beam is horizon-
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tally polarized, provided the gyrotron is upright. Final focussing, phase-
correction and transformation into a Gaussian mode TEM, o (therefore,
another name for the QOL is Quasi-Optical Mode Converter) is done by
two or three separate mirrors, either all located inside the gyrotron’s mirror
box, see Fig. 1.13, or some outside it [SKTT97]. There are different sub-
types of launchers, namely mirror-line launcher [VO74], helically deformed
launcher [DKM™192] and hybrid launcher [JGTJ15].

Focussing of the beam strongly depends on the caustic radius of the mode
to be transformed, since the caustic radius determines the inclination angle
of the transformed beam, which itself determines the boundaries of the mir-
ror line. Therefore, if one wants to minimize stray radiation in a gyrotron,
the launcher of a multi-frequency gyrotron restricts all possible modes to
those which have (nearly) the same caustic. Initial studies of a launcher
designed for cavity mode TE4g 29 and used for transformation of modes
TE42 25 and TE35 21, as well as for TEy3 15 with TE37 13/TE3q 11, showed
that constant caustic radius is quite sufficient for multi-frequency operation,
even if the wall deformations/corrugations are optimized only for the high-
est mode in both cases [Jin13, JK15].

The microwave beam now has to leave the vacuum of the gyrotron to en-
ter an evacuated transmission line, a line of mirrors in air, or another system
to be guided to the plasma vessel. The most simplest way, however still
challenging, to ensure vacuum inside the gyrotron is a single-disc vacuum
window. Apart from being leak-tight and mechanically stable, such win-
dows have to withstand up to 2 MW transmitted RF power, which is pos-
sible only with appropriate cooling. If the window thickness corresponds
to multiples of \/2 of the incident radiation, reflection into the gyrotron is
minimized for the corresponding frequencies (but absorption is maximized)
[BDKT97]. At present, windows made of chemical vapor-deposited dia-
mond (CVD-diamond) have the best mechanical, thermal, and optical prop-
erties and are widely used for gyrotrons. Typical cooling allows a bandwidth

of approximately 1 GHz around the window resonance frequency.

41



1 Gyrotrons in the Context of Nuclear Fusion

Figure 1.13: Typical arrangement of the quasi-optical mode converter (launcher; red) and
mirrors (dark red/brown) of a gyrotron (left). Definitions of Brillouin angle o, Brillouin
length L., spread angle v, launcher radius Ry, and launcher caustic radius ry, (right).
[DKM*92, Flal2, Jin13]

In order to increase this bandwidth, more complicatied window systems
such as Brewster-angle windows [TABT01] or tunable windows are under
study [LDM*12]. Brewster-angle windows drastically reduce reflections
back into the gyrotron over a broader range of frequencies because of the
linearly polarized microwave beam coming from the mode converter. The
window on the other end of the beam duct, in the RF launcher towards the
plasma vessel, must have the same (or better) optical properties as the gy-
rotron window. [KBTO04]

The radial output is not limited to one beam; indeed, there are several
gyrotron designs in which the original beam is split into two beams before
leaving the launcher in radial direction, see e.g. [PBD"98, Berl1] or the
“Two-eyes gyrotron” [GDZ196]. This of course requires twice the number
of mirrors and two output windows, alongside means to ensure proper sep-
aration of the beams. As long as present window technology does not per-
mit microwave windows that can withstand significantly more than 2 MW
CW, all gyrotrons with higher power as well as 2-(or maybe even 1-)MW
gyrotrons with less window cooling capacity have to be equipped with a
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dual-beam output system. On the other hand, this means that any realistic
single-window gyrotron design can be restricted to 2 MW.

At all stages of RF generation and focussing, stray radiation is created
alongside the main microwave beam, usually totalling a few percent of the
generated power. The inner surfaces of the gyrotron barely absorb radia-
tion, thus it accumulates basically uniformly inside the tube — mainly in the
mirror box —, but it can also be reflected back into the cavity and disturb
interaction [PDD105].

Collector

After interaction the spent electrons leave the region of high magnetic field
and reach the collector. Their residual kinetic energy, i.e. the energy not
transferred to the RF field, makes up typically 65 % to 70 % of the energy
gained by the acceleration. Upon impact on the collector surface the elec-
trons would collide with the solid material and their kinetic energy would
be transformed into heat. This resistive behavior of the vacuum-metal sur-
face can be reduced if the electrons are decelerated by a depression voltage
before impact, at best until zero velocity.

However, since the electrons have a rather broad energy distribution and
since reflection of the electrons must be avoided for stable gyrotron oper-
ation, the depression voltage of a single electrode must correspond to the
lowest-energy electrons. This means that most of the electrons still carry
a significant amount of kinetic energy before impact, typically 50 % to
55 % on average. Therefore, fusion-relevant gyrotrons with single-stage
depressed collectors (SDC) rarely reach efficiencies above 50 % [Thul6].

The most promising solution to increase collector efficiency is to sort
the electrons by their energy, using static electric and magnetic fields, and
collect them at various electrodes with proper depression voltages. Possi-
ble sorting mechanisms are E x B drift [PHA+08, PWI*16] and nonadi-
abatic transitions of the axial magnetic field [WPI™16a, WPI*16b], both
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of which use the fact that electrons do not gyrate strictly on helical trajec-
tories around magnetic field lines. Such collectors could have efficiencies
substantially above 70 % and could be used to increase the total gyrotron
efficiency to 60 % or even more. Collector design concepts can be com-
bined with basically any MIG and cavity concepts; therefore, a collector de-
sign is not part of this work. A power supply compatible to highly efficient
Multi-Stage Depressed Collectors (MSDCs) is currently under development
at KIT [SFK*15].

1.2.3 Frequency Tunability and Multi-Frequency Operation

Future fusion power plants are foreseen to operate at a fixed magnetic
field with optimized plasma temperature and density profile. Hence, the
correlation between radial position within the plasma and local resonance
frequency is known. One can then fix the angles and positions of the launch-
ers in such a way that, for the mitigation of NTMs, the required position in
the plasma can be aimed at by just changing the microwave frequency. A
few frequency steps of a few GHz within roughly one second each are suf-
ficient to replace steerable RF launchers by fixed ones in DEMO. This can
significantly reduce the design effort and vulnerability of the RF launchers
in fusion power plants [ZT05, GGRT15].

There are several possibilities for frequency tuning. The most intu-
itive is probably to change the cavity radius Ro, since the (cutoff) fre-
quency f of the mode depends via its eigenvalue x on the cavity radius:
f=cx/(2rRo). Indeed, there is a frequency shift due to thermal ex-
pansion of the cavity during long-pulse operation by a few hundred MHz
[Sch15]. Unfortunately, any controlled mechanical change of the cavity di-
mensions, e.g. using a split cavity [BCD'84], by significantly more than
this amount is not possible in high-power gyrotrons, since a RF field on
the cavity walls will damage any small gaps, edges etc., and since the

deformable cavity still has to be cooled. Cavities with piezoelectric shape
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control [SIO8] cannot cover a sufficiently large bandwidth either. During
ramp-up the process of space-charge neutralization leads to an additional
decrease in frequency of the same order.

In coaxial gyrotrons, the mode eigenvalue also depends on the radius
of the coaxial insert. Since the insert has to be tapered anyway (see
Annex B.4), it could be mounted such that it can be moved in axial
direction, leading to a varying insert radius at the cavity reference point
[IDTOS, DM98], maybe even combined with a tapered cavity [GLMKOS].
Yet, the possible change in eigenvalue and thus in frequency is small and
the alignment of coaxial inserts in gyrotrons is a challenge even for metallic
rods intended to be fix [KDK101].

Small-scale tunability for one particular mode is also possible by slight
variation of the accelerating voltage and/or the magnetic field in the cavity
B,, since both lead to a change in the electron cyclotron frequency and
thus in the resonance condition (see A.9), an effect which is called fre-
quency pulling [KDWT84]. Larger variations of accelerating voltage and/or
magnetic field will lead to a jump to another mode, termed frequency step-
tuning. For this, variation of B, has been considered in the beginning (see
e.g. [Edg93], chapter 11; and [DP90]) which has a range of up to 35 %
[KBTO04], but fast variation of the magnetic field is difficult especially for
high fields. Therefore, the best tuning can be achieved by variation of the ac-
celerating voltage Ug, perhaps also by varying Ugy in the case of a triode
MIG. For optimum output power and efficiency, however, both B, and Uy,
should be varied. Typical variation ranges are then +5 %, see e.g. [KBT04],
table 2.1. The operating mode will then usually be changed by only one of
its indices — axial, azimuthal or radial — where the azimuthal index is most
common and preferred. For gyrotrons with cavity radii around 2 cm to 3 cm,
the typical frequency step size has a fixed value between 2 GHz and 3 GHz,
respectively (see Annex B.9), or higher in the case of a change in the radial

index.
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During frequency step-tuning in the hard-excitation regime it is much easier
to go downwards in frequency than upwards [KAF+16b]. A single gyrotron
would have to be almost switched off and on again to obtain a higher fre-
quency, which might be time-critical. But since in a fusion reactor several
gyrotrons would be used per in-vessel launcher, those gyrotrons could either
be operated at individually assigned frequencies or be controlled in a revolv-
ing fashion: the frequency needed fp will be supplied by the gyrotron with
the smallest frequency larger than or equal to fp, thereby minimizing reac-
tion time, while one of the gyrotrons currently at a small frequency fiin is
switched off and prepared to operate at the maximum frequency fiax-

Apart from these methods, one can modify the axial field profile for fine-
tuning by increasing the axial index of the mode [HBG'05] or using a
tapered cavity [BNP76]. In any case, as soon as frequency shifts of more
than around 1 GHz appear, simple single-disk windows are no longer ap-
propriate since the deposited heat at the unmatched frequency can no longer
be dissipated in CW operation. In order to broaden the transmission band-
width, more complex systems such as the abovementioned Brewster-angle
windows [BDKT97], double-disk windows [WGL*08], or travelling-wave
windows [LDM* 12, NTP14] are considered.

Additionally to this continuous or step-frequency tunability, multi-
frequency operability, i.e. the possibility to operate the same gyrotron at
significantly different frequencies, one at each time, can make the gyrotron
useful for different purposes in the same facility (start-up, bulk heating, cur-
rent drive, plasma stabilization), or even in several facilities. (Therefore, the
term “multi-purpose” is also used for this property.) If a single-disk win-
dow is used, the operating frequencies f,, have to be integer multiples of the
window resonance frequency f1, where the reflection of the wave back into
the gyrotron is minimal. Provided a loss tangent of approximately zero and
Lrel = 1, these resonances are related to window thickness Dy and relative

permittivity €/, via
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(2fiDw)’ ey =2 (1.21)
fa=mn-fi (1.22)

For CVD-diamond windows, ¢/ is given as 5.67 £ 0.01 [KBT04]. The
lower limit of the windows’ thickness is given by their mechanical stabil-
ity, and the upper limit by their thermal conductivity and their price; typical
windows then have a thickness between 2.25 mm [ZBD104] and 1.50 mm
[ABG™15], which results in resonance frequencies between 28 GHz and
42 GHz. Considering this, Fig. 1.14 shows possible multi-frequency op-
tions: The horizontal axis shows typical lowest frequencies of multi-
frequency gyrotrons, and the vertical axis shows possible higher frequen-
cies. Lines show possible higher frequencies to a lowest frequency; and
same colors correspond to same window thicknesses. One can see that
the restrictions are significant; for example, a gyrotron with basic fre-
quency 130 GHz can only have higher frequencies at 162.5 GHz, 195 GHz,
227.5 GHz etc. During the design phase of a multi-frequency gyrotron, vari-
ation of the lowest frequency while remaining at the same relative window
resonance 7 (i.e. remaining at the same color in Fig. 1.14) can basically be
achieved by scaling the existing gyrotron design. On the other hand, chang-
ing the main frequency to a value that cannot be provided by a window at
the same resonance (i.e. having to change the color in Fig. 1.14) requires
different modes and therefore implies a more fundamental re-design.

Huge leaps from one frequency to another can only be achieved by sig-
nificant increase or reduction of the magnetic field strength in the cavity. It
is evident that those leaps require at least the corresponding ramp-time of
the magnet, which is typically of the order of tens of minutes, instead of
seconds as for smaller frequency steps. A systematic compilation of various

possibilities to change the frequency of a gyrotron is shown in Fig. 1.15.
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Figure 1.14: All possible frequencies for multi-frequency operation between 60 GHz and
300 GHz, according to the limitations described in the text. Same colors indicate same ra-
tio between window resonance and lowest frequency (dark blue: 2; red: 3, yellow: 4; ...).
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Figure 1.15: Frequency tuning possibilities as described in the text. Continuous and/or

small-range (= 1 GHz) finetuning methods are shown in orange; (quasi-)discrete, medium-
range (< 10 GHz) step-tuning possibilities in green; and operation at multiple, discrete
frequencies over a wide range (= 60 GHz) in blue. Techniques suitable for efficient
high-power high-frequency gyrotrons are written in boldface. (1) [BNP76, GLMKOS],
(2) [HBG105], (3) [BCD*84], (4) [SI08], (5) [IDT08, DM98], (6) [KDWt84], (7) [Edg93],
(8) [KDK 101, Edg93], (9) [DP90].
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1.3

Systematic Evaluation of Relevant Gyrotron Designs

1.3.1 State-of-the-Art Concepts

Existing coaxial-cavity and/or multi-frequency gyrotron designs serve as a

technological baseline for this work. In this sense the following designs are

most relevant:

1.

The 1.5 MW 140 GHz coaxial-cavity gyrotron with a d-CIMIG and
two output windows [FKM194, PBDT98]. Its co-rotating oper-
ating mode TEsg 16 was intentionally converted to a counterrotat-
ing TE7¢ 2 mode before conversion into two TEMg ¢ beams and
coupling-out of both through separate diamond windows. The first
concept of this gyrotron had an axial RF output with a fused silica

window.

. The 1.5 MW 165 GHz coaxial-cavity gyrotron [PBDT97, PBD99],

which has been investigated in a large number of experiments.

The EGYC 2 MW 170 GHz coaxial-cavity gyrotron for ITER as de-
scribed in [RPKT10]. A short-pulse preprototype of the gyrotron has
been built and is used at KIT for study and improvement of the design.

Inspired by the considerations on the 2 MW design, a 4 MW design
has been studied at IHM [Ber11]. Since present-day CVD-diamond
windows are capable of transmitting at most 2 MW of radiation, this
design has a dual-beam QOL and two windows. Several aspects of the
design, for example multi-mode simulation results with more realistic

beam parameters, remain for future investigation.

The multi-frequency gyrotron [SKO™13] developed at JAEA. This is
a megawatt-class gyrotron that can be operated at four equally spaced
frequencies from 104 GHz to 203 GHz, as determined by the window

resonance frequency.
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6. The coaxial TE,s 7 mode cavity as proposed by Barroso and Cor-
rea [BC92], with a CW output power of 1 MW at 280 GHz. Their
considerations did not lead to further detailed design studies. Other
proposals for MW-class gyrotrons operating at the first harmonic with
frequencies significantly above 200 GHz have been made recently by
Kartikeyan et al., e.g. [KIT13].

7. An approach towards step-tunable gyrotrons was described by Zape-
valov et al. [ZBD704]. The modes were chosen according to the
limited possibilities of the diode MIG.

8. The dual-frequency TCV gyrotron with intended operating modes
TE75 (84 GHz) and TEqs 7 (126 GHz) [ABG™15], to which the
mode-selection scheme given in Section 2.1.3 applies. However,
according to that scheme, the upper mode should be TEy5 7, due to

the more similar caustic radius.

The design presented in this work is not based on any of the above designs
in particular.

In order to quantify the complexity of individual gyrotron designs, es-
pecially of coaxial ones, one can take the mode eigenvalue as a measure.
Design 3, for example, has a mode eigenvalue of x34,19 = 105.2 and its de-
velopment is ongoing [RRP*16], while design 4 has X52,31 = 168.6 and is
not under further consideration at the moment. Consequently, an indicator

for the risk of manufacturing or operation failure could be defined as:
e x ~ 100: “low risk”
e x ~ 150: “medium risk”
e x ~ 200: “high risk”

If one restricts designs to such with medium risk and output frequencies
around 240 GHz (A =~ 1.25 mm), the target cavity radius is around 30 mm,
close to that of design 2.
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The window resonance frequency of modern gyrotrons for fusion applica-
tions is of course determined by their design frequency, which is 140 GHz
for W7-X and 170 GHz for ITER, determined by the respective resonance
heating requirements. Together with Fig. 1.14, only the following assign-

ments of window resonances can be made:

* 140 GHz = 5 - 28 GHz: The gyrotron described in [ZBD104] falls
into this category. It has the operating modes TEq9¢ (111.5 GHz),
TEg2 g (140 GHz) and TE»5 10 (168.3 GHz). Hypothetical higher
frequencies of gyrotrons equipped with this window would be around
196 GHz, 224 GHz, 252 GHz, and 280 GHz.

* 170 GHz = 6 - 28.3 GHz: This is almost the same design as above.
Higher frequencies would be 198.3 GHz, 226.7 GHz, 255 GHz, and
283.3 GHz.

* 170 GHz = 5 - 34 GHz: Having the design mode TE3; 11, the gy-
rotron described in [SKO™13] also operates at 104 GHz (TEq9,7),
137 GHz (TE35,9) and 203 GHz (TE37 13). A possible extension of
this mode series to 238 GHz (TEy3,15) and 272 GHz (TE49,17) has
been considered in [KJT13] and [KAF+15b].

e 140 GHz = 4 - 35 GHz: This variant was also discussed in [ZBD104]
(again with TEg2 g as design mode, and TE;7 ¢ for 105.1 GHz)
and [TAA107] (design mode TEgg g and TEq ¢/TE9s ¢ for around
105 GHz). The corresponding higher frequencies are 175 GHz,
210 GHz, 245 GHz, and 280 GHz.

One can see that the region around 240 GHz corresponds best to either
7-34 GHz or to 8 - 30 GHz.
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1.3.2 Advanced Concepts

In order to enhance the gyrotron performance, one could consider gyrotron

designs deviating from the generic designs [Thul6]. The following concepts

have been considered in the frame of this work; however, none of them ap-

peared to have convincing advantages over the generic designs and therefore

a deeper analysis of these concepts has not been made.
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1. Fixed non-axisymmetric cavity: Such a cavity would lead to differ-

ent standing mode patterns in the cross-section, thus maybe reduce
mode competition. On the other side, these geometries could lead to
uneven distribution of the ohmic loading at the wall surfaces, would
require an asymmetric beam shape (or suboptimum coupling), and
would lead to a more complicated manufacturing process. Thus, such
geometries are not practical. Only in the context of frequency tun-
ing, Sabchevski and Idehara [SI08], and Brand et al. [BCD™84] have

investigated non-circular cavities.

. Multiple concentric electron beams: Those n beams could either be

placed at the first n maxima of the operating mode to deliver power
to it, or placed at the maxima of competing modes to extract power
from them [ZT90]. Theoretical investigations of dual-beam gyrotron
interaction [LYF'07] and of conceptual designs for dual-beam MIGs
have been undertaken [FYYLO9]. It has been claimed that two (or
more) beams would reduce mode competition and enhance output
power. However, the total output power of CW gyrotrons is limited
by the ohmic losses on the outer wall, which results purely from the
power transferred to the microwave, and by the cooling capacity of
the collector, which has to collect electrons from all beams. Therefore
it is obvious that, under otherwise unchanged conditions and limita-
tions, one can only distribute the limited single-beam power over the n

beams: multiple-beam gyrotrons are, in fact, “split-beam” gyrotrons;
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and dual-beam designs cannot per se allow higher output power. Their
primary advantage is that they would lead to a larger effective emitter
width (since the individual widths add up), allowing smaller emitter
radii and thus smaller MIGs. Disadvantages of such designs are the

following:

* While beams, placed at second or higher radial maxima of the
main mode, indeed decrease the coupling of the usual competi-
tors, the coupling to many modes with lower h is increased,

thereby creating new competitors.

* Higher radial maxima of the main mode have a smaller local
field strength and therefore couple weaker to the electron beam.
Therefore, the resulting coupling generally decreases with in-

creasing number of beams.

* Already in single-beam gyrotrons, some of the processes within
the beam and MIG region are not well understood. Having
multiple beams would complicate things drastically like genera-
tion of secondary electrons, additional potential wells, possible

beam-beam interactions, mutual misalignments, and so on.

* From a collector design point-of-view, multiple concentric par-
ticle beams are equivalent to one very thick beam (with gaps in-
side), which is a disadvantage according to present understand-

ing, especially for multi-stage depressed collectors.

For gyrotrons unrelated to fusion plasma heating and control those
disadvantages might be irrelevant. A recent example is the 780 GHz
TEg 5 second-harmonic double-beam gyrotron that is investigated in
[GGMT16], where the main purpose of the second beam is to avoid
competition from fundamental-harmonic modes. The simulated beam
voltage and total current are 20 kV and 2 A, respectively, and the

electronic efficiency does not exceed 2.5 %.
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. Elaborate cavity profiles: Several proposals for elaborate longitudi-

nal cavity profiles can be found in the literature, for example tapered
cavities (e.g. [BNP76]), coupled or step-cavities (e.g. [ZMPT84]),
cavities with output step, and cavities with arbitrary shape [BCM8&9].
With the design developed in this work (see Chapter 2), it has been
confirmed that a small step — a fraction of a wavelength — between
straight section of the cavity and uptaper indeed inceases the effi-
ciency slightly, which is due to a changed axial mode profile. How-
ever, no systematic investigations into this were made, as this effect
is not a specific coaxial-cavity property. Research on step-cavity gy-
rotrons has basically been discontinued around 1990. A systematic

analysis of more elaborate profiles is beyond the scope of this thesis.

. Higher gyrotron harmonics: As mentioned in Annex A.9, gyrotrons

(including LOGs) can also be operated at higher harmonics s of the
cyclotron resonance. However, it is well-known that the maximum
possible interaction efficiency and hence the typical practical effi-
ciency decreases with increasing s [Thul6]. Thus, for gyrotrons in-
tended for nuclear fusion applications (high power, high frequency,
high efficiency), only s = 1 seems reasonable, at least as long as
single-stage depressed collectors are used.

. Tapered magnetic field: In the past there were studies to use a ta-

pered magnetic field in the cavity region, i.e. to place the field maxi-
mum at either end of the cavity, with the goal to increase efficiency or
to decrease mode competition. However, both experimental [GB90]
and theoretical [DK95] investigations showed that a magnetic field
with its maximum at the cavity center, i.e. with minimum taper, is the

optimum choice.

. Outer-wall corrugations: There are two concepts behind the idea

to introduce longitudinal corrugations on the cavity wall to decrease
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mode competition, additionally to or alongside with corrugations on
the insert. The first concept, termed “rippled-wall corrugations”, is to
couple the azimuthal neighbors of the main mode to low-order modes
with low quality factor (as indicated in Table 1.1) [CD84, Ker96].
Here, the corrugations are not smaller than the design mode’s wave-
length, and the actual number of grooves determines which of the
modes are coupled to each other.

The second concept is to use the outer wall as a second impedance
boundary, as is under study by researchers in China [HYL15] and
India [SJIB04]. However, to the best knowledge of the author, it has
never been demonstrated that the additional corrugations have any ef-
fect — whether recognizable or not — on interaction stability or other
gyrotron properties; especially an effect that would justify the addi-

tional manufacturing (and cooling) effort.
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2 Physical Design of
Gyrotron Key Components

2.1 Basic Considerations
2.1.1 General Design Approach

The general goal of this work is to investigate the physical and technical
feasibility of coaxial-cavity megawatt-class gyrotrons in a frequency range
around 240 GHz. This goal has been achieved by proposing the physical
design of a 2 MW 237.5 GHz coaxial-cavity gyrotron, described in this
Chapter, and by investigating its critical properties in detail, as shown in
Chapter 3.

For given caustic radius and material properties, ohmic losses on the
cavity wall increase with increasing output power and/or frequency (see
Eq. B.34). In order to keep the ohmic loading on the cavity wall at rea-
sonable values, one therefore needs to increase the cavity radius, which re-
quires modes of higher order. Such modes show stronger mode competition,
making operation of the gyrotron less reliable. Thus, otherwise compara-
ble gyrotron designs become more critical with increasing power and fre-
quency; and conversely, the feasibility of gyrotrons with lower frequencies
and/or lower output power is demonstrated by showing feasibility of higher-
power higher-frequency designs.

In order to ensure that the design proposed in this work is a realistic one,
all known possible issues arising in key components of the gyrotron have
been identified and analyzed, as will be shown. A special focus has also
been on the applicability of the used simulation codes in very high-order

and high-frequency regimes.
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The following additional design goals for the gyrotron were envisaged:

¢ Coaxial-cavity design to reduce mode competition (and, as additional
features, to reduce voltage depression and to suppress parasitic HF

oscillations in the beam tunnel).
* Fast frequency-step tunability.

e Multi-frequency operation (slow frequency tuning for multi-purpose

operation).

* Total efficiency 70t > 60 % at an output power as high as possible,
at best significantly larger than 1 MW. Since this seems to be achiev-
able only with Multi-Stage Depressed Collectors (MSDCs) which are
not yet available, this work focuses instead on interaction efficiencies
larger than 30 %.

