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Foreword of the Editor

The global demand for electric energy is rising constantly. The developed
countries continue to consume huge amounts of energy while demand is
increasing in the developing countries. That demands for new sustainable
energy sources. The nuclear fusion using a magnetically confined plasma
is an option for a sustainable, environmental-friendly generation of electric
power. In order to accomplish nuclear fusion, the particles, deuterium and
tritium, must overcome the electric repulsion to get close enough for the
attractive strong nuclear force to take over and fuse the particles. That re-
quires the creation of a plasma at extremely high temperatures of above 100
million Kelvin. One possible heating and current drive system to reach and
finally control those high temperatures is the Electron Cyclotron Resonance
Heating and Current Drive (EC H&CD). Gyrotrons are the high-power mi-
crowave sources used to generate the RF power for EC plasma heating
and current drive. Presently, ten gyrotrons, each generating an RF power
of 1 MW CW at a frequency of 140 GHz, are successfully operating at
Wendelstein 7-X (W7-X) stellarator at Greifswald (Germany). In future,
twenty-four 170 GHz, 1 MW CW gyrotrons will be installed at the ITER
tokamak at Cadarache (France). After ITER, the DEMOnstation power
plant (DEMO) is planned. DEMO will show the capability to produce net

electrical energy using nuclear fusion.

In Europe, the EUROfusion program coordinates the research work towards
a future DEMOnstration fusion power plant. According to the EUROfusion
baseline 2012, an operating frequency of up to 240 GHz is required for

the EC current drive. Considering a conventional hollow-cavity gyrotron
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technology, the expected RF output power of a single gyrotron needs to be
higher than 1 MW with an interaction efficiency of better than 35 %. Fast
frequency step-tunability in steps of 2 — 3 GHz is required for frequency
steering of the RF beam. Multi-purpose operation in leaps of 30 - 40 GHz
is requested additionally. As the thermal loading on the cavity wall rapidly
scales with the operating frequency, the maximum thermal loading of the
cavity wall is determining the maximum achievable output power per tube.
Very high-order transversal electric (TE) modes with eigenvalues larger than
100 need to be considered in the gyrotron design. Therefore, a prerequisite
for every future fusion gyrotron design is to do a proper component’s de-
sign, to do an optimization of the operating parameters and to find a suitable
start-up scenario. Equally important is to push the limits for the maximum
achievable RF output power.

In his work, Dr.-Ing. Parth Chandulal Kalaria presents a systematic fea-
sibility study in combination with a detailed tolerance analysis for a pos-
sible conventional-type hollow-cavity DEMO gyrotron. He investigates
the possible gyrotron performance considering realistic beam parameters
and material properties in the simulation setup. The possibility of multi-
purpose operation and fast frequency step-tunability are also numerically
demonstrated. Dr.-Ing. Parth Chandulal Kalaria analyses the effects of an
axial misalignment of the electron beam and, additionally, the effects of
space-charge neutralization on single mode gyrotron operation. To verify
the maximum achievable RF output power, the effects of mode competition
have been systematically verified. An innovative triode-type start-up is pro-

posed to push the limit for the maximum RF output power.

As such, Dr.-Ing. Parth Chandulal Kalaria has provided the gyrotron com-
munity with an important investigations of the principle theoretical feasi-
bility of a hollow-cavity gyrotron for future DEMOnstration fusion power

plant.



Kurzfassung

Die rasche Zunahme der Weltbevolkerung einerseits und die begrenzte Ver-
figbarkeit fossiler Brennstoffe andererseits deuten auf die Notwendigkeit
alternativer Energiequellen hin. Eine vielversprechende Quelle fiir saubere,
sichere und zuverlissige Energie ist die kontrollierte thermonukleare Fu-
sion in magnetisch eingeschlossenen Plasmen. Um die technische und
wirtschaftliche Machbarkeit der Energieerzeugung aus kontrollierter Kern-
fusion zu zeigen, wurde der Bau eines Demonstrationskraftwerks (DEMO)
vorgeschlagen. In diesem werden Elektronen-Zyklotron-Resonanz-Heizung
und -Stromtrieb (ECRH&CD) des Fusionsplasmas eine Schliisselrolle spie-
len. Die dafiir notwendige (Sub-)Millimeterwellen-Strahlung wird von Gy-
rotrons zur Verfiigung gestellt. Zusitzlich zu hoher Ausgangsleistung, um
einen ausreichenden Fusionsgewinn zu erzielen, sind Gyrotrons mit Fre-
quenzen bis zu 240 GHz und einer Hohlraum-Wechselwirkungseffizienz
von mehr als 35 % wiinschenswert. Aulerdem werden eine schnelle Fre-
quenzdurchstimmbarkeit in Schritten von 2 bis 3 GHz sowie eine langsame
Frequenzdurchstimmbarkeit in Spriingen von 30 bis 40 GHz fiir die Kon-

trolle von Plasmainstabilititen bzw. fiir Mehrzweckanwendungen gefordert.

Im ersten Teil der vorliegenden Arbeit wurde die Machbarkeit eines hochen-
twickelten DEMO-kompatiblen Hohlleiter-Gyrotrons fiir stabilen Dauer-
strich (CW) Betrieb auf Grundlage strenger Toleranzstudien demonstri-
ert. Fine geeignete Reihe von Betriebsmoden des Gyrotrons wurde auf
Grundlage des Mehrfrequenzbetriebs und der Kriterien fiir Frequenzdurch-
stimmbarkeit ausgewéhlt. Unter Benutzung des vorgeschlagenen systema-
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tischen Designansatzes wurden die physikalischen Parameter des Wechsel-
wirkungsraumes (der Cavity) so optimiert, dass die maximale Ausgangsleis-
tung und Effizienz bei einer sinnvollen Ohmschen Wandbelastung von

2 kW/cm? erreicht wurden. Unter Beriicksichtigung realistischer Elektro-
nenstrahlparameter (Geschwindigkeitsverbreitung, radiale Breite) im Bere-
ich der Cavity und einer realistischen elektrischen Leitfdhigkeit des vo-
raussichtlichen Hohlraummaterials (Glidcop) lieferte die entworfene Cavity
in Simulationen eine stabile Ausgangsleistung von 920 kW. Zusitzlich zu
Mehrfrequenzbetrieb bei 170 GHz, 203 GHz, 236 GHz und 269 GHz wurde
die schnelle Frequenzdurchstimmbarkeit im Bereich von +10 GHz um die
Mittenfrequenz von 236 GHz numerisch demonstriert. Aufgrund der gerin-
gen Wellenldnge und der hohen Betriebsmode ist das Gyrotron anfillig fiir
Fehlausrichtungen des Elektronenstrahls. Der Einfluss axialen Versatzes
auf die Gyrotron-Wechselwirkung wurde mit einem auf Makroelektronen
basierenden Simulationsansatz untersucht. Fiir die Auslegung der Cavity
von Dauerstrich-Fusionsgyrotrons sind die Effekte der Raumladungsneu-
tralisierung entscheidend. Die Anderung der Strahlparameter aufgrund des
Neutralisationsvorgangs wurde in selbstkonsistenten Mehrmodensimula-
tionen untersucht, und das RF-Verhalten des vorgeschlagenen Hohlraums

wurde fiir den CW-Betrieb verifiziert.

Um die Gesamtzahl der Gyrotrons pro Anlage zu reduzieren und um einen
kostengiinstigen und zuverlissigen Betrieb zu ermdéglichen wird fiir DEMO
eine hohe Leistung pro Rohre bendtigt. Entsprechend wurden im zweiten
Teil dieser Arbeit die Betriebsgrenzen des DEMO-Gyrotrons betrachtet.
Die Auswirkungen des Modenwettbewerbs auf den Gyrotronbetrieb wur-
den griindlich untersucht und generische Ansidtze wurden vorgeschlagen,
um die Eigenwertgrenze fiir die Auswahl der Arbeitsmoden zu bestimmen.
Alle diese Ansitze weisen auf eine Moden-Eigenwertgrenze von 125 fiir
das vorgeschlagene 236 GHz Hohlleitergyrotron hin; und auf dieser Grund-
lage wurde ein neues 1,5 MW Gyrotron-Design fiir DEMO vorgeschla-

i
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gen. Dariiberhinaus wurden die Kontrolle des Modenwettbewerbs und die
Modenauswahl unter Verwendung eines fortgeschrittenen Trioden-Startup-

szenarios demonstriert.

Die diskutierten systematischen Entwurfsstudien und die griindliche Stabil-
itdtsanalyse sind fiir die Entwicklung der nichsten Generation von Fusions-
gyrotrons mit verbesserter Ausgangsleistung und robustem Betrieb von Be-

deutung.

iii






Abstract

The rapid increase in the world population and limited availability of fos-
sil fuel suggests the necessity for alternative energy sources. The controlled
thermonuclear fusion in magnetically confined plasma is a promising option
for clean, safe and reliable energy source. A DEMOnstration power plant
(DEMO) is proposed to be built to prove the technical and economical fea-
sibility of controlled thermonuclear fusion energy. Electron Cyclotron Res-
onance Heating and Current Drive (ECRH&CD) of the fusion plasma plays
a key role in such a DEMO and the necessary mm-wave/sub-millimeter
wave radiation is provided by gyrotrons. Along with high output power, to
achieve sufficient fusion gain, it is desirable to use gyrotrons with frequen-
cies up to 240 GHz and cavity interaction efficiency higher than 35 %. In
addition to this, fast frequency tunability in steps of 2 - 3 GHz and slow
frequency tunability in steps of 30 - 40 GHz is also requested for plasma

instability control and multi-purpose applications, respectively.

In the first part of this work, the feasibility of an advanced DEMO-compatible
hollow-cavity gyrotron was demonstrated, along with rigorous tolerance
studies for stable Continuous Wave (CW) operation. The suitable operating
mode series has been selected according to the multi-frequency gyrotron op-
eration and frequency-tunability criteria. Using a suggested systematic cav-
ity design approach, the physical parameters of the cavity were optimized
such that the maximum output power and efficiency were achieved with the

2

reasonable Ohmic cavity wall-loading of 2 kW/cm”. Considering realis-

tic electron beam parameters in the cavity (velocity spread, radial width)
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and a realistic conductivity of the anticipated cavity material (Glidcop), the
designed cavity yielded stable output power of 920 kW (according to sim-
ulation). The fast-frequency step-tunability was numerically demonstrated
within the frequency range of 10 GHz around the center frequency of
236 GHz, along with the multi-frequency operation at 170 GHz, 203 GHz,
236 GHz and 269 GHz. Because of the small wavelength and high order
operating mode, the gyrotron is susceptible to beam misalignment. The in-
fluence of axial-misalignment on gyrotron interaction was studied using a
macro-electron based simulation approach. For CW fusion gyrotrons, the
effects of space-charge neutralization is critical for the hollow-cavity de-
sign. The variation of beam parameters due to the neutralization process
was considered in multi-mode, self-consistent simulations, and the RF be-
havior of the proposed cavity was verified for CW operation.

To reduce the overall number of tubes per plant and to facilitate cost-
effective and reliable operation, high power per tube is requested for DEMO.
The operational limits of the DEMO gyrotron were investigated in the sec-
ond part of this work. The effects of mode competition on gyrotron op-
eration were rigorously studied and generic approaches were suggested to
determine the mode eigenvalue limit for operating mode selection. All these
methods specified a mode eigenvalue limit of 125 for the proposed 236 GHz
hollow-cavity gyrotron and based on it, a new 1.5 MW gyrotron design was
proposed for DEMO. Furthermore, the mode competition control and mode
selectivity were demonstrated using an advanced triode-type start-up sce-

nario.
The discussed systematic design studies and exhaustive stability analysis

are significant for the development of next generation of fusion gyrotrons

with improved output power and robust operation.

vi
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1 Introduction

In this chapter, the applications of high power gyrotrons to thermonuclear
fusion plasma experiments are discussed, followed by the description of
gyrotron requirements for the next generation DEMOnstration power plant
(DEMO). The overview of gyrotron principles and its main components are
also presented. The scope of this work is discussed in the last section of this

chapter.

1.1 Fundamentals of fusion plasma experiments

By the year 2050, the amount of energy requirement is expected to be dou-
bled because of the rapid increase in the world population [TAE0O]. Around
80 % of the present energy requirement are being satisfied by the fossil fuels,
but they are limited in nature and generate unacceptable greenhouse gases
[Fus12]. The renewable energy sources like solar and wind are providing
green energy, but their capabilities to fulfill next generation energy demand
are under discussion [Chell]. Alternatively, the controlled thermonuclear
fusion in magnetically confined plasma represents one of the most promis-

ing long-term and clean energy supplies for the future.

As per the Lawson-criterium [Law57], low energy fusion reaction is only

possible with the lightest nuclei. The hydrogen isotopes namely Deuterium
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(%D) and Tritium (%T) are used in the most effective fusion reaction. The

complete process can be represented as,

ID+3T— He+n (1.1)

The energy released in this fusion reaction is based on Einstein’s famous
equation E = Amc? [Ein35]. The total energy of 17.6 MeV has been gener-
ated per reaction, which is divided among the neutron (14.1 MeV) and he-
lium atom (3.5 MeV). As both the hydrogen isotopes are positively charged,
therefore, for a successful fusion reaction, the kinetic energy of around
10 keV (~ 116 Mio. K) is required to overcome the ion-ion repulsive force

called coulomb barrier.

Since, it is not possible to generate such high temperature using a single
heating system, thus, more than one heating system is used simultaneously

to reach the desired temperature. The main heating systems are:

e Ohmic heating: Here, the conducting plasma behaves as a secondary
winding of a transformer and the plasma current is induced by slowly
increasing the current through an electromagnetic winding, which is
linked to the plasma torus. The generated heat depends on the plasma
resistance and the induced current. With the increase in temperature,
the Ohmic heating becomes less effective because of the reduction of

the plasma resistance.

* Neutral Beam Injection (NBI): High energy neutral atoms are gener-
ated outside the torus. This neutral beam passes the high magnetic
field region and thereafter, reaches the plasma region, where it gets
ionized. The generated ions are trapped in the strong magnetic field
and transfers their energy to the plasma ions and electrons by repeated
collisions [HDG"09].
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* Radio-Frequency (RF) heating: According to the Lorentz force, the
charged particles in the plasma (electrons and ions) rotate around the
static magnetic field with their cyclotron frequency. Based on the cy-
clotron interaction, RF energy is transferred to the charged particle in
the form of thermal kinetic energy. According to the selected charge
particles, this method is divided into two sub-categories namely: (a)
Ion Cyclotron Resonance Heating (ICRH) [SJB198] and (b) Electron
Cyclotron Resonance Heating (ECRH) [EKP12]. The electromag-
netic waves for the ICRH systems are generated using tetrode based
sources, while high-power gyrotrons are used as microwave source
for the ECRH application [JAFT 14].