The design process itself has been carried out in the following order, as has

been shown useful for past gyrotron designs:
1. Choice of an appropriate design mode.
2. Cavity design and optimization.
3. Magnet design.
4. MIG design and optimization.

Since the designs of a QOL and of a single-stage collector for this gyrotron
design are not expected to lead to scientific insight, they are not part of this

thesis.
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The following technical boundary conditions were respected, in accor-
dance with [ADKT08]:

1. Peak ohmic loading on the (outer) cavity wall wg o < 2.0 kW/ cm?,
see Annex B.7. The peak loading is limited by the technically possi-
ble cooling capacity, which depends on coolant, pumping speed, and
geometry of the cooling channels. Insufficient cooling would deform
or eventually melt the cavity wall in long-pulse (CW) operation of gy-
rotrons. An electric conductivity for copper of ¢ = 1.4 - 107 S/m is
considered, which already accounts for surface roughness and temper-
ature of the heated cavity wall. Both values are relatively conservative
[KAF*16d] see also Section 2.5.2.

2. Peak ohmic loading on the insert wall wo 1 < 0.2 kW/ch. This
value comes from technical considerations of the European 2 MW
coaxial-cavity ITER gyrotron design. Values of 0.15 kW /cm?
and 0.1 kW /cm? have been considered for the 1.5 MW, 165 GHz
[PBD*99] and 170 GHz [Rze07] tubes, respectively. In both cases,
the ratio between permitted loadings on outer wall and insert is around
10, essentially due to the fact that the coolant has to flow both forth
and back within the thin metallic rod.

3. Electron guiding-center spread (“beam thickness”) in the cavity of
Sy 2 A/B. Values between /8 and \/4 can be found in the litera-
ture. In the present design, the value of A/5 for 170 GHz, considered
safe, has been extrapolated to 240 GHz taking into account the scaling
of the first maximum of the design mode. This led to s, = A\/4.4, or,
equivalently, a single-side spread of ., = 1.4 % with respect to the

mean guiding center radius.

4. Emitter radius Ry < 70 mm. This target has been set to avoid a
too large MIG diameter and thus a large bore-hole diameter of the

gyrotron magnet, and it proved consistent with initial considerations
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on basic emitter properties and a beam thickness of \/5. No explicit
restrictions concerning the magnetic compression have been imposed

on the design.

5. Electric field in the MIG region Eg max < 7 kV/mm, especially at

the emitter, to avoid arcing (Penning discharges).

6. Maximum current density from the emitter surface jp < 4 A/ cm? to

avoid fast aging of the emitter (see Fig. 1.9).

7. Radial quasi-optical output coupler (launcher), suitable for single-

beam output.
8. Single-disk CVD-diamond output window.

Since a coaxial-cavity design is considered, voltage depression on the elec-
tron beam (see Annex A.4) and accompanying effects such as limiting cur-
rent are not considered in the design phase. Limitations on anode-cathode
distance (with respect to gyration radius), space-charge-limited current den-
sity, diffractive quality factor with respect to its minimum value, percentage
of ohmic losses, and Fresnel parameter were not directly taken into account
during the design phase, since their values are by definition acceptable if the
simulations return reasonable results.

The assessment of technical feasibility includes:
* Tolerance studies of cavity and MIG.

 Discussion of possible criticalness of other gyrotron components (e.g.

beam tunnel, collector).

2.1.2 Definition of the Design Process

Formulas in gyrotron textbooks [Edg93, KBT04, Nus04] usually interrelate
design parameters of MIG, cavity, and launcher, but leave it up to the reader
to decide which of these parameters are considered as the independent and

60
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which as the dependent variables. During the design process of a gyrotron,
this causal relation is determined by the imposed restrictions and require-
ments, at least to a significant degree.

The dependence relations of parameters for one possible design approach
is shown in Fig. 2.1. Externally imposed and basically independent param-
eters are shown in green and red boxes, where green parameters are design
requirements (here: a certain frequency, output power, and multi-frequency
operation) and red parameters are physical or technical restrictions. Derived
parameters are given in grey, yellow, and cyan boxes, where cyan and yel-
low refer to the parameters that fix a design (e.g. operating mode, geometry,
voltages). Of these, parameters in yellow boxes are usually restricted to
some extent.

One can especially see that beam parameters following from the cavity
design, for example beam current or pitch factor, are at a later stage related
to MIG parameters, for example emitter current density and emitter slant an-
gle, which themselves are restricted. Cavity parameters can furthermore be
related to launcher and window requirements such as mode indices allowed
in multi-frequency operation. Thus, a proper cavity design process has to
respect MIG and launcher constraints. It is hence obvious that a serious gy-
rotron design requires a complex determination and evaluation of all these
parameters if one tries to optimize the design without violating the given
physical and technical restrictions, at best some sort of automatic algorithm.
While codes existed which determine, for example, the maximum possible
output power for some given boundary conditions (at IHM: MAXPO of the
CAVITY package, see Annex C.2.1), the more detailed “zero-dimensional”
design code Design-o-mat has been written in the frame of this work (see

Annex C.2.3) to implement the processes shown in Fig. 2.1.
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2.1 Basic Considerations

2.1.3 Novel Systematic Mode Selection Strategies

Mode Selection Based on the Multi-Frequency Requirement

In [FIA* 14a, FAGT15], the theoretical basis behind a novel mode-selection
strategy has been published which respects the requirement for multi-fre-
quency operation. It is demonstrated there that very high-order modes have
eigenvalues which are basically linear in their azimuthal and radial indices
(see B.9), which leads to coupling spectra that are almost identical for modes
with similar indices, see Fig. 2.2. Since spectral features around, and ax-
ial and transverse profiles of such modes are also very simular, parameters
such as output power and efficiency of the respective gyrotron designs will
depend much less on the particular chosen mode than on other factors.
Therefore, one may choose the operating modes according to other crite-
ria, for example multi-frequency operation. This mode-selection criterion is

solely based on the assumptions that the gyrotron in question has
* a quasi-optical launcher, and
¢ a single-disk window with realistic thickness,

which is common for state-of-the-art gyrotrons. As already explained, while
the window requires operating frequencies that are integer multiples of its
resonant frequency, the QOL requires modes with similar relative caustic
radii m/x. None of those criteria can be fullfilled exactly by any set of
modes, but one can define a combined figure of merit that helps to find
the most suitable mode series. The figure of merit — termed “rating” — as
defined in [FAG™15] returned fifteen mode series that show a very good
multi-frequency behavior. Two of these series are:

* TE2g,17, TE35,21, TE42 25, TE49 29, TE56,33
(series (b) in [FAGT15])

* TE2s13, TE35,16, TE42,19, TE49 22, TEs56 25
(series (e) in [FAGT15])
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Figure 2.2: Coupling spectra of four modes around TE49, 29, the beam radius each time be-
ing chosen for maximum coupling (see Eq. 1.19). Coupling strengths and eigenvalues are
normalized to the respective value of the main mode. Co-rotating modes are shown in red,
counterrotating modes in green.

For both series, the detailed properties of the three modes in the middle are
given in Table 2.1. Frequencies have been chosen such that the lowest mode
corresponds to exactly 170 GHz — which is the only reason why the design
frequency of the gyrotron in this work is not exactly 240.0 GHz —, while
the highest mode corresponds exactly to the seventh reflection minimum
of the window (Dw = 7 - Mg ,/2). The corresponding window thick-
ness is 1.857 mm (see Section 1.2.3). The output frequency of 170 GHz
could be used during the startup phase in DEMO (or ECRH in ITER), while
204 GHz and 238 GHz can be used for bulk heating and ECCD in DEMO,

respectively.
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2.1 Basic Considerations

Table 2.1: Basic properties of the modes of series (b) and (e) from [FAGT 15].

Series (b) mode TE35,21 TE42,25 TE49,29
Eigenvalue 113.1 135.6 158.1

Ideal cutoff frequency (GHz) 170.00 203.75 237.50
Window resonance (GHz) 169.64 203.57 237.50
Relative caustic radius 0.3094 0.3097 0.3100
Series (e) mode TE35’16 TE42719 TE49’22
Eigenvalue 96.5 115.6 134.7

Ideal cutoff frequency (GHz) 170.00 203.71 237.41
Window resonance (GHz) 169.58 203.50 237.41
Relative caustic radius 0.3628 0.3634 0.3637

Mode Selection Based on Mode Competition

Coaxial-cavity gyrotrons tend to use operating modes with higher Ay,
i.e. volume modes, in order to make efficient use of the higher possi-
ble beam power at a given cooling capacity of the cavity wall and of
the reduced voltage depression (Annex A.4). It has already been pointed
out (Table 1.1) that the main competitors of co-rotating mode TE; are
the counterrotating modes with smaller caustic radius, TEffn_% (p+1) and
TE?fnfg))(p +1)- An evaluation of four existing coaxial gyrotron designs
[FKM*94, PBD99, ADK ™08, Berl1] shows that the operating modes lie
on the line p : m =~ 0.57 (or, equivalently, Cx =~ 0.31), regardless of
their output power or frequency, as has been presented on several occasions
[Fral3a, Fral3b, FAI13], see Fig. 2.3. This is the condition where the main
mode is equally separated from its two main competitors; therefore, one can
regard that condition as an additional mode-selection criterion for coaxial-

cavity designs. The combination of both mode-selection strategies results in
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2 Physical Design of Gyrotron Key Components

series (b) with design mode TE{g 4 having an eigenvalue of x ~ 158.058
as the optimum choice. Up to this eigenvalue, around 3200 modes exist,
compared to e.g. 640 for the mode TE3, 9 mentioned in [ADK"08]. The
mode TE35 21 (x35,21 = 113.133), corresponding to 170.0 GHz, has only
slightly higher mode indices than the one considered for the coaxial EU
ITER gyrotron (TEsy4 19, X34,10 = 105.193) [RPK10].
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Figure 2.3: Spectral distance of co-rotating modes to their closest counterrotating competitor
in the m-p plane. The shades of blue represent the relative distance to the respective competitor
Ax/x, where darker shades indicate smaller distances. Also indicated are areas of very small
and of very large caustic radius (in which mode selection is not relevant), the areas of typical
hollow-cavity (green; see [Thul6]) and of coaxial-cavity (orange; see text) modes and which
competitor is the closer one. The modes from [FKM194, PBD199, ADK*08, Berl1] are
marked yellow and the mode series [FAG™ 15] (b) proposed in this work in red.

There have been studies conducted on whether there is a maximum pos-
sible operating mode, at least for given boundary conditions, and what the
indices of such a mode are. Generally, studies suggest that there might be
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2.2 Axisymmetric Coaxial Cavity Design

problems above m = 45 [AD02, DKRO5]. However in the frame of this
thesis, a TE49 29 gyrotron design with parameters very close to the present
design has been investigated for possible azimuthal instabilities [DAFJ14],
and it was concluded that azimuthal instability does not necessarily occur,

especially for high beam current.

2.2 Axisymmetric Coaxial Cavity Design

The CAVITY code package (routines GEOMT, COLDC, MCONYV; see Sec-
tion C.2.1) has been used to find a cavity design for a coaxial TE4g o9
(X49,29 = 158.058) mode gyrotron with 237.5 GHz as the operating fre-
quency. For initial studies a hollow cavity was considered. Coupling spectra
of the modes to the electron beam were performed using SCNCHI. A coun-
terrotating beam has been used for some startup scenarios, but the gyrotron
performance was not as good as with a co-rotating beam. The optimized ge-
ometry for the TE49 29 mode cavity is given in Table 2.2 (first presented in
[FIAT 14b]). The exact cavity radius for a standing wave would be around
31.754 mm, but to obtain a slightly forward-directed wave the cavity radius
has been chosen 31.780 mm, or 0.083 % larger (corresponding to cutoff fre-
quency 237.30 GHz). Parabolic smoothings were implemented to connect
the midsection with the downtaper and uptaper sections. See Fig. 2.4 for
an illustration of the final cavity design (including the coaxial insert, but
without nonlinear uptaper). The midsection part of the cavity wall has no
taper.

The CAVITY routine GYMOT was then used to find initial values for
the beam parameters (current, voltage, pitch factor) and for the magnetic
field to be applied. These values were refined after obtaining self-consistent
solutions with SELFC. In order to find an initial operating point and an

appropriate start-up scenario, SELFT was used.
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Table 2.2: Geometric parameters of the cavity.

Electron beam radius b (10.24 £ 0.143) mm
Cavity radius Ro 31.78 mm
Downtaper length Lo 10 mm
Downtaper angle Oo,1 3.5°
Smoothing downtaper—midsection Ho 2 mm
Midsection length Loz 15 mm
Smoothing midsection—uptaper Ho 4 mm
Uptaper length Los 20 mm
Uptaper angle O0,3 3.0°
Total length 45 mm
0 outer wall
_as| ~
H ]
o 20 - ]
;‘% 15
; 0 beam
°F insert |
ST T T TR T

position along axis (mm)

Figure 2.4: Cavity design for the 237.5 GHz, TE49 29 mode gyrotron. Axial and radial coor-
dinates have the same scaling, in contrast to many cavity depictions, to emphasize the fact that
the straight part of the cavity is shorter than 1/4 of its diameter. Shorter cavities are a general
trend observed for most high-power, high-frequency gyrotrons.
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During the studies it has been found that SELFT has severe limita-
tions, especially that it is not possible to simulate a thick electron beam
(guiding center spread), that ohmic loading is not calculated and that the
adverse effect of electron velocity spread on gyrotron performance is ex-
aggerated significantly. Therefore, COLDC, SELFC and SELFT were
replaced by COLDCAV and EVRIDIKI from the EURIDICE package
[APIV12, Avrl5], see Annex C.2.2.

A second issue with the CAVITY package is the correct calculation and
numbering of mode eigenvalues for coaxial cavities. In order to solve this,
the affected routines SCNCHI and CHIMP were replaced by a completely
new routine SCNCHIMP. See Fig. 2.5 for comparison between CAVITY
and the design codes used in this work.

The geometric parameters of the coaxial insert resulting from simulations
using the axisymmetric Surface Impedance Model (SIM) are given in Ta-
ble 2.3, with groove parameter s/t = 0.5. (For information on the actual
corrugations, see Chapter 3.) The optimum operating parameters (angles
optimized in steps of 0.5 degrees, lengths optimized in steps of 1 mm) and
results according to self-consistent, time-dependent multimode simulations
[FAIT14] with EVRIDIKI are given in Table 2.4. The distance between
(nominal) beam radius and (nominal) insert radius, expressed in Larmor
radii, is (10.24 — 8.66)/0.08 = 20, which is the same, safe value as in
the coaxial 2 MW ITER gyrotron [RPK*10]. In order to ensure frequency
step-tunability, a magnetic field of up to 10 T is needed.

The alternative main operating mode TE,g 22, having a larger caustic ra-
dius and thus resembling more a hollow-cavity mode, has also been studied
in some detail. Cavity geometry (derived from the TE49 29 mode design)

and operating parameters are given in Table 2.5.
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Figure 2.5: The CAVITY package as of end 2012 (left; [Ker96], own translation) compared to
the cavity design and interaction codes as presented in the frame of this work (right).

Table 2.3: Geometric parameters of the insert. The corrugation depth given is the parameter

used for SIM-based modelling and is not necessarily equal to the depth of realistic corrugations,
depending on their shape.

Reference radius (in upstream part) Ry 8.66 mm
Upstream part length L1 10 mm
Upstream part angle O11 0.0°
Width of parabolic smoothing Hyy 2 mm
Downstream part length Liogs (15 + 20) mm
Downstream part angle O1,243 —1.0°
Corrugation depth D, 1(,2) 0.3 mm
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Table 2.4: Optimum operating parameters and simulation results for the TE49 29 mode design.

Cavity magnetic field at nominal beam position Bo 9.58 T
Electron energy at the cavity entry Wo 85.6 keV
Voltage margin to mode loss (overshoot) oU 2kV
Beam current Iy 69.3 A
Nominal pitch factor at cavity entry go 1.22
RMS spread in perp. velocity component Co, 6 %
Peak ohmic loading on the cavity wall wo 2.0 kW /cm?
Peak ohmic loading on the coaxial insert @ 0.2kW/cm?
Output power Pout 1.9 MW
Electronic efficiency Nelec 33%

2.3 Electron-Optical System Design

In this work, the focus of investigations was on the upstream part of the
electron-optical system, i.e. the magnetron injection gun, the compression
zone in the beam tunnel region, and the cavity. Detailed considerations on
the spent beam in the downstream region, especially the collector, have not

been undertaken; for a general discussion, see Section 2.4.

2.3.1 Fundamental Magnetron Injection Gun Properties

As a first approach towards the geometry of the MIG, the emitter slant angle
Og has been fixed to 25° (angle between surface normal and gyrotron axis:
65°), under the assumption that this value is a good compromise between
producing a thin electron beam and making sure that the beam is laminar,

i.e. without intersecting electron trajectories.
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Table 2.5: Geometric and interaction simulation parameters of the TE4g 22 mode cavity (with-
out consideration of velocity spread).

Electron beam radius 4 (10.18 £ 0.08) mm
Cavity radius Ro 27.10 mm
Downtaper length Lo 10 mm
Downtaper angle O0,1 3.5°
Smoothing downtaper—midsection Ho 2 mm
Midsection length Lo 2 15 mm
Smoothing midsection—uptaper Ho o 4 mm
Uptaper length Lo 3 20 mm
Uptaper angle Oo3 3.0°
Total length 45 mm
Reference insert radius Ry ca. 8.55 mm
Cavity magnetic field Bo 9.26 T
Electron energy at cavity entrance Wo 63.8 keV
Beam current Io 59.3 A
Nominal pitch factor cavity entrance go 1.24
Output power Pt ca. 1.5 MW

With an emitter radius Rr of 65 mm and an emitter width of 4.3 mm
(3.9 mm projected to the z-axis), a beam current of 70 A can safely be
generated; and the emitter width projected to the gyrotron’s cross-section
is 1.8 mm, which is slightly below 2.8 % of the emitter radius. During the
detailed design process described in Section 2.3.3 it could be confirmed that

these values were a good choice and did not have to be changed afterwards.
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oNOUTSA, WN

Figure 2.6: Radial dimensions of emitter, anode, and innermost parts of the superconducting
magnet. (1) emitter radius at 65 mm, (2) vacuum, (3) outermost part of the vacuum at 80 mm,
(4) outermost part of the anode at < 135 mm, (5) high voltage oil, (6) bore-hole of the magnet
at 135 mm (i.e. innermost part of the magnet), (7) thermal insulation within the magnet, (8)
innermost part of the superconducting coil at 150 mm. See also Fig. 1.7.

In European high-power gyrotron designs, the radial distance between emit-
ter and outmost wall of the MIG is around 75 mm to 80 mm [PBD197,
Rze07, PDD05]. This distance is partly due to the required vacuum be-
tween cathode and (modulation) anode, see Fig. 1.10, and partly due to
the structural stability of the outer electrode, its cooling channels, and the
necessary ceramics between the outboard electrodes. In this work, a slight
improvement has been assumed, reducing the required distance to 70 mm.
Therefore, the present design would require a magnet bore-hole diameter of
Dy =2- (65 mm + 70 mm) = 27 cm, see Fig. 2.6 for a visualization.
Although not considered in this work, an inverse MIG could lead to less
material necessary for strucutral stability, cooling, and insulation — in addi-
tion to removed potential wells (see Section 1.2.2 and references therein) —,

and thus to an even smaller required magnet bore-hole.
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2.3.2 Requirements for the Superconducting Magnet

As discussed in Section 1.2.2 the gyrotron magnet field is a connectional
entity between MIG and cavity; therefore, it makes sense to base the MIG
design on a realistic magnet. The bore-hole diameter and the central field
of the magnet are critical values of its design, and it had quickly become
clear that no magnet design exists yet that fulfills the abovementioned re-
quirements. Therefore, a survey on appropriate, realistic magnet designs
was initiated.

In addition to the nominal values given in the previous Section, a cer-
tain flexibility of the magnetic field strength and direction at the emitter is
desired to perform tests and experiments with the gyrotron. However, the
inclination of the magnetic field should always remain zero in the cavity
and be sufficiently constant around the interaction point. With four restric-
tions of the field (strength and angle at both emitter and cavity positions),
the magnet needs at least four degrees of freedom, i.e. four independent
coil connections. In anticipation of the discussions on the launcher design,
Section 2.4, the magnet should not expand the electron beam too early such
that it could hit parts of the launcher, see Fig. 1.7 for illustration.

In previous market surveys it was requested from the magnet manufactur-
ers to reproduce the magnetic field profile that had been used in design sim-
ulations. However, in the frame of this study, it has been attempted to define
the magnet requirements as loosely as possible to give potential manufactu-
rers the most freedom in the magnet design. For further simplification, the
requirements were formulated in terms of magnitude and gradient of the
axial magnetic field (using Eq. A.8). The final values are listed in Table 2.6.

Requirements #1 and #2 refer to the magnetic field strength and homo-
geneity in the cavity, #3 refers to the field strength at the emitter (or, alter-
natively, to possible magnetic compressions), #4 refers to possible angles of
the field at the emitter, and #5 refers to the maximum electron beam radius

at the launcher. See Fig. 2.7 for a depiction of a magnetic field profile that
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Table 2.6: Main requirements for the magnetic field (B-) profile along the gyrotron axis. See
text for further explanation.

No. Description of requirement Value

#1 Minimum peak magnetic field Bo,max =105 T
(defining axial coordinate z = 0)

#2  Deviation from Bg jax in the region |0B] < 0.001 Bo max
—5mm < z < +5 mm

#3 Achievable field strengths Bg at 0.02 Bo,max
one selected position zg, in the region < Bg <
—430 mm < zg < —380 mm 0.05 Bo, max
(zg by choice of the manufacturer)

#4  Achievable field gradients dB/dz at —0.5T/m
the fixed position zp, selected in #3 <dB/dz <

2T/m

#5 Minimum B-field at position B > 0.12 Bo max
z = 4400 mm

#6 Minimum bore-hole diameter Dy Dy > 270 mm

0.1 02 03 04 05 06 0.7

2(h)

Figure 2.7: Main requirements for the magnetic field (B-) profile along the gyrotron axis. The
regions listed in Table 2.6 are highlighted.
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would fulfil these requirements. One design which met the requirements

was obtained and used for the MIG design and subsequent studies.

2.3.3 Detailed MIG and Compression Zone Design

In this work the MIG design has been limited to the physical design and
electron-optical analysis of the components around and downstream of the
emitter. The rear parts of the MIG as well as technical features such as
ceramic rings, cooling pipes, or emitter details were not considered. One
reason for this is that the underlying magnet design is just an initial study
and that several geometric features of the MIG depend heavily on the details
of the field of the (final) magnet. Another reason is that it is apparently not
necessary to find a completely new approach towards MIG designs; hence,
no new findings are expected during a detailed design of technical compo-
nents. Furthermore, only a rough basic geometry of the beam tunnel has
been considered: The width of the ceramics ring between modulation anode
and body might be too small, and the diaphragm at the end of the tunnel has
a sharp edge to simulate a worst-case influence on the beam.

The basic physical t-CMIG design has been obtained using the code ARI-
ADNE [PV04], which, in turn, has been extended and improved to cope with
the t-CMIG geometry. One distinctive feature of the design is the modula-
tion anode step which contributes significantly to both quality and compact-
ness of the MIG. See Fig. 2.8 and [FAI™ 14, FPA™15¢].

In order to avoid the phenomena described in Section 1.2.2 and references
therein, the basic MIG design fulfills the following design criteria simulta-

neously:

1. Electrons starting from anywhere on the cathode surface at zero ve-
locity either hit one of the anodes (modulation anode, body anode, or

insert) or enter the cavity with low pitch factor.

2. Potential wells are avoided or at least reduced to low voltages such

that trapped electrons need only a small kinetic energy to escape.
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Figure 2.8: Upper: Basic design of the triode coaxial MIG, magnet coils, beam tunnel and
cavity. Lower: Details of the MIG section with magnetic field lines (grey) and electron beam
(orange).
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3. The maximum electric field strength inside the MIG, especially at the
emitter surface, is small enough such that arcing between electrodes

is unlikely to happen.
4. The MIG is reasonably compact.

Figures 2.9 through 2.11 show that these three criteria are met: The pitch
factors of beam electrons in the cavity are rather constant at 1.22, while
none of the electrons emitted from other regions, i.e. any potential sec-
ondary electron, has a pitch factor above 2.5, which is considered a safe
value [PPZ*16]. In full simulations no particles are reflected back from the
cavity region. Two minor potential wells exist, one at the modulation anode
step, and one in the beam tunnel. While the well in the beam tunnel can be
reduced further during a detailed design, any attempt to reduce the potential
well at the anode step resulted in a worse beam quality.

For verification and further investigations, the code ESRAY [IZJ15] was
used. For several operating points, the resulting beam parameters (pitch
factor, RMS spread of perpendicular component, and beam thickness) from
both codes were compared. The results for pitch factor and beam thickness
were always in good agreement, far within the limits of expected experi-
mental accuracy.