Compared to the other plasma heating systems, the advantages of the ECRH
system includes localized power deposition, small port size, controlled ab-
sorption and possibility of remote steering [GLP™11]. It also supports quasi-
optical propagation of the beam, which simplifies the launching system.
Hence, a launcher can be placed far away from the hot plasma surface. For
both the possible configurations of fusion plasma experiments (e.g. toka-
mak and stellarators), the ECRH systems are proved to be effective and are

also planned for future plasma experiments [PTZ12].

High-power RF sources operating in a frequency range between 100 GHz
and 300 GHz are required for ECRH in fusion plasma experiments [Sch15].
Gyrotron oscillators (gyrotrons) are the only sub-millimeter and millime-
ter wave sources, capable to produce high-power (few kW to several MW)
electromagnetic (EM) waves [Thul6]. The main applications of high-power
(~ 1 MW), high-frequency (100 GHz — 300 GHz) gyrotrons are plasma
start-up, Electron Cyclotron Resonance Heating (ECRH), non-inductive
Current Drive (CD), Collective Thomson Scattering (CTS) diagnostics and
plasma stability control in plasma experiments relevant for nuclear fusion

research. As an example, for the Wendelstein 7 - X (W7-X) stellarator in
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Greifswald (Germany), in total ten 140 GHz, 1| MW CW (1800 s) hollow-
cavity gyrotrons are completely installed and are being operated success-
fully to fulfill the total ECRH requirement [EBG'14]. The RF-power
is transmitted using quasi-optical mirror based transmission systems and
is launched into the plasma vessel with the help of four equatorial ports
[EBL*05]. For the ITER tokamak in Cadarache (France), 24 Continuous
Wave (CW) (~ 3600 s) gyrotrons with an operating frequency of 170 GHz
are planned for a total power requirement of 20 MW [JAA™15] [KST108].
The major goal of ITER is to achieve the record fusion power gain (Q =
Prusion/Pheating) of 10 and to validate possibilities of steady-state controlled

plasma operation.

1.2 DEMO: the next step towards fusion power

After ITER, the first prototypes of fusion power plant are foreseen, termed
DEMOnstration power plants (DEMO) [LST11]. DEMO is notably in-
tended to be the first fusion reactor to generate electrical power. In addi-
tion to net energy generation, the DEMO plant is aiming to prove tritium
self-sufficiency, adequate reliability, and to demonstrate all the technolog-
ical constructions of commercial power plants [WNT95], [HOAT05]. As
DEMO is the last step before commercial Fusion Power-Plants (FPP), it is
also important to resolve the exciting physical challenges associated with
steady-state fusion operations [FBB™16]. DEMO must be designed to facil-
itate remote handling capabilities with fast maintenance schemes to ensure a
requisite availability. Additionally, in order to support development of FPP,
DEMO is also targeted to minimize electricity cost from fusion [Rom12].

Conceptual design studies of DEMO have been initiated by many research
groups around the world, and various approaches/designs are proposed, for
example, the European Union-DEMO (EU-DEMO) [FGL™13] [MCC™07]
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[FKWT14], the Korean-DEMO (K-DEMO) [KIP*16] [KKO™13], the China
Fusion Engineering Test Reactor (CFETR) [FZZT09] [TWL" 15, WDQ"13],
the Japanese DEMO [PBB109] [STK*06a] [SBF*12] [STK*06b] etc.. For
all the above stated DEMO designs, Electron Cyclotron Resonance Heating
and Current Drive (ECRH&CD) is selected as a fundamental plasma heat-
ing system and high power gyrotrons with frequency more than 200 GHz
are requested to fulfill plasma heating and current drive requirements. The
detailed specification of the ECRH&CD systems of EU-DEMO is discussed
in [PTZ*12], [STK*06c], [FKW™14] [WAAT15]. Based on these specifi-
cations, the requirements of the DEMO gyrotrons are discussed in the next

section.

1.2.1 Requirements for future DEMO gyrotrons
and motivation for this work

As per the EUROFusion baseline of 2012, the maximum ECRH power
of 50 MW is required at various operation stages of DEMO [GBB*15].
Unlike ITER, considering steady-state operation of the machine, the sys-
tem efficiency is optimized to improve Electron Cyclotron Current Drive
(ECCD) performance, instead of plasma heating. To select optimum ECCD
frequency, detailed analyses were performed in [PTZ" 12]. For steady-state
DEMO operation, the operating frequencies range of around 230 GHz were
suggested for efficient ECCD operation using an upper torus port. The
various operational stages of a DEMO plant (e. g. plasma start-up, non-
inductive current drive, and bulk heating) require different microwave fre-
quencies [TFK ™ 15]. It is also beneficial to use the same gyrotron as a multi-
purpose tube in a fusion facility. Furthermore, the same operational stage
in facilities with different torus aspect ratios (torus radius/plasma radius)
would require different microwave frequencies [Mor92]. The requested

multi-purpose requirements can be fulfilled by a proper “multi-frequency”
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Table 1.1: Design goals of DEMO gyrotrons.

Goals
Frequency 230 - 240 GHz
Output power ~1-2MW
Total gyrotron (“plug-in”) efficiency > 60 %
Beam-wave interaction efficiency >35%
Frequency step for fast tunability 2 -3 GHz

Frequency step (slow) for multi-frequency operation 30 — 40 GHz

gyrotron design. Considering ITER gyrotron operation at 170 GHz and
the possibilities of multi-frequency operation, a frequency around 236 GHz
is selected for DEMO. The selection of operating frequency is detailed in
section 2.1.1. The minimum expected output power from hollow-cavity gy-
rotrons is 1 MW. This output power requirement can also be increased up to
2 MW by using more complex, coaxial cavity gyrotrons [FIK™14]. In addi-
tion to the high-output power requirements, in order to maintain high energy
gain of the DEMO plant, a gyrotron with a total efficiency of more than 60
% 1is requested. This can be achieved by using a multi-stage depressed
collector. This leads to the requirement of a minimum cavity interaction
efficiency of 35 %.

Additionally, for plasma stability control using a simple fixed launcher, fast
frequency step-tunability (in few seconds) is needed in steps of 2 - 3 GHz
[WAAT15]. It could be noted that multi-propose, multi-frequency operation
is possible with the standard single disk windows, however, the operation
with fast-frequency step-tunability can be only achieved with the applica-
tion of Brewster-type broadband windows [GSA™14]. As per the European
Union (EU) 2012 baseline of DEMO (aspect ratio of 4.0), the detailed de-

sign goals for gyrotron development are summarized in Table 1.1.
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During the last decade, advanced technologies are being developed by the
various research groups to demonstrate gyrotron operation with ITER spec-
ifications (170 GHz, 3600 s operation). Following the successful devel-
opment of 140 GHz, 1 MW gyrotrons for the W7-X stellarator, 170 GHz
coaxial-cavity and hollow-cavity ITER gyrotrons are under investigation at
the Institute for Pulsed Power and Microwave Technology (IHM) of the
Karlsruhe Institute of Technology (KIT) along with the partner institutes.
The highest output power of 2.2 MW has been achieved with the 170 GHz
coaxial-cavity short-pulse, pre-prototype tube with the total efficiency of
46 % (using a single stage-depressed collector)[RPK*10] [RAAT17]. The
record efficiency and energy operation was achieved by the Japan 170 GHz
ITER hollow-cavity gyrotron with 57 % of total efficiency at 0.8 MW output
power (pulse length: 3600 s) [SKK*09]. Prototype of ITER gyrotrons were
also developed at the Institute of Applied Physics, Russia and long-pulse
gyrotron operation (1000 s) was verified with an output power of 1 MW
[LDM™12]. Recently in Japan, the successful gyrotron operation at the op-
erating frequency of 203 GHz has been demonstrated with output power of
0.42 MW (5 s) and interaction efficiency of 25.1 % [IOK ™ 16].

The DEMO ECRH&CD system demands highly efficient gyrotrons (inter-
action efficiency > 35 %) at an operating frequency of more than 230 GHz.
At this frequency range, the operation of MW-class fusion gyrotrons was
not previously verified, and a systematic feasibility study is requested. Con-
sidering the EUROfusion baseline of 2012, for the first time, the conceptual
design of DEMO gyrotrons has been initiated at [IHM-KIT. Compared to the
hollow-cavity gyrotron, higher output power per tube can be achieved using
the coaxial-cavity gyrotron, but its capabilities of long-pulse operation are
not yet proven. Additionally, the complexity of the design and the stabil-
ity of operation are under discussion for coaxial-cavity gyrotrons. Thus, to
achieve long-pulse MW-level gyrotron operation with a simple and robust

design, the hollow-cavity gyrotron is selected in this work.
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Considering the present challenges and technical constraints of high-frequency,
high power hollow-cavity gyrotrons, the feasibility of the advanced multi-
frequency, frequency step-tunable DEMO gyrotron shall be systematically

investigated, along with its performance limit analysis.

1.3 Gyrotron components and their principles

Gyrotrons are fast-wave, Vacuum Electron Devices (VDEs), which gen-
erate high power electromagnetic waves in the sub-millimeter/millimeter
frequency range, by following the principles of Electron Cyclotron Masers
(ECM) instability [Chu04]. The 2-D sketch of a high power hollow-cavity
gyrotron is presented in Figure 1.1. In the presence of magnetic and electric
fields, an annular electron beam is generated by the Magnetron Injection
Gun (MIG). The generated electron beam is focused towards the interaction
cavity with the help of a very high magnetic field produced by supercon-
ducting magnets. Inside the cavity, the electron beam interacts with and
transfers a part of its kinetic energy to a transverse electric field (TE mode).
Using an quasi-optical converter and metallic mirrors, the electromagnetic
wave is separated from the electron beam and is transmitted through an RF
window. The spent electron beam is absorbed by the collector. Using either
a single-stage or a multi-stage depressed collector, the energy of the spent

electron beam is further recovered to improve the overall tube efficiency.

1.3.1 Basic principle of gyrotrons

The gyrotron interaction phenomenon is also termed as electron cyclotron
interaction. The detailed description of the gyrotron interaction can be found
in [FDJ*99] [SJ81] [FGPY77] [KBT10]. In the presence of a strong mag-
netic field produced by superconducting magnets, the electron energy can



1.3 Gyrotron components and their principles

o1

————Collector

o—— Electron beam

Output window

RF beam

Z Metallic mirrors

g

Launcher

Cavity

Beam tunnel

SC magnet
coils

Anode

Emitter

Figure 1.1: 2D-sketch of a high power fusion gyrotron with radial output. The magnetic field
along the axis is also shown in the left side of the figure.
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be described using the weakly relativistic factor. In such cases, the effective

relativistic electron angular cyclotron frequency is given by,

eB

)
mey

Q. =21f, = (1.2)

where, f. is the relativistic electron cyclotron frequency, B is the magnetic
field, m, is the electron rest mass and the relativistic factor ¥ can be de-
scribed by,
1 1+ ‘/Vkin2 ~1 Wkin’
511

VT e e

where, Wy, is the energy of electron beam in keV and v represents the ve-

(1.3)

locity of electron. For particular beam energy, the magnetic field strength
defines the radiation frequency (see equation 1.2). The distance between
actual spiral trajectory and electron guiding center is known as the Larmor

radius (r1,), which is given by,

_ ymvy
 eB’

where, v, is the perpendicular velocity component. In the presence of RF

L (1.4)

electric field, according to the electron relative phase position, they are
accelerated or decelerated and the value of the Lorentz factor changes ac-
cordingly. In Figure 1.2, the interaction of the gyrating electron and electric
field is presented with two examples. When the electron is in the acceler-
ating phase (top position in Figure 1.2) it gains energy, and as per equation
1.3, the value of ¥ increases due to increase in its velocity. Because of the
increased velocity, electrons leave this undesired phase position quickly.
This change in 7y also leads to the reduction in the cyclotron frequency (£2.)

with increased Larmor radius (rp).

In the deceleration phase (bottom position in Figure 1.2), the relativistic

factor () decreases due to the reduction in the electron energy and the cy-

10
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clotron frequency (£2.) increases. When the cyclotron frequency (€.) is
selected somewhat lower than the angular frequency of the RF waves (wgrF),
the difference in both the frequencies (wrr — Q) decreases in the decelera-
tion phase. This condition reduces the relative phase difference between gy-
rating electrons and the EM wave. The electrons stay longer in the matching
phase position where, the electrons energy is extracted. In summery, when
the electron cyclotron frequency (Q.) is selected marginally lower than the
wave frequency, the particles continuously accumulate at relatively same
phase position, where they transfer energy to the EM wave, which is termed
as "bunching". For the successful energy transfer from electron beam to
EM wave, the frequency mismatch (wrr — €2.) should be selected small but

positive.

The difference in wave frequency and cyclotron frequency is represented by
the detuning factor. The normalized detuning parameter can be calculated
as [Bra83],

Acceleration Phase Y

Electron gains energy

v increases R
\‘/ ERF
A I

Deceleration Phase
Electron losses energy By
y decreases

Figure 1.2: Principle of electron cyclotron interaction.
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Here, B, = v, / c is the normalized transverse velocity of electrons and s
represents the number of harmonics. For fundamental mode operation, the
value of s is 1. The electron passes through the cavity region with an axial
velocity of v|. With the axial motion of electrons, the resonance condition

modifies to,

ORF — kv > Q, (1.6)

where, the term kv is know as the Doppler term. The total wave number
is given by,
2r 2nf

I = I+ k7, (1.8)

where, k| and k,_is the parallel and perpendicular wavenumber, respectively.
In the case of high harmonics gyrotrons, the equation 1.6 is updated to

ORF — kv > sQe. (1.9)

From equation 1.6, it is clear that changes in electron energy not only change
the cyclotron frequency, but also affect the axial velocity and correspond-
ingly the Doppler term. In the presence of an EM wave with the phase
velocity of v, = wgr /k|, the changes compensate each other. Once the res-
onance condition is satisfied, then it maintained through out the operation.
This effect is known as autoresonace [Nus04].

12
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backward wave forward wave ky

Figure 1.3: Dispersion diagram of possible operating modes with beam line and speed of light
line.

The resonance condition between waveguide mode and electron beam can
be illustrated using the Brillouin diagram [Zha86] [ZSS07] [Edg80] [CS81].
This diagram is also named as Dispersion diagram, in which the TE modes

are represented as per equation 1.8 and the beam line follows,

wRF_k”VH = 5Q. (1.10)

In Figure 1.3, the hyperbola represents the dispersion curves of two possi-
ble TE modes, while the red lines represent the beam lines. The intersection
point of these two curves satisfies the resonance condition between beam
and wave inside the gyrotron cavity. Point "a" indicates the gyrotron inter-
action point with small value of k| and, here the operating frequency is close
to the cut-off frequency. The possibilities of backward wave propagation is
demonstrated by point "b", for which the RF frequency is higher than the
cutoff frequency. The point "c" satisfies the forward wave resonance condi-

tion with Mode 2 and second harmonic of the cyclotron frequency.

13
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1.3.2 Electron emission and beam optics

The electron beam optics system includes the Magnetron Injection Gun
(MIG), beam tunnel and a super conducting magnet system. For efficient
interaction, a high power, hollow-electron beam is prerequisite with suf-
ficient transverse velocity (v, ). The beam generated by the MIG passes
through the beam tunnel section, which is placed between gun and cavity to
suppress unwanted low-frequency parasitic oscillations and avoid the back-

ward wave propagation [Edg93].

The structure of MIGs can be classified in two types (a) diode-type gun
and (b) triode-type gun. The simple schematic of the gun types are repre-
sented in Figure 1.4. Unlike the diode-type gun, in case of a triode type gun,
the additional control over the beam parameters can be achieved by tuning
modulating anode voltage (Vpr). For high power gyrotrons, impregnated
dispenser emitters are used, which are operated in the temperature limited
region [Thul6]. The beam parameters are sensitive to the surface roughness

of the emitter and emission inhomogeneity [Zhal6].

Va Vv Moy . Vg
4110(1 e I]Ode
Anode

Cap, de Cap,, de

Ve Ve

(@) ()
Figure 1.4: Configuration of (a) diode-type and (b) triode-type Magnetron Injection Gun
(MIG). Here, V¢ and Vg are the cathode and anode voltage, respectively. In the
case of triode start-up, the modulating anode voltage is represented as Vy1.
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The velocity ratio () is the ratio of the transverse velocity component to
the axial velocity component,

b
By

Where, B = v| / c is the normalized axial electron velocity. In the ideal case,

p (1.11)

an electron beam without velocity spread is desired for efficient gyrotron
operation, but considering the practical limitations of a gun design discussed
in [Tsi01], the spread in electron beam velocities is unavoidable. In the case
of an adiabatic approximation, the perpendicular velocity spread is constant
along the beam. From the perpendicular velocity spread, the spread in the

velocity ratio can be estimated using,

Sa=(1+a3)-8B,. (1.12)

Here, o is the mean value of the velocity ratio, ¢ and 63 | are the rms
values of the spread in velocity ratio and perpendicular velocity, respec-
tively. The effects of transverse velocity spread on gyrotron interaction is
studied with greater details in section 2.3.2. The compression ratio (b) of
the magnetic field at the cavity center (By) and the emitter surface (Bg) is

given by,

2
b:BO=<rE) : (1.13)
Bg Tp

and, using it, the electron guiding spread at cavity center can be determined

by,

TEmax — YEmin
bl/2

Here, rg and r, are the radius of the electron beam at the emitter and cavity

Arge = (1.14)

center, respectively. In the case of slow magnetic compression along the

gyrotron axis, the movement of the electrons in the magnetic field of a gy-
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rotron can be defined using adiabatic approximation following from Busch’s
theorem [Che74],
2
L = const, (1.15)

B(z)
where, p| = mgyv, is the transverse momentum of the electrons. It can be
influenced by the design of the gun, and the choice of the operating param-
eters. Variation of the transverse momentum and the normalized transverse

velocity along the gyrotron can be estimated using [Chol14],

1/2
pi(b) = pi(a) gEZH , (1.16)
- ¥(a) [B() 12

here, a and b is the position along the gyrotron axis. The normalized axial

velocity competent along the gyrotron axis can be calculated as, [Pi090],

B(b) = \/B2(b)— B> (a) B (b) /B a). (118)

With magnetic field compression (increase in magnetic field), the transverse
momentum (p ) and the normalized transverse velocity (B,) increases,
which decreases the axial momentum (p) and the normalized parallel ve-
locity (B)). This also leads to an increase of the velocity ratio (a) along the
magnetic field (B).

1.3.3 Interaction section

The gyrotron interaction section or gyrotron cavity is a straight cylindrical
resonator with a down-taper at its input and an up-taper at its output, in
which the energetic electron beam transfers its perpendicular kinetic energy

16
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Figure 1.5: Simple schematic of (a) hollow-cavity and (b) coaxial-cavity. The interaction sec-
tion radius is denoted as rc,y and the insert radius is r;. The total input power and
radiated power is denoted as Py, and Pyjfr, respectively.

to the RF wave. The cavity is placed at the position of maximum magnetic
field. The physical parameters of the cavity are selected to have efficient

gyrotron interaction with controlled mode competition.

The maximum cavity wall-loading is limited by the available cavity cooling
system. Two different structures for the interaction section are used for high-
power fusion gyrotrons namely (a) hollow-cavity and (b) coaxial-cavity.
The hollow cavity is a three section cylindrical structure with input taper,
straight interaction section and up-taper section (see Figure 1.5), whereas
in the coaxial cavity design, an additional corrugated insert is placed at the
cavity center to control mode competition. The design considerations and
the selection criteria of each physical parameters of the hollow cavity struc-

ture is discussed in section 2.2.

As discussed in section 1.3.1, for successful energy transfer between the
beam and the wave, the electrons are decelerated by the electric field. Over
the interaction length, the TE mode remains phase-synchronized with the

gyrating electron beam and supports efficient interaction. Since in gy-
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rotrons, the interaction of an electron beam happens with a TE mode, which
is very close to cut-off. Thus, the transverse wave number in the cavity is

given as,

k, = Xmn (1.19)

Tcav
where, 7c,y is the radius of the straight interaction section and Yy, is the
mode eigenvalue. For TE modes, ¥mn is the n’" root of the derivative of
the Bessel function (J[/n), which is also known as the eigenvalue of the mode
TE,,,. Here, m and n are the azimuthal and the radial index of the mode,
respectively. In this work, the modes co-rotating with the beam electrons
are represented with a negative sign, while counter-rotating modes are pre-
sented with a positive sign. Using equation 1.19, the cut-off frequency of
the operating mode is described as,

CXmn

=220 1.2
Jeu = 37 (1.20)

Considering the dependency of the azimuthal electrical component (Ey)
over the radial direction, the beam-wave coupling is characterized by the
coupling co-efficient [Ker96],

Jm$1 (kim,nrb)

Tn(tma) /72— 1)

and the optimum electron beam radius for the highest mode coupling can be

(1.21)

Gemn =

calculated using,

FeavXmT1,1 >
n=|—]. 1.22
b < Yo (1.22)

Cavity wall loading

For continuous wave (CW) operation of high-power gyrotrons, the cavity

wall-loading is critical and greatly influences the selection of the operating

18
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parameters and the cavity mode. In case of hollow cavity design, the total
RF power (Poa1) consists of the radiated power (Pyigr) and the power loss due
to the Ohmic wall-loading (Pq). Considering the total stored energy W and a

uniform straight interaction section, the diffractive quality factor is given by,

AL <1> , (1.23)
Pyife A3 \1—p
and the Ohmic quality factor is defined by [Edg93]:
QQwRFW““V(lmz) (1.24)
PQ 0 Xx%,n ,

where, p is the reflection from the cavity output end, Lr is the effective
length of cavity and § =1 / /& f o0 is the skin depth. To calculate the
diffractive quality factor, a total reflection is considered from the input port
and the frequency of the operating mode is close to the cut-off frequency
of the cylindrical waveguide. Based on these two quality factors, the total

quality factor Q is calculated as,

1 n 1
Q0  Quditt Qo
Using equation 1.23 and 1.24 the Ohmic losses can be calculated as [Edg93],

(1.25)

Xm,n
1— mz/x:%l,n ’

and selecting total surface area of cavity (S), the cavity wall-loading is given
by [VZO"69],

12
Po—2c <”f> OuiiPou (126)
Hoo

po = Po _ Qi Paier | 2V7T 2504
S Oa-S Ao Lg/A (x5, —m?)

Pigr. (1.27)
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From present capabilities of cavity cooling technologies, the maximum cav-
ity wall-loading of 2 kW/cm? is selected for the DEMO gyrotron design.
From equation 1.27, it is clear that the cavity wall loading is highly depen-
dent on the operating frequency, which limits the maximum possible output
power per tube for high frequency gyrotrons. This challenge is addressed
with great details in the (chapter 5) of this work.

Mode competition in high-power gyrotrons

Due to the limitations in wall-loading at high operating frequencies (f >
100 GHz), high-power gyrotron operation is only possible using very high
order modes, which allows operation with increased cross-section. Sub-
sequently, a fusion gyrotron operates in a high-order operating mode with
dense mode spectra, which may lead to the excitation of parasitic modes
and unstable operation. Mainly two types of mode competition are possible
during the gyrotron operation [Edg93]

1. Mode-amplitude interaction: This is an ordinary and most common
type of interaction, which is purely amplitude dependent. During gy-
rotron operation, at any point, the mode having the highest amplitude
suppresses the excitation of the other neighboring modes. This also

supports the possibility for only single-mode excitation.

2. Phase-amplitude interaction: This type of interaction is associated
with the mode competition of a main mode TE,, , with its parasitic
satellites, TEy_1n and TEp1,5. Because of the same radial index,
these modes are having same azimuthal bunching. For low-frequency
gyrotrons operated with low order modes, the distance of the main
mode and the parasitic mode is larger than the gyrotron bandwidth.
So, this type of mode competition is not critical for lower order oper-
ating modes, but in case of the DEMO gyrotron, the operating mode

eigenvalue is more than 100 leading to dense mode spectra. Thus, this
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'QJ{S‘

Figure 1.6: Optical description of ray propagation in cylindrical waveguide.

type of interaction is also important for the accurate estimation of the
gyrotron behavior. In addition to these parasitic satellites, the modes
TEm—3n41 and TE;, 5 541 are also critical as those lie within a few

MHz away from the main mode [Ker96].

1.3.4 Quasi-optical mode converter

The main task of a gyrotron output system is to separate the energetic elec-
tron beam from the RF wave and convert the high order complex operating
mode into a Gaussian-like mode, which facilitates efficient and low-loss
transmission [VZP75]. The output system can be classified into the two
parts namely 1. linear output system and 2. transverse output system. In
low power application scenario (Poyy < 50 kW, CW), the diameter of the
collector is smaller than the magnet bore-hole diameter. Simple linear type
output system is used, in which the collector serves as an output waveguide.
However, in the case of high-power fusion gyrotrons (Poy; > 50 kW, CW),
transverse-type output systems are used [Mal16].
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The quasi-optical launcher works as a waveguide launcher antenna and con-
verts the high order TE mode in to the Gaussian like mode. As next stage,
a group of quasi-elliptic and toroidal mirrors are further used for phase cor-
rection and beam shaping purposes, which is also essential to control stray
radiation inside the tube. In addition to these internal mirrors, an external
Matching Optics Unit (MOU) also consist of a set of mirrors which further
modifies the RF beam as per the requirements of the transmission line and

supply linearly polarized beam.

The initial design of such a launcher has been proposed by Vlasov et al.
in [VZP75]. Various advanced concepts were also proposed, i.e. the har-
monically deformed launcher [DKM™92], the Kirchhoff-Huygens integral
equation based mirror-line launcher [CDK™*06] [JTP™09] [JFJ*13], and the
hybrid-type launcher, [JTGJ16] [JGJ15]. The performance of the different
design approaches are compared in [JGJ*15].

Inside the overmoded cylindrical waveguide, the high order operating mode
can be represented using the method of Geometric Optics (GO) [MT93]
[VZP75]. The mode is illustrated as a system of rays, which are successively
reflected by the waveguide wall. Relative to the waveguide axis, each mode
propagates at the Brillouin angle 6p, which is defined as

05 — arcsin <7Iim) , (1.28)

Iy

here, ry is the waveguide radius. The minimum distance of the rays from

the waveguide center can be calculated using [MT93],

e = —"Fw, (1.29)
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where, the radius r. is known as the caustic radius. Considering cylindrical
symmetry, the distance between two successive reflections can be estimated

using

12

2
Lp=2ry [1( m > ] cot 6z, (1.30)
Xmon

and the angle in transverse direction is calculated using,

A =26 :2arccos< m ) (131)
m,n

The inclination of the ray, or in other term, the slot angle of the waveguide

can be calculated using [OP09],

W = arctan (6:?:1169]3 ) . (1.32)

The detailed design criteria and performance analysis of a quasi-optical

launcher is presented in section 3.3.

1.3.5 Collector

After the beam-wave interaction inside the cavity, the spent electron beam
is finally absorbed by the collector. Using the depressed collector con-
cept (single-stage or multi-stage), electrons are decelerated before final
absorption and this deceleration energy is recovered by the high voltage
power supply. The use of a depressed collector also reduces the cooling
requirement and improves the overall lifetime. Considering 1 MW contin-
uous wave operation with typical 35 % interaction efficiency, the energy
of the spent electron beam is approximately 2 MW. Thus, the problem of
residual energy dissipation is critical for the CW operation and magnetic
beam sweeping systems are used to limit the peak power density [IPDR04]
[DIPT05]. The Vertical Field Sweeping System (VFSS) and the Trans-

verse Field Sweep System (TFSS) are well known beam sweeping systems
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[MSMSO04][ESLT07]. The collector is insulated from the main part of the
gyrotron. The detailed analysis of depressed collector operation is pre-
sented in [SGHT91] [GKVZ97] [PIDT96] [SWRGY7] and latest proposal
of a multi-stage depressed collectors are presented in [PWIT16] [WPIT16]
[PWII16] [WPGT17].

The gyrotron interaction efficiency is defined by the equation [Edg93],

n — Pout )
Pbcam

Here, P,y defines the total output power and Pean 1 the total beam power

(1.33)

(Wp1y). Considering the power recovered by collector, P, = V.1, the collector

efficiency is expressed as,

Pbeam - Poul '

and the overall gyrotron efficiency with depressed collector is expressed as,

Ne (1.34)

_ Mo
nmtal_il—(lfn)nc' (1.35)

In the case of DEMO gyrotron, the use of multi-stage depressed collector is

mandatory to fulfill the total efficiency requirement of 60 %.

1.4 Major challenges for
the DEMO gyrotron design

Based on the design goals and technical constraints presented in the previous
section, the major challenges of a high frequency (> 200 GHz), hollow-
cavity DEMO gyrotron are discussed here.
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Cavity wall-loading

The dependency of the Ohmic loading at the cavity wall (pg) (see equation
1.27), on the operating frequency (f) is described as (pg o< f5/ 2). At the
frequency range of DEMO gyrotrons (> 200 GHz), the technical constraint
of the cavity wall-loading, limits the selection of the operating modes, beam
parameters and eventually, the performance of the tube. The main challenge
for a hollow-cavity design is to increase the output power per tube with a

desired mode stability.