The RMS spread of the perpendicular velocity component (,,, was al-
ways two to three times higher in ARTADNE simulations than in ESRAY
simulations. This is consistent with previous comparisons of the code. How-
ever, these spread values of 0.2 to 0.7 percent only occur if the ideal con-
dition of a perfectly smooth emitter surface is assumed. ESRAY, in turn,
can model emitter surface roughness, which influences the initial velocity
distribution of the beam electrons [I1ZJ15, ZIPT16]. Using a typical struc-
ture size of 2 um, the spread increases to 3 % or above, see Fig. 2.12 and
Tables 2.8-2.9.
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Figure 2.9: Upper: Trajectories of electrons from the emitter (red) and from other cathode
surfaces, i.e. possible secondary electrons (orange), in the MIG region. Grey: magnetic field
lines. Lower: Pitch factor distribution at the cavity entrance of those electrons which are not
caught by the modulation anode or by the insert.
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Figure 2.10: Visualization of potential wells in the MIG region. Shown are metallic surfaces
(black), the electron beam (orange), magnetic field lines (grey), electric equipotential lines
(cyan) and the depth of local potential wells. The potential wells cover only a small space and
their depth is below 5 kV.

Azimuthal emission nonuniformity, caused by nonuniform heating or by a
nonuniform work function, for example, has not been explicitly considered
in this work. However, there is a margin left between the 3.4 % spread de-
livered by the MIG and the 6 % taken as input in the interaction simulations.

For nominal electrode voltages during TE49 29 mode operation see Ta-
ble 2.7. The difference between accelerating voltage (87.43 kV) and beam
voltage (85.6 kV) is due to the voltage depression caused by the beam space-
charge. In the results presented here, no beam neutralization has been as-
sumed. Calculations including beam neutralization showed, however, very

similar results: basically, only the kinetic energy of the electrons changes
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Figure 2.11: Electric field strength in V/m (grey shades) and electron beam (colored according
to the local ~ factor) in the MIG region. As one expects from basic electrostatics, the electric
field is strongest where potential differences are large, where distances are small, and where
roundings are significant. This is the case in both directions from the emitter, at the inner edge
of the cathode, and at the insert surface where it lies within the cathode. The emitter region has
been designed such that the beam crosses only areas where the electric fields are homogeneous,
which decreased velocity spread.
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Figure 2.12: Trajectories of electrons released from an emitter (red) with rough surface (struc-
ture size: 2 pm), modeled by ESRAY. Geometry and parameters are the design parameters
given in the text.
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by the magnitude of the voltage depression. The anode potential has been
set to ground potential, but of course, only the voltages between the elec-
trodes matter. Figure 1.7 shows the typical electric connection of gyrotron
components.

Table 2.7 also shows the resulting beam parameters in the cavity immedi-
ately before the interaction point, calculated with ESRAY. Clearly, the MIG
delivers the beam required by the interaction calculations. Furthermore, the
magnetic field strength at the emitter position is given. One can see that
the magnetic compression between emitter and cavity as determined by the
field strengths is almost 25 % higher than the value determined from the
beam radii of 40, which is due to the nonadiabaticity of the electrons near

the emitter.

Table 2.7: Nominal electrode potentials and beam parameters, including relative standard de-
viations from mean values. Statistics were taken from electrons within the last five millimeters
before the cavity center, without consideration of any gyrotron interaction inside the cavity.

Anode & insert potential Dp, P; 0kV
Cathode potential ) -87.43 kV
Modulation anode potential Dy -37.45 kV
Electron kinetic energy Wo 85.61 keV (0.061 %)
Pitch factor go 1.22 (8.6 %)
Axial velocity component B 0.327 (5.0 %)
Perp. velocity component B1 0.398 (3.4 %)
Beam radius Th 10.24 mm (0.87 %)
Magnetic field at emitter Bg(,z) 0.1909 T
Magnetic compression (field) Cp 50.2
Magnetic compression (beam) Cr, 40.3
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2.4 Further Key Component Considerations

Launchers for coaxial-cavity gyrotrons have been designed for one-beam
[PBDT99, RPK'10] and two-beam [FKM™94, PBD*98, Berll1] output.
Independent of the launcher type, their fundamental design depends on the
caustic radius of the operating mode and scales roughly with the cavity di-
ameter. Both cavity and main mode presented in this work have properties
typical for high-power high-frequency gyrotrons; therefore, problems with
the basic launcher design are not expected. The operating wavelength of
1.26 mm is substantially shorter than the 1.76 mm of the 170 GHz ITER
gyrotrons, which could lead to difficulties in manufacturing of in-launcher
corrugations. However, during the design of a conventional-cavity launcher
for 236 GHz [KAFT16b], no potential problems were observed. As the cor-
rugation size in this case is up to 450 um and as the machining tolerance is
well below 20 um, no manufacturing issues are expected.

In the magnet specifications, criterion #5 (see Tab. 2.6 and Fig. 2.7) origi-
nates from the requirement that the beam should not decompress so quickly
that electrons hit the upper part of the launcher. However, according to
present understanding it would be difficult for magnet manufacturers to ac-
tually miss that requirement.

Due to the comparable launcher design, the design of the mirror system
is not expected to differ much from existing designs. But, since a large
gyrotron magnet is required, it could happen that the mirror box has to be
placed partially within the magnet. Possible solutions would be to increase
the end diameter of the launcher, leading to a higher k. of the wave and thus
to a longer beam output system, or to require the bore-hole of the magnet to
have a larger diameter at the top than it has in the center. Detailed launcher
and mirror box considerations on the one hand, and detailed magnet design
studies on the other hand would be necessary to obtain specific values here,
which might result in a compromise between a convenient mirror box design

and a simple magnet design.
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The output window for the gyrotron design in this work would not have
another thickness or would have to withstand more radiation power than
the windows currently considered for the ITER 2 MW coaxial gyrotron
[RPKT10]. Advantages of Brewster-angle windows are independent of the
incident frequency. Therefore, a window for the presented 238 GHz design
does not need special investigation.

A standard single-stage depressed collector could be used for the
gyrotron presented in this work, possibly with stronger coils and/or thicker
ferromagnetic shielding to compensate the high residual magnetic field from
the gyrotron main magnet. But since the interaction efficiency does not ex-
ceed 33 %, an SDC is not sufficient to increase the total gyrotron efficiency
to above 50 %.

Efficient multi-stage depressed collectors to increase the total efficiency
to above 60 %, such as proposed in [WPI™ 16a, WPI*16b, PWIT 16], rely on
sophisticated static electric and magnetic field configurations and are there-
fore less robust against residual fields than SDCs [Wul6]. This issue could
be mitigated if the superconducting magnet for a high-frequency gyrotron is
already known and can be considered during the MSDC design. Still, such
collectors would have a significant size (length ca. 2 m) and weight (ca.
1 t) and could be a reason to restrict the magnet bore-hole size and thus the

gyrotron output power in order to obtain higher total efficiency.

2.5 System Evaluation

The evaluation of two features of the gyrotron design are of particular inter-
est: First, whether the system indeed supports operation at distinct frequen-
cies (as promised in Section 2.1.3) and second, how the output power could

possibly be increased.
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2.5.1 Multi-Frequency Behavior

As introduced in Section 1.2.3 one of the gyrotron design criteria was suit-
ability for multi-frequency operation, resulting in the mode series TEzs 21
— TE42,25 — TE49 29 (see Section 2.1.3). With the finished physical design
of MIG, magnet, and cavity, one can now verify in self-consistent beam op-
tics simulations in conjunction with time-dependent multimode interaction
simulations with realistic beam parameters whether startup and stable oper-
ation at the various frequencies can be achieved and whether obstacles occur
which could not be considered at the mode-selection stage.

Tables 2.8-2.9 reproduces the operating points and simulation results for
all three frequencies under consideration [FAP™15, FPA'15a, FPAT15b];
see also Tables 2.1 to 2.7. Despite the significantly different operating fre-
quencies, the overall magnetic field profile and consequently the optimum
electron beam radius in the cavity is almost constant; minor changes to the
profile, including magnetic compression, can be made by optimizing the
currents of the compensation and gun coils. On the other hand, the various
magnetic field strengths in the emitter region require substantially different
modulation anode voltages (percentages of the TE4g 29 values are given in
Tables 2.8-2.9) in order to keep the pitch factor at reasonable values, demon-
strating that a diode MIG will probably not be suitable for a multi-frequency
gyrotron. In the TE35 21 mode scenario, the anode-anode voltage is even
significantly larger than the modulation anode; both voltages have essen-
tially switched compared to the TE,g 29 case. Cavity pitch factor, beam
radius, electron energy, and beam current have been optimized for all three
operating points under the assumption that accelerating voltage and current
density corresponding to the TE49 29 operating point are at the technical
limits of the gyrotron’s HVDC power supply.

The MIG simulations returned velocity spreads from 3.4 % to 6.8 %.
Included here is a typical emitter surface roughness of 2 um, but no other

sources for velocity spread such as azimuthally or radially inhomogeneous
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emission caused by material impurities, varying work function, or varying
emitter temperature. In order to account for this, the input velocity spread
for interaction simulations was increased to 6 % and 8 %, respectively.

The voltage depression on the beam is only around 2 kV for all three
operating points. The change in relative beam thickness is only due to the
significantly varying wavelength; thus, a tube optimized for 170 GHz would
allow larger output power since it could have a broader emitter which can
deliver more current.

The beam shape for all three frequencies is shown in Fig. 2.13. Despite
huge leaps in magnetic fields and voltages between the scenarios, the beam
shapes remain similar. However, with the present geometry and even with-
out the maximum electric field restriction of 7 kV/mm it was not possible to
obtain a stable beam for the next frequency step, TEsg 33 (271.3 GHz), due
to the high magnetic field strengths near the cathode nose (see Fig. 2.11 at
(-0.375;0.055)). This, together with the required emitter thickness (at most
3.8 mm) and magnetic field (11 T) led to the conclusion that the TEs5¢ 33
mode operation regime is beyond technical feasibility. On the other hand,
operation of mode TEsg 17 (136.2 GHz) would be neither restricted by the
magnet nor by the interaction itself, but the spread of the electron velocities
is far above 10 % without modification of the MIG design.

The most serious issue concerning coaxial-cavity multi-frequency gy-
rotrons seems to be ohmic loading on the insert wall at the lower frequen-
cies. For lower frequencies one would expect lower losses (see Annex B.7),
which is indeed the case for the losses on the cavity wall. In contrast, the
loading on the insert is significantly higher for the lower-order modes due
to their broader first maximum and due to the fact that the field strength
decreases exponentially towards the insert, see Table 2.10. This means that
either the output power (the beam current) has to be reduced substantially

or that the insert radius has to be modified.

86



2.5 System Evaluation

TE35,21

3% 380
2fmm)

TE42,25

3% 380
2fmm)

TE49,29

2fmm)

Figure 2.13: Beam shape in the MIG for the three operating modes at 170 GHz, 204 GHz, and
238 GHz, respectively. The colors of the beam electrons indicate their starting position along

the emitter.
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If reducing the output power is not an option, one comparably realistic so-
lution to this issue could be to use an axially movable insert with varying
radius, similar to [IDTO8], since the insert has to be tapered anyway as ex-
plained in Annex B.4, see Fig. 2.14. With a typical taper angle of 1° the
necessary shift would be 5 mm to 6 mm. As indicated in the Figure, one
could then also apply various corrugations on the various parts of the insert,
each optimized for the respective mode and wavelength: 0.35 mm depth for
TEy2,25, and 0.48 mm depth for TE35 21. This method would, however,
most possibly increase insert tilt and misalignment, which is not favourable,
as will be discussed in Chapter 3.

See Fig. 1.7 for the overall design of a gyrotron with MIG, magnet and
cavity as described in this Section.

__4lInsert retreat

Figure 2.14: Principle of a movable tapered insert: The distance between cavity wall and insert
at the reference point (roughly in the middle of the interaction region) can be changed, leading
to different mode patterns and to a changed ohmic loading on the coaxial insert. If different
corrugations are applied in different places of the insert, the effective corrugation (again, near
the middle of the interaction region) can be altered as well.
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2 Physical Design of Gyrotron Key Components

2.5.2 Output Power at Higher Beam Current and Higher Loading

The presented design can reach an output power of close to 2 MW. However,
it is a general observation that MW-class gyrotrons do not reach their full
design power under realistic conditions. Therefore, if the proposed gyrotron
was built as presented, one should not expect more than 1.8 MW at 238 GHz.
The critical limitations on the output power are beam current density and
the capabilities of the cavity, insert, and collector cooling systems. As men-
tioned in Section 2.1.1, conservative values for current density and ohmic
loading have been assumed. A current density of 4.5 A/cm? will not im-
pede the emitter lifetime significantly. Simple estimations predict that an
electric conductivity of around 2 - 107 S/m can be achieved in the cavity
wall (copper at 250 °C and 240 GHz); with the possible output power scal-
ing with /o, i.e. 20 % higher (see Annex B.7). Thus, a moderate increase
of the beam current by 11 % could lead to gyrotron operation at 2 MW.
Deliberately pursuing a TE49 29 mode design with significantly more
than 2 MW continuous-wave output power based on the presented design
appears to be problematic. First, the necessary beam energy must result
from a higher accelerating voltage, implying a new — probably larger - MIG
design, and/or a higher beam current, which in turn requires increased emit-
ter current density and/or a larger emitter radius. As aresult, one would have
to push current density and magnet bore-hole diameter beyond even the op-
timistic values stated above and in Section 2.3.2, respectively. Second, one
would need an additional mirror system and diamond window (Brewster-
angle window for a step-tunable gyrotron) without even remotely using
their full capability of additionally 2 MW. Third, the multi-stage collec-
tor, already assumed to be of critical size (see Section 2.4), would have to
be scaled accordingly. For these reasons, a realistic 240 GHz, > 2 MW
gyrotron design needs in-depth technical considerations (and solutions),
alongside a reliable experimental basis e.g. from CW gyrotrons above

1 MW and 200 GHz and with large magnetic compression.
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2.6 Recommendations for Future Gyrotron
Design Processes

During the design of the gyrotron presented in this work a few measures

have been identified which can make the design process more efficient:

e It is of utmost importance to agree on design goals and on technical
boundary conditions from the very beginning on. An existing physi-
cal gyrotron design can of course be adapted to, for example, a higher
emitter current density or to a higher efficiency, but obtaining a good
initial design takes much less effort than optimization of all compo-
nents, which is necessary for most minor changes of the boundary

conditions.

» For otherwise similar designs, the expected output power is propor-
tional to the allowed ohmic losses in the cavity and to the emitter
current density. Thus, two designs can be comparable only if the un-
derlying assumptions for both are identical, which, as stated above,
should be defined at an early stage.

e Output power and efficiency depend significantly on the choice of
beam parameters such as beam thickness, electron energy and veloc-
ity spreads, and misalignment. Optimization of the gyrotron design
is usually done using ideal beam parameters (no thickness, spread
or misalignment), but its outcome might differ from an optimization
using realistic parameters. Therefore, estimated values for realistic

beams should be included in the cavity design from the beginning.

e For MIG and cavity optimization, automatic procedures should be
developed and used more frequently, e.g. based on an evolutionary
algorithm or on simulated annealing, as has been done in the past
[RBIT09]. These procedures should at best be independent of the
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2 Physical Design of Gyrotron Key Components

type of MIG (e.g. diode/triode, inverse) and cavity (e.g. coaxial,
tapered).

* For coaxial-cavity gyrotrons with corrugations the acutal effect of the
corrugations should be determined using different corrugation mod-
els, e.g. SIM, SHM, and SIE. If only one model is used, it should be

benchmarked to an eigenmode solver.
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3 Design Considerations for Inner
Conductor and Cavity

3.1 Coaxial Cavity with Broken Axisymmetry

This Chapter is dedicated to an in-depth evaluation of the design decribed
in the previous Chapter. As the topic of the present work is a coaxial-cavity
gyrotron design for unprecedentedly high frequencies, the design evaluation
will primarily focus on issues which are concerned with both the high fre-
quency (or, equivalently, with the small wavelength) and the coaxial insert.
Two specific questions of more general interest, which also arise during the
design of conventional gyrotrons and/or gyrotrons at lower frequencies, will
be adressed in Sections 3.4 and 3.5. Other topics, which are not included
here, would encompass detailed studies of emitter properties and behav-
ior, emitter heating, optimization of beam tunnels, thermal expansion of
components in detail, BCI and ACI, launcher and collector design, cooling,
mechanical stability, questions concerning operation and maintenance, and
alignment issues not concerned with the coaxial insert, only to mention a
few. As expounded in the previous Chapter, the presented design — apart
from some aspects of the magnet — was kept at conservative values and it
does not contain any unrealistic assumptions that would require additional
in-depth studies. From these considerations, two key questions remain, both
of which cannot be answered if axisymmetry of the cavity is assumed.

The first question is which size and shape the longitudinal corrugations of
the insert should have. In reality, milled corrugations have parallel walls and
more or less rounded edges. However, for practical reasons, only wedge-

shaped corrugations are considered in this work, with the walls pointing
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3 Design Considerations for Inner Conductor and Cavity

exactly in radial direction with respect to the insert center, and with con-
centric circle segments as top and bottom surfaces. These top and bottom
parts are always assumed to be of equal arc length. Thus, the corrugations
can be described uniquely by only two numbers: corrugation depth D,y and
corrugation number M;. As has been investigated a few years ago, the ac-
tual shape of the corrugations does not influence the mode eigenvalues and
quality factors, and usual corrugations can be described by wedge-shaped
corrugations with a certain effective depth [ZM11].

In the presented interaction calculations, the Surface Impedance Model
(SIM; see [Ker96] and Annex B.3) has been used exclusively. In this model
the insert surface is regarded locally as a plane with rectangular grooves, the
number of which is large enough such that the groove width is sufficiently
smaller than the wavelength. The only free parameter describing the corru-
gations is then their (effective) depth D,.1. More accurate modelling could
be done by more advanced models such as Space Harmonic Method (SHM)
and/or Singular Integral Equation (SIE) [ZGS04]. Alternatively, there are
more elaborate variants of the standard SIM [TALT11].

In the limit of small corrugation width, wedge-shaped corrugations, rect-
angular corrugations, and corrugations of realistic shape are equivalent. The
only remaining variable to be determined is then Mj. For a technical cavity
design, the number of corrugations would have to be determined by practi-
cal considerations, i.e. how thin those corrugations can be made. The cor-
rugation width will be considered small enough (and M considered large
enough) if SIM and direct field calculations are in sufficient agreement.

The second question is which influence tilt and shift of the insert have on
gyrotron interaction, considering the small operating wavelength of only
1.26 mm, and how to cope with such misalignment. In fact, only the
shift needs to be considered, since, with an emitter-cavity distance of e.g.
412 mm, a tilt of 0.14° of the insert at its base is equivalent to at least | mm
displacement in the cavity, while the tilt itself is negligible. This can there-

fore be perfectly described by a shift only, and two-dimensional simulations
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3.2 Required Number of Corrugations

are widely sufficient. Conversely, an intrinsic tilt of the insert can be com-
pensated by a proper shift, using the same argument as in [DAFJ14], ta-
ble III for a tilted electron beam. Concerning the position of the electron
beam within the coaxial cavity, it is assumed that gyrotron and magnet can
be shifted towards each other by at least by 1 mm such that the beam can be
aligned to the insert or to the cavity wall (or neither). In the following, the
displacement between insert and wall is expressed as Dio, between insert

and beam as Dy, and between beam and wall as Dyo.

3.2 Required Number of Corrugations

The final number of corrugations on the coaxial insert, M7, is a tradeoff bet-
ween a number for which the SIM and an actual calculation of the mode pat-
terns and eigenvalues correspond to each other (ideally: oo) and a corruga-
tion number which is most easy to be realized (ideally: 0). In the mechanical
workshop of IHM corrugations having a width Dy, 1 of 0.3 mm can be man-
ufactured without problems, while in the central workshop at KIT widths of
down to 0.2 mm are considered possible [Kob15]. With an insert radius of
8.6 mm, D, 1 = 0.3 mm would correspond to M1 = 90 corrugations around
the circumference. In this Section, the optimum number of corrugations for
the given geometry will be deduced, based on very general considerations.
In order to distinguish between corresponding modes in geometries with
different Mj, the notation TE,,,,,{ M7} will be used.

Calculations have been done using the two-dimensional finite element
(FEM) eigenfrequency solver of COMSOL. The solver returns two orthog-
onal stationary solutions with the same frequency for asymmetric (|m| > 0)
modes, from which the rotating modes could be constructed by time-
dependent linear superposition, and one solution for symmetric (m = 0)
modes. Perfectly conducting metallic surfaces were assumed. Unless stated
otherwise, plots show the magnitude of the local transverse electric field. In

order to obtain meaningful results for corrugation numbers up to 360 (re-
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3 Design Considerations for Inner Conductor and Cavity

garded as “large enough”), the mesh size has been set to 20 micrometers
within the corrugations and to less than 70 micrometers in more homoge-
neous regions, with a small growth factor inbetween. The solver can return
eigensolutions of any 2D shape and does therefore not rely on eigenmodes
of pre-defined geometries. This has the advantage that its solutions can
readily be benchmarked with analytic calculations, but also has the disad-
vantage that there is no possibility to directly calculate the (hollow-cavity)
mode content of solutions. However, one has to keep in mind that the out-
put results are eigensolutions of the problem, each with one clearly defined
eigenfrequency. Only in the case where the coaxial insert disappears in the
direction of propagation of the mode, as it happens at a certain z-position
in the uptaper/launcher region, the wave would collapse into a number of
hollow-cavity modes, each with its characteristic cutoff frequency, transver-
sal and longitudinal structure, in particular TE,,;,; = TE,,,;». Figure 3.1
shows the used mesh during the calculations and some details of one se-
lected solution. The mode on the right is TEy45 30{100}, which has a rather
small caustic radius and therefore its field maximum is close to the insert.
Mind that even though the aperiodic coupling between mode and insert is
strong, the mode pattern above 0.3 mm (one corrugation depth) from the

insert is not visibly influenced by the corrugations.

Figure 3.1: COMSOL triangular mesh (left) and simulation results (right) of eigenmode cal-

culations with 100 corrugations on the insert. See text for details.
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3.2 Required Number of Corrugations

For small numbers of corrugations, primes were used to avoid resonant ef-
fects that might have occured if corrugation number and azimuthal mode
index were not prime relative to each other. Since there were no differences
in results between simulations with 100 corrugations and with 101 corruga-
tions, more convenient numbers for M7 > 100 were used. In the subsequent
misalignment studies, the corrugations were aligned antisymmetric with the
direction of insert-wall misalignment (i.e., the misalignment direction points
in the direction of a radial wall of one corrugation), see Fig. 3.2, to repre-
sent an average/random twist of the insert. The opposite cases — symmetric
alignment with a top or a bottom wall in misalignment direction — led to
eigenmodes which have larger or smaller eigenfrequencies; however, this
difference exceeds a noticeable relative frequency shift of 10~7 only for
much smaller wavelengths, much larger corrugations, and smaller relative

caustic radii than in the scenarios discussed here.

Cavity Cavity

Coaxial
Insert

Axis of
misalignment

Coaxial
Insert

Axis of
misalignment

Figure 3.2: Schematic representation of the insert twist versus direction of misalignment as
used in the misalignment simulations (left) and a possible twist not considered (right).

If the number of corrugations is too small, resonance effects are expected
to occur. Those effects can be understood as coupling between high-order

and low-order modes (as would be intended in rippled-wall corrugations
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3 Design Considerations for Inner Conductor and Cavity

[Ker96]), as interferences caused by Bragg reflections, or as interaction be-
tween two periodic structures, the azimuthal mode maxima, and the grooves.
For an otherwise constant coaxial-cavity geometry (including a constant
caustic radius close to the insert radius), it follows from basic geometri-
cal considerations that wavelengths and azimuthal indices of modes have
approximately linear dependence, and therefore it is intrinsically impos-
sible to distinguish between effects caused by longitudinal dimensions of
the same order (A ~ D, 1) and by angular dimensions of the same order
(m ~ Mj). Thus, one can conclude that the various interpretations of the
resonance effects are equivalent.

Figure 3.3 illustrates the effect of different corrugation numbers: while
mode TEy4,30{89} has visible contributions of field patterns with rotational
symmetries 3 and 9, TE46 30{100} appears fully symmetric. It has been

found that for most modes, the relation for constructive higher resonances
2m — M| = g 3.1

holds (see also [Ker96], section 2.4.), where ¢ is the dominant lower-order
symmetry, e.g. 2 - 46 — 89 = 3 in the depicted example.

A quantitative analysis of the azimuthal distortion of modes can be based
on their change in eigenvalue, which is given by COMSOL as the respective
eigenfrequency. The ten modes given in Table 1.1, which are most relevant
for interaction simulations, were studied. Figure 3.4 shows the eigenvalues
as functions of corrugation number for M7 = 59 to M7 = 225, normalized

to their values for M1 = 225. The following behavior can be observed:

* Modes with smaller caustic radius, i.e. with higher field near the in-
sert, are generally more affected by small corrugation numbers than
modes with larger caustic radius, as they should be by all changes to

the insert.
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3.2 Required Number of Corrugations

Figure 3.3: Mode TE46,30 in a coaxial cavity with 89 corrugations (left) respectively 100

corrugations (right) on the insert.

 For large Mj, eigenvalues increase with increasing M;. This can be
understood if the insert surface is considered as an intermediate state
between a perfect metallic surface (M7 — 0) and a surface with per-
fect impedance (M7 — o0) of the same radius: the larger the contri-
bution of the impedance is, the more can the field penetrate through
the surface and the larger is the effective cavity cross-section covered
by the mode, corresponding to a larger eigenvalue. However, as one

can see from the numbers, this effect is below 0.1 %.

¢ A linear increase in M; will lead to a less-than-linear increase of the
mode eigenvalue (d? Xmp/ dMI2 < 0), which is due to the infinitesi-
mal nature of the impedance surface. Mind that the normalization in
Fig. 3.4 is arbitrarily chosen to be at M7 = 225.

* The changes in eigenvalue are homogeneous in corrugation number
M and relative caustic radius C'r only for My 2 100. Smaller cor-
rugation numbers result in less predictable behavior, probably due to
occurring resonances with the respective azimuthal index as soon as

wavelength and groove width are of the same order.
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For large corrugation numbers My, the COMSOL solutions should ap-
proach the SIM predictions as the latter assumes M7 — oo. In Table 3.1,
eigenfrequencies of the ten modes for M; = 360 are shown. Exact geo-
metric values, expressed with the same precision as the stated results, are
Ro = 31.78000 mm, Ry = 8.589292 mm, D, ; = 0.3009566 mm. For
My = 360, the exact frequencies f3g0 are still below, but already very close
to their SIM values fspy. The features observed and explained above, that
eigenvalues of modes with smaller caustic differ more from their SIM val-
ues and that the SIM values are always higher, are preserved. Therefore,
the presented results, SIM as well as COMSOL, can be considered verified.
Mode TEys 30 will be the main focus of the following studies, since it has
the smallest caustic radius Cx = x%p of the ten modes chosen, leading to
highest sensitivity to the number of corrugations and misalignment.

1.00005

1.00000 g - - ==+
ﬁ 0.99995 .= -M- TE(49,27)
y —e- TE(49,28)
% 0.99990 . TE(50,29)
A S TE(49,29)
ré, 0.99985 * TE(48,29)
g P -- TE(49,30)
‘T 0.99980 L B TE(49,31)
2 o« :
£ ; --%- TE(47,30)
© 099975 --@- TE(46,30)

-+- TE(45,30)
0.99970
0.99965 -
85 105 125 145 165 185 205 225

Number of corrugations

Figure 3.4: Eigenvalues vs. corrugation number for ten modes using COMSOL. Modes are
sorted according to their relative caustic radius, with TE45 30 having the smallest radius.
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Table 3.1: Comparison between eigenfrequencies determined with the SIM and those deter-
mined with the COMSOL eigenfrequency solver.

m P P fsm (GHz)  f360 (GHz)  f3eo/ fsim
49 27 0.324 227.3593 227.3593 0.9999999
49 28 0.317 232.3405 232.3403 0.9999991
50 29 0.314 239.2895 227.2891 0.9999985
49 29 0.310 237.3132 227.3125 0.9999970
48 29 0.306 235.3375 235.3360 0.9999936
49 30 0.304 242.2821 242.2803 0.9999924
49 31 0.298 247.2541 247.2505 0.9999853
47 30 0.296 238.3464 238.3413 0.9999786
46 30 0.292 236.3972 236.3895 0.9999673
45 30 0.288 234.4694 234.4458 0.9998995

A more detailed quantitative analysis of very high-order modes in wave-
guides with corrugated insert has been developed, based on spacial Fourier
harmonics. In the following, the transverse electric field of the modes was
understood as £, = FE, + iE,, where both components are functions of
the radial coordinate r and of the azimuthal coordinate ¢. The radial co-
ordinate r has been fixed to r, = 10.24 mm, therefore, the 27-periodic,
complex function F, (¢) remained. (Note that this function differs from
E, = E; +iE, in Annex A by a factor of €' in order to account for
“unwinding” the azimuthal cordinate.) This function can now be written in

the form

Ei (o) = Z E,e'1? (3.2)
q=0
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where E, are complex Fourier coefficients. The spectrum of |E,|* over ¢
gives the relative power of g-fold rotational symmetric contributions. It is
obvious that an axisymmetric field pattern would give E | (p) = Ej and
a constant field would give a one-fold symmetric pattern (plus higher har-
monics), which is consistent with the intuitive understanding of the contri-
butions of the F;. Along the azimuthal coordinate a large prime number of
discretization steps, namely n, = 59359, was chosen to avoid common di-
visors or multiples of the step number and the azimuthal index, which might
lead to numerical errors. Due to 2 - 45 — 89 = 1 (Eq. 3.1), it is clear that
TEy5.30{89} would not have been a good choice for illustration in Fig. 3.3,
since it simply adds a linearly increasing field over the cavity cross-section.

For illustration, Fig. 3.5 shows three power spectra up to about
q =80. As one can see (and expect), TEy5 30{100} has one large am-
plitude for ¢ = m = 45; the other contributions, e.g. the resonance at
g = 55 = M — m, are significantly lower. Mode TE4 30{89}, which was
shown on the left in Fig. 3.3, has large contributions of ¢ = m = 46,
q = 43 = 89 — 46, and ¢ = 37; and smaller ones at ¢ = 20 (which
might be related to the number of azimuthal discretizations n,), ¢ = 52,
and ¢ = 54. The visible pattern in Fig. 3.3 could result from the differences
Ag = 46 — 43 = 3 and Ag = 46 — 37 = 9. Mode TE44,30{100} has
only the contributions ¢ = m = 46 and, at smaller power, ¢ = 20 and
q =100 — 46 = 54 left.

Figure 3.6 shows power spectra for mode TEy5 30{ M} with selected Mj.
For My < 100, the spectra have strong components in addition to ¢ = 45,
in particular ¢ = 14 = 59 — 45 for TE45 30{59} and ¢ = 34 = 79 — 45 for
TEu5,30{79}. For My > 100, only ¢ = 25 remains strong for all Ay, but
not significant. All other spectral components are not far above the numer-
ical noise level, as obtained by spectral analysis of mode TEy5 50{0}, i.e.
with a smooth insert. Hence, one can conclude that M7 = 100 is sufficient
for the geometry considered in Chapter 2, in the sense that the eigenvalues

and transversal profiles of the main mode and of its most severe competi-
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Figure 3.5: Power spectra for modes TE45 30{100}, TE46,30{89}, and TE4¢,30{100}.

tors are sufficiently well predicted by the SIM. The much stronger criterion
Mi > |m| + Xmp ([IALT11], Eq. 14), which would demand more than 200
corrugations, is thus not considered mandatory.

With Ry ~ 8.6 mm and Dy 1min ~ 0.2 mm, one could safely manu-
facture My max = 135 corrugations with the required dimensions. There-
fore, the corrugation number analysis in this Section supports the design

described in the previous Chapter.
3.3 In-Depth Analysis of Insert Misalignment

3.3.1 Overview

Being the desired set-up, perfectly aligned geometries, i.e. geometries
where emitter, insert (if present), electron beam, and cavity wall are ex-
actly concentric versus each other, are usually considered in hollow- and

coaxial-cavity gyrotron studies. In reality, however, concentricity can only
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Figure 3.6: Power spectra (real parts of the amplitudes) for TE45, 30{ M1} with My < 100
(upper) and M7 > 100 (lower). See text for discussion.
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be achieved to a certain extent. Even if one assumes perfectly cylindrical
components (no elliptical deformations, no unintended bends), misalign-
ments — lateral displacements (shifts) or angular displacements (tilts) —

between the axes of the following components will inevitably occur:
* Magnet,
* Magnetic field axis (equivalently: electron beam axis) at the cavity,
* Magnetic field axis at the emitter,
e Gyrotron body (as a whole),
¢ Cathode with emitter,
¢ Cavity wall, and
¢ Coaxial insert.

Gyrotron body axis, emitter axis, cavity axis and — commonly — insert axis
are fixed against each other, as are the mechanical magnet axis and the mag-
netic field axis at the cavity. However, gyrotron body and magnet can usu-
ally be moved versus each other such that the magnetic field axis at the
emitter coincides with the emitter axis. Tilting the gyrotron or using dipole
magnets of sufficient strength, the magnetic field axis in the cavity region
could now be aligned with either the cavity wall axis or with the insert axis
(or with neither of both). See Fig. 3.7 for an illustration: Only if the insert
can be aligned and if dipole coils are used, all field axes (red, yellow) can
coincide with mechanical axes (green, blue). Assuming that cavity wall and

insert cannot be aligned, the following questions are to be answered:

1. Should the electron beam be aligned with the wall, with the insert or

neither?

2. How can the effects of this misalignment on electron beam and RF
field be simulated?
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Gyrotron body Magnet
axis mechanical axis
alignment
fixed
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Cavity wall
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. Magnetic field axis
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fixed Coaxial insert dip.ffle
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Magnetic field axis

Emitter axis at emitter

Figure 3.7: Possibilities to align gyrotron components. Green: Mechanical gyrotron structure.
Blue: Coaxial insert. Red: Magnet without dipole coils. Yellow: Effect of dipole coils. Labels
written in boldface refer to axes that influence the gyrotron interaction directly.

The first question will be answered in Section 3.3.2, the second question
in the subsequent Sections. As already mentioned above, only shifts need
to be considered concerning the insert misalignment. This allows one to
keep considerations restricted to the two dimensions of the cross-section
of the cavity, an approach that is found widely in the literature, see e.g.
[DP95, DNO4, ZM11].

In addition to the static misalignment the coaxial insert vibrates due to
the internal cooling. The amplitude of this dynamic misalignment can be
estimated as 50 um (extrapolation from 30 um in [PBD99]) and could be
taken into account in interaction simulations as time-dependent static mis-
alignment. As a first estimation and until such interaction code extensions

exist, only static misalignment is considered in this work.
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3.3 In-Depth Analysis of Insert Misalignment

3.3.2 Phenomenology

Via conformal mapping the electro- or magnetostatic fields in a cavity with
arbitrarily misaligned insert, e.g. the voltage between differently charged
wall and insert, can be described analytically in a bipolar coordinate system.
Unfortunately, the Helmholtz differential equation in bipolar coordinates is
not separable in those coordinates; thus, an analytic description of the trans-
verse field of a TE mode (or of any other nontrivial electromagnetic field)
is not possible with two independent indices m and p. This corresponds
to the observation that modes in extremely misaligned cavities do usually
not form neat mode patterns!, especially not patterns that resemble aligned-
cavity modes. “Extremely misaligned” with respect to a given mode refers
in this work to an insert that is misaligned strongly enough that it overlaps
with the onset of the first maximum of that mode. See Figs. 3.8 and 3.9 for
illustration.

For small enough misalignment, mode patterns converge to aligned-
cavity modes and, at least for large enough caustic radii, to hollow-cavity
modes with their well-defined, distinct azimuthal and radial indices. Fortu-
nately it turns out that modes even in cavities with practically inacceptable
large insert misalignment still resemble hollow-cavity modes. Figure 3.10
shows that for 1 mm misalignment, mode TE,g 29{100} basically retains
its shape. The first, inner mode maximum is pushed away by the insert
misalignment by less than 50 um, which is smaller than the cyclotron ra-
dius of the electrons (80 um) and around 1/6 of the theoretical beam width
(286 pm). This can be explained if the mode pattern is understood as Gaus-
sian microwave rays being reflected at the cavity walls with spread angle
1 = 2 arccos(m/Xmp): While the mode pattern is determined by the shape
of the wall, the insert plays a role only if it is in the direct path of the rays
(or, due to the relatively long wavelength, next to those paths). By contrast,

a smooth insert pulls the first maximum slightly towards itself, opposite to

! as opposed to e.g. modes in rectangular, elliptical, or confocal-parabolic cavities
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the misalignment. With the considerations given in Section 3.3.4 this is

disadvantageous concerning electron energy spread.

Figure 3.8: Some examples for modes in the design cavity around 238 GHz where the insert is
misaligned by the extreme value of 13 mm. Modes are sorted from (a) to (i) according to where
the maximum electric field touches the insert, which might correspond to the relative caustic
radius of equivalent modes in aligned (or hollow) cavities. Neatly structured mode patterns of
otherwise heavily disturbed modes, such as (g) and (i), seem to result from a beneficial relation
between cavity geometry and wavelength. The misalignment has been chosen such that Graf’s
theorem is not applicable; however, modes with caustic radii larger than mode (a) resemble
regular hollow-cavity modes, indicating that the non-applicability of Graf’s theorem is not a
sufficient condition for irregular mode shapes.
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Figure 3.9: Mode TE49 29{100} in a coaxial cavity with misalignment of (a) 3.0 mm
(239.130 GHz), (b) 2.5 mm (238.390 GHz), (c) 2.0 mm (237.850 GHz), and (d) 1.5 mm
(237.540 GHz). With decreasing misalignment the mode pattern becomes more regular.

In analogy to the considerations in Section 3.2 one could describe the
misaligned mode pattern in terms of Fourier components of the complex
electric field along the nominal electron beam radius (Eq. 3.2). However,
this approach has been used there only because the SIM was not applicable.
In the following, an exact description of TE modes in misaligned cavities
within the assumptions of SIM will be given, rendering the Fourier approach

obsolete.
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Figure 3.10: Graphical comparison of mode TE49 29{100} in an aligned cavity (upper half)
and in a cavity with insert misalignment of 1 mm to the right (lower half). Due to the calculation
procedure both modes are slightly rotated towards each other. The boxes on the right-hand side
demonstrate how tiny the effect of insert misalignment experienced by the mode maximum is.

3.3.3 Theory of Misaligned Modes

In this Section the theory of misaligned modes in cavities with corrugated
insert, assuming validity of SIM, is presented. The derivations here are a
logical continuation of the considerations in Annex B and follow the same

formalism.

Calculation of Eigenvalue and Field Amplitudes

In order to derive the basic equations for the misaligned insert, one can
follow Zhang and Thumm [ZTO00]. The general expression for the B, com-
ponent expressed in the coordinate system of the inner rod (7, ¥in) using
Bessel (J,,,) and Neumann (/V,,,) functions with constant coefficients B Joms

BN,m is
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3.3 In-Depth Analysis of Insert Misalignment

va <P1n Z (BJ m klrm) + BN m m(kL"’in)> e~ imein

m

Using Graf’s addition formula for misalignment between the axes of inner
rod and outer wall Drp, one can express the same field in the coordinates of
the outer wall (r, ):

Bz(ﬁ‘ﬁ) =

o ) (33
3 (BJ’qu(k:J_r) + BN,qu(klr)) Jyem (k1 Dio)e™i9
m

g=—0

Graf’s theorem is valid for Neumann functions only if Do < r because
the pole of the Neumann functions at rj, = 0 cannot be approximated by
functions which are smooth at this point. This inequality can only be vio-
lated if the misalignment is at least half the insert radius, 2D;o > Ry, which
is not considered for physical reasons anyways. The impedance boundary
condition at the cavity wall in the aligned geometry as expressed in Eq. B.11
leads to
ipow

ki
DS (BJme;(kLRO) + BN,mN;(kLRO)) Jy—m (k1 Dio)e— 199

m g=—00

Zo =

(o]

> % (Bumr(kiRo) + By Ne(k Ro) ) Jy—m(k1 Dio)e ¢

m r=—oo

3.4)

for the misaligned insert. The following considerations will be restricted to

a perfectly conducting outer wall, with impedance Zo = 0.
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Since the Eq. 3.4 has to be true for all ¢, one obtains:

2:@%m%“l&ﬁ+BMmNJMR@)%HJMDm):O‘WEZ

m

(3.5)

which has to be solved for unknown field amplitudes Bm (that replace B Jm
and Bz\um, see Eq. B.13) and for eigenvalue yo = k| Ro. With the defini-
tion of the characteristic matrix

K0 = Iy (052 ) (1,00 . =N, (0)

N/ (X(;) N, (é‘i‘;) . %7; coS (X%IZT‘I) 3.6)
R () () g ()

and of its derivative analogous to Eq. B.21,

O3 K gm ()], = Jg=m (XO%;)> ' (Jé (xo) , —Ng (Xo)) '
() ()] [ e (52)
J/ (%R) I (L?%) MIRDOcp,I sin (X(}ZT,I)
3.7

one can write Eq. 3.5 as a vector equation:

KBy =0 3.8)

Here, éin represents the field amplitudes with respect to the inner-rod coor-
dinate system, while K relates these amplitudes to the electromagnetic field

at the cavity wall, specifically as K to the boundary condition.
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3.3 In-Depth Analysis of Insert Misalignment

For nontrivial solutions of Eq. 3.8, i.e. where Ein #* 6 det (K ’) has to

vanish and éin is the kernel of K’. For almost all (in a mathematical
sense) radii ratios C'r, and therefore in numerical investigations, all roots
of det (K ’(x)) are single roots, thus the kernel is one-dimensional, i.e.
the solution is unique up to a (real-valued) constant: the energy content
of the mode. If the misalignment vanishes, Dip = 0, K "isa diagonal ma-
trix, the determinant of which is just the product of its diagonal elements,
det (K'(x)) = I1,, Klum(x). This product is obviously zero if (at least)
one of the K/

mm 18 zero, and hence it can be reduced to the well-known

Eq. B.21 for all azimuthal indices m individually.

For a given maximum number of azimuthal indices my,ax the number
of roots of det (K ’(x)) below a given Xpax is roughly independent of
the misalignment, which confirms the intuitive understanding that possi-
ble eigenmodes neither appear nor vanish just by moving the insert. But
this also means that by counting all roots corresponding to any given m up
t0 Xmax, all those misaligned-cavity eigenmodes representing “different ra-
dial indices” are included, even though m and p might completely lose the

intuitive meaning they had in hollow cavities.
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Azimuthal Components

The individual field components at the outer wall (expressed in the outer

wall system) Bq,o can be obtained via

RO) - K(XO) . Ein

(
< By(Ro) =Y _ Kgm(xo)Bm Vg€ 2

m

(3.9)

Similarly, for a beam concentric to and expressed in coordinates of the outer

wall, with x, = xo/Ro * rb:

éou< > K( b) - Bin
Z o) B Ve Z (3.10)

If one attempts at describing the outer wall boundary condition in terms of
the inner wall coordinate system, one has to identify the indices ¢ and r in
the expression for Z1 analogous to Eq. 3.4, which seems less straightfor-
ward. For an impedance corrugation, the respective matrix shall not van-
ish, but return the boundary fields for all azimuthal components. Thus,
to obtain an equation of the form Eq. 3.8 that can be solved, one has to
substract the impedance boundary condition from individual matrix terms.
The result is simply the transposed matrix (multiplied by the impedance),
K ,’,(,‘Z,utqm) K ,;(.,if_}om), which is comprehensible since for each root yo
both matrices have to vanish simultaneously, and a transposition is the only
nonarbitrary matrix transformation that ensures this property. Bout is then
the cokernel of K.

Of course, one has to express the field components at the coaxial insert
in its own coordinate system, which, with field amplitudes analogous to
Eq. 3.8, yields
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m(RI) ( )

B
< Z 7(x1) B VYm e Z G.11)
q

Here, x1 = xo/Cg. It turns out that, in numerical calculations with appro-
priately high eigenvalue precision, the field amplitudes are independent of
the chosen coordinateAsystem, EoutA = éin =: é, as it should be. The az-
imuthal components éin(RI) and éout(Ro), on the other hand, do depend
on the choice of the coordinate system. Of course, it makes only sense to
express the components at any radius in the proper coordinate system, i.e.
éirl(Ro) is not a reasonable expression.

Mind that with the presented method, the eigenvalue xo (equivalently,
the cutoff wavenumber k| ) for each solution is the same for all field com-
ponents with indices ¢ (or m). This means that an eigenmode in the
misaligned cavity is not represented as a sum over aligned-cavity modes
> mp @mp TEm; (which would of course have individual cutoff frequen-
cies), but over mathematically constructed fields with various azimuthal
symmetries. Those fields do not necessarily “fit” into the waveguide, i.e.
they do not individually fulfill the boundary conditions, and all oscillate at
the same frequency. Therefore, this kind of decomposition is not directly
comparable to the decomposition of an electromagnetic field into (hollow-
or coaxial-cavity) eigenmodes, as it would for example be relevant for mode
conversion calculations at the end of the insert.

To emphasize this, one could for example consider a rectangular wave-
guide instead of the misaligned coaxial cavity. In analogy to the above
situation, a chosen rectangular-waveguide mode TE%'/[ n at cutoff shall —
for whatever reason — be expressed as a linear combination of circular-
waveguide modes TE%. As this is a purely mathematical procedure, the un-
derlying physics must remain unchanged. If the circular-waveguide modes
had various cutoff frequencies, some would be below cutoff and some

above, and consequently there would be dispersion along the waveguide.
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This would be in contradiction to the presupposition for mode TEE/I N> SO
the TE% modes must all have the same frequency. In order to fulfill the
rectangular boundary condition, the relative strengths of the TE% modes
must be chosen properly, and of course, none of them fulfills this rectangu-
lar boundary condition individually. It is also apparent that the radial indices
p of the obtained hollow-cavity modes TE% are irrelevant since the modes
are only fixed by their cutoff frequency and by their relative strength, and
therefore all modes TE% with the same azimuthal index ¢ are equivalent.
Due to their identical cutoff frequency but different (and, because of the
irrelevant p, ambiguously defined) eigenvalues, the TE% do not even coex-
ist in the same circular waveguide. To emphasize the distinction between
those TE% and what is usually understood as a set of “circular-waveguide
modes”, the TE% are termed “azimuthal components” in this work.

In the above example of a rectangular waveguide it had been assumed, but
not proven that an expansion of mode TEE/[ w 1n azimuthal components is
unique and converges to the given mode for a large number of components.
This is different from the misaligned-cavity geometry, where the require-

ment for Graf’s theorem, 2D1o > Ry, ensures these assumptions.

Normalization Constant

The normalization constant U? of a mode in the misaligned cavity can be
calculated following Eq. B.27, where the aligned-cavity mode electric field
E has to be replaced by the fields over all azimuthal components q Eq.
Due to the mutual orthogonality of the modes, the absolute square of the
sum over the components is equivalent to a summation over the absolute
squares of the individual components, which can be integrated analytically
considering Eq. B.29. As already discussed, the two boundaries have to be

expressed in their respective coordinate system, which results in
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2 :ﬁZBQ (R )( 2 2)_
1 kﬁ_ 2,q\ 1O Xo q
, (3.12)
TC .

with the field contribution within the corrugations < as defined in Eq. B.19.
All summands are clearly always nonnegative, as it should be for energy

states. For simplification, the two sums can formally be merged, yielding

2 A
0t = T S (82,0 (6~ ) -
T (3.13)
- B2 (R1)- (xf — ¢ + W)>

but here, since none of those individual summands has a physical meaning
for itself, some of them can be negative, especially for large misalignment,

for large insert radius, or if k; D1 — 7/2.

Azimuthal Index of Misaligned Modes

As already discussed in Section 3.3.2, the eigenmodes (with defined eigen-
value o) of a tapered cavity with corrugated misaligned and perhaps tilted
insert do not necessarily correspond to hollow-cavity modes TE,,,;,;. Espe-
cially in non-rotationally symmetric systems, one should not expect that it
is generally possible to uniquely assign “axial”, “azimuthal”, and “radial”
indices. But at least under Vlasov approximation one can by definition con-
sider TE modes that have a well-defined axial index [ and for each transver-
sal slice at coordinate z a “transversal index” w, where w(z) ~ (m, p) in ax-
isymmetric cavities. The latter equivalence implies a possible z-dependence
of the traditional indices: m = m(z), p = p(z). Mind that this does not

mean mode conversion, it just indicates that the same eigenmode resembles
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a hollow-cavity mode TE,,,,,, at one axial coordinate z; and a different
hollow-cavity mode TE,,,,,, at another coordinate zs.

Despite this, it is convenient to retain the hollow-cavity mode designa-
tion “TE,,;,” as far as possible. This should at least cover geometries with
small enough misalignment where one can obtain both indices by counting
azimuthal and radial maxima, such as in Fig. 3.9c-d or in the lower half of
Fig. 3.10, at each axial position z. (Since mode profile transitions on trans-
verse planes are smooth, this implies that m and p remain the same along
the whole cavity.) Here, hollow-cavity mode component TE,,,,, within mode
TE,, is large enough such that its profile dominates over all other profiles
TE,,,. Physically speaking, component TE,,,,, has the highest energy con-
tent of all components (Eq. 3.12):

Mdom = {q | Bf7q(Ro) . (X%‘) — q2) L max } (3.14)

The corresponding radial index p4on, is then the p-th root where mgyom = m,
counting from y = 0 [FAGT16b].