Mode competition

TE modes having eigenvalues of more than 100 are suggested to meet the
power requirement for a DEMO gyrotron, which allows the cavities with
large diameter. The mode competition is critical at this eigenvalue range.
Due to the dense mode spectra, a DEMO gyrotron demands precise cavity
design, optimized operating parameter and suitable start-up condition for

the steady-state excitation of the desired mode.

Space-charge neutralization

To support steady state operation of a DEMO plant, the gyrotrons are ex-
pected to operate in the continuous wave condition. As compared to the
coaxial cavity design, the voltage depression is high in the hollow-cavity
gyrotron and the effect of space-charge neutralization is also critical. The
space-charge neutralization effect is introduced in section 4.2. Due to this
effect, the overall beam energy increases during the CW operation, which
may lead to non-stable gyrotron operation. In order to ensure stable CW
operation, these effects should be considered in the design process of the

DEMO gyrotron to ensure stable CW operation.
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Beam misalignment tolerances

In ideal case, the electron beam should be exactly concentric to the gyrotron
axis. But due to a misaligned magnetic field and mechanical tolerance in
the MIG, an off-axis electron beam may be generated, which affects the
beam coupling scenario and mode competition. The performance of a high
frequency gyrotron (f > 200 GHz) is greatly influenced by the beam mis-

alignment, because of the very short wavelength.

1.5 Structure of the thesis

The thesis consists of two main parts. Based on the specifications for the ad-
vanced DEMO gyrotron and present challenges, a feasibility of the 236 GHz
hollow-cavity concept is investigated in the first part (chapters 2, 3 and 4),
while in the second part, the operational limits are determined for improved

tube performance (chapters 5 and 6).

1.5.1 Part-l: basic feasibility study

In chapter 2, using the suggested systematic cavity design approach, the
hollow-cavity design has been finalized and the optimum operating param-
eters are suggested. The stability of the operation is analyzed rigorously
by using multi-mode, time-dependent, self-consistent simulations. Realistic
cavity material conductivity is also considered in the analysis. The influence
of the beam radius on mode competition has been studied and an optimized

beam radius has been selected.

In chapter 3, the possibilities of the fast-frequency, step-tunability and multi-
purpose operation are validated with the help of realistic numerical simula-
tions. Efficient MW-level operation within the £10 GHz frequency range
is demonstrated along with the multi-frequency operation for multi-purpose
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applications. Using the in-house code TWLDO [JTGJ16] [JGI*15], a hy-
brid type quasi-optical launcher has been designed and its performance is

validated for the multi-frequency and step-tunable operation.

As the designed hollow-cavity gyrotron operates at a high-order mode
(eigenvalue ~ 103) having a dense mode spectrum, the performance of
the gyrotron is sensitive to electron beam misalignment. In chapter 4,
the beam misalignment tolerance is determined using the realistic mirco-
electron based numerical simulations. In the second part of this chapter, the
effects of space-charge neutralization has been studied for CW operation.
Variations of the beam parameters due to the neutralization are included in
the multi-mode, start-up scenario and the stability of the DEMO gyrotron is
verified.

1.5.2 Part-ll: pushing the limits for the output power

In future fusion plasma experiments, high output power per tube is desirable
to reduce the requirement of the total number of tubes per plant. The up-
per limit of mode eigenvalue can suggest the suitable operating mode with
maximum output power and the sufficient mode stability. In chapter 5, the
influence of mode competition is studied and the analytical approaches are
suggested to determine the mode eigenvalue limit for stable operation. All
the discussed approaches suggest the mode eigenvalue limit of 125 for a
236 GHz DEMO gyrotron, assuming diode start-up. Based on this eigen-
value limit, a new 1.5 MW gyrotron design is proposed. In chapter 6, the
various approaches to extend the eigenvalue limit are studied and the triode
start-up scenario proved as an effective method to control mode competi-
tion. Using a triode-type start-up, the possibilities of mode selectivity are

also validated.
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2 Systematic cavity design approach

In this chapter, the feasibility study for a future 236 GHz hollow-cavity
DEMO gyrotron is presented by considering all relevant design targets and
technical limitations. Suitable operating modes are selected based on the
possibilities of multi-frequency operations. A systematic design approach
for the cavity is suggested, followed by rigorous time-dependent simula-

tions, and a stability analysis of the finalized hollow-cavity design.

2.1 Mode selection strategy

The mode selection criteria for high-frequency (> 200 GHz), high-power
gyrotrons are based on the requirements for allowable cavity wall-loading,
mode competition, multi-frequency operation for multi-purpose applica-

tions and frequency step-tunability.

The cavity wall loading scales with f>/2/ [x,%m (1= (r¢/Teav)?)] (refer equa-
tion 1.26). At high operating frequency (f > 200 GHz), to maintain a wall-
loading below an acceptable limit, a possible solution must consider the
use of modes with high eigenvalues and/or modes with small caustic radius.
These mode properties are satisfied by the asymmetric, high-order volume
modes (m > 1, n > 2) with relative caustic radii less than 0.5. As compared
to the "whispering gallery" TE,, , modes (with m >> n, n = 1,2), the asym-
metric volume modes suffer less from high wall-loading [Bor91]. To realize
the power requirement of the DEMO gyrotron with controlled cavity wall-
loading (refer Table 1.1), asymmetric modes having eigenvalues greater
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2 Systematic cavity design approach

than 95 are suggested. The upper limit for the mode eigenvalue selection
is limited by mode competition. As the mode eigenvalue increases, the
mode spectra become more dense. With very high order operating modes,
it becomes difficult to excite the desired operating mode due to the mode

competition.

The possible approaches to finalize the upper eigenvalue limit for mode se-
lection are discussed with great details in chapter 5. However, for mode
eigenvalue greater than 95, these dense mode spectra are nearly identical for
nearby modes [FAG'14]. For example in Figure 2.1, the mode spectra of
TE_43,15 and TE_44,15 modes are compared. Within a frequency range of
224 GHz to 260 GHz, all neighboring modes with relative coupling factor
higher than 35 % are plotted. Both mode spectra are similar in the con-
sidered bandwidth, which makes the selection of a particular high-order
mode from a suitable area in the m-p plane less relevant than in the case
of lower-order modes [FAG'14]. Because of this, the mode selection is
done according to the additional criteria like multi-frequency operation and
frequency tunability, which is limited by the RF window design along with

the design of the quasi-optical launcher.

2.1.1 Mode selection criteria for
multi-frequency operation

As discussed in section 1.2.1, a multi-frequency gyrotron is prerequisite for
multi-purpose applications. To support multi-frequency operation, the se-
lected operating frequencies and corresponding cavity modes must fulfill
design criteria of the RF window and the quasi-optical launcher. For a sin-
gle disk RF window, the transparent window frequency can be calculated

using,
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Figure 2.1: Comparison of the mode spectra in case of the high-order modes. Mode spectra
around the cavity operating mode (a) TE_43 15 (eigenvalue = 103.21) (b) TE_44.15
(eigenvalue = 104.46). The cavity radius is 20.88 mm and 21.14 mm, respectively.
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¢
fv= (W) ‘N = fg-N, 2.1

where d is the window thickness, & is the dielectric constant of the window
and N is an integer. The selected operating frequencies for multi-frequency
operation should correspond to the transparent window frequencies for min-
imum reflection. The minimum and maximum disk thickness can be de-
termined by considering mechanical stability and cost. The typical disk
thickness of a CVD-diamond window (&, = 5.67) is between 1.50 mm to
2.25 mm, which corresponds to the basic frequencies (fg) of 42 GHz and
28 GHz, respectively. The RF window with disk thickness of 1.861 mm is
selected for this analysis. The reflection and transmission coefficient plots
of this window are presented in Figure 2.2. The transmission bands of this
window are in the proximity of 104 GHz / 137 GHz / 170 GHz / 203 GHz /
236 GHz /269 GHz and 304 GHz which support multi-frequency operation
at these frequencies.

In addition to the window criteria, the selected modes for multi-frequency
operation must have similar caustic radii to support efficient electron beam
coupling and mode conversion using the same quasi-optical launcher design
[TFK*15] [MT93]. As discussed in section 1.3.4, if the caustic radius is
same for the selected modes at various frequencies then, the launcher ra-

dius, launcher cut-length, and Brillouin angle also remain unchanged.

Based on the above analysis, the selected operating frequencies and the cor-
responding modes for the multi frequency operation are listed in Table 2.1
along with their corresponding applications for different aspect ratios of
DEMO. The modes for 170 GHz and 203 GHz were suggested and success-
fully tested by the JAEA gyrotron team [SKO™13] [IOK*16]. This mode
series is further extended for the higher frequencies and suitable operating
modes are selected for 236 GHz and 269 GHz. The relative caustic radii of
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2.2 Systematic cavity design approach

all selected modes are nearly the same with only a small deviation of 0.08 %
from the average value.

2.2 Systematic cavity design approach

After the suitable mode selection for a 236 GHz DEMO gyrotron, a sys-
tematic hollow cavity design approach is suggested as part of this work.
The geometry of the hollow-cavity with all the physical design parameters
is presented in Figure 2.3. The cavity is a cylindrical-symmetric structure
with a straight midsection, a down-taper section and an up-taper section. To
the reduce unwanted mode conversion due to abrupt discontinuities, adja-
cent sections are connected via parabolic smoothing [IWK™95]. As the TE
modes operate close to the cut-off frequency, the interaction section radius
can be calculated using equation 1.20. For the operating mode TE_43 |5

at 236 GHz, the calculated cavity radius (r¢ay) is 20.88 mm. Using equa-
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Figure 2.2: Calculated transmission coefficient (S»;) and reflection coefficient (S11) of a single

disk CVD-diamond window (d = 1.861 mm) within the frequency range of 90 GHz
to 310 GHz.
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Table 2.1: Applications of the transparent window frequencies and properties of the selected
operating modes of a multi-frequency hollow-cavity DEMO gyrotron. (here, H =
plasma heating, CD = current drive, A = DEMO aspect ratio)

Window transmission 168.2 - 202.0 - 235.8 - 269.7 -
band (-20 dB) (GHz) 170.4 204.2 238.1 271.9
L H (A=3.6) H (A=4.0)
Applications H (A=3.1) CD (A=4.0)
CD (A=3.1)  CD (A=3.6)
Cavity mode TE 31,11 TE 37,13 TE 43,15 TE 49,17
Mode eigenvalue 74.32 88.76 103.21 117.65
Relative caustic
0.4171 0.4168 0.4166 0.4165
radius
Normalized window
52 6/2 72 8/2
thickness
T T T 1.0
21.44
21.24 0.8
521 0 L, |
Y 1/ 06D
©20.8 T
g 3
A 2061 3
% X parabolic Ho4g
S 20.4 smoothing 5
© z
h'd —
20.2 4 02
20.04 Geometry
00 F=———— . ___. Normalized field profile 19
T T T T — T T T T T T T T
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Figure 2.3: Geometry of the hollow cavity design and the normalized magnitude of the longi-
tudinal field profile of the operating mode.
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2.2 Systematic cavity design approach

tion 1.22, the electron beam radius of 9.06 mm is calculated for maximum
coupling. As a next step, based on the desired quality factor and axial field

profile, all other physical parameters of cavity have to be optimized.

After finalizing the cavity radius, the parametric analysis for the interaction
length (L,) is performed. At the beginning, all other geometry parameters
are chosen from previous experiences for the cavity design of the W7-X
(140 GHz) and ITER (170 GHz) gyrotrons. The initially selected values of
these parameters were: Ly = L3 =16 mm, ) =03 =2.5°, D; =D, =5 mm.
The parametric analysis of the interaction length L, is presented in Fig-
ure 2.4. For different interaction section length, the gyrotron performances
are determined with the help of the Self-Consistent (Self-C) code of the in-
house code package termed "Cavity" [Ker96]. From present consideration
of cavity cooling technology, the wall-loading limitation of 2 kW/cm? is
selected for this analysis. Based on the maximum cavity wall-loading of
2 kW/cm?, the operating parameters for each interaction section length are
finalized and the results of these activities are summarized in Table 2.2.

Along with the diffractive quality factor, the Ohmic wall-loading also in-
crease with length. Thus, to keep constant wall-loading, it is necessary to
reduce the electron beam power, which consequently reduces the output
power. The self-consistent time-dependent analysis with the consideration
of main competing modes recommends a mid-section length of less than
13 mm. For higher mid-section lengths, the effect of mode competition be-
come critical and it is difficult to excite the desired operating mode. After
this analysis, the interaction length (L) of 12 mm is selected for further
analysis, leading to a good compromise between high output power, high
efficiency and acceptable mode competition.
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Figure 2.4: Output power and efficiency of the hollow-cavity design with various interaction
section lengths Ly from 10 mm to 14 mm. The operating parameters are selected
for maximum efficiency with wall-loading limitation of 2 kW/cm?.

As a next step, the effect of the input and output angles on the gyrotron
performance is analyzed. For L, = 12 mm and corresponding operating
parameters from Table 2.2, output power, efficiency and wall-loading are

plotted in Figure 2.5, as a function of input and output angles.

As compared to the initial value of the output angle of 2.5 °, the output
power can be increased from 811 kW to 824 kW by using an output angle
of 2 °. The optimum point in terms of the maximum power and efficiency
with wall-loading less than 2 kW/cm?, is illustrated in Figure 2.5.

As a last step of the cavity design, the input and output taper lengths (L and
L3) and smoothing regions (D and D) are optimized using the scattering
matrix codes. The input-taper section is designed in such a way that the

operating frequency is lower than the cut-off frequency.
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2 Systematic cavity design approach

Thus, it works as a reflector and helps the cavity to maintain the desired
Q value. Using the scattering matrix code of the "Cavity" code-package
[Ker96], the mode transmission properties in the input-taper and output-
taper section are determined. With the original design (L; = 16 mm, D; =
4 mm), more than 99 % of the TE_43 15 mode amplitude is reflected from
the input section without any spurious mode excitation. Concerning the
up-taper section, more than 99 % of the TE_43 15 is transmitted using L3 =

16 mm, D, = 5 mm.

The step-wise description of the proposed systematic cavity design approach
is summarized in Table 2.3. Using the systematic cavity design approach,
the finalized cavity parameters are shown in Table 2.4. The final geometry
with the longitudinal field profile is presented in Figure 2.3. The diffractive
quality factor (Qgifr) and the Ohmic quality factor (Qq) of the final cavity
design is 1443 and 62937, respectively. In order to study the influence of
individual cavity parameter on the output power and efficiency, the perfor-
mance of the cavity is verified by variation of the physical parameters. At
a time, only one physical parameter is varied and the final results are pre-
sented in Table 2.5. In this case, equation 2.2 provides the definition of the

percentage variation p of quantity X (output power Py or efficiency 1).