Figure 3.11 shows the found roots within a certain x-C'r region, using a
matrix with m, ¢ = 0 ... 65, for two alignments. The radii ratios are sampled
according to the axial coordinate, and the dominant azimuthal component is
color-coded. One observes that roots with the same dominant azimuthal
index mgom lie on the typical x-C'r curves, indicating that the described
assignment of azimuthal indices is consistent between different C'z. Curves
with lower mgon, are steeper than modes with high mq,, and are more af-
fected by the misalignment, which confirms that modes with smaller caustic
radius are interact stronger with the insert than modes with larger caustic.
Figure 3.12 shows the eigenvalue curve of modes TE49 29 and TEy5 3¢ for

several misalignments.
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Figure 3.11: Roots of a characteristic function for D;o = 0 um (upper) and Do = 200 pm
(lower) within a chosen x-C'r region. The dominant azimuthal index mqop, is indicated for
each root.
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Figure 3.12: Eigenvalue curves of modes TE49 29 (upper) and TEy45, 30 (lower) for misalign-
ments 0 um, 100 pm, 150 um, and 200 um. Increasing misalignment as well as increasing
the coaxial insert radius increases the main mode eigenvalue. Over the same C'r range, the
eigenvalue of mode TEy45,30 changes almost ten times more. Hollow-cavity eigenvalues are
158.058 and 156.040, respectively.
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Figure 3.13: Energy content of azimuthal components g for mode TE4¢,27. See text for
discussion.

Alternatively to Eq. 3.14 one could ask for the dominant aligned-insert
component, which would additionally include the negative “I” term from
Eq. 3.13. However, as already pointed out, the resulting term has no direct
physical meaning and might even be less than zero. For relevant scenarios,
the coaxial-cavity modes are very similar to their hollow-cavity counter-
parts anyways; thus, the additional term is much smaller than the term used
in Eq. 3.14.

In Figure 3.13 the normalized energy spectrum of mode TEs 7 at a
misalignment of 350 um is shown: the green curve represents the energy
components with respect to hollow-cavity modes, while the black curve rep-
resents the components with respect to aligned-insert modes. Both curves
largely agree, especially for the largest components. One can see that the
next-largest components are ¢ = mgom =+ 2, which appears to be typical for
misalignment larger than 300 um also for the ten most relevant modes, while

smaller misalignment leads to ¢ = mqom £ 1 as next dominant components.
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As long as m/xo < Ri/Ro, the amplitudes B, are all of the same or-
der, but decrease quickly for higher m, which corresponds to the relative
field strength of the mode at the insert position. On the other hand, the
matrix elements K (/zm of Eq. 3.7, and likewise the K,,, generally increase
quickly with increasing m above Ri/Ro - xo due to N/ (xo/Cr). Thus,
from the components Eq(Ro) in Eq. 3.9 one can obtain a dominant term
By, tom. 5 (F20) with a reasonable value mgom, 5. However, one cannot al-
ways directly infer from mqgom,B t0 Mdom, and the values for mqyom,p are
slightly less consistent over Cr.

For the TE49 29 coaxial-cavity midsection described in this work, as-
signment of the dominant azimuthal component as azimuthal index usually
works for misalignment up to 1000 um. However, as soon as up- and down-
taper are included, the dominant azimuthal index varies along the cavity
axis for misalignment larger than around 400 pm. Usually, one of the strong
components visible in Fig. 3.13 takes over, leading to azimuthal index jumps
of Amgom = 2. This does not necessarily mean that gyrotron operation
would become unstable at this point, but it indicates that interaction simu-
lations based on modes with defined azimuthal and radial indices cannot be

trusted.

Fraction of Unwanted Mode Content

Even under the assumption that only the desired operating mode is excited
in the (misaligned coaxial) cavity and that it is guided through the nonlinear
uptaper into the launcher without any mode conversion, it will transform
into a hollow-cavity mode TE,,, . ».... as soon as the coaxial insert ends
(see Fig. 1.11). Therefore, the expected stray radiation level is at least the
unwanted amount of energy that is not contained in the dominant hollow-

cavity component:
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2 A
%Bg,mdom (RO) ’ (X2O - mﬁom)

Cstray =1- UJQ_

(3.15)

This principle is schematically shown in Fig. 3.14.

The center of the cavity would here be an appropriate reference axial
coordinate to determine Cgqray; however, the dependence of the unwanted
mode content on the axial position is insignificant. As an example, Fig. 3.15
shows the nine strongest azimuthal components of (arbitrarily chosen) mode
TEy6,27 in a cavity with 300 ym misalignment, i.e. slightly smaller than in
Fig. 3.13. The dependence of the components on the local cutoff eigenvalue
(and thus on z) is small in absolute terms and even smaller in relative terms.
In this special case, components ¢ = 44, ¢ = 45, ¢ = 47 and ¢ = 48
each have almost the same strength of around 28 % of the dominant com-
ponent myom = 46, which thus carries less than 50 % of the mode’s total
power. Furthermore, one can observe that the component strength is roughly
symmetric to the dominant component, i.e. Uy, —Aq = Uny,+4q for

relevant Agq.

0-0-0-8 0O

(misaligned) (aligned)

output mode

Figure 3.14: Stray radiation content of a mode in a cavity with misaligned insert. The stray
radiation consists of the power carried by the non-dominant azimuthal components as well
as by the part of the dominant component that differs from the corresponding hollow-cavity
mode. Energy conversion from the non-dominant components into the hollow-cavity output
mode does not take place because of the absence of a structure that could change the azimuthal
indices.
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Of course, the total stray radiation in the gyrotron is higher than Cy,ay, as
it results not only from the fact that the dominant mode component has in
fact a wavevector (slightly) different from that of the corresponding hollow-
cavity mode, but also from spurious modes, mode conversion in uptaper
and launcher, diffusive reflections from the mirrors, and reflections from the
output window [RPK™10, PDD*05]. In the following it is assumed that,
if a MSDC is used, the RF power lost by stray radiation as such will not
decrease the gyrotron efficiency (as defined by the ratio of radiation output
and electric input of the tube) below the desired requirement of e.g. 60 %.
However, one would assume that the accumulated radiation in the mirror
box can be reflected back into the cavity — not necessarily in opposite direc-

tion of the operating mode, but as waves with all possible k, components —
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Wg=42

+q=43

q=44

Aq=45

»q=46

4E-08 e
Mq=48

g=49

®g=50

TELLLELL LR,
')iii;‘.‘x';“P‘HHhHhh‘ﬁ:::l:hNhnunhhhhh"

LDiabobbaddd dodssssasasdas

222222222 X RN KR NN R B B N B 2 N N B N 4
0E+00 S —— NENVNENENN NN EEEEE N EEEEN
147.488 147.498 147.508 147.518 147.528 147.538 147.548

X

Figure 3.15: Energy content of nine azimuthal components for mode TE4¢ 27 versus eigen-
value x (arbitrary units). The inhomogeneous sampling results from the nonlinear dependence
of x on z. See text.
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and disturb the interaction if its power relative to the generated RF power is
significant. If an upper limit for internal stray radiation is defined and the
basic stray radiation (with an aligned insert) is estimated, one can conclude
the maximum permitted insert misalignment from Eq. 3.15.

Table 3.2 gives power estimations for a 2 MW DEMO gyrotron with a
MSDC. Values have been chosen such that typical requirements on powers
and efficiencies are met. In this example, electron beam generation con-
sumes 7225 kW (P; + ... + Pg), while the auxiliary systems need 15 kW
(Py + P1o + Pi1), totalling 7240 kW. The beam power distributes over mi-
crowave radiation outside of the window (2050 kW, P; + P,), residual elec-
tron energy (5000 kW, P; + P,), and internal losses (175 kW, P5 + ...+ Py).
The internal losses can be apportioned into ohmic losses (65 kW, P; + Pg)
and stray radiation (110 kW, P5 + F).

From these considerations one can conclude that the stray level Ciray
should not exceed 3.3 % in order to keep the total stray radiation in the gy-
rotron below 5 % of the converted electron energy. A less conservative ap-
proach would allow total stray losses of 8 % (P5 = 145 kW), which results
in Cspray < 6.6 %. Even for reduced basic stray radiation P = 30 kW,
Cstray should not exceed 7 % to keep total stray losses below 8 %. Of
course, the exact target values for stray radiation depend on the chosen
power and efficiency estimations, but they do not differ considerably if other
(realistic) values P, ..., P11 are chosen.

Table 3.3 shows the stray levels C;,y in percent of the ten most relevant
modes (see Table 1.1) over the cavity midsection for misalignment from
100 um to 200 um. In the aligned case, coaxial-cavity and hollow-cavity
modes basically coincide, and the stray level is negligible. For a misalign-
ment of 200 um, stray radiation exceeds 7 % of the total RF energy. Stray
radiation and its variation depend mostly on the mode eigenvalue for small
misalignment, and increasingly on the relative caustic radius of the respec-
tive mode for larger misalignment. It increases strongly with increasing

misalignment, corresponding to the exponential inner onset of the TE mode
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Table 3.2: Power and efficiency estimations for a 2 MW gyrotron with MSDC.

Partial power Variable Value (kW)
Electron energy recovered by MSDC P 4000
MSDC bombardment/heating P, 1000
RF outside window: Gaussian content Ps 2000
RF outside window: Non-Gaussian P, 50
Stray radiation due to misalignment P; 70
Other internal stray radiation Py 40
Ohmic loading on the insert P; 5
Ohmic loading on other components Py 60
Operation of cooling systems Py 5
Operation of control systems/diagnostics Py 5
Operation of the magnet Prq 5
Efficiency or share Formula Value (%)
Total system efficiency ﬁ 61.7
Gyrotron efficiency % 63.6
Interaction efficiency % 29.3
Collector efficiency Plil 7 80.0
Gaussian mode content P31~3k3P4 97.6
Internal losses % 7.9
Ohmic losses % 2.9
Stray losses (internal radiation) % 4.9
Stray level Cytray e s 3.3
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fields. For any misalignment, the stray level is roughly the same for the
design mode and for its main competitors; therefore, it suffices to state that
a certain misalignment induces a certain amount of stray radiation. Tak-
ing the above considerations into account, insert misalignment should not
exceed 150 pm for the 238 GHz 2 MW gyrotron to operate properly, and
should remain below 200 um even if comparably large stray radiation can

be tolerated.

Table 3.3: Stray radiation levels Cstray in percent for the ten most relevant modes and for three
misalignments. Minimum and maximum stray level values were evaluated under consideration
of the entire cavity midsection.

Mode 100 pm 150 pm 200 pm
TE45,30 1.16 - 1.17 3.17-3.19 72-73
TE46,30 1.22-1.22 331-3.34 7.6-17.6
TE47 30 1.27 -1.28 3.47-3.50 7.9-8.0
TE4s8,29 1.32-1.33 3.56 - 3.57 8.0-8.1
TE49,27 1.35-1.35 3.53-3.55 7.5-7.8
TE49,28 1.36 — 1.37 3.62 - 3.63 7.8-8.1
TE49 29 1.38 - 1.38 3.71-3.72 8.1-8.4
TEu49, 30 1.39 - 1.40 3.79 -3.81 8.4-8.7
TE49 31 1.40-141 3.87-3.90 8.7-9.1
TEs0,29 143 -1.44 3.86 - 3.87 8.7-8.7
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Ohmic Loading and Quality Factor

The total ohmic loading on a surface with radius R by a mode in a mis-
aligned cavity is just the sum over the loadings by its individual azimuthal

components:

D X 2\ .
wQ<R>=2%COTS (F(z)2+( k(f) ,umR> >-Bﬁ,m(R> (3.16)

Here, Ds is the skin depth of the surface and I'(z) is the axial mode pro-
file. In full analogy to the formula for the ohmic Q factor in the aligned
cavity, Eq. B.32, one can express the ohmic quality factor in the misaligned

geometry by sums over the azimuthal components:

_ Fo,
© X0
5 (B2,(Bo) (& —m?) = B2, (B) (G —m? +=)) (.17
5 (Ds.0 x0 B2 (Ro) + Dsaoa B2, (Ry))

m

Qo

Coupling Factor

In order to determine the coupling factor’ for misaligned fields one has to
use the summation over azimuthal components (Eq. 3.9) before expand-
ing the field in a series of cyclotron harmonics s (as in the aligned case in
Eq. B.47). Clearly it is the characteristic matrix /& that has to be expanded
here, as it is the r-dependent quantity. Nevertheless, since K is a compli-
cated, however linear combination of Bessel and Neumann functions, Graf’s

theorem is still applicable (for each m separately). Thus,

2 also known as coupling constant or coupling coefficient
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BH,q—1(kqpr)ei(l_@(“’_%) — ZBmKQ71,m(kqpr)ei(l_q)(¢_¢b) _

+oo
- ZBm Z Ky s (kgpr) Js—1 (kgpre el D m—ee)

(s—1)=—o0

(3.18)

In the expression for the coupling factor (Eq. B.50), the expressions for
eigenvalue, wavevector, and frequency can be simplified to cRo, which, to-
gether with Js_l(kqprc), is constant for all azimuthal components of the
same harmonic s. For clarity, the total field energy (Eq. 3.13) can be ex-

pressed by the sum of its components. Therefore, the coupling factor is

Baare) Js—1(kgprc) (3.19)
S U oy
Here, Eq. 3.10 applies, using Bq_s(rb) = > B,,LKq_&m(k:qprb), as
in Eq. 3.18. Clearly, this coupling factor is not well-defined because the
azimuthal index ¢ of a mode in a misaligned cavity is neither, which itself
is a consequence of the underlying requirement that the coupling depends
only on the radial — and not on the azimuthal — coordinate (see Eq. B.43).
However, for not too large misalignment one would expect that the diagonal
elements of K are substantially larger than the nondiagonal elements, thus
one could assign ¢ — mgom to obtain a good approximate value for the
coupling.

For aligned cavities, only K,_, ,—s and U g4, are nonzero, and Eq. 3.19

simplifies to the well-known coupling factor, see Eq. B.50.
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3 Design Considerations for Inner Conductor and Cavity

Numerical Implementation

This Section gives an overview of how the theory of misaligned inserts has
been implemented in the code SCNCHIMP (see Annex C.2.4). Eight-bit
precision is sufficient for all calculations; no numerical instabilities have
been encountered. A typical full calculation for the cavity and frequency
given in this work takes one day using a server with 16 Intel Xeon E5 dual-
CPUs at 2.9 GHz. The most central question concerning numerical imple-
mentation of the theory presented here is how to treat the infinitely large ma-
trix '. So far, the approach first presented in [DP95] is used exclusively in
the literature, where K extend over values m = (mg—Am) ... (mo+Am)
and ¢ = (mo — Am) ... (mg + Am) with sufficiently large Am for a given
set of interesting azimuthal indices {my}. This approach will be referred to
as the “Small matrix approach” (SMA). In order to prove convergence for

increasing Am, one can consider normalized characteristic functions,

det (K'(mo, Am, x))

K/
det (K'(m(),mo)(mo, Am, X))

small(m()? Am? X) =

where K Emo,m) denotes the (g, mg)-minor of K.

However, during calculation of eigenvalues for m, in the misaligned case,
one also obtains spurious roots (and, in the normalized case, poles) due
to the higher-oder matrix determinant. Those modes are spurious insofar
as they correspond to azimuthal indices m # mg which are the central
indices of other Small matrices and are determined there with the desired
high precision.

For large, but reasonable misalignment and for very high-order eigen-
values, the required matrix size exceeds 30 times 30 entries, which cor-
responds to a high density of spurious eigenvalues. For several, adjacent

central azimuthal indices m(, many of those matrices have identical en-
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3.3 In-Depth Analysis of Insert Misalignment

tries. Therefore, combining these small matrices into one single matrix with
m=0..(Mmax +Am)and ¢ =0 ... (Mmax + Am)

¢ reduces the total number of matrix elements to be calculated,

e enables re-using results from time-consuming Bessel and Neumann

function calculations,

* gives every root a physical meaning, regardless of how precisely roots

for m — 0 or m — Mmumax + Am are determined, and
¢ reduces the number of matrix determinants to be calculated.

This approach will be termed “Large matrix approach” (LMA) and will be
discussed from now on. Figure 3.16 illustrates the relation between SMA
and LMA. One major disadvantage of the LMA is the fact that the matrix de-
terminant can become very large, especially for small m. However, this can
be mitigated by normalizing each matrix element to the (M. +Am—+1)-th
root of the absolute value of the product of the matrix’s diagonal elements
before subsequent calculations. One could also consider a full Large matrix,
i.e. one that includes elements outside the band +Am around the main di-
agonal, since the corresponding Bessel and Neumann functions have to be
calculated anyways. However, the results — eigenvalue and field amplitudes
—will not change because the matrix elements decrease by J,, (k1 Dio) with
distance n from the main diagonal and are therefore typically very close to
zero for large n.

For any geometry and pre-defined value Ay, two subsequent roots ., ,
X, Of K'() can be closer to each other than Ay, and there is no method
to predict the distance x,,, — X«,. However, statistically there is a typical
minimum distance between subsequent roots, which can serve as the maxi-
mum step size for a root search to find all eigenvalues with high probability.
As an example, for mg = 49 and Am = 26, Ay ~ 5 - 1076, After one
root is found, it should be resolved up to a precision of §x ~ 10~ to obtain

correct results in subsequent calculations.
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Kmo-Am,m0+Am

. K' .

Kmo,Am = . mp,Mmg .
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Figure 3.16: Illustration of the Small matrix approach (upper) versus the Large matrix ap-
proach (lower). Orange areas represent nonzero matrix elements. As one can see, the overlap
of identical Small-matrix elements in the LMA is large. Since at least one element per row
and per column in the Large matrix has to be determined anyway, an efficient algorithm allows
to calculate all Large-matrix elements (including the ones outside of the Am band) without
additional need for Bessel and Neumann function calculations.

In order to analyze the bahavior of relevant modes one would usually con-
sider a rectangle in the C'r-x plane for each misalignment offset, where the
dependence on C'r might include the effect of an insert tilt since both radii
ratio and tilt-induced misalignment are functions of z. In both cases, SMA
and LMA, root search can be efficiently parallelized over the axial coordi-
nate sampling ..

Since one would start at a certain xin, one needs a (z-dependent) offset
of radial indices. Additionally, due to the numerical procedure, it happens

< Mupmax + Am show in fact dominant

~

that roots e.g. of modes with m
indices mqom # m. In many, but not all cases, those modes have a large
caustic radius, which results in eigenvalues that are independent of 7, and
can therefore be filtered out automatically.

Otherwise this filtering has to be done manually, e.g. by checking whether

roots occur at one i, while no roots with the same m and with similar eigen-
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3.3 In-Depth Analysis of Insert Misalignment

values are present at,_; and ¢,;. However, it could be by coincidence that
a proper root at, say, ¢, has not been found because it is extremely close to
another proper root, either corresponding to an inner mode (see Section 3.4)
or to a mode with different azimuthal index m/. Then, i, has also to be
considered, where, however, the spurious mode might appear again. Such
semi-regular patterns are relatively easy for a human to recognize, but very
difficult to code.

Typically accepted values for the misalignment are k; Do < 1.25 (or
Dio/A1 < 0.2) [DP95], which would be 0.25 mm for a 240 GHz gyrotron.
Qin et al. calculated a drop in efficiency from around 50 % to 45 % for a
misalignment of \/8 for both smooth [QYL™15] and corrugated [QLY " 14]
inserts, with the beam aligned to the cavity wall. For the 238 GHz gyrotron
this critical limit corresponds to 160 um, which coincides with the results

from the above stray level investigations.

3.3.4 Voltage Depression

In addition to the mode deformation described above, misalignment of in-
sert, beam, and wall versus each other also influences the voltage depression
on the electron beam, which changes the energy distribution of the electrons
and therefore affects gyrotron operation. For the same reasons as above,
two-dimensional analyses are sufficient to obtain reliable results.

In order to calculate the depression on an arbitrarily positioned and
shaped beam in hollow cavities or in coaxial cavities with arbitrary mis-
alignment, the novel code WickedQueen has been developed by the author,
as published in [FAGT16a]. The used formulas are solely based on the
method of image charges (mirror charges) [Smy68] in the less known case
of geometries with translational symmetry. The electron beam is hereby
described as a bundle of line-charges or, in the case of axisymmetric homo-
geneous beams, as one effective line-charge using the known analytic for-

mulas [DK81]. For hollow cavities, one mirror charge per original charge is
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3 Design Considerations for Inner Conductor and Cavity

induced, while for coaxial cavities, each original charge induces infinitely
many mirror charges. However, the series of mirror charges converges to the
two geometrical poles of the cavity geometry which allows proper trunca-
tion of this series. Due to the superposition principle, voltage depression at
each point within the electron beam (and, in fact, within the whole cavity)
is then the resulting potential of all line-charges. In Fig. 3.17, this con-
vergence can be seen. Figure 3.18 displays a thick misaligned beam in an
aligned cavity. Also for geometries with more realistic beam thickness and
misalignments, there are typically many electrons with high depression on
the side away from the insert (“HD”), equally many electrons with low de-
pression on the side near the insert (“LLD”) and some electrons very close to

the insert with very low depression (“VLD”).

3E10
0.25F

0.20r

o
line charge (C/m)

coaxial insert

-3E-10
0.00f

-0.15

010 010 015
Figure 3.17: Original (“0”) and mirror charges of n-th degree of a thick misaligned beam
in a misaligned coaxial cavity. The signs of the charges are color-coded and alternate every

iteration. Negative n represent mirror charges within the insert, while positive n represent
those outside of the cavity wall.
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Figure 3.18: Voltage depression within a thick misaligned beam in an aligned cavity; see text.

As already mentioned, the electron beam should be placed at the mode max-
imum to ensure optimum interaction efficiency. Since the mode maximum
does hardly move if the insert is shifted versus the cavity wall by a rea-
sonable amount D;p, one can safely assume that the electron beam has to
remain in place for all Dio. Figure 3.19 shows voltage depression distri-
butions for the TE49 29 set-up and insert misalignment up to 1 mm (see
also [FAGT16a], fig. 5). 20011 electrons have been sorted into 50 voltage
bins for each misalignment. In all cases, a VLD tail exists, covering around
200 V. For all misalignment larger than 200 um one can distinguish the sta-
tistical HD and LD peaks of similar size. Between those peaks the voltage
depression distribution is basically flat, with relative shares only slightly
below 2 %, corresponding to the moderate HD and LD peaks. Solely for
perfect alignment only one large statistical peak exists. As a good approxi-
mation (for larger misalignment), the width of the voltage depression distri-
bution is basically flat and grows linearly with misalignment, in the shown
case by 2 V per micrometer misalignment. A misalignment of 1 mm implies
1.2 keV peak-to-peak RMS spread, or 1.4 % of the total beam energy.
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Figure 3.19: Voltage depression distributions for several misalignments.

3.4 Occurrence of Inner Modes

Here and in the following, considerations are restricted to typical coaxial
high-power gyrotron geometries, where Cr ~ 3 and Cx ~ 1/Cgr. In
Annex B.4 and the citations therein it is mentioned that the corrugations
cause additional modes to form, the so-called “inner modes”. It is known
that those modes have a high field density at or within the corrugations and
therefore impose a high ohmic loading on the insert, which strongly de-
creases their overall quality factor. Therefore they are not suitable as oper-
ating modes. However, these inner modes — as defined eigenmodes of the
electromagnetic field in the cavity — are as valid as the normal “outer” modes
and can have a comparable coupling to the electron beam. Any exclusion of
them as competing modes in interaction simulations, such as EURIDICE,
should therefore be justified a posteriori, for example by comparison of

quality factors.
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3.4 Occurrence of Inner Modes

In the x-CR plane, inner modes correspond to those intervals of the eigen-
value curves where dy*/dCr > 0. In Fig. 3.20, points A to D all lie in such
an interval, and one would suspect that they represent inner modes. Apart
from that, the detailed nature of inner modes remained somewhat obscure.
Having COMSOL as a powerful Laplace solver at hand it was possible
to track down and study the inner modes in a more realistic scenario than
the SIM could provide. “Track down” because in the relevant geometry
the inner modes appeared around 150 GHz to 175 GHz, which was rather
close to, but not exactly at the frequency predicted by the SIM. This dif-
ference is reasonable since the inner modes originate from the corrugations
and are therefore dependent on the particular groove shape, which differs
slightly between SIM assumptions and the used COMSOL geometry. Fig-
ure 3.21 shows four inner modes with constant radial index p* = 18 and
with increasing azimuthal indices m = 34, 37,41, 45, i.e. with decreasing
Cxk. The chosen modes roughly correspond to positions A to D in Fig. 3.20,

respectively. One can observe the following properties:

 Inner modes are, in fact, real eigenmodes of the RF field and are not
e.g. artificial results from assumptions within the Surface Impedance
Model.

e The mode structure of inner modes is very similar to that of normal,
outer modes, apart from the additional circular field maximum near

the insert.

e The actual azimuthal field maxima of the additional ring lie in the
same directions as the conventional field maxima, as opposed to the
outer maxima which are shifted by half a period (see Fig. 1.6).

 Inner modes do not necessarily have their caustic radius or their con-

ventional field maximum near the insert surface.
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X

%
Xm}p

Figure 3.20: Location of four (Cg, x) pairs A, B, C, D of a “true” inner mode (black curve).
Reproduced from [Avr06], figure 2.4 (page 66), where the curve corresponds to TEq5 7+ for
D,1/A=02andCr =2.1...5.

(o | -0 e |

Figure 3.21: Transversal field patterns of inner modes. (A) TEsz4 18+ at 153 GHz; (B)
TE37,18* at 159 GHz; (C) TE41718* at 167 GHz; (D) TE45718* at 174.2 GHz. Labels
A to D are roughly equivalent to position A to D in Fig. 3.20. For all four subfigures, fields are
scaled to the maximum occuring electric field strength, i.e. (C) indicates that the fields inside
the corrugations are very strong. See text.
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3.5 Cavity Expansion and Deformation During Operation

e The additional field maximum is much stronger than the conventional
maximum, especially for inner modes that have eigenvalues well sep-

arated from their outer-mode neighbors.

From these observations one can conclude that inner modes v, can indeed be
interpreted as an additional set of modes which are caused by and located
predominantly within the corrugations of the insert. In cases where they
have eigenvalues close to an outer mode X, ,, both modes couple to form a
pair of hybrid modes: one with a decreased eigenvalue x7, ,,, and one with

an increased eigenvalue x;, 1 ..

3.5 Cavity Expansion and Deformation
During Operation

Regardless of whether the cavity wall is made of pure copper, thermally hard
copper alloy (e.g. Glidcop), or other highly thermal and electrical conduc-
tive materials, ohmic heating will lead to expansion of the cavity. Assuming
a typical thermal expansion coefficient of copper of 17 um/(m K), the cylin-
drical cavity will expand by 0.17 % (54 pm in radial direction) if heated
up from 20 °C to 120 °C, and the operating frequency will be reduced by
around 400 MHz. This effect is normally taken care of during the techni-
cal design phase; however, one might additionally consider the smaller cold
cavity during elaborate start-up simulations.

There are no immediate reasons to expect cavity deformations during nor-
mal operation, e.g. by grossly inhomogeneous cooling or by mechanical
action. However, a brief analysis of deformation effects will be made here
in order to give an impression of what could be observed under such cir-
cumstances. Only first-order deformations, i.e. ellipses, are considered. As
opposed to e.g. modes in misaligned cavities (see Section 3.3.2), modes
in hollow cavities of elliptic cross-section can be expressed analytically via
Mathieu functions [AS64], which corresponds directly to the observation

that elliptic-cavity modes always have “neat” profiles, i.e. profiles that have
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Figure 3.22: Two high-order modes in an elliptic cavity, representing the two classes of modes

that were observed. See text.

periodic structures along mutually orthogonal curves (along the elliptic-

hyperbolic coordinate lines of a suitable coordinate system). As shown in

Fig. 3.22, there are two main classes of elliptic-cavity modes:
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* Modes of the more common class look very much like asymmetric

(Im| > 0) cylindrical-cavity modes, including clearly identifiable
azimuthal and radial indices. As in the circular cavity there are al-
ways two orthogonal solutions at the same frequency. Position and
elliptic shape of the first mode maximum are not significantly altered
by a nearby corrugated circular insert. Their outer field maxima on the
outmost ring are of equal strength, indicating that these modes would
impose a rather uniform ohmic loading on the wall despite large de-

formation.

Modes of the second class resemble rectangular-cavity modes which
are squeezed into the elliptic boundary. They have two caustics and
are of course heavily disturbed if an insert is added in the cavity cen-
ter. As for axisymmetric modes (m = 0) in the cylindrical cavity

there is only one solution per frequency, indicating a linear polariza-
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tion. Due to their shape their wall loading would be inhomogeneous
along the cavity circumference, with the actual peak loading position

depending on the particular shape of the mode profile.

Those modes exist independently of the eccentricity of the ellipse, and there-
fore also in quasi-cylindrical cavities with reasonably small eccentricity.
However, the second class of modes should become indistinguishable from
symmetric modes. Analytic expansion of coaxial-elliptic-cavity modes into
aligned-circular-cavity modes, for example in order to calculate the beam
coupling, should be possible, but is of limited use.

A more quantitative analysis can be based on maximum temperature-
induced deformations, as given in Table 3.4 together with the correspond-
ing eigenfrequencies, under the assumption that such deformations are not
larger than thermal expansion. With those still small deviations from the
cylindrical cavity, the eigenfrequencies do not change since the cavity cross-
section remains basically constant.

Figure 3.23 shows the mode patterns of scenarios No. 1 and 2 directly
adjacent to each other. As one can see in the deformed case, the first (in-
nermost) mode maximum shifts by roughly twice the difference in wall ra-
dius, i.e. 100 um towards the insert in vertical direction and 100 pm away
from the insert in horizontal direction. This factor of 2 depends only on the
relative caustic size of the considered mode, but not on the magnitude of

deformation, and decreases with increasing caustic size.
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Table 3.4: Frequency of mode TE49 29{100} at cutoff in cavities with various temperature-
induced deformations, given as expansions/contractions in horizontal (x) and vertical (y) di-
rections.

No. Phenomenon/Situation Az (um) Ay (um) f (GHz)

1 Cold cavity +0 +0 237.31

2 Deformed cold cavity +54 —54 237.31
(worst case)

Nonuniform heat-up +54 +0 237.11

4 Heated cavity +54 +54 236.90

Nonuniformly heated +108 +0 236.90

(worst case)

OO

Figure 3.23: Mode TE49 29 in the perfectly circular cavity (No. 1 in Table 3.4; upper left
quadrant) and in the corresponding elliptic cavity (No. 2; upper right and lower left quadrants).
The lower right quadrant shows the difference in field strength between both scenarios: the
greyer the area, the smaller is the difference between both fields, while saturated colors signify
large differences.
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4 Conclusion and Outlook

The physical design of MIG and cavity for a2 MW 238 GHz coaxial-cavity
long-pulse gyrotron has been developed. With perfectly aligned compo-
nents an interaction efficiency of more than 30 % can be reached using
present-day technology, considering a triode magnetron injection gun, re-
alistic beam parameters, and a sufficient voltage margin to ensure operation
stability during possible overshoots.

Operation at significantly different frequencies (multi-frequency opera-
tion), e.g. operation at 170 GHz, 204 GHz, and 238 GHz, is especially fea-
sible for hollow-cavity gyrotrons operating at higher-order modes, provided
a proper mode series selection. In coaxial-cavity gyrotrons, however, ohmic
loading on the insert increases significantly with decreasing frequency,
which implies either short-pulse operation only, a flexible or movable insert,
or different insert dimensions for different target frequencies. None of the
other investigated gyrotrons components appear to be critical in this respect.

In order to do systematic cavity and MIG optimizations in the future, it is
advisable to precisely define the technical and physical boundary conditions
and the design goals at an early stage and to automatize the optimization
process as much as possible.

Although it seems technically possible to build a superconducting
gyrotron magnet with sufficient field strength and bore-hole diameter, its
development effort and manufacturing exceeds that of state-of-the-art mag-
nets. Furthermore, the strong magnetic field and large bore-hole requires a
prolonged beam tunnel and stronger magnetic fields in the collector region

compared to present-day designs. Definition of a minimal set of magnet
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requirements instead of a detailed magnetic field profile has proven to be
sufficient at an early design stage.

In order to obtain experimental and manufacturing expertise with coaxial-
cavity MW-class gyrotrons at frequencies significantly above 170 GHz, it
would be advisable to focus on the 200 GHz region and the highest output
power that the magnet bore-hole — at best including dipole coils for beam
adjustment — and and an optimized MIG design can provide.

The required number of longitudinal corrugations on the coaxial insert is
relatively moderate, with approximately twice the design mode’s azimuthal
index being sufficient: M} = 100. The dimensions of the corrugations
are then around 0.3 mm x 0.3 mm, which can be manufactured without
difficulty. As a small, however noticeable discrepancy between SIM and
FEM has been observed in the aligned geometry, the validity of SIM should
be verified in misaligned geometries.

At high frequencies stray radiation increases drastically even for small
misalignment of the coaxial insert, with around 150 pum misalignment cor-
responding to stray radiation below 4 % in the design presented in this work.
In order to maximize interaction efficiency the electron beam has to remain
aligned with the cavity wall, which increases the energy spread of the elec-
trons significantly due to nonuniform voltage depression. Therefore, precise
aligment of the insert in evacuated tubes is an indispensable capability.

Mathematical description and simulation of insert misalignment is pos-
sible for modes with eigenvalues up to at least 180 and for misalign-
ment beyond the operational tolerance. With the codes WickedQueen and
SCNCHIMP developed in the frame of this work, in-depth studies of mis-
aligned cavities can be conducted, e.g. on the detailed dependence of mode
eigenvalues and stray radiation on insert shift and tilt, or on mode conver-
sion at the end of the insert. In order to run detailed time-dependent, self-
consistent multimode simulations of cavities with misaligned (including vi-

brating) insert, the interface to interaction codes has to be completed.
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Regarding the disadvantages of the coaxial insert, an in-depth comparison
between multi-frequency hollow- and coaxial-cavity gyrotrons for DEMO
frequencies, both theoretically and experimentally, should be carried out in
the future. It might turn out that for small wavelengths the insert is not
convincingly effective (or less effective than other means) for suppression
of competing modes, but that its decrease of voltage depression and parasitic
oscillations is indispensable. If so, a smooth insert with a radius well below
the caustic radius of the operating mode with lowest frequency would be
sufficient.

In order to obtain a reliable concept for a DEMO gyrotron the next critical
components, inverse triode MIG and multi-stage depressed collector, need
to be designed in detail. For highly efficient high-power gyrotrons emitting
at small wavelengths, thin emitters that can support large current density

over a long lifetime become increasingly important.
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A Derivation of Equations Relevant for
Gyrotrons (Classical Electrodynamics)

In Annexes A and B the gyrotron-relevant theory used in this work is de-
rived from very first principles. This Annex A is focussed on general elec-
trodynamic phenomena, while Annex B contains the theory of TE modes
in cylindrical waveguides with aligned and corrugated coaxial insert. Main
purpose of these Annexes is to provide the theoretical basis for Section 3.3.3
and for other formulas in the main part of this thesis. Most of the deriva-
tions herein have been reformulated with respect to the cited literature for
the sake of intelligibility, formal exactness, and/or elegance.

As the elaboration below encompass electrodynamics from its very foun-
dations to the description of specific phenomena it might also provide some
inspiration for further theoretical investigations of gyrotron-relevant phe-

nomena.

A.1 Physical Model Assumptions

In typical fusion gyrotrons, the electrons move in a magnetic field of the
order of several teslas, at frequencies above 100 GHz. Their velocity per-
pendicular to the magnetic field is typically above 10 % of the vacuum speed
of light c. Thus, their angular momentum is more than 10° times larger than
their spin. Furthermore, their de-Broglie wavelength is at the nanometer
scale, much smaller than the wavelength of the microwave photons, and
consequently, their energy (and momentum) is by a factor 106 larger than
the energy of the photons (which is around 1 meV). The energy of the pho-

tons, however, is considered to be much larger than the experimental upper
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bound for a hypothetical photon rest mass [OT14]. The number of pho-
tons in a typical high-power gyrotron cavity is at least of the order of 108,
For these reasons, the gyrotron interaction may be regarded as a classical
(non-quantum) interaction [Jac99]. Of course, gravitational effects can be

ignored as well.

A.2 Definitions and General Relations

All coordinate systems are right-handed. The metric tensor n** has sig-
nature (4, —, —, —). Thus, raising or lowering indices leaves the sign of
the scalar (temporal) component unchanged, while the three vector (spacial)
components change their sign. Einstein’s summation convention holds. The

four-dimensional quantities are defined as follows:

o Covariant derivative (derivative in contravariant coordinates; in m~1):

AN
Op = (i@t , V) = Nuv = N0
-V

* D’Alembert operator (inm~2): 0= 9,0" = c%&gz EAN

cdt
e Infinitesimal vector (differential; in m): da* =

dz

e Dimensionless momentum (4-velocity) and invariant velocity y* (in

ms~1), with 7 as the proper time:

dat gl cy
_ 4 y" = cut =

ut = — =
d -
cdr ~f
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co
e Particle current density (inm~2s~1): # = ncut =

L

* Current density (in Cm~2s~!) and charge density (in Cm™—3):

cp i P
J" = qencu’ = F==

-

j < \Jje

Mind that the ordinary charge density p = 7nq, is not a Lorentz

invariant.

* (Electron) momentum (in kg ms~') and wavevector (in m~'):

W/e pH w/e

pF = mecut = kF = — =
P

» Momentum density (mass current density; in kgm~2s~1):

2
= — w/e

™

D/c
A

* Electromagnetic potential (in kgm C~1s™1): A+ =
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* Electromagnetic field tensor (inkg C~'s™1): Fr := grAY — Q¥ A
It follows that F'*¥ = —F*# and thus F'** = (. The definitions of

the electric and magnetic fields are:

E:=—cF% = —cé; (A" - 9'A°) = ~9,A - VP  (A.la)

. ik ik .
B =G Fj = G~ (0;A — Ok Aj) =V x A (Alb)
Thus:
0 —El/C —Eg/c —E3/C

Ei/c 0 —B: B
o = | BV ° ? (A2)

EQ/C Bg 0 7Bl

Eg/C 732 Bl 0

Some simple known quantities can now shown to be scalars / relativistic
invariants (i.e., are a product of a covariant and a contravariant vector):

¢ Charge conservation and continuity equation:

cauj“zﬁthrV-f:O Ot =00+ V- -1'=0
* Lorenz gauge: 9, A" = 19,0 +V-A=0
* Four-momentum: p,p" = c—; — - p=m2

 Relation between relativistic factor - and speed /3:
uut =441 - %) =1

From this, one can easily verify the time dilation % = 7%.
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A.3 Maxwell’s Equations and Lorentz Force

A.3 Maxwell’s Equations and Lorentz Force

The following considerations are loosely based on [LL97], sections 23, 28
and 30. The Lagrange density of the classical electromagnetic interaction

can be found to be:

A=—muyh— At — —F"F,, (A3)
47y

The first term is the kinetic energy of free particles, the third term describes
the energy of a free electromagnetic field, and the second term describes
the potential energy: the coupling between particle charges and field. All

quantities are expressed as energy densities (energy per invariant volume).
The respective action is defined as the integral of the Lagrange density
over the whole space and over a time interval [¢1;?2] in any inertial frame,

moving at relativistic factor :

to to
5= / / AdPzdt = — / / <7T,Ly“ + At + 42F"”Ew> dBadt
0
t1 R3

t1 R3

The principle of stationary action now states that the action is invariant under
variation of the free parameters of the system, which are the coordinates x*
and the potentials A*, inside the fixed boundaries. The current density will
be written as j#* = nqecu’ if necessary. The potentials themselves are
explicit functions of the coordinates (the action is a functional); therefore,
the chain rule applies:

!

to

0Ly — / / (mﬁ (Goa) + nqu#% (Goa) + 10, A, 6,2"+
t1 R3

_c

C
B A, 4+ —— FR§ L F,
FI0AR g BT 0A

5z(F“”F,“,)) d3xdt
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A Derivation of Equations Relevant for Gyrotrons

These six summands can be rewritten as follows:

 The first term can be integrated partially:

to
0% = —//wug (6xt) d3xdt =

t1 R3

2 ts
= /’Yﬂ'u&v“d% +//%5m“d3xdt
3

t
t t1 R3

1

Since the parameters have to be kept constant at the integration bound-

aries (at t1 and t5), its first summand is zero.

* The same applies to the second term where the charge density varies
with the coordinates, but its integral over R? is the sum of all charges,
which is independent of §z#. The time-derivative of the fields can be

written explicitly:

to to
dA, .
522://nqed—;éx“dgzz:dt://]”(%Auéz“dgxdt

t1 R3 t1 R3

¢ In the third and fourth terms one can exchange the summation indices:

to to
083+ 0%y = —//j”@MAyda:“dgxdt—//j”dAVdgxdt

t1 R3 t1 R3
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A.3 Maxwell’s Equations and Lorentz Force

In the fifth term the potentials A are explicitly written, then the inte-

grand is integrated partially over space-time (J,,):

to
/ /  prsE,,ddrdt = / / Z£F“”8“5Ayd3xdt
0

t1 R3 t1 R3
tz t2
- / / L0, (F*5A,) d3adt + / / L9, s A, d3zdt
Zy Zy
t1 R3 t1 R3

The first, integrated part is equal to

to

to
1 ¢ d ;
- FOV A 3 _ 7 (F"§A 3
7 / 0A,d°x /Zo / P ( ) l,)d xdt
3 R3

t1 t1

which is zero since the variation is zero at the boundaries ¢1, to (first
term) and since the fields are assumed to be zero at infinity (second

term). Therefore:
to
%5 = / / L9, F" A, dSxdt
A
t1 R3

In the sixth term the variation can be written explicitly. Similarly to
Y5, since the fields are zero at infinity and since the coordinates at the

integration boundaries are not varied, this term equals zero:

Z_ DFV 743 =
06 //420 )0z’ d xdt = 0

t1 R3
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A Derivation of Equations Relevant for Gyrotrons

Thus, the stationarity condition for the action — with the terms sorted by

parameters to be varied — reads:

5% = / / (Wr“ — ¥ (9,4, aVAu)) S A3 dt—
t1 R3
ta
—// (j” - c@FW) 5 A, d3adt
A

t1 R3

Since this expression needs to be valid for all times and for all variations
of the free parameters, both integrands need to be equal zero independently.
Therefore, one obtains the following equations using some of the relations
stated in Section A.2:

O F" = Zoy” (A4)
dm, .
— =F,,5" A5
dr / J ( )

Equation A.4 are the inhomogeneous Maxwell’s equations (source terms of
the fields), and Eq. A.5 is the Lorentz force (fields acting on charges), as
will be shown in the following Sections. Both equations are written with
covariant expressions only. Solving these two equations iteratively is called
“ballistic approach”.

With pg = 47 - 1077 kg m/C?, poeoc® = 1, Zy = \/% = “T‘éoﬁ
and using the relations in Section A.2 one can confirm the inhomogeneous
Maxwell’s equations (Gauss’s and Ampere-Maxwell laws) [LL97, Jac99].

Under Lorenz gauge, Eq. A.4 can also be written as:

OA* = Zgs* (A.6)
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A.3 Maxwell’s Equations and Lorentz Force

As one can easily check, any antisymmetric tensor fulfills:
0=0,F 6+ 0,Fs, +0sF, (A7)

Thus, the homogeneous Maxwell’s equations (Faraday law and Gauss’s law

for magnetism) reduce to a general property of spacetime:

L ik
0 =C€i7 (aonk + 8]'Fk0 + 8kF0j)

) ciik ik
=e;0; ( 5 ij> + (:’Z'T (—@-Ek + akEj)

:até -V x E
0= 01F53 + OxF31 + 03F12 =V - é

For an axisymmetric field and for r0,.B, < B,, this leads to the near-axis

approximation:

B, ~ fgasz (A.8)
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A Derivation of Equations Relevant for Gyrotrons

A.4 Voltage Depression

See [Tsi193, DK81, GC84, CB93] and references therein for details and more

sophisticated analysis. Gauss’s law in integral form reads

% E’ . d§ _ Qencl
ov €0

where Qcp is the electric charge enclosed by a volume V' with boundary
0V. For an axisymmetric problem and for a constant charge distribution

with x := %, the electric field reduces to

w(r)

T:27r507‘
E,=0 E.=0

The voltage between two radial positions 71, r is then

U(ry,r) = ! /T2 @dr

2reg Sy, T

For a thin beam of charged particles — or, equivalently, for a charged metallic

surface — with k(r) = kx - §(r — rx ), the potential reads then

0 , r<rx
Ox(r) = x ;
2meq (E) , TX <r

For a thin beam with radius 7}, in a metallic cylinder with radius Ro, the re-
sulting potential is just the sum of both individual potentials. If the metallic
cylinder is grounded, it will charge in such a way that the potential outside

of the system (for all » > Rp) equals zero. This can only be achieved if

ko = —ky, and if a constant potential &4 = 2?;0 -In (%) (i.e. the differ-

ence between a “charge-free world” and the ground potential) is added:

158



A.4 Voltage Depression

2 () L r<m
() = 4 2o hn () + 2 (£)  m<r< Ro
0 , Ro<r

The potential ®4 acts on the electron beam opposite to the voltage acceler-
ating the beam, and is thus termed “voltage depression” (potential drop).

In practice, with k}, being proportional to the beam current, there is a
limitation for the current at which the voltage depression is as large as the
accelerating voltage — the “limiting current” —, and a hollow-cavity gyrotron
with these parameters is theoretically expected to fail operation.

In the case of a double cylinder (with inner radius Ry, outer radius Ro)
with an aligned hollow beam inbetween, the resulting potential is the sum
of all three potentials. If the inner and outer cylinders are grounded, which
is the case for coaxial insert and cavity wall of a gyrotron, the resulting

potential has to be zero for both » < Ryand r > Ro:

O(r) =
0 , T < RI
P hl(m%) , Ri<r<m,
Sreg 1D (R%) + gng; In (i) » ™ ST S Ro

st () + 5 m () + 22 m(5) , Ro<r
One can easily check that ®(r) = 0 for all » > R is only fulfilled if

K1 + RO -
Kb Kb
ﬂ _ In (Tb/Ro)
kb In(Ro/Ri)
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A Derivation of Equations Relevant for Gyrotrons

This leads to a voltage depression (potential at the beam position) of:

o o Kb In (Tb/Rc))ln (Tb/RI)
a = ®(ro) = 2meg In(Ro/Ri) (A.9)

For typical gyrotrons, the voltage depression with coaxial insert is by a fac-
tor of 5 to 7 smaller than for the same configuration without coaxial insert,
mostly due to the small ratio r, : Ry. In the limit Ry — 0, the terms in-
cluding Ry in Eq. A.9 cancel each other and the result is the same as in the
hollow-cavity case.

It should be noted that in a realistic (thick) electron beam in a gyrotron
cavity with axially dependent radii, the details of the above considerations
are a bit more complicated, but the general results are very much the same.
In a realistic beam, voltage depression is different for different radial posi-
tions of the electrons and thus contributes to the energy spread of the elec-
trons. It can also be dependent of the azimuthal coordinate if beam, outer
wall, and inner rod are misaligned versus each other, or can even be depen-
dent of the longitudinal coordinate if the three physical entities are tilted
towards each other. Furthermore, electron beams in gyrotrons tend to neu-
tralize (at least partly) during CW operation due to residual atoms/ions in
the tube. This effect screens the charge of the beam and reduces the sever-
ity of the limiting current in hollow-cavity gyrotrons. The residual voltage
depression on a typical partly neutralized beam in a hollow cavity is similar
to the depression on a nonneutralized beam in the same cavity with coaxial
insert.

Only in some cases, voltage depression can be expressed analytically us-
ing mirror charges and existing symmetries. For treatment of more general

geometries, see [FAGT 16a].
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A.5 Plasma Frequency

Using some of the relations given in Section A.2, the Lagrange density
(Eq. A.3) reads

Mme . . c v
A=— (an]lt + A,u> ],u - EFH EW (A.10)

Especially in a plasma (of particles with mass m,) the canonical momen-
tum (term in brackets) has to be regarded as the relevant quantity. For a
stationary plasma, this term should vanish. (In this case, the Hamiltonian
remains constant if changes in the electric potential are neglected, i.e. the

canonical momentum acts as an adiabatic invariant.) If one now substitutes

At = — ;;;;L j* in the inhomogeneous Maxwell’s Equation A.6, one obtains
2
o = — Z0%em iy
MeC

For each space-time component of this current density, this is the simplest
form of an inhomogeneous wave equation. One can see that the quantity
wp = 4/ % plays the role of a Lorentz-invariant angular frequency: it
is not dependént on the wavelength 27 /k. wp is called the plasma frequency.
In a plasma consisting of several particle species with different masses, such

as electrons and deuterium/tritium ions, the effective plasma frequency

wp = > wp?
species 7

is close to the electron plasma frequency because of their smallest mass.
Nonrelativistic, but more strict derivations of wp can be found in e.g. [RS83,
Sta05, Stal0].
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A Derivation of Equations Relevant for Gyrotrons

A.6 Lorentz Force

Since the electromagnetic field is usually induced by a vast number of par-
ticles, the source terms in the Maxwell’s equations are expressed as charge
densities. The Lorentz force, on the other hand, is usually viewed as acting
on individual charged (macro-)particles. Spacial integration of Eq. A.5 in
one inertial frame (e.g. the lab frame) over a point-like particle with four-
momentum p* and charge g, yields:

dp*

T =a, (A.11)

c
The quantity v¥ = y” /v equals . If o runs over the spacial indices and

—

U
v = 0, one obtains the expression for the electric force:
dp

£~ E A12
T ( )

If both 1 and v run over the spacial indices, one obtains the expression for

the magnetic force:

ap .
d—}; — q.0x B (A.13)

If 1+ = 0 and v runs over the spacial indices, one obtains the energy gain of

the charged particle (accelerating power) of the interaction:

dw R
P = T =qoU- F (A.14)

While the magnetic field component accelerates the particle (Eq. A.13) it

does not change its kinetic energy.
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A.7 Motion of a Charged Particle in an Electromagnetic Field

A.7 Motion of a Charged Particle in an
Electromagnetic Field

See e.g. the corresponding sections in [LL97] and [Sta05].