2- (Xmax - Xmin)
Xmax + Xmin

However, the total influence on the cavity performance is not simply equal

px = -100 % 2.2)

to the sum of the individual ones, when more than one physical parameters
are varied simultaneously. As described in Table 2.5, the gyrotron perfor-
mance is strongly influenced by the midsection length L, making it the first

parameter to be addressed while designing the cavity.
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Table 2.3: Steps of the systematic cavity design approach [KAF ' 16¢].

Stepl: Calculate mid-section radius and beam radius using standard

formulas for the desired operating mode.

Step 2: Estimate initial geometrical cavity parameters (L1, L,
L3, 01, 6>, Dy, Dy) from the design goals, technical limitations,

cold cavity profile and previous cavity design experiences.

Step 3: Simulate gyrotron interaction with various mid-section
lengths (L), keeping all other physical parameters fixed, and find
the optimum value (e.g. Figure 2.4 and Table 2.2). The operating

parameters (beam voltage, beam current, magnetic field, etc.)

must be optimized for each particular L,.

Step 4: Optimize input and output angles (6;, 6,) with regards to
power and efficiency using the optimized mid-section length from

step 3 and corresponding operating parameters (e.g. Figure 2.5).

Step 5: Optimize input taper section length (L) and input
smoothing length (D) by calculating reflections of the RF modes
from input section. These lengths should be set to obtain maximum

reflection of the operating mode without mode conversion.

Step 6: Optimize output taper section length (L3) and output smoothing

length (D») to have maximum RF power transmission to the

quasi-optical launcher without mode conversion.
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Table 2.4: Final physical parameters of the 236 GHz hollow cavity design.

Input taper

Length L; 16 mm
Angle 6, 25°
Smoothing length D 4 mm

Midsection
Length L, 12 mm
Radius rcay 20.88 mm

Output taper
Length L3 16 mm
Angle 6, 2°
Smoothing length D, 5 mm

Table 2.5: Effect of the individual physical parameters on the overall cavity performance.

Parameter L 0 and 6, Djand D, L and L3
Investigated
10-15mm 1°-4° I-4mm 10— 19 mm

range
Output power

21.57 % 17.72 % 14.01 % 3.68 %
variation py
Efficiency

44.0 % 16.7 % 12 % 4 %

variation px
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2.3 Multi-mode time-dependent simulations

2.3.1 Set-up for time-dependent cavity simulations

The various approaches for the slow-time scale, Self-Consistent (Self-C)
calculations are presented in [Edg93] (chapter 3, 4 and reference within). In
this work, the in-house time-dependent, multi-mode, self-consistent code-
package EURIDICE [APIV12] [Avrl5] is extensively used for the inter-
action simulations. The features of the EURIDICE code package are dis-
cussed in section A.2. Over the time, the results are further verified with
the in-house code SELFT from the code-package "Cavity" [Ker96]. The be-
havior of the mentioned codes are also successfully benchmarked with the
experimental results along with the results from other numerical codes. For
example, in Appendix A.5, for the test-case of W7-X and ITER gyrotrons,
the performance of SELFT and EURIDICE codes is compared with the
TWANG and TWANG-PIC codes, which are developed at the Swiss Plasma
Center - Ecole Polytechnique Fédérale de Lausanne (SPC-EPFL) [ATA T 11]
[BTV'15][BTV14]. The performance comparison of the SELFT code and
EURIDICE code is also presented in [Sch15].

In addition to these codes, the interaction code developed at the Tech-
nical University Hamburg-Harburg (TUHH) [JGS99] [Jel00] , University
of Maryland (MAGY- MAryland GYrotron) [BAL"98] [VAC"08] and In-
dian Institute of Technology Roorkee (GDS- Gyrotron Development Suite)
[JK10] are highly recognized for the gyrotron cavity design and analysis. In
various studies, the commercial Particle-in-cell (PIC) based codes, 2D/3D
MAGIC [MSBL98], [BKC99], [KSKT11], [LHCT10], CST [CJ12], [CST]
and VSIM [LS13][LSC™"14] are used. However, in the case of high-power
gyrotrons with very high-order operating modes (eigenvalue ~ 100), the
use of such codes is under discussion, due to the need of excessive compu-

tational resources. In [SKL*14] [SKH'14], the performance comparison
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2.3 Multi-mode time-dependent simulations

of the PIC-based commercial codes is presented with experimental veri-
fication. The setup for the multi-mode, self-consistent simulation using
EURIDICE code package is discussed here. As a pre-process, the geometry
file is created using the desired physical cavity parameters, which is further
used for the interaction simulation. The resonator axis is discretized in very
small steps (normally in the steps of 100 um to 200 wm) and considering
the azimuthal symmetry, each axial point is link to the respective value of
resonator radius. In the case of coaxial-type cavity, insert information shall

be also included in the geometry file.

Based on the selected frequency range and cavity profile, the list of TE
modes are selected using Coldcav code from the EURIDICE code package,
which are the possible neighboring modes for the analysis. The mode eigen-
value can be calculated using the "CHIMP" module as discussed in [Ker96].
The frequency, mode coupling, quality factor and axial field-profile for each
individual modes are calculated without considering the effects of electron
beam. The wave equation is solved with the appropriate boundary condi-
tions. For the 236 GHz DEMO gyrotron, the simulated axial field-profile
of the main mode TE_43 ;5 is plotted in Figure 2.3, while the neighboring
modes and their relative mode coupling is shown in Figure 2.1 (a).

Considering time-varying beam energy and/or magnetic field, the multi-
mode time-dependent, self-consistent simulation can be performed using
Evridiki code. The equations of electron motion (2" order Predictor-
Corrector scheme) and electromagnetic field (Crank-Nicolson finite differ-
ence approach) are solved self-consistently. Both trajectory and quasi-PIC
approaches are implemented. Using multi-mode, start-up scenario sim-
ulations, the possible mode excitation can be estimated at specific time.
The possible mode competition in gyrotron interaction is discussed in sec-
tion 1.3.3. To include the effects of possible neighboring modes, up to 99
parasitic modes can be incorporated in the multi-mode simulations. To re-
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2 Systematic cavity design approach

duce computational time, the computation is parallelized using the Message
Passing Interface (MPI). During the start-up simulations, variation of beam
energy can be selected either linearly or step-wise. As per the variation of
beam energy, the beam current and velocity ratio either changes according
to the adiabatic approximation and the Schottky formula or defined by the
user externally. Unlike fixed-field approximation, the axial variation of field

profile is also considered in the simulation.

2.3.2 Performance of the suggested cavity design

In this section, an RF behavior of the proposed cavity design is investi-
gated to further validate the selected operating parameters and design. As
the 236 GHz gyrotron operates in very high-order modes with dense mode
spectra, the selection of the operating parameters and start-up conditions
is critical for the stable operation. Using single-mode simulations, the gy-
rotron operating parameters are finalized with the criteria of more than 35 %
interaction efficiency, high output power and stable RF operation. Since the
magnetic system for the DEMO gyrotron is not finalized yet, therefore, a
constant magnetic field profile is used for the analysis. At this stage of the
analysis, the typical cavity conductivity (o) of 1.4 x 107 S/m is selected.
The optimized parameters from the single mode simulations are: beam en-
ergy = 58 keV, beam current = 39 A, magnetic field =9.130 T.

To verify the effect of competing modes on mode stability, multi-mode time-
dependent simulations were performed as next step. Within a frequency
range of -5 % to +10 %, all the modes having relative coupling coefficient
higher than 0.35 are included in the multi-mode analysis. The mode spec-
trum of the selected neighboring modes is presented in Figure 2.1 (a). For
the proposed cavity design, the result of the multi-mode, time-dependent
simulation with the 99 neighboring modes is presented in Figure 2.6. Along
with time, the beam energy changes linearly from 20 keV (noise level) to
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2.3 Multi-mode time-dependent simulations

58 keV, while velocity ratio (o) and beam current (/,) are varying adiabat-
ically to reach their final value of o = 1.25 and [, = 43 A, respectively. As
the implementation is based on the self-consistent approach, the change in

the axial-profiles for each mode is also incorporated.

For reliable simulations, the convergence analysis has been performed for
two important numerical parameters: (a) number of particles for macro-
electron beam and (b) time step for the simulation. The number of electrons
for macro-electron beam should be sufficient to characterized interaction
between electron beam and field. In this work, a minimum of 19 beam-
lets have been selected with a total number of particles more than 400.
At each time-step, the random initial values of electrons are assigned to
control non-physical behaviors [Nus81]. The transit time of the electrons
along the cavity (< 1 ps) is much lower than the evolution time of the field
[APIV12], which supports the constant field profile during the transition
time of electrons. Considering the field variation time of the order of 0.1 -
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Figure 2.6: Multi-mode, time-dependent simulation with ideal beam parameters. (V}, = 20 - 58

keV, I, =39 A, By =9.130 T). 99 neighboring modes have been considered for this
simulation.
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0.2 ns, the time step of 0.01 ns is selected for reliable simulation [Ber10].
The total simulation time is fixed by considering beam energy variation of
10 - 20 V/ns. This time step is two orders above the experimental value
[Sch15]. So, in Figure 2.6, the time scale during the start-up is considered
in arbitrary unit. The beam energy is increased linearly from 20 keV (¢
=0) to 58 keV (r = 3000) and steady-state condition is selected from the
time-interval # = 3000 to ¢ = 3500. Despite of the consideration of the large
number of neighboring modes, the stable operation of 828 kW is achieved
with the interaction efficiency of 38 % using the suggested operating param-

eters.

2.3.3 Inclusion of realistic electron beam parameters

The gyrotron interaction is highly dependent on the quality of the electron
beam. Due to practical limitations of the MIG design, it is not possible to
generate an energetic electron beam with ideal beam parameters [TsiO1].
For the accurate performance estimation, the influence of realistic beam pa-
rameters on mode stability and interaction efficiency has been investigated.
For a 236 GHz DEMO gyrotron, the effects of beam velocity spread and ra-
dial width on the beam-wave interaction are studied with the help of multi-

mode simulations.

Velocity spread

The total electron energy is distributed differently between the axial and
transverse component of the motion. The spread in perpendicular electron
velocities can introduce non-uniform spread in the cyclotron frequency,
which change the resonance conditions [Nus04] [But84] and, eventually,
the interaction efficiency decreases. Even for the modes operating near cut-
off, the spread in axial velocity causes a difference in electron transit time

along the cavity and reduces the overall efficiency. For efficient gyrotron
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2.3 Multi-mode time-dependent simulations

operation, it is desirable to have maximum orbital-to-axial velocity ratio
(&), but the velocity spread of the beam also limits that. In the case of
an electron beam, which is having significant spread, as the magnetic field
increases along the gyrotron axis, the electrons with small axial-velocity
further decrease the axial velocity and are trapped between the gun and res-
onator region. This phenomena is also known as "magnetic mirror effect”
[Edg93].

The possible sources for the velocity spread in the gyrotron electron beam
and their analytic formulations are discussed in [TsiO1] [KLTZ92]. How-
ever, for gyrotrons operating in the sub-millimeter wave/ millimeter fre-
quency range, the surface roughness of emitter is the main source of the
beam velocity spread [KM16]. The effects of the emitter surface roughness
on the high frequency fusion gyrotrons have been systematically studied in
[ZIPT15]. Various experiments [PIT16] [GGK™99] [Xiz84] and numerical
studies [DK99] [ZZMO06] [XCYH14] suggest, Gaussian like velocity distri-
bution of the gyrotron electron beam. The same is also considered for this
analysis. From the perpendicular velocity spread, the equivalent spread in

velocity ratio (&) can be estimated using equation 1.12.

Table 2.6: Influence of velocity spread on gyrotron performance.

0B, da Output power  Efficiency
(tms) (%) (tms) (%) (Pow) (kW) (Mine)(%)
0 0 828 38.0
6 15.4 780 36.0
8 20.5 744 34.7
10 25.63 700 334
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Figure 2.7: Start-up scenario considering 99 neighboring modes and a realistic electron beam
with 6 % (rms) velocity spread.

Multi-mode time-dependent simulations have been performed with vari-
ous perpendicular velocity spreads. Using the in-built function of the
EURIDICE code, electron beams having particular perpendicular velocity
spread have been generated and selected for start-up simulations. The per-
formance of a 236 GHz DEMO gyrotron with various beam velocity spread
is summarized in Table 2.6. The output power and efficiency decreases
with increasing velocity spread, but the excitation of the mode remains sta-
ble. The recent gun design studies presented in [ZIPJ13] [FAPT 15] suggest
approximately 6 % of the perpendicular velocity spread for a DEMO gy-
rotrons. The result of the multi-mode, start-up scenario with 6 % velocity
spread is presented in the Figure 2.7. Except the consideration of velocity
spread, the simulation setup is same as discussed in section 2.3.2. With
the inclusion of 6 % (rms) velocity spread, output power and interaction
efficiency are reduced from 828 kW, 38 % to 780 kW, 36 %. Compared to
the start-up scenario with an ideal electron beam (Figure 2.6), the excitation

of next parasitic mode TE4; 16 is suppressed due to the influence of per-
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2.3 Multi-mode time-dependent simulations

pendicular velocity spread. The mode competition control by the velocity
spread is also supported in [AEZS77] [ZZMO06].

Radial width

Gyrotron electron beams are generated by MIGs having a finite width of
the emitter. The MIG operates in a temperature limited region and each
electron experiences a different static field, which give rise to the generation
of the electron beam with radial width. High-frequency (>100 GHz) fusion
gyrotrons operate with high order TE modes with dense mode spectra. Be-
cause of the very short wavelength and large number of neighboring modes,
the radial width of the electron beam plays a significant role in mode exci-

tation and stability.

The performance of the designed cavity is verified for different beam widths.
The value of a radial width represents the single side guiding center spread.
According to the desired radial width, the maximum and minimum guiding
center radii are calculated. Within those radial limits, the electron guiding

centers are distributed randomly. The radial width implementation approach

Table 2.7: Effect of a radial width on gyrotron behavior.

Radial Radial Output power Efficiency
width  width (Pour) (kW) (M0)(%)

2-r.  A/8.88 827 37.72
3., A/5.92 821 37.48
4.1 Ald.44 815 37.15
5.1, A/3.55 801 36.46
6.1, A/2.96 unstable mode
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Figure 2.8: Influence of beam radial width on RF behavior of a 236 GHz DEMO gyrotron.

is discussed in section A.3.3. The output power and efficiency with different
radial widths of the electron beam are shown in Table 2.7 and the start-up
scenarios are shown in Figure 2.8. In these simulations, a concentric elec-
tron beam with given radial width is considered, without velocity spread and
beam misalignment. The value for the Larmor radius (rp) is 71.4 pm and
the wavelength (1) is 1.271 mm. It is clear from the results that, the output
power and efficiency are not affected significantly with consideration of ra-
dial width. However, the operating mode become unstable with the radial
beam width of 1/2.96.