A.7.1 General Considerations; Cyclotron Motion

The three-dimensional quantities X = F, B, p, v in the Lorentz force equa-
tion (Eq. A.11) can be split into their axial component X)) = X, = X 3 and
their transverse components X, = X L Xy =X 2, which themselves can
be combined into complex-valued “transverse” variables X | := X' 4+iX?2,

This leads to one equation for the transverse momentum

dpy

T (FY +iF*) v, (A.152)

:quL + iQeUHBL - iQeULBH (Ale)

and two equations for the axial momentum and the transferred power:

% =qe b + qelm(vi By) (A.16)
% —qev) B + qeRe(v} By ) (A17)
The equations of motion of a charged particle in a constant magnetic field
B, are then:
% = —iqevy B
d
(;%' )
T =0
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A Derivation of Equations Relevant for Gyrotrons

With the ansatz p, = ﬁe‘im and p; = ymev, one obtains the cyclotron

frequency' of a particle with mass m, and charge q.:

_ 9B

YMe

Q¢ (A.18)
The sign indicates the direction of the movement, which, with the z-axis
pointing towards the observer, is clockwise (left-hand screw around the
z-axis) for a positively charged particle. One can see that the cyclotron

frequency increases with decreasing particle energy () and vice versa.

The cyclotron radius is then given by

_Br _ Biymec  po
Qc qeB) geBj

rc (A.19)

A.7.2 Motion in Crossed Fields

To consider the general case of crossed electric and magnetic fields, one can

choose coordinates such that B vanishes:

dpL .
% :chL - IQCULBZ
d
(iz :qCEZ
dw
a =qev. B, + qeRe(v] EL)
The ansatz p, = pe'* + pq,, where pq, is time-independent, yields

. B, . B
i05c? =qo B, — 1222 pe (422
Yle Y1e

B
! This frequency has to be distinguished strictly from the Larmor frequency € armor = qu I

which relates the magnetic field acting additionally to a central potential to the Coriolis force
in a rotating coordinate system [FLS62].

s
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A.7 Motion of a Charged Particle in an Electromagnetic Field

One knows from the previous considerations that the term on the left hand
side is equal to the second term on the right hand side (it is just the cyclotron
motion), hence one obtains a charge-independent drift velocity perpendicu-

lar to both the electric and the magnetic field:

The power transferred to the particle simplifies then to

dw qep —iOt
— =qU. E, + —R D)
de de? * Ye 6(6 J_)

where the right term averages out over one cyclotron period.

A.7.3 Grad-B Drift

Another important situation is a weakly inhomogeneous magnetic field

B = B.(x,y) ¢.. Starting again from

dpy

dt = —iqev. B,

one can expand the quantities p , v, and B, in values for the homogeneous
magnetic field at the origo plus small correction terms:

0 1
pL = P(L) + p(l)

vJ_:vf)—l—v(j)

B. = BO + (29, +y9,)BY

Here, the interesting quantity is v(f) averaged over one cyclotron period,

t+T1
with (X) =1 [ X(t')dt". The corresponding Lorentz force reads now:
i

165



A Derivation of Equations Relevant for Gyrotrons

LEGn)+La60)-
< >(O)+< (20, +y8)>B§0>+

+ (o) BO + (o (@, + y3,) ) B

The first terms on both sides are just the homogeneous-field case and thus
cancel out from the equation. The rightmost term in brackets is the prod-
uct of two small values and can thus be ignored. One looks for solutions
where <U5_1)> = const., thus d(pg_l)> /dt 0. Dropping the (0)’s and writing

( ) = vqr leads to:

(var) B, = — (v (20, + y0y)) B

Assume that the field is sufficiently homogeneous such that rc = const.,
ie. rc < WB—B%Z‘. With 2, = rc(cos(Qt) + isin(2t)) and consequently
v, = &, one can average over the products of sines and cosines:

iQrg 9 .
(Var) = — (cos? ()9, + sin(Qt) cos(Q2t) 0y, +

B.
+ isin(Qt) cos(Qt)0, + isin(Qt)*0,)B.
.Q 2
- IBZC (cos®(Qt)0, + isin(Qt)?9,) B.
1Qrc iqer% iWe
= B, B,=-——-0.8B.
2B, oL 29m, oL q.B? 0L

As a conclusion, an inhomogeneous magnetic field causes an average drift
of charged particles perpendicular to the field direction and to the field gra-
dient. Consequently, this drift is termed Grad-B drift. The drift depends on
the particle charge, i.e. it separates positive and negative charges.
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A.8 Magnetic Compression and Busch’s Theorem

The magnetic flux ¥ through a surface Sy is defined as

—

\po;:/ B-dS
So

where dS is a directed surface element. Application of Green’s theorem on
V- B =0withdV = >, Si results in

=¢ B-dS=>",
f, 7=y

If the total surface consists of three parts with B I dS for all surface ele-
ments d.S of surfaces with indices i = 1,2 and B L dS fori = 3, it follows
that B1.S; = BySs. For the special case of circles S; = mr?, which is

relevant for axisymmetric magnetic fields:
B 1r % = BQT 3

For a hollow beam of electrons (which follow the magnetic field lines, see
Section A.7.1), these radii describe the beam radius at the respective mag-
netic fields. If such a beam enters an increasing magnetic field, it is magnet-
ically compressed.

For particles in electromagnetic fields, conservation laws apply only for
canonical, but not for kinematic observables.”> Consider now a single parti-
cle in a magnetic field. Since no energy is transferred to or from the particle,
the canonical momentum of this system will remain constant [BurO1]. Inte-

gration over a closed loop (around surface \S) yields the adiabatic invariant

2 Obviously, the kinetic momentum is not conserved for an electron accelerated in a static
electric field, just to mention a simple example.
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const. = ]{ (ﬁJr qcf_l'> Sl
a8

The second part of the integral can be written (using Stoke’s theorem) as
a surface integral g |, 5(V x /T) - dS, which is equal to q.V because of
B = V x A. In the case of a homogeneous magnetic field, fa Sy dl' = 27rp

and r = r¢ = const., thus
const. = oV + 2mrgp (A.20)
With ¥ = WT%B , one obtains for changes in the perpendicular momentum:

Ap=-—L"CApR
2
In electron beam optics, this result is termed Busch'’s theorem, after [Bus26].
Another popular formulation of this theorem is using p = merc¢ and

assuming the initial momentum pg; to be zero:

Gy _y,)

L 2rmerg,
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A.9 Resonance Condition

A.9 Resonance Condition

With respect to a chosen axis, the vector kofa plane electromagnetic wave
consists of an axial component k, and a transversal component k; with
kK2 = kf_ + kz Standing waves have k, = 0 and are termed “at cutoft™;
their frequency is w = w, = ck . If one moves in a frame with velocity
vg, relative to a standing wave, its frequency is increased by the relativistic

factor between the two frames, i.e.
Wl

- ()

C

This expression is equivalent to the definition of the group velocity

Vgy 1= ST“’ with w following from the wave vector decomposition as:
z

w(k,) = y/w? + 2k2 (A21)

Let now a charged particle gyrate in a weak plane wave, having no p,.
Within a time interval [0;7] or within a distance L := vy, 7, the gyra-
ting particle remains in the same period with a weak rotating electric field
E| = Belwi=k=2) g9 long as their phases do not differ by more than 27.
This resonance condition can also be fulfilled for higher harmonics of the

cyclotron frequency s Q¢:

wr —k, L <sQc1m<wr—k,L+27

2
S w—50c <k vy <w—50c+ —
-

Exact resonance would be given for 7 — oo, provided that little or no energy

is exchanged between particle and wave (orthogonality: ¥/ - Ex 0):

w(ky) ~ sQc + kyvg (A.22)
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The term £ vg, is known as Doppler term; it is clear that the resonance con-
dition is independent of the chosen reference frame, one could for example
go back to the lab frame where the wave is at cutoff and the electron moves
at vgy. The interaction between electron beam and microwave field in a
cavity can thus be universally illustrated in a Brillouin diagram (dispersion
diagram; see e.g. [Thul6]), where the frequency w of the waveguide mode
is displayed as a function of the z-component of the wavevector, k,: Equa-
tion A.21 describes the dispersion line, a hyperbola, while Eq. A.22 is the
straight beam line. Possible interaction points are the intersections of line
and hyperbola, which can be either one point (in the case of gyrotrons) or
two points, of which one typically lies in the forward- (k, > 0) and one in
the backward-wave region (k, < 0).

In LOGs, azimuthal index and harmonics number of the mode must agree,

! . .
m = s, for optimum operation.

A.10 Diffractive Quality Factor

Diffractive quality factor and output power are per definition related with
frequency and energy content by

Quaitt Pout = wW (A.23)

The radiated power in axial direction P, is just the stored energy moving

at group velocity along one cavity length, V[zzf ,
2k,

can be expressed as vy, = <= (see Eq. A.21). For a wave with axial index

whereas the group velocity

! = 1 one can assume k, < =, hence

Z"\/LQ’

L 2
Qair > Am (f) (A.24)
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B Theory of TE Modes in Coaxial
Gyrotron Cavities

B.1 Transversal Field Profile

Maxwell’s equations written in complex transverse coordinates (where, if
translational symmetry is assumed, X| = X at any position z for the fields
X = F, B) read as follows:

1
SotrE, = —i0,B — 0 B + = (B.1a)
r €o

71({9LEH -+ iaHEl =-0;B| (B.1b)

. . 1 .

710LBH + 1(9||Bl = C—QﬁtEL + tojL (B.1c)
1. i .
;QLTBL = CjatEH — 3HB” + poJ) (B.1d)

With absence of sources, the harmonic ansatz X = X (r)el*te k12 =ime
for the field components and considering only TE waves (£ = 0), one
obtains 9, = 0, — 7+, 07 = 0, + 7+ and

1 ~ ~
;aj_TEJ_ = wB (B.2a)
kB = —iwB. (B.2b)
—18LB” + kHBL = IC%EL (B.2¢)

%ajrég = —0B (B.2d)

171



B Theory of TE Modes in Coaxial Gyrotron Cavities

Applying the operator 07 r on Egs. B.2b and B.2c yields

aj_rEJ_ = WTBH (B.3a)
. ik . .
o rBy = LotrE, = ikyrB, (B.3b)
w
Taj_TaJ_EH + i?"kﬂaj_?‘BJ_ + r%@ir!ﬂl =0 (B.3¢)
c

Substituting Eqs. B.3a and B.3b into Eq. B.3c and using w = ck and
kf_ =k2 - kﬁ, one obtains

Tairaléu + 7‘2]613” =0 (B.4)

Executing the transverse derivative and with -0, = g7°-5, Eq. B4 can
now be written as the Bessel differential equation

d2B dB R
2 2 &2 k | 212 —m?) B, = B.5
ir d(kJ_T)Q + lrd(kjj‘) + ( or m ) I 0 ( )

Thus, B can be expressed as a linear combination of Bessel and Neumann

functions
Bj(m)(r) = By Jn(kir) + By - Ny (k7) (B.6)

with constant coefficients BJ and B ~ which depend on the imposed bound-
ary conditions, e.g. at two radii R;, Ro. For a derivation using standard
cylindrical coordinates, see e.g. [Mei66] Volume 2, 1.4, eq.s 234ff. With
eigenvalue xo := k Ro resulting from a solution respecting the imposed
boundary conditions and with the (absolute) caustic radius |m| =: k| Rk of
amode, notice how the (normalized) area occupied by a solution, (x%—m?),
appears naturally in the Bessel equation. For each m, several roots exist,
numbered with p = 1,2, ...; hence, xo = Xmp-
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B.1 Transversal Field Profile

It should be emphasized here that the azimuthal index m can be both a
positive or a negative integer (or zero). The negative sign before m in the
harmonic ansatz ensures that if m is positive, the mode rotates in mathemat-
ically positive direction (i.e., in the same direction as the electrons rotate if
B > 0). This is the same convention as in e.g. [Avr06], and opposite to
[Ker96]. In order to remove ambiguity, the notation TEf,tLp for TE_,,| , has
been introduced by K. Avramidis [Avr06] and is used in this work for the
same purpose. Since J_,, = (—1)™J,, (see [AS64], eq. 9.1.5) and since
in most formulas only m? appears, the sign does not play a significant role
and will be omitted in formulas where it is obvious that only nonnegative
m are reasonable. The most prominent exception is the definition for the

components of E 0

B, =i-50.B, (B.72)
kL
A m w -
E=-"Yp B.7b
r k% I ( )

Using these explicit expressions, one can use a special property of the Bessel

(and Neumann) functions to write E | as follows:

N A A w m o~ dB m W A
E ET—FIEQO:—f < B\|,m+ I ) :_7B|\,m71

ki \kor d(kLr) ki
(B.8)
.. W oA
EJ_ - —?Bl"mJ’,l (Bg)
1
_ v ;2 ;2
[Bil= \/(Blm_1 +BH7m+1) /2 (B.10)

A rather general boundary condition (to determine & and to fix one of the
free parameters Bj, By) is now an impedance boundary condition at two
radii in the cylinder-symmetric system: inner radius Ry and outer radius Ro

(see e.g. [Ker96]). Such a boundary condition can be imposed by a metallic
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B Theory of TE Modes in Coaxial Gyrotron Cavities

wall with a surface structure that behaves like an array of small resonant
circuits (see e.g. the considerations on split-ring resonators as metamaterials
[BBM ™05, Shv14]); it includes the usual Neumann boundary condition as
a special case. Since the electric component of the wave corresponds to the
voltage between two surface structure elements and since £ = 0, the E,
component is the only useful. Coupling I/, and B, (e.g. by small circuits
parallel to the wall surface) would result in a real-valued resistance; thus,
only a coupling to B, is feasible. This leads to the two following boundary

conditions on the inner/outer surface:

1By (Rijo) _ ipow 0. B)(Ry/0)
By(Ryo) ¥ Bj(Ryo)

_ipow ByJ!,(kiRijo) + By N, (ki Ry)0)

ki ByJu(kiRij0) + ByNum (ki Ryjo)

ZI/O =
(B.11)

One can easily see that the unknown coefficients B 7 and BN are
each identical in these two equations if the characteristic equation (with

kLRI/O = XI/O and CR = Ro/RI) is fulfilled:
(kJ_ZO

20 1 (x0) = T (x0)) (k;ile(m)Nm(éz))
Bt (i) () (i i)

(B.12)

(Mind that [AS64], 9.1.34 does not simplify this relation.) From this equa-
tion, one can obtain the famous eigenvalue curves xo(Cr).
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B.1 Transversal Field Profile

It is also apparent that, if Z; and Zp are known, one of the two values B 7,
B ~ is determined as well. One can, for example, conveniently define the

field amplitude
5 e BJ,m
BW’L L k., Z
i:owl N (kiRI) - N’r/n(klRI)
. (B.13)
_ 7BN,m
ki Z
i,zjowl Jm(kLRI) - J;n(klRI)
which can be used to rewrite Eq. B.6 as
By (r) =B, - (Jm (kir),—Np, (lm)> :
Ny, (kiR) N (kiR [ -1 19
T (hiRe) T (kiR )\ 52

Concerning th characteristic equation, Eq. B.12, there are some special
cases which one might consider:

1. If the radii ratio C'r goes to infinity (i.e. if the inner radius goes to
zero), all values of Neumann functions with small arguments become

much larger than the values of Bessel functions; thus,

k1Zo

iow

Jm (xo) = Jp, (xo) =0

2. If the impedance at the outer wall Zg is zero, the equation can be

simplified to

k1 7y XO XO
J! BLfiy (X0 _nr (XO)) =
m (XO) <iL0(7 <CR> m(c

K 7 (B.15)
v L7, (x0)_ g, (xo
=N (xo) (iﬂow I (CR> I (CR))

175



B Theory of TE Modes in Coaxial Gyrotron Cavities
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For Zp = 0, it follows from Eq. B.11 that
0= B,J;,(xo) + BN, (x0)
If the radii ratio C'z goes to infinity,
Ji (xo) =0

One can see that the impedance on the inner surface does not play a

role anymore, as it should be.

. If the impedance at the inner wall Z7 is zero, the equation simplifies

to

Ny, <CR) <k;;OZQ? I (x0) = I (Xo)) =
=J! (CR> (IEOZ;)Nm (xo) = Ny, (Xo))

This is formally the same equation as above if one exchanges yo with
X1 and Zy with Zg.

If the impedance at both walls is zero (or if the frequency w goes
to infinity), the equation simplifies to the cross-product (see [AS64]
9.5.30/31)

J N/ X0 _ N/ J/ Xo
 c0) N (32 ) = Vi o) i (52
As above, if the radii ratio C'g goes to infinity,

Jr, (xo0) =0

Of course, one would arrive at the same condition if one just takes
the singularity-free solution of Eq. B.5, B”(r) = BJy(kyr), and



B.1 Transversal Field Profile

respects the boundary condition of a perfectly conducting surface
E,(Ro) = 0 (or equivalently B,(Ro) = 0). The canonical num-
bering of eigenvalues is such that xo = Xy is the p-th root of
I (Xmp) = 0.

It is common to characterize TE modes by their (relative) caustic radius
Ck = |m|/Xmp. Modes with large caustic radius are termed “whispering-
gallery modes”, while those with small caustic are termed “volume modes”.
While this distinction has originally been made for hollow-cavity modes, it
also applies to coaxial-cavity modes. Due to the dependence of o on p the
relation between yo and m can readily be translated to a relation between
m and p. In the frame of this work it appeared useful to automatically scan
a certain area in the m-p plane for modes of either type. For these purposes,
a variable termed “mode character” h has been introduced, which can take
real values around the interval from O to 1 and returns the following p for

given m:

Pmin = max {0.6 - h — 0.1;0.20} - |m]|
DPmaz = min{0.5+ 0.3 - h;0.65} - |m)|
Hence, for h = 0, modes with 0.2 < p/|m| < 0.5 are described, which are
typical whispering-gallery modes, while for i = 1, typical volume modes

with 0.5 < p/|m| < 0.65 are pooled. The value h = 0.5 encompasses both

types. Correspondingly, one can define the character of a mode as

P
= — —0.2 4
Rmp (|m| 0 ) /0.45

As Iy is a purely phenomenological value, the above numbers were chosen

by convenience and could be chosen otherwise.
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B.2 Axial Continuation of the Transversal Profile

In addition to BH (x,y) being a solution of the transversal field (membrane
equation) (83 + 85 + ki) B | = 0, one can now include the longitudinal
field profile I'(z):

k3 B.(z,y,2) = K1T(2) By (z,y) = —T(2) - (02 + 92) By (,y)

Setting

k% B, (z,y,2) = I"(2)0. By (z,y)

obviously fulfills V - B = 0, i.e. g(a:, y,z) is a solution of Maxwell’s

equations in three dimensions. Thus, in cylindrical coordinates,

Brpd) = (S5 (60 +0,%) 41002 ) Bilng) - B0
1
B.3 Impedance Boundary Condition of
Longitudinal Corrugations

Given a corrugated inner or outer wall at radius R. For simplification, the
corrugation cross-section shall be regarded locally as a rectangular shape
(width D, depth D,.), which is a good approximation if D, < 27 R and
D, < R. There are M corrugations; thus, the periodicity of corrugations is
2w R/M. The corrugation width shall be smaller than half the cutoff wave-
length D, < A /2. The magnetic field in the rectangular groove can then
be described as

BR’Z(T) = Bp cos(k (r— (RFD,)))
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B.3 Impedance Boundary Condition

where the upper (lower) sign corresponds to the inner (outer) surface, see
[Ker96]. According to Eq. B.3a, the corresponding electric field in the cor-

rugations equals B (1) = ;1‘" Bgsin(ky (r—(RFD,))). The impedance

averaged over all corrugations is then

Ero(R D, Er (R)+ (28 _D,)-0

Zr = o ARL() =pp - —£ R/“’Q(WR? A (%h1 2 (B.17)
BR,Z(R) TBRZ(R)

_ —ipow MD,

 ky 27R

-tan (ko D,.) (B.18)

Expressing the actual, complicated corrugation structure by an averaged, ef-
fective impedance is called the Surface Impedance Model (SIM). This is of
course only reasonable if the structure is sufficiently smaller than the wave-
length. If this is not the case, one will observe resonant/interference effects,
which can also be interpreted as coupling to modes with lower azimuthal
indices [Ker96], Bragg reflections, and so on. See Section 3.2.

In order to describe the field components within the corrugations later, de-
fine a correction term co in accordance with [Ker96], eq. (4.65) and [Avr06],
eq. (2.2.15):

_ Mik Dy
2w

M;D
: </u. <12 LI DT,I> -tan? (ko Dy1) — tan (k. Dy1) — kLDM)
v

w

(B.19)

For reasonable calculations it is not advisable to neglect the fields inside the

corrugations, which would simplify this term to:

Mk Dy
iy

Mk D
ZUI: Il Pl

. tan (k'J_DTJ) . (

tan (kJ_DTJ) — 2)
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B.4 Eigenvalue Curves for Cavities with
Corrugated Insert

Equation B.17 substituted into Eq. B.14, yields

2T . N
——cos(k:J_DTI) B.(;m)(1) = By - K (kLr) =
Cr ’

= B - <Jm (kir), =N (lﬂr)> :

(B.20)
;rL (kLRI) Nm (kLRI) éﬂ COS (kLDr I)
J7/n (kLRI) Jm (kLRI) JWIRDV7 L sin (kLDr 1)

Consequently, the smooth-wall boundary condition at 7 = R¢ leads then to

the characteristic equation for xo:

0= [aXKm(X)]XO = (J’f/TL (XO) ) _Nr/n (XO)) '

o D, (B.21)
1) e (). o)
J/ (Xo) T (é’%) JWIRDO%I sin (XC;%?;-,I)

Mind that the derivative of the characteristic function K, is taken first,
then y = xo is set and then x; is replaced by xo/Cg. The quantity
dr :==100- D, 1/Ro is used as corrugation parameter (e.g. in CAVITY,
see Section C.2.1, as DdjM, where the unit and first decimal positions of dy
are used) and can then be given independently of the transversal cavity di-
mensions. For D, =~ \/2, i.e. large impedance, typical values of d; are
between 1 and 3. Equation B.21 can readily be generalized to cavities with

impedance corrugations on both walls.
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B.4 Eigenvalue Curves for Cavities with Corrugated Insert

It makes sense to keep the number M7 and transversal geometry of the cor-
rugations constant over z, thus MDD, 1/2rR; =: C, can be considered
constant. The third factor of K, in Eq. B.20 is then

xoDr1
2 CcOS (W)

C . D,
R\ C,-sin (7XORO”I>

with C', chosen to be between 0 (narrow gaps) and 1 (broad gaps). Con-
cerning roots of K/, Cr is then relevant only in the matrix term and K,
is explicitly independent of D, 1. Of course, this is only possible due to the
averaging (Eq. B.17); and the condition D, < A /2 has still to be fulfilled.

For C'r — o0, the dominant term in the matrix of Eq. B.21 is the Neu-
mann derivative, since the Bessel function and its derivative approach zero
and since N}, (z) = Np—1(x) — 2Ny, () grows by a factor of Cr, faster
than the Neumann function. Thus, in this case, the characteristic function

derivative reduces to

K/ (xo)=J,, (xo) - T cos (XODT’I) (B.22)

Compared to the solutions xo in the hollow cavity (or in the case of a
smooth insert), the cosine function implies additional eigenvalues v, p > 1
that are located at

R 1
v, = DOI : <p - 2) T (B.23)

These eigenvalues certainly belong to additional TE modes, so-called “inner
modes”, see Section 3.4, and the other modes will be termed “outer modes”
accordingly.

For decreasing C, the eigenvalues of inner modes approach zero, while
the outer-mode eigenvalues ., tend to increase; thus, the respective curves

Xmp(Cr) and v, (CR) intersect at certain points. The shapes of the curves,
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) ) M;-D
and thus the intersections, depend on %

. The mode numbering be-
comes now inconsistent in the sense that for different D,. 1, M1, or D 1, the
same eigenvalue xo (up to a very high accuracy) might belong to a differ-
ent root index p, counting from 0 on upwards. In numerical calculations,
this also means that two neighboring roots can be arbitrarily close to each
other, so any chosen step size will either increase the computation time (es-
pecially for very high-order modes) or increase the probability of missed
double roots. A possible eigenvalue (and mode) numbering for a fixed ge-
ometry is the following:

* Xjmp 18 the p-th root of the characteristic function derivative K7, .

* Xmyp is the root of K, with an eigenvalue close to the p-th root of the
hollow-cavity characteristic function .J),.

Each “perturbed” eigenvalue curve x;,,(Cr) has then intervals where it is

an outer mode and intervals where it is an inner mode. In most of the first

case, dde < 0, while in the second case ddC” > (. If the radius of the insert
R R

varies along z, one obtains the differentials

dy  dyx  dCr

dz ~ dCgr dz
dv  dv  dCg
dz  dCp dz

In order to enhance the diffractive quality factor Qq;¢ of a mode, it has to
come closer to cutoff, i.e. its eigenvalue has to be increased with increasing

axial coordinate z [IKP96, Ker96]. This leads to the favourable conditions

dCr

dz
dCg

dz

< 0 (for outer modes)

> 0 (for inner modes)
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B.4 Eigenvalue Curves for Cavities with Corrugated Insert

The opposite sign stands for decreasing values of Qq;g. In a coaxial gy-
rotron with narrowing coaxial insert, to select one mode to be enhanced (or
unaffected) and its competitors to be disrupted, one could choose a main
mode that is in an inner-mode interval, while the main competitors are outer
modes. However, the electromagnetic field of modes with sufficiently large
% is concentrated on the inner rod and hence these modes have large ohmic
loading on the insert, i.e. (g, is small, see Section 3.4 [IKP96, Avr06]. Thus,
the optimum choice for an operating mode is where 3—’2‘ =~ 0, while for its
main competitors either % > 0or % < 0 holds.
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B.6 Normalization Constant for TE Modes

B.6 Normalization Constant and Energy Content of
TE Modes with Impedance Boundary Conditions

A measure for the relative interaction strength of a TE mode is the integrated

electric field strength (here, E = E|) over the cavity cross-section:

27 R

9 O
Uiz/‘ﬁ‘ dxdyz/dgp/drr(|E¢\2+|Er|2) (B.27)
SL 0 RI

Using the definitions of F, and E,. (Egs. B.7a, B.7b), and using x = k7,
X1 = k1 R1, xo = k1 Ro (the cutoff wavevector &, is known from the

above eigenvalue considerations), one obtains

o | aB.\"  m?
2 - 2me /dX X o ﬁég
TR dx X

X1

Since EZ is a linear combination of J,,, and V,,, and thus fulfills the Bessel

differential equation, the integrand can be rewritten as
L\ 2 2,
NGRS
X
>/ 2 Bz 2 prr R/ 2 0
— B (m?B. — B, - xBL— x*B!)
- (Xéf +xB.B" + BZB;) + (XB§ —m?B,B. + XQBZB’;) +
+ (XB2+*BLBY)
1

. 1 . 2\
= (XBZBL - §(m2 -xX*)B2 + QXQBf)
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Therefore,

2 A 1 . 1 R X0
U= [XBZB; - §(m2 X3 B? + 2;83?] (B.28)
X1
The derivative B; can be substituted using the impedance boundary condi-
tion Eq. B.11:

X0
2rc? | xZky - 1 N XZky 2
U? = B? 2 \B? B,
LR | ipew 7 2(m x) + 2\ ipow
7T02 ~ XOZO]CL
_ B2 2 _ ;M2 1
ki Z(XO) XO m + INJOW
7 k]_
B2 2_ 2 1 X141k 1
kz 2 (x1) (XI m + 0w

With longitudinal corrugations (Eq. B.17) on the insert and with smooth

outer wall, the constant reads
Ui = kz <B2(RO) (X —m?) — B2(Ry) - (xf —m* + w)) (B.29)

where B, (r) can be calculated from Eq. B.20. As one can easily derive from
Eq. B.27 and from Section B.2, the actual stored field energy in a cylindrical
cavity of length Lo = 29 — 21 and longitudinal field profile T'(2) is

W= @UL / [(2)2dz (B.30)

B.7 Ohmic Wall Loading and Ohmic Quality Factor

See [Jac99], 5.18 and 8.1. The magnetizing field H at either wall of the
coaxial cavity, close to the surface, is considered. One can choose the lo-

cal coordinate system such that the origo lies in the surface of the wall, €,
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B.7 Ohmic Wall Loading and Ohmic Quality Factor

points outwards (from the wall material into the vacuum), €, is tangential to
the wall, and €, points along the cavity axis. Neglecting the sources of the
electric displacement field and Maxwell’s displacement current and intro-
ducing the electric conductivity o (Withf = UE), Maxwell’s (macroscopic)

equations read

V-D=0

V-B=0
Vxﬁ:j:aﬁ
VxE=-8B

Using simple vector algebra, one obtains for the magnetizing field H (and

analogously for A E, j):
AH =opoH

where 11 = popirel. The field in x-direction vanishes; however, the change
of the other two field components in z-direction is strongest. Hence, one
obtains for the tangential magnetizing field Hyang = |Hy €, + H.€.| (not to

be confused with perpendicular component H | = H, +iH,):
athang ~ op Oy Hiang

The harmonic ansatz Hyang (2,9, 2,t) = fltang(y, 2)ete =k returns

iwt yiw/Ds yx/Ds

Htang = Htang(ya Z)e

for the field inside the wall, where Dg := ,/ ﬁ is the skin depth.
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The corresponding current (which is perpendicular to the magnetic field di-
rection) results from Ampere’s law, and the tangential electric field (first-
order correction) results from the definition of o

V2

jtang = DS Htang - €

V2

Etang = oD Htang - €
S

xz/Dsg ei(wt+z/Ds +57/4)

z/Dg ei(wt+x/Ds +57/4)

The work per unit volume on the electrons is then the time-average over the
product of the real parts of both (with H2,,, = H2 + H?):

dPq : U [ o . .
W = <]tangEtang> = 7 (HyQ + H?) &> /Ds
Integration from x = —oo to 0 yields the total ohmic losses per surface

element, i.e. the ohmic loading (see e.g. [KBTO04], eq. 5.3.), namely

dPo  pw fo o
=0 _Mp. (H i )
we =g T s\ T
Using Eq. B.16 and w = 27 p,e1¢/ A, one obtains for the ohmic loading on

an axisymmetric boundary with radius R from a TE mode:

7 Ds I'z) m \? 5\ Ao

The field component B ||,m (I?) can be estimated from Eq. B.14. For a typical
cavity with length Lo one can estimate the ratio between the squared terms

as

dr/d(k, 2)
I

m A m
X mLo x

which leads to the conclusion that the loading by the z-component of the
field is much larger than that by the ¢-component.
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B.7 Ohmic Wall Loading and Ohmic Quality Factor

The ohmic quality factor Qq := % of a TE mode in a cylindrical cavity

can now be obtained using Eq.s B.29 and B.31 (with I'(z) = 1):
g0y2
Qo=w- —
2 (RO'[UQ(RO) + Rywg (RI))
_ Ro B2(Ro) (x3 —m?) — B2(Ry) (x} —m® + )
X0 Ds,0 xo B2(Ro) + Ds1 x1 B2(Rr)

(B.32)

One can readily define the individual contributions of insert wall )1 and
cavity wall Qo.

If no insert is present, B, (Ry) vanishes and the remaining field ampli-
tudes cancel out; and one obtains the well-known result ((KBTO04] (5.11))

R m2
Q.hollow = —— ~(1 > (B.33)

Ds o - %

Applying the general relation for powers and quality factors to the stored en-

ergy and frequency, PoQqo = wW, leads from Eq. B.33 with the definition

of skin depth to
2 3
Po— /220" Wixo (B.34)
o 1-(m/xo)

Since the skin depth is typically less than 1 pm, hence smaller than possible

corrugations, the metallic surfaces can be regarded as perfect conductors
when the mode eigenvalues are calculated. Thus, nonideal surfaces do not
impede the applicability of the SIM (Section B.3), but one might need to
calculate the ohmic loading inside the corrugations in more detail, e.g. for
each kind of the surfaces (bottom, top and side) separately [DZ04], denoted
w in this work. In realistic scenarios, however, the corrugations will not be
perfectly formed, which slightly influences both ohmic loading and mode

eigenvalues.
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B.8 Interaction of Modes and Particles

The following considerations are based on [Bor91]. The hollow elec-
tron beam, aligned to the cavity wall, is thought to consist of n}, beam-
lets with guiding centers x |;, = rpel?n . Each beamlet consists of n¢
(macro-)particles, located at x ;. = ree¥ic with respect to the guiding
center. In the following, only one particle will be considered and the count-
ing indices ¢ will be omitted. Then, the location of the particle (e.g. in the

outer-wall coordinate system) is

Ty + xc =1, =re? (B.35)
and its momentum is tangential to the circular (or helical) path:

piL = pelFrieets) (B.36)

One can now return to Egs. A.15b-A.17, i.e. to the Lorentz force on indi-

vidual particles (or macroparticles):

d . .

% =qe b/} +iqev Bl —iqevy By (B.37)
dp .

dT” =qe b + qelm(vi By) (B.38)
dw §

g v B+ aeRe(vIEL) (B.39)

For TE modes one may neglect the transverse magnetic fields due to the
RF waves, leaving only the static external, axial field to be accounted for
(termed “adiabatic approximation” of the magnetic field). Furthermore, the
acceleration due to F) can be separated from the equations. Using Eq. A.8

in complex notation and W =: Re(W ) yields

190
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dp1 )
Bl - 1qu\| =0 By — iq.vL B
dpy _
RS —6 B
i QeIm(v —=0) By|)
aw, .
Tar i
With v = £ and Q¢ = qu” one obtains:
dp qe0) B
IE =iqe | + %p”au — QcpyL
dp) 99 By
| a1 *
dt 9ymm, m(plzy)
dW Qe
= * E
dt "/mepL L

The time-derivative can now be executed on the perpendicular momentum
(Eg. B.36). With X = X and inserting the expressions Eq. B.35 and B.36,

at =
one finds:

d . OB

i— —Gp—pc+Qc|p :quJ_e_l(LPb'HPC) + Ged) ”p re'¥ (B.40)

dt 2ym,
dpj 9.9 B|
e | — oy — B.41
P 2m, cos(p — @p — @c) (B.41)

idWJ- _ 9P g —ilenteo) (B.42)

dt YMme

The transversal field is now expressed as a sum (linear superposition) of
eigenmodes, using an unitless axial envelope I',,,,(z) from the longitudi-
nal field profile considerations, Eq. B.8 for the transversal field profile, and
Eq. B.28 for normalization. Factorization of the longitudinal and transversal

terms is an appropriate approximation only if the tapering 0, R(z) is small.
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El(r? <)07 Z’ t) =
(B.43)

—imep eiwmpt

By m—1(kmpr)/Bm
Zmp moslbmg?)[ By ;5 e

UL mp/(wmpBJ mp/k )

Weritten in this form, it is obvious that the double fraction in the sum (second
factor) depends only on the given geometry; numerator and denominator
are well-defined also for large k,,,. The denominator is commonly denoted
1/ Cp (as in [Bor91, Ker96]). The third and fourth factors are equivalent
t0 Viyp and V X )y, in [Bor91], respectively, since ¢, ~ B.

For a hollow cavity with smooth walls, the numerator (see Eq. B.6) and

denominator (see Eq. B.29) are:

r
Tg;;m) = Jm-1 (me )

Ro

Y™ = /1 (B —m2) T (Xnp)

(B.44)

Inserting the mode decomposition Eq. B.43 into Eq. B.40/B.42 and prepar-

ing the terms for the next steps yields:

d @By
- _ Q 1@ —
<1dt b — pc + c) D— 2y, —___ pre

_ qez kmpUl,mmep(Z)eiwmptefi(<p+m<pb+90c). (B.45)
‘mp UL mp/ (@Wmp/ k2 )

’ Bva—l (kmp'f’)ei(l_m)(ﬁ"_ipb)

i Wy *erz kmpUL mp mp( )eiwmpt e—iletmentec),
UL mp/(@mp/k2,,) (B.46)

-BH,m_l(kmpr)el(l_m)(w_“’b)
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Recalling that positive and negative integers are interchangeable as indices
of Bessel and Neumann functions, the term after the multiplication sign can

be expanded in a sum according to Graf’s theorem [AS64]:

B||,m71 (kmpr)ei(l—m)(so—sab) —

= . : (B.47)
Z BH,m—s(kmp'rb)Jsfl(kmpTC)el(S_l)(ﬂ—_sac)

(s—1)=—o00
Inserting and sorting the exponential terms yields:

d R qeauBH
— Q
(dt Yr — pc + c> 27m ——pre'¥

_ kmpUJ_,mpl—‘mp(z)e*imwb
qe% UL mp/(Wmp/k2,,) (B.48)

Z BH’me(kmprb)Jsfl (kmprC)eimei(wmpt_wC)e_i()(J
(s—1)

—imey

Wi _ QeP kapUL ,mp mp( )
Ul mp/ (@Wmp /2, )

Z BILm—S(kmzﬂ'b)Js—l (kmprc)eimei(w"wtiwc)€7i¢
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The dimensionless coupling factor for each mode (for one chosen s) con-
sists of the absolute parts of the right side of Eq. B.48, normalized to the

maximum field strength at the respective axial position:

meBH,m s(kmprb)
UL mp/ (@Wmp/ k)

Gmps(rp) =  Js—1(kmprc) (B.50)

193



B Theory of TE Modes in Coaxial Gyrotron Cavities

If only one harmonic and modes in a small £,,,,, range are considered, the
second factor may be omitted. The beam radius for optimum coupling is at

the first extremum of 0,, (GmpSQ), i.e. where

Phopt = 2m=5L . Ry, (B.51)
me

One can also set 1, = Ry or 1, = R to compare the coupling of the beam

with the “wall couplings”, i.e. with the respective ohmic loss.

B.9 Tunability Step Size

As discussed for example in [FAG™15], the eigenvalues of typical high-
order cavity modes (there: 31 < m < 43,11 < p < 17 with a relative error
of less than 0.3 %) can be linearly approximated by

Xmp & 3.415p + 1.268m — 5.11

During frequency-step tuning, the excited modes are in most cases az-

imuthal neighbors, hence
Ax ~ 1.268

With the relations x = 27k, Ro and w = ck, one obtains for steps between

modes near cutoff:
Ro - Aw =~ 61 mm - GHz (B.52)

Reference [ZT05] gives several examples for step-tuned gyrotrons in its sec-
tion 3, e.g. 58 mm - GHz for a TEs2 ¢ mode gyrotron, 59 mm - GHz for
a TEg5 19 mode gyrotron, 57 mm - GHz for a TE3; g mode gyrotron, and
62 mm - GHz for a coaxial TEs4 ;19 mode gyrotron.
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C.1 Numerical Approaches

In order to solve an electrodynamics problem numerically, one can base the
calculations on formulas at any level of abstractness and on any appropriate
approximations. A typical approach for the calculation of gyrotron inter-
action are Particle-In-Cell-Codes using Lorentz and Maxwell’s equations
directly: the electrons are treated as point-like multiparticles (having the
charge of a large, but fixed number of electrons), moving through a mesh
that has electric and magnetic fields assigned to each node. The Lorentz
force acting on a multiparticle at a defined position is interpolated from
the fields of the surrounding nodes, while the field at each node is, if not
fixed or externally imposed, calculated via the Maxwell’s equations with
the multiparticles as sources. Alternatively, one can use approximations and

simplifications that are typical for gyrotrons, such as
¢ axisymmetry, thus separation of the azimuthal coordinate;

» small tapering, thus separation of the axial coordinate and neglect of

mode conversion;

e description of the electron trajectories as small orbits around defined
guiding centers;

* slowly varying field amplitudes |0 X /0t| < w - | X

them from the fast interaction regime;

, thus decoupling

¢ conservation of the electrons’ axial momentum; and/or

e disregard of RF magnetic fields.
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C.2 Codes Used / Developed
C.2.1 CAVITY Package

CAVITY is a KIT in-house package of twelve routines for design, simula-
tion and optimization of gyrotron cavities, both hollow and coaxial. Its core
functions have been written between 1986 (SELFC) and 1997 (SELFT),
with improvements until 2011. The routines (or applications) are indepen-
dent executables, however linked by interface files which are used as output
by some, as input by other routines. The package is almost exclusively writ-
ten in FORTRAN-77, with one exception being the Tcl/Tk user interface
(by Harig, Kern, Illy 1997), which can also serve as a developer interface.
The CAVITY routines are not parallelized. See also [Ker96], section 5.2,

and Fig. 2.5. The following routines have been used for this work.

MAXPO (latrou, Kern 1996)

MAXPO estimates the maximum possible output power of a gyrotron for
a set of general design parameters such as frequency f, efficiency not,
beam radius 71,, dimensionless variable p, maximum emitter current den-

Sity JE max, and so on.

GEOMT (Kern 1993)

GEOMT is the main tool to define a geometry. Cavity wall and, if desired,
coaxial insert are defined by an axial profile of straight lines with inclination
angles, perhaps joined by parabolic smoothings. Parts of the insert can be
corrugated, defined either by the corrugation depth DxyM or by the corru-
gation parameter WxyM, with x and y being the ones place and tenths place
of dy and w := Cy, tan (k. D,.), respectively, and by s/t= C,, separately.
Alternatively, the auxiliary package GEOFREE can be used for geometry

input from external files, e.g. for geometries with arbitrary contour.
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SCNCHI (Borie 1993)

For a given geometry, a given z range and a given r, range, SCNCHI finds
all modes within a certain frequency range (or, eigenvalue range, therefore
the name scan chi) and above a certain relative coupling with respect to the
desired main mode. Optionally, the coupling factor G(z,r,) for a given
mode can be calculated or a scan over the Cr-x plane can be performed to
find relevant modes.

In coaxial cavities, SCNCHI can not find all roots due to numerical over-
flow of the Neumann functions. Therefore, unpredictable shifts in the radial
index appear that are dependent on the axial coordinate. Thus, the calculated
coupling is in most cases incorrect. Due to the memory-saving program-
ming style of the CAVITY routines, this could not be fixed without major
rewriting of the code.

CHIMP (Borie 1993)

Within a given eigenvalue and radii ratio range, this routine finds the eigen-
value curves Y, using detailed input of insert impedance corrugation and,
if necessary, rippled-wall corrugation. Corrugation variables can be swept
over. For a given mode possible conversions can be found. The correctness
of these results, however, relies on the proper identification of mode eigen-
values and mode indices, which is not always given for coaxial cavities due

to the same reasons as in SCNCHI.

COLDC (Borie, Dumbrajs, Kern 1989-1993)

COLDC calculates cold-cavity, i.e. excitation-free, axial field profiles I'(z),
eigenfrequencies, and quality spectra for the modes found by SCNCHI. The
field profile is found in Vlasov approximation [VZOT69], i.e. considering
a waveguide with only small irregularities.

Several options are available to find reasonable field profiles, which is

especially relevant if a completely new geometry is investigated. As with
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the following routines, consistent assignment of eigenvalues and mode in-

dices is required for accurate calculations.

GYMOT (Borie, Kern 1989-1993)

Using the cold-cavity (or, at a later stage, self-consistent stationary or self-
consistent) field profiles, the equation of motion of traversing electrons is
solved such that required interaction parameters (Bo, I1,, We, go) and pos-
sible power and efficiency can be determined. Possible output are starting
current curves over Uy, or Bo. GYMOT has proven to be a very powerful

tool in the cavity design phase of this work.

SELFC (Borie, Kern 1986-1993)

SELFC calculates stationary self-consistent single-mode solutions of equa-
tion of motion and field profile (in Vlasov approximation). As it includes
both the influence of the field on the electrons and of the electrons on
the field, it gives more accurate results than COLDC and GYMOT alone.
SELFC also calculates ohmic loading on insert and cavity wall.

MCONYV (Braz (H6chtl), Wien, Kern 1993-1994)

This is a tool for calculation of mode conversion within a z-range of a given
cavity. It is mainly used to confirm that the main mode does not convert to

other modes in the uptaper section.

SELFT (Kern 1995, 2008-2011)

SELFT provides time-dependent self-consistent multimode simulations of
the gyrotron interaction. As such it is the core routine of the CAVITY
package. Apart from numerical parameters (length of time steps, number
of macroelectrons) the user can define a startup scenario and choose the

modes to be included. The code uses output data from other routines such
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as GEOMT for the cavity geometry and SELFC/SELFT for the initial axi-
al field profiles. Typical output are time-dependent power levels, spectra
and axial profiles of the individual modes. Not implemented are thick or
misaligned beams and ohmic loading considerations. During interaction
simulations with SELFT, an unexpectedly strong correlation between corru-
gation depth and output power as well as between velocity spread and output

power drop was found.

C.2.2 EURIDICE Package (Avramidis 2006-2016)

The EURIDICE package [APIV12, Avrl5] has the same scope as the
CAVITY package: to provide the necessary means for reliable gyrotron cav-
ity designs. Its two main components are COLDCAV and EVRIDIKI, in a
similar fashion as COLDC and SELFT are central to CAVITY; other rou-
tines are ISTART (for starting current calculations), BEAMSHIFT, INTER
and SELF (self-consistent solution of gyrotron interaction). EURIDICE is

written in Fortran and parallelized with MPI.

COLDCAV

Coldcav finds the cold-cavity profiles of given modes in a defined cavity, and
returns the corresponding eigenfrequencies and quality factors. It also cal-
culates the necessary z-dependent eigenvalues in advance (what is SCNCHI
and CHIMP in CAVITY). COLDCAV can consider broadband boundary
conditions as described in [WATJ15].

EVRIDIKI

EVRIDIKI simulates self-consistent time-dependent multimode interac-
tions in gyrotron cavities. Apart from the basic physical (such magnetic
field strength, beam radius, voltage, current and pitch factor) and numeri-
cal parameters (such as time step, number of electron beamlets and phases),
several advanced parameters can be set, such as spreads in vy, g and 71, as
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well as parabolic magnetic field taper. The electron beam can also be read-
in particle for particle, thus providing arbitrarily shaped beams. The code
has originally been designed for simulations of hollow cavities and of co-
axial cavities with aligned corrugated insert, but interfaces exist to simulate
other geometries such as cavities with misaligned insert (e.g. SCNCHIMP

output) or with inner-outer corrugation.

C.2.3 Design-o-mat (Franck 2012-2016)

As follows from the considerations in Section 2.1.2, the gyrotron design
outcome depends on the particular design process, i.e. which parameters
are calculated in which order respecting which boundaries. For the gyrotron
design in this work, MAXPO usually returned values that were much more
pessimistic than the outcome of corresponding interaction and MIG simu-
lations, and the code does not foresee that the user can change the order
of parameter calculation. Therefore, a completely new C++ routine, named
Design-o-mat, was written to serve the same purpose as MAXPO. Its inter-
nal calculation scheme is given in Fig. 2.1.

As of 2016, Design-o-mat can be used in three operation schemes. In the
standard scheme, the user provides an input file with frequency and output
power as the key parameters of a gyrotron design. Within the technical
boundary conditions, the code then suggests optimum parameters (such as
operating mode, cavity length, beam voltage and current) which may or may
not be respected by the user during the next input. The code also returns
interesting values such as main competitors, time scales and parameters for
launcher simulations. After the design for the main mode is complete, the
code calculates the corresponding values for all other modes in a multi-
frequency series.

The other two operation schemes focus on multi-frequency design, based
on the considerations described in Section 2.1.3. The more user-oriented

scheme displays all mode series with central mode in a given range of az-
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imuthal index, caustic radius, eigenvalue and frequency, and the user can
analyze their suitability for multi-frequency operation in more detail. The

other scheme just displays the most suitable series.

C.2.4 SCNCHIMP (Franck 2014-2016)

This code had originally been developed to fix the radial index issue in
SCNCHI on the cost of speed and memory efficiency (which are much less
an issue than 20 years ago). Since the coupling spectrum in SCNCHI in
fact depends on the axially varying eigenvalue calculated later with CHIMP,
it had been considered useful to combine both routines into one, hence the
name SCNCHIMP. Some less important features of SCNCHI and CHIMP
have been left out of the new code, but new features were added, most im-
portantly the possibility to calculate field distributions in misaligned cavities
based on the theory and methods described in Section 3.3.3, but also to in-
clude a magnetic field with parabolic taper (compatible to the EVRIDIKI
input) and a tilted insert. SCNCHIMP has been tested for eigenvalues up to
180, azimuthal indices up to 60, misalignment up to 1 mm and root precision
up to 1072, Modes with longitudinally varying dominant azimuthal index
cannot be treated properly by the code; hoewever, those modes only occur
for physically unacceptable large misalignment. SCNCHIMP is written in
Fortran-95 and almost the entire code could be parallelized with OpenMP.
See Section 3.3.

C.2.5 WickedQueen (Franck 2015-2016)

The WickedQueen C++ code has been developed in the context of this work
to calculate voltage depression on beam electrons in misaligned cavities.
Its fast and elegant calculations are based solely on the method of image
charges and can therefore also be used to benchmark e.g. finite-element ap-
proaches. The output data of WickedQueen — the voltage depression dis-

tribution of the electrons — can be used as energy spread input data for
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interaction simulations, such as EVRIDIKI. More details are provided in
[FAG™ 16a].

For an overview of the interconnection of the cavity design routines de-
scribed in Sections C.2.1-C.2.5, see Fig. 2.5.

C.2.6 ARIADNE (Pagonakis, Xidakis, Vomvoridis 2007-2016)

ARIADNE is an electron beam optics code written in C++ for self-
consistent calculation of electron trajectories in electrostatic, magnetostatic,
and RF electromagnetic fields. It uses the finite-element method on a curvi-
linear mesh with second-order interpolation for the fields at electron posi-
tions. A multitude of commands from relatively low level to high level can
be used to define physical components and phenomena typical for gyrotron
MIGs and collectors such as metallic surfaces with defined potentials, emit-

ters, magnet coils, beam neutralization, or secondary electrons.

C.2.7 Opic (llly, 1999-2016)

Opic is a code package capable of simulating gyrotrons MIGs and collec-
tors. Its core routine is ESRAY, a trajectory code written in C++ and paral-
lelized with OpenMP. It uses a 2D non-orthogonal, but structured quadrilat-
eral mesh and the finite-difference method to solve the Poisson equation.
Further routines are dedicated to grid generation (GRIDGEN), magnetic
field generation from coil definitions (MAGGEN) and visualization/data
output (OVIS). As of 2016, a unique feature to ESRAY is its capability
to include effects from emitter surface inhomogeneities auch as roughness
and varying temperature.

Since ARTADNE and ESRAY use complementary numerical approaches,

the codes can be — and have been — used to verify each other.
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