2.3.4 Stability analysis

To ensure reliable operation during the actual experiments, it is requested
to have stable operation not only with the optimized parameters, but also
within a certain range of the operational parameters. In this part, stability

of the operation is verified with respect to electron beam energy. As a first
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step, the stability margin with the selected operating parameters has been
investigated, and in a second step, new operating parameters are suggested

to achieve the desired stability margin of 2 keV.

For the selected cavity design and operating parameters, the possible factors
of the mode loss at high beam energy has been studied in [KAF'16b]. The
results verified that the mode loss is only due to the detuning effect, not be-
cause of mode competition. The effects of detuning on the mode stability is
now further verified. As shown in Figure 2.9 (a), using a multi-mode start-
up scenario, the stable operation is obtained till # = 5000 with the nominal
beam parameters (By = 9.130 T, V, = 58 keV, I, = 39 A). As next stage, the
energy has been increased in steps of 0.1 keV from 58 keV until mode loss.
With the selected magnetic field of 9.130 T, the operating mode is stable up
to the electron beam energy of 59.0 keV, which is a margin of 1 keV with

respect to the nominal beam energy of 58.0 keV.

The stability margin of mode excitation is further extended by operating the
gyrotron at higher magnetic field, which corresponds to a lower detuning.
Considering a modified magnetic field of 9.145 T at the cavity center, the
mode excitation is stable up to 60.4 keV and the desired stability margin of
up to 2 keV can be achieved. (see Figure 2.9 (b)). This, of course, is accom-
plished by a loss of power and efficiency at the operating point, which are

now reduced by 760 kW and 35 %, respectively.

2.4 Additional considerations for
RF behavior analysis

2.4.1 Selection of optimized beam radius

In this section, the influence of an electron beam radius on the gyrotron op-
eration has been studied. In the case of a 236 GHz DEMO gyrotron, the cal-

culated beam radius for the maximum coupling is 9.06 mm. In [CMM™T06],
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Figure 2.9: Stability analysis of the selected operating point with (a) magnetic field of 9.13 T
and (b) with magnetic field of 9.145 T. The beam energy has been increased in
0.1 keV steps. Using the magnetic field of 9.13 T, the output is stable till 59 keV
with the stability margin of 1 keV, The desired stability margin of 2 keV is achieved
with a magnetic field of 9.145 T.
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with the help of fixed-field calculations, the effects of beam radius on gy-
rotron mode completion has been studied and it has been proved that the
mode competition can be controlled using an electron beam with large ra-
dius. In this section, using multi-mode, time dependent, self-consistent
simulations, effects of beam radius on mode competition and start-up sce-
nario are studied and optimum beam radius has been selected for a 236 GHz,
TE_43,15 mode DEMO gyrotron.

Mode competition control

In Figure 2.10, the mode spectra of a 236 GHz DEMO gyrotron are pre-
sented with beam radii of 9.06 mm and 9.27 mm. The relative mode cou-
pling can be calculated using equation 1.21 and multiplied with the re-
spective quality factor. The neighboring modes within -5 % to +10 % of
frequency range and having a relative coupling of more than 0.5 are con-
sidered. With increase in beam radius, the relative coupling of the next
counter-rotating modes (TE,,,—3 ,4+1 and TE,,_» ,,4-1) decreases, which is
a favorable condition for the stable excitation of the operating mode. It has
also been noted that, as the beam radius increases, the coupling of counter-
rotating TE, 43 15 also increases. With the beam radius of 9.27 mm, the
coupling of the co-rotating mode is equal to the coupling of counter-rotating
mode. This condition sets an upper limit for the choice of the possible beam
radius. The results of multi-mode, time-dependent, self-consistent simula-
tions with beam radii of 9.06 mm, 9.10 mm and 9.16 mm are compared in
Figure 2.11 and 2.12. The beam energy is linearly varied from 35 keV to

62 keV and mode loss is analyzed in each case.
Considering a stability margin of 2 keV, the updated magnetic field of

9.145 T is selected for the simulation. Using the beam radius of 9.10 mm,

coupling with the counter-rotating mode TE_ 4; j¢ is reduced and its excita-
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Figure 2.10: Variation in the mode coupling scenario with different beam radius. The mode
spectrum with the main competitive modes is presented at beam radius of (a) 9.06
mm and (b) 9.27 mm.
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tion can be suppressed during start-up. However, the stability margin of the
main mode (TE_43 15) is not changed with the beam radius of 9.10 mm. By
comparing Figure 2.12 (a) and Figure 2.12 (b), it is clear that the stability
of the operating mode decreases from 60.7 keV to 60.5 keV with the beam
radius of 9.16 mm.

Using single-mode simulations, the output power of the gyrotron with var-
ious beam radius is presented in Figure 2.13. As the beam radius deviates
from its optimum value, the output power decreases due to the reduction in
beam coupling with the main mode. After considering start-up scenarios,
mode stability and coupling, the beam radius of 9.10 mm are suggested,
which improves the mode competition scenario with reduced coupling of
the counter-rotating mode and marginally reduced output power.
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Figure 2.11: Multi-mode start-up scenario with the beam radius of 9.06 mm.
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Figure 2.13: Influence of a beam radius on a 236 GHz gyrotron operation.

2.4.2 Cavity performance using realistic
material properties

In most of the cases, a gyrotron cavity is manufactured using copper, be-
cause of the material’s high electrical and thermal conductivity. Glidcop
refers to the family of copper based matrix composite alloys mixed pri-
marily with aluminium oxide ceramic particles. It has higher resistance
to thermal softening and radiation damage than oxygen free copper with a
slight reduction in the effective conductivity. Due to these unique advan-
tages, as of now, Glidcop is the best choice for gyrotron cavity. Depending
on the content of aluminium oxide, Glidcop is classified into the three main
types: AL-15, AL-25 and AL-60. Increasing the level of aluminium oxide
will increase mechanical strength but decrease conductivity. The properties
of Glidcop are discussed in [Sho93]. The successful operation of Glidcop
cavities is experimentally demonstrated in [RRPT16], [ILNT01], [KIST12],
[CBF07].
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2 Systematic cavity design approach

For a standard gyrotron design approach, the typical value of 1.4 x 107 S/m
is used as the conductivity of the cavity. Using the detailed formulation
discussed in section A.1, it is possible to calculate, the frequency, tempera-
ture and surface roughness dependent Glidcop conductivity. With operating
temperature of 250 °C and surface roughness of 0.1 wm, the effective Glid-
cop conductivity for the 236 GHz gyrotron cavity is 1.9 x 107 S/m.

Due to the consideration of high effective conductivity, it is possible to in-
crease the cavity power for the same wall-loading of 2 kW/cm? (equation
1.27). The updated operating parameters and cavity performance with the
modified conductivity is presented in Table 2.8. The appropriate operating
parameters are selected to get at least 36 % of interaction efficiency with
the realistic beam properties (6 % velocity spread, A /4 radial width). All

the physical parameters of the cavity are the same as for the previously
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Figure 2.14: Start-up scenario for longer time duration, assuming a realistic Glidcop conduc-
tivity of 1.9 x 107 S/m.
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Table 2.8: Operating parameters and performance analysis of the DEMO gyrotron using real-
istic Glidcop conductivity of 1.9 x 107 S/m.

Frequency (GHz)

Mode

Mode eigenvalue

Magnetic field (T)

Beam radius (mm)

Beam electron energy (keV)
Beam current (A)

Diffractive quality factor (Qgjgr)
Ohmic wall loading (kW/cm?)
Effective conductivity (S/m)

236.1
TE 43,15
103.213

9.165

9.06

61
43

1443

2.00
1.9 x 107

Without velocity spread or radial

spread consideration

Output power (kW) 960
Interaction efficiency (%) 38
With 6 % velocity spread and A/4 radial width
Output power (kW) 920
Interaction efficiency (%) 36

Table 2.9: Operating parameters and gyrotron performance with high wall-loading (without
realistic beam parameters).

Wall-loading Beam energy Beam current Output power Efficiency

(kW/cm?) (keV) (A) (kW) (%)
2 61 43 960 38
2.18 65 45 1070 38
2.43 65 50 1200 38
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described cavity in Table 2.4. Compared to the standard design with the
typical value of conductivity (1.4 x 107 S/m), the output power increases
from 778 kW to 920 kW with modified conductivity.

The multi-mode time-dependent simulations with the updated beam param-
eters are presented in Figure 2.14. Beam energy linearly increases from
20 keV to 61 keV till t = 3000 and remains constant till t = 5000. During
the steady-state operation, the powers in the selected neighboring modes are
less than the 0.1 % of the main mode power. This result indicates the stable
operation without spurious mode generation or mode loss. As discussed in
section 2.3.4, the stability analysis with the updated beam parameters has
been performed at a magnetic field of 9.175 T are suggests to have stability
margin of 2 keV. The effect of cavity wall-loading on the performance of

the hollow-cavity gyrotron is illustrated in Table 2.9.

For the same cavity design, the operating parameters are finalized for the
high cavity wall-loading. The ideal beam parameters have been considered
with the interaction efficiency of 38 %. The output power is approximately
proportional to the maximum cavity wall-loading. Here, effective cooling
systems support operation with high wall-loading, which increases output
power per tube. Thus, an effective cavity cooling is essential for high-power
gyrotron operation. The operation with more than 1 MW output power is

possible assuming wall-loading of 2.18 kW/cm?.
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multi-purpose operation

In the previous chapter, the gyrotron cavity and operating parameters have
been finalized considering the stable and efficient operation at 236 GHz. As
discussed in section 1.2.1, the DEMO gyrotron requirements also include
fast frequency step-tunability and multi-frequency operation for plasma sta-
bility control and a multi-purpose gyrotron application, respectively. In this
chapter, the possibilities for fast-frequency tunability and multi-purpose op-

eration for the hollow-cavity DEMO gyrotron are investigated.

3.1 Fast frequency step-tunability

3.1.1 Importance of fast frequency step-tunability
in fusion plasma experiments

In ideal conditions, the tokamak plasma is toroidally symmetric and all field
lines on a particular magnetic flux surface carry the same current. With the
increase in plasma density, the strong affect in the plasma current profile is
observed, due to the atomic processes and radiation cooling at the edge. In
this case, some magnetic field lines carry more current than others. This
increased plasma current, also known as ‘Bootstrap current’, flows along
the magnetic lines, which causes corrugations in the magnetic flux surface
and generates magnetic islands. These magnetic islands reduce the overall
plasma pressure and eventually, decrease the fusion energy and plant effi-

ciency.
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The bootstrap current is proportional to the pressure gradient and, it should
be removed from magnetic islands. This reduction in the bootstrap cur-
rent further increases the size of the magnetic islands. The resulting large
magnetic islands increase the toroidal transport, which is also called as Neo-
classical Tearing Mode (NTM), and leads to major loss of confinement and
disruption [Igo15] [BGG'00]. This type of instability can be avoided by
driving current in the magnetic island. Electron Cyclotron Current Drive
(ECCD) is the preferred method for NTM stabilization due to its precise
localization of the power deposition [Mor92] [FRCT12].

The position of such instabilities in the plasma is not fixed and for complete
control, a steerable RF beam is required. The condition for RF absorption

inside the plasma can be described as,

WRF = k”VH +Q(B(r)), 3.1

where, Q(B(r)) is the electron cyclotron frequency inside the plasma. In
small fusion plasma experiments, the steerable mirrors have been used to
control RF beam direction, which modifies the Doppler term (k) to con-
trol the resonance position. The plasma instability control using steerable
mirrors have been successfully demonstrated in [WSK™'16]. In such cases,
the movable parts are very close to the plasma surface and also require a
necessary flexible launcher cooling system. Due to high thermal and neu-
tron fluxes, this method is not preferable for future fusion power plants.
This issue can be addressed by using remote steering launchers [PEK*10].
Alternatively, using a frequency tunable ECCD source, the localized energy

transfer can therefore be possible by employing fixed launching mirrors.
Due to the large plasma volume in advanced magnetic confinement fusion

experiments and the future fusion reactors, the magnetic field varies sig-

nificantly from the plasma center to its edge. Consequently, the resonance

62



3.1 Fast frequency step-tunability

condition between cycling electrons in a plasma and RF waves of a certain
frequency is fulfilled in a small plasma layer. Therefore, it is desirable to
have fast frequency step-tunable gyrotrons as ECCD sources, which allow
to control the plasma instabilities employing fixed launching mirrors [ZT05]
[TABT01]. The frequency step-tunable operation of high power fusion gy-
rotron has been successfully demonstrated in [TAB*01], [GSA ™ 14] as well
as for the low-power spectroscopy gyrotrons in [BSC16], [CIO109]. In
the following sections, the possible approaches for the fast frequency step-
tunability are studied for a 236 GHz DEMO gyrotron.

3.1.2 Selection of suitable modes

As discussed in section 2.1, the co-rotating TE_43 15 mode has been selected
for the operation at 236 GHz. As a next step, the new operating modes need
to be selected to support fast-frequency tunability requirements of DEMO.
The suitable mode selection criteria for the fast frequency step-tunability are

listed below:

e The caustic radii of the selected operating modes has to be as close
as possible, allowing optimum performance of quasi-optical launcher

and mirror system for all the selected frequencies.

* As compared to the possible competitive modes, the coupling of the

selected modes should be high.

* For the selected interaction section region, the mode eigenvalues must

correspond to frequencies in the desired frequency band.

Based on the above criteria, the modes selected for frequency step-tuning
within the range of -10 GHz to +10 GHz around 236 GHz (mode TE_43 15)
are enlisted in Table 3.1 with their corresponding operating frequency, rela-

tive caustic radii and beam radii. With these selected modes, the maximum
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Table 3.1: Selected operating modes and their properties for fast-frequency step-tunable
hollow-cavity gyrotron with frequency steps of 2 - 3 GHz.

f (GHz) 227.4 230.3 233.1 236 238.9 241.8 243.9
Af 29 2.8 29 29 29 2.0
Mode TE40,15 TE4115 TEa1s TEsz1s TEas1s TEss)s  TEsz 6

Rel. caustic

0.407 0.412 0.411 0.416 0.421 0.425 0.403
radius (r.)
Beam

8.77 8.87 8.97 9.06 9.16 9.26 8.78
radius (mm)
Q 1359 1385 1413 1443 1474 1507 1532
Wall loading

(KW/em?)

1.83 1.89 1.93 1.98 2.08 2.15 2.24

relative caustic radii deviation is only 3.5 % from the average value, which
guarantee that the same launcher and mirror system design works for all
modes with very small radial shift of the Gaussian RF output beams and
minimum stray radiation. Apparently, with the selected operating modes,
frequency tunability in steps of 2 - 3 GHz can be achieved in the case of the
236 GHz hollow-cavity gyrotron. Assuming a beam radius of 9.06 mm, the
mode spectrum around TE_43 15 mode is presented in Figure 3.1. All neigh-
boring modes within the frequency range of 224 GHz to 260 GHz having a
relative coupling higher than 0.35 (with respect to TE_43 15) are considered
and the selected operating modes for a frequency step-tunability are marked
in Figure 3.1. At a frequency of 236 GHz and beam radius of 9.06 mm,
the coupling of selected modes for step-tunability is comparable to the main
mode coupling. It should be noted that the relative coupling changes with
the beam radius, and for each mode, the optimum value for the beam radius

is given in Table 3.1.
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Figure 3.1: Mode spectrum in the cavity around the TE_43 15 mode with electron beam radius
of 9.06 mm. The selected modes for frequency tunability have been marked.

As discussed in section 2.1.1, the single-disk RF-window is transparent
to the frequencies, which are multiple of the window basic frequency (see
equation 2.1) and for the standard CVD-diamond window (&, = 5.67) (thick-
ness 1.50 mm to 2.25 mm), the basic frequency is 42 GHz to 28 GHz.
Thus, the single disk RF window does not support the fast frequency step-
tunability of 2 - 3 GHz [TAHT01]. The alternative and very promising
solution is to use a broadband Brewster angle window. As per the Brew-
ster’s law, the disk angle of ®g = arctan (\/82/781 ) is selected at which, the
reflections of any wavelength is prevented. For the CVD-diamond, the value
of Brewster angle is 67.2 °. Successful operation of the Brewster angle win-
dow has been demonstrated at KIT [AGM™'12] [SDG™13] [GDJ"13]. The
possibilities of gyrotron frequency step-tunability using a Brewster window
have also been experimentally verified and reported in [LA90] [BDKT97]
[GSAT14].
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3.1.3 Frequency step-tuning: from high frequency
to low frequency

The operating frequency of a gyrotron is close to the gyrofrequency of the
electrons or its harmonics and can be calculated using equation 1.2. It is
clear from equation 1.2 that the gyrotron operating frequency is highly de-
pendent on the cavity magnetic field, while it is weakly dependent on the
beam energy through the relativistic factor. Consequently, the magnetic
field tuning is a very effective way to change the operating frequency of
high-power gyrotrons. The effectiveness of magnetic field tuning is also
experimentally validated in [GSA™14].

Based on the finalized operating parameters from section 2.4.2 for the op-
eration at 236 GHz, the operating parameters for the fast-frequency step-
tunable operation are selected by considering a constant beam current of
43 A and a minimum interaction efficiency of 36 % (without energy re-

covery). A pitch factor (o) of 1.25 is considered along with the realistic
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Figure 3.2: For a minimum interaction efficiency of 36 %, values of the beam energy and the
magnetic field at different frequencies.
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Figure 3.3: Cavity wall loading and diffractive quality factor at different operating frequencies.

Glidcop conductivity. The suggested values of the beam energy and the
magnetic field for a particular frequency are plotted in Figure 3.2. The
value of magnetic field sweep from 8.80 T to 9.48 T, which corresponds to
the lowest (227.4 GHz) and highest (243.9 GHz) operating frequency. At
each frequency step, the value of beam energy is also updated to maintain
optimum detuning for efficient gyrotron operation. The dependency of the
cavity wall-loading on the operating frequency is presented in Figure 3.3.
The mode eigenvalue and quality factor increase with the operating fre-
quency, while the relative caustic radius (m/ym ) is nearly constant for all
the selected modes. According to the equation of wall-loading calculation
for hollow cavity design (equation 1.27), these conditions lead to a rise in

the wall loading with the operating frequency.

With the help of time-dependent, self-consistent, multi-mode simulations,
the possibilities of fast-frequency step-tunability are theoretically verified
and the result is presented in Figure 3.4. In this case, the operating fre-

quency is tuned step-wise in the direction from high to low frequency. Over
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3 Fast frequency step-tunability and multi-purpose operation

time, the variation of the cavity magnetic field and the beam energy is pre-

sented in first two plots, respectively.

As mentioned before, the beam energy is modified at every stage to maintain
the optimized detuning for sufficiently high efficiency and output power. At
each frequency step, the beam radius is selected for the maximum cou-
pling (as per Table 3.1). The variation of the efficiency and output power
is shown in the third and fourth plot respectively. The result supports the
continuous frequency step-tunability from the high-frequency towards the
low-frequency with minimum interaction efficiency of more than 35 % and

stable output power close to 1 MW.

In the fusion plasma experiments, the growth rate of a possible plasma in-
stability determines the speed of frequency step-tunability. It is in the order
of several GHz/s for large scale fusion experiments [Thull]. In gyrotron,
the speed of frequency step-tunability is limited by the rate of the change
of the operating magnetic field. Using auxiliary solenoids, the axial mag-
netic field is adjusted to achieve frequency step-tunability within limited
frequency range, and the magnetic field from the main solenoid is kept con-
stant. The magnet system design for a 236 GHz gyrotron is not finalized
yet at IHM-KIT. Therefore, it is not possible to determine the speed of
frequency-tunability at this stage.

3.1.4 Frequency step-tuning: from low frequency
to high frequency

As discussed in the previous section, the magnetic field tuning is effective
for the frequency step-tuning from high frequency to low frequency. How-
ever, due to hysteresis effects [DN10] [DIIT 03], it is not possible to achieve
frequency tunability at the desired 2 - 3 GHz steps from low frequency to
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3 Fast frequency step-tunability and multi-purpose operation

high frequency by simply changing the magnetic field. The possible ap-
proaches of low frequency to high frequency step-tunability are verified
in this section. This case has been studied considering frequency step-
tunability from 236 GHz, TE_43 15 mode to 238.9 GHz, TE_44,15 mode.

Using single-mode, self-consistent calculations, the output power of the
TE_43,15 and TE_44 15 modes has been calculated and presented in Fig-
ure 3.5. Due to critically high detuning, it is not possible to excite TE_43 15
and TE_44,15 modes with magnetic field less than 9.16 T and 9.28 T, re-
spectively. The selected optimum magnetic field for the excitation of the
modes TE_43 15 and TE_44,15 with high efficiency is 9.175 T and 9.285 T.
To achieve low frequency to high frequency step-tunability simply with
magnetic tuning, when the magnetic field (By) are increased from 9.175 T

t0 9.285 T, the TE_43 15 mode remained excited with low detuning and low
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Figure 3.5: Output power of the modes TE_43 15 and TE_44 15 at different values of the mag-
netic field.
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3.1 Fast frequency step-tunability

output power. This condition prevents the continuous frequency tuning from
low frequency to a higher frequency. The similar gyrotron behavior has been
also verified in [DN10] for a 170 GHz ITER gyrotron, considering main op-
erating mode TE_3; ¢ and next parasitic modes TE_3; 9 and TE_33 9.

The alternative approach for frequency step-tunability from low frequency
to high frequency is presented in Figure 3.6. As the gyrotron cavity is com-
patible with all selected frequencies, the individual mode can be excited
separately. In this approach, the beam energy is reduced to a low level until
the working mode is detained and then excite the desired mode at the higher
frequency by increasing the beam energy again. The magnetic field is also
modified accordingly. For example, in Figure 3.6, initially TE_43 15 mode
is excited at frequency of 236 GHz (till t = 2500). The beam energy is in-
creased from 30 keV (t =0) to 61 keV (t = 2000) and the constant magnetic
field of 9.175 T is considered. To excite TE_44,15 mode at a frequency of
238.9 GHz, the beam energy is reduced to the 20 keV which, suppress the
excitation of TE_43 15 mode (t = 2500 to 3000). From t = 3000 to 3500,
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Figure 3.6: Possible approach for low-frequency to high-frequency tuning.
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3 Fast frequency step-tunability and multi-purpose operation

the beam energy is again increased till 61.5 keV with the updated magnetic
field of 9.285 T and the desired mode TE_44 15 is excited at a frequency
of 238.9 GHz. Similar to the high frequency to low frequency tuning, the
speed of the frequency tuning from low frequency to high frequency tuning

is dependent on the rate of change of the cavity magnetic field.

3.2 Multi-purpose operation

The development of a DEMO EC system is focused to provide maximum
current drive efficiency and it is the demonstrated for the pulsed and steady
state operation [PTZ"12]. In addition to the current drive (ECCD) applica-
tion, the possibilities of plasma heating are also required at lower operating
frequencies [TFK'15]. For DEMO (EUROFusion baseline 2012, aspect
ratio (A = 4)), the desired gyrotron frequency, output power and operation
mode (heating (H) or current drive (CD)) for the different gyrotron applica-
tions (e.g. Start-up, ramp up, bulk heating and plasma instability control)
are estimated in [GBB ™ 15]. The ratio of the frequency selected for plasma
heating application (f;) to the suitable frequency for the current drive ap-
plication (f>) is approximately 0.8 - 0.833 for DEMO [GBB™15]. The fre-
quency of the heating mode (f;) is only dependent on the toroidal magnetic
field, while the selection of current drive frequency (f) is dependent on the

electron temperature, the launching angle and the toroidal magnetic field.

To fulfill these requirements of multi-purpose operation, the multi-frequency
gyrotron is a prerequisite. The requirement of multi-purpose gyrotrons for
future fusion power plants are also suggested in [STK™06c]. The multi-
purpose operation of high power gyrotrons has been successfully demon-
strated in [SKO™12] [SKO"13] [IOK™16] (104 GHz / 137 GHz / 170 GHz
/ 203 GHz), [KYS™15] (110 GHz / 138 GHz), [WSK™16] (105 GHz /
140 GHz) and [DLA™08] etc. In this section, feasibility of the multi-purpose
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3.2 Multi-purpose operation

operation of a 236 GHz DEMO gyrotron is investigated and suitable oper-
ating parameters are suggested. The selection of the suitable frequencies
for the multi-frequency operation and corresponding operating modes has
been already discussed with details in section 2.1. For the single disk CVD-
diamond window (& = 5.67) with disk-thickness of 1.861 mm, the basic
frequency of an RF-window is around 33 GHz. Based on it, the operating
frequencies of 170 GHz, 203 GHz, 236 GHz and 269 GHz have been se-
lected. The window thickness is an integer multiple of A/2. The selected
window is transparent to these frequencies, which allow lossless transmis-
sion of the wave. The possible applications of the selected frequencies at
various tokamak aspect ratio (A) have been presented in Table 2.1. The
selection of corresponding operating modes for multi-purpose operation is
based on the launcher design. The relative caustic radius of selected modes
is identical to ensure efficient mode conversion using internal launcher and

position of output beam at the center of the window.

After finalizing the operating modes, the suitable operating parameters are
selected for the multi-frequency operation. The physical parameters of the
cavity are enlisted in Table 2.4. For each case, operating parameters are
finalized considering the wall-loading limitation of 2 kW/cm? and efficient
gyrotron operation. The velocity ratio (¢t) of 1.25 is considered for all four
cases. The frequency dependent Glidcop conductivity is calculated using
equation A.5. The final operating parameters are presented in Table 3.2. As
discussed in section 3.1.3, cavity wall-loading limits the maximum input
power at high operating frequencies which, eventually reduce the output
power. For each case, the stability of operation is verified using realistic
time-dependent, multi-mode simulations. The setup of the simulations is
similar to those presented in section 2.3.2. The standard diode type start-up
scenario has been considered for the simulations. Using suggested cavity
design and operating parameters, the stable operation is possible for all fre-

quencies with the controlled mode competition. Considering the limitations
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3 Fast frequency step-tunability and multi-purpose operation

of the magnet system, the operating frequency can be tuned in slow-time
scale (within a few minutes). The results are also verified using the realistic
beam parameters with a velocity spread of 6 % and the radial width of A /4.

3.3 Launcher design for step-tunable
and multi-frequency operation

A quasi-optical mode converter transforms the high order operating modes

into a fundamental Gaussian beam and also separates an RF-beam from the

Table 3.2: Multi-frequency operation of the DEMO gyrotron using realistic Glidcop conduc-

tivity.
Frequency (GHz) 170.0 203.0 236.1 269.1
Mode TE 3111 TE-3713 TE 4315 TE 4917
Mode eigenvalue 74.325 88.769 103.213  117.656
Relative caustic radius 0.4171 0.4168 0.4166 0.4165
Magnetic field (T) 6.785 7.975 9.165 10.349
Beam radius (mm) 9.13 9.10 9.06 9.04
Beam electron energy (keV) 81 70 61 55
Beam current (A) 59 48 43 38
Quality factor (Qqir) 820 1171 1443 1839
Ohmic wall loading (kW/cm?) 2.00 1.99 2.00 1.99
Conductivity (x 107 S/m) 2.1 2.0 1.9 1.8
Without velocity spread or radial spread consideration
Output power (kW) 1650 1220 960 821
Interaction efficiency (%) 35 37 38 40
With 6 % velocity spread and A/4 radial width
Output power (kW) 1550 1150 920 765
Interaction efficiency (%) 33 35 36 38
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3.3 Launcher design for step-tunable and multi-frequency operation

spent electron beam. It consists of a quasi-optical launcher (QOL) and a
mirror system. The fundamentals of QOL have already been discussed in
section 1.3.4. The launcher surface is deformed to convert high order TE
modes to Gaussian like distribution. In this section, the first design of a
hybrid-type launcher is suggested for a 236 GHz hollow-cavity gyrotron
and its performance is verified for fast-frequency step-tunability and multi-

purpose operation.

The harmonically deformed launcher is effective only for cavity modes
having a relative caustic radius close to 0.5 [JTP*08]. In the case of the
236 GHz, TE_43,15 mode DEMO gyrotron, the relative caustic radius is
0.416. Therefore, the harmonically deformed launcher is not a good choice
for high Gaussian mode content. Due to the limitations of a relative caus-
tic radius, either mirror-line or hybrid-type launcher has to be selected.
The performance comparison of the mirror-line launcher and the hybrid-
type launcher is presented in [JTGJ16] and [JGJT15]. Compared to the
harmonically deformed launcher and mirror-line launcher, the hybrid-type
launcher provides unique advantages such as, high Gaussian mode content,
low diffraction losses and a small range of surface perturbation. The de-
tailed synthesis and optimization method for the hybrid-type launcher are
presented in [JTGJ16].

The in-house code "TWLDQ" is used for the launcher synthesis and analy-
sis [JTGJ16]. The field distribution on the launcher wall of the final design
is shown in Figure 3.7. The design goals of the launcher is to achieve max-
imum Gaussian mode content with minimum diffractive losses at the cut of
the launcher. The input radius of the launcher is 22.37 mm (corresponding
to 1.07 - reay). The launcher length and cut length of the launcher design

are 227.11 mm and 50 mm, respectively.
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Figure 3.7: Field distribution on the hybrid-type launcher wall for the 236 GHz TE_43 15 mode
gyrotron. The edges of the cut and launcher aperture are indicated in red and white

line, respectively.

Table 3.3: The Fundamental Gaussian Mode Content (FGMC) of the designed launcher for the
selected operating frequencies the multi-purpose multi-frequency gyrotron opera-

tion.
Frequency
170.0 203.0 236.1 269.1
(GHz)
Cavity TE mode TE 3111 TE_ 3713 TE_ 4315 TE 4917
Rel. caustic radius 0.4171 0.4168 0.4166 0.4165
FGMC (%) 98.6 98.2 97.4 96.0
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Figure 3.8: Simulated radiation pattern of the designed launcher at the radial distance of 60 mm
using the SURF3D code package for the operating frequencies of (a) 227.4 GHz (b)
233.1 GHz (c) 236.0 GHz and (d) 241.8 GHz.

The performance of the designed launcher is simulated for a multi-frequency

operation and the results are presented in Table 3.3. More than 96 % of
Fundamental Gaussian Mode Content (FGMC) has been achieved with all

selected frequencies. As the relative caustic radii of all selected modes for

a step-frequency tunability are also close to each other, the performance of

the launcher is nearly identical for all selected modes at various frequencies.
The simulated FGMC for the different frequencies are listed in Table 3.4.
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3 Fast frequency step-tunability and multi-purpose operation

Table 3.4: Performance of the designed launcher at various frequencies of the step-frequency
tunable gyrotron.

Frequency
(GHz)
Cavity TE mode

2274 230.3 233.1 236.1 238.9 241.8 2439

40,15 41,15 42,15 43,15 44,15 45,15 43,16
(indices m,n)
Rel. caustic
0.402 0407 0412 0417 0421 0427 0.403
radius

FGMC (%) 93.11 9542 96.67 97.31 97.02 95.88 92.35

Using the commercial 3-D full-wave code SURF3D [Nei04], the radiation
pattern of the launcher is also calculated for all frequencies at a radial dis-
tance of 60 mm. Figure 3.8, the radiation pattern at operating frequencies of
227.4 GHz, 233.1 GHz, 236 GHz and 241.8 GHz is presented. Compared to
the field profile at the frequency of 236 GHz, the RF beam is slightly shifted
for the other frequencies due to the small difference in their relative caustic
radii, however, the overall beam profile remains Gaussian-like with the the
average FGMC of more than 95 %.
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4 Beam misalignment tolerance and
space-charge neutralization

In this chapter, the gyrotron operation is investigated considering the effects
of beam misalignment and space-charge neutralization. In the first part,
the influence of axial beam misalignment is studied for a 236 GHz hollow-
cavity DEMO gyrotron including a velocity spread and a radial width of
beam. In the second part of the chapter, the effect of space-charge neutral-
ization on the beam parameters is studied, followed by performance analysis

of the DEMO gyrotron in long-pulse operation.

4.1 Study on beam misalignment tolerance

4.1.1 Motivation for the beam misalignment analysis

In an ideal scenario, the gyrotron electron beam should be located concen-
tric around the cavity axis, but due to a misalignment of super-conducting
magnets with gyrotron and due to mechanical tolerance of gun, an off-axis
electron beam is generated. Because of the very short wavelength and dense
mode spectrum, the performance of the high frequency gyrotron is greatly
influenced by the beam misalignment. The interaction efficiency is also re-
duced due to reduction in mode-beam coupling. In addition to that, beam
misalignment also affects the start-up scenario and mode competition be-
cause of the changes in the overall coupling conditions.

Additionally, the cavity wall-loading is increased due to the electron beam

misalignment, which is one of the critical issues for the high power (several
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4 Beam misalignment tolerance and space-charge neutralization

kW to few MW) fusion gyrotrons [ZZMS11]. In the case of THz gyrotrons,
the beam misalignment causes significant effects on gyrotron performance
because of the small cavity radius [ISNT98]. The quasi-optical launcher
and mirror systems are designed only for operating modes in one particular
rotation. The co-rotating mode is preferred in most cases due to relatively
high beam coupling. The electron beam misalignment also increases the
coupling of the counter-rotating modes, and it is important to know the
allowable electron beam misalignment for the mode excitation in a single

rotation.

The effect of beam misalignment has been experimentally studied for vari-
ous gyrotrons and the results are discussed in [SDG™13] (140 GHz, TE_23),
[ISN*98] (335 GHz, TE_3 3), [BKT94](146 GHz, TE_ 5 ») and [ZZMS11].
These experiments suggest the stable operation of the main mode till axial
beam misalignment of A/4 - 1/3. Various numerical models have been
suggested to analyze the influence of off-axis electron beam. To study an
influence of the beam misalignment on gyrotron efficiency, the analytic
model based on the beam-mode coupling has been proposed in [LN84]. Us-
ing fixed-field approximations and starting-current calculations, the effects
of eccentric beam has been estimated in [DS92], [Dum94] and [Zha99].
Few important theories to estimate performance of gyrotron with off-axis
electron beam have been presented in [NDL95] [Air03] [KDNI14].

In this work, the effect of beam misalignment on gyrotron performance is
studied using macro-electron beam with realistic beam parameters. In the
case of high-frequency fusion gyrotrons, this method provides unique ad-

vantages such as:

e The realistic electron beam parameters can be included in the mis-
alignment study. As discussed in 2.3.3, performance of the high-
frequency, high-power gyrotrons are highly dependent on the real-
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4.1 Study on beam misalignment tolerance

istic beam parameters. The mode-beam coupling is varied accord-
ing to the position of the beam and its thickness. Specially for the
high-frequency DEMO gyrotrons (frequency > 200 GHz), inclusion
of realistic beam parameters (radial width, velocity spread etc.) is a
prerequisite for the accurate assessment of the effects of beam mis-
alignment.

The mode spectrum density also increases significantly with high-
order operating modes. This method has possibilities to include ef-
fects of sufficiently large numbers of neighboring modes to determine

the performance of the gyrotron.

The variation of axial EM-field and beam parameters during the op-
eration shall be considered for analysis, which suggests the use of

non-linear, self-consistent gyrotron theories.

For the calculation of particle bunching and trajectories, the modified
beam coupling with off-axis electron beam can be included in the

simulations.

Due to the practical tolerances of the gun technologies, it is diffi-
cult to get the complete homogeneous electron beam. The effects
of inhomogeneous beam have been studied in [ZIPT15]. These ef-
fects can be also considered in the macro-electron beam based beam-

misalignment study.

For the 170 GHz gyrotron, the results based on a misaligned macro-electron

beam approach are presented in [APIT13]. In which as a preliminary step,

the realistic misaligned electron beam is generated using three-dimensional,
electrostatic, self-consistent code ARIADNE [PV04] and used as an in-

put for multi-mode, time-dependent simulation. In the case of a 236 GHz

DEMO gyrotron, the magnetic system and MIG design are not finalized yet,
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4 Beam misalignment tolerance and space-charge neutralization

therefore, the approach suggested in [APIT13] is not suitable at this devel-
opment stage.

To generate the realistic misaligned electron beam, new code-package named
"VISTAR" has been developed, which can generate misaligned macro-
electron beam with desired beam properties. The detailed features of this
code are presented in section A.4 and the used velocity spread and radial
width implementation models are discussed in section A.3. Using this code-
package, the requirement of gun design for beam misalignment tolerance
analysis is eliminated.

4.1.2 Setup of the electron beam in
the misalignment study

For the accurate gyrotron interaction simulation using the misaligned elec-
tron beam, the macro-electron beam with realistic beam parameters is gener-
ated and is further used for the start-up simulations. For the particular start-
up scenario, the properties of macro-electrons are assigned in a separate file
and used as an input for interaction simulation. The user-defined proper-
ties of macro-electron include electron energy (V4), relativistic factor (),
velocity ratio (&), guiding center radius (rg.), guiding center phase (¢g)
and phase (¢). The detailed macro-electron implementation is presented
in Figure 4.1. The cavity azimuthal space is divided into equal number of
sections and the each section is assigned to a particular ¢g4.. In Figure 4.1,
the azimuthal space is divided into 50 parts and 50 different ¢ are selected.

Based on the algorithm discussed in section A.3.3, various guiding center
radii (rg.) are selected for each guiding center phases (¢gc). In Figure 4.1,
ten different guiding center radii (r,.) are selected for each @g.. Using the
velocity spread implementation method as discussed in section A.3.1 and

A.3.2, the values of velocity ratio have been selected and assigned to par-
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4.1 Study on beam misalignment tolerance

ticular electrons (see Figure 4.1). At the end, the number of phases (¢@) is
also selected and different phase values are assigned to each electron. The
phase of each electron is linearly separated by the value of (2-7)/n, where

n is the selected number of phases.

It is clear that each electron has unique parameters, which are in different
combination of guiding center phase (¢g.), guiding center radius (rgc), ve-
locity ratio (¢¢) and phase (¢). For easy understanding the electron shall be
labelled as (@gew, Tgex> Qy, ¢.) and the values of w, x, y and z for this case
are 50, 10, 20 and 9 respectively. The total number of electrons required at
particular beam energy is simply the multiplication of the selected different
values of each physical parameters. The generated macro-electron beam
is used as an input for the multi-mode start-up simulations. Considering

diode-type start-up scenario, the beam energy is increased stepwise, while

Cavity wall bge1

Electron beam o 50 Pgc

Pgc12

Figure 4.1: Macro-electron beam for multi-mode time-dependent simulation. For this example,
the total azimuthal space of the cavity is divided into 50 parts. Ten different guiding
centers are used to generate a radial width of the beam. Twenty velocity samples are
considered to implement a perpendicular velocity spread with nine different phase
values.
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4 Beam misalignment tolerance and space-charge neutralization

the beam current and the velocity ratio changes adiabatically. The values of

the macro-electron beam are updated with each beam energy step.

Effect of a beam misalignment on the relativistic factor

In case of an aligned ideal electron beam (without radial width), the voltage

depression for the hollow cavity gyrotron can be calculated using [DK81],

) T
AVholiow = =———— 1 ( ”) (4.1)

-In
277:80cﬁ Il Yeav

For the thick electron beam, a spread in the voltage depression is inevitable
and an axial beam misalignment further add to it. Unlike the ideal condition,
in the realistic electron beam, each electron experiences different potential
difference which results in a spread of voltage depression. This spread in the
voltage depression can be easily translated to the equivalent energy spread,
which is critical for stability of the operating modes. Along with the radial
width and beam misalignment, non-uniform emission of emitter also leads
to the beam energy spread. The effect of non-uniform emission on gyrotron
performance has been systematically studied in [ZIP"17] [Zhal6]. In this
section, the influence of a radial width and an axial misalignment on the
beam potential are studied.

Based on the theories of mirror charges, the in-house code "WickedQueen"
has been developed at IHM-KIT [FAG™ 16]. Considering an electron beam
with 20000 uniformly distributed electrons, the influence of an axial mis-
alignment on the voltage depression is calculated for a 236 GHz hollow-
cavity design. The electron beam width of A /4 is selected for the analysis.
The spread in the voltage depression is calculated for the beam misalign-
ment (D/A) between 0 to 0.9 mm in steps of 0.1 mm. The results of this
analysis are presented in Figure 4.2. The similar simulations are also per-

formed for a 238 GHz coaxial cavity gyrotron and the results are compared
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Figure 4.2: Effects of off-axis electron beam on the voltage depression of a 236 GHz hollow-
cavity gyrotron [IKF17].

in [IKFT17]. The interval of observed voltage depression values starts
at 200 V and grows linearly with increasing misalignment at the rate of
0.3 V/um for the hollow cavity, which is equivalent to the 2 V/um for coax-
ial cavity design. From the calculated spread in the voltage depression, the
equivalent energy spread of the misaligned beam can be calculated using
equation 1.3.

For the hollow-cavity design, the influence of an axial misalignment on the
voltage depression and equivalent energy spread is significantly low. For
example, in the case of an axial misalignment of 0.381 mm (D/A = 0.3), the
equivalent spread in the relativistic factor () is only 0.005 %. Therefore,
for a 236 GHz hollow-cavity design, the effects of energy spread are not
considered for the beam misalignment study.
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4 Beam misalignment tolerance and space-charge neutralization

4.1.3 Study of the beam misalignment using
a macro-electron beam

In this section, the simulation setup for the beam misalignment study is
briefly discussed. The complete method is divided into two steps. Ini-
tially, the misaligned beam is prepared using macro-electrons. The prepared
electron beam file is further used as an input for the time-dependent, self-
consistent simulations and performance of the gyrotron is determined for

the particular misalignment.

Step 1: Preparing an off-axis beam file using realistic beam
parameters

In case of an aligned electron beam, the average particle guiding center radii
are equal to the beam radius, while for the off-axis macro electron beam, for
particular misalignment (D), the average guiding center radii are calculated

using,

rp(Bge) = \/ 12+ D2 +2-1y-D- c0s Py 4.2)

Here, for each guiding center phase @, r;(¢gc) is the modified average
beam radius with the axial beam misalignment of D. First, the misaligned
electron beam is generated without a radial width and a velocity spread for
the particular value of an axial-misalignment. In the next step, the desired
realistic beam properties are introduced into the ideal misaligned beam. The
updated average guiding center radii from equation 4.2 are selected and the
required radial width is implemented around these values. As per the simu-
lation setup, either velocity spread or radial width or both properties are in-
troduced into the ideal misaligned beam. The numerical approach presented
in section A.3.1 and A.3.2 is used for velocity spread implementation and
used radial width implementation approaches are discussed in section A.3.3.
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4.1 Study on beam misalignment tolerance

For the simulations using a macro-electron beam, the selection of realistic
beam parameters (e.g. a number of different values for velocity spread, ra-
dial width, guiding center phases etc.) is critical and has great impact on
the computational resources. For example, selecting 50 values for guiding
center phases, 50 values for the velocity spread, 10 distinct values for radial
width and 9 different phase leads to the 225000 numbers of particles per
energy step (refer Figure 4.1). So, the careful selection of the simulation
parameters is necessary to obtain the required accuracy with the optimal

resources.

Step 2: Multi-mode simulation using a macro-electron beam

The macro-electron beam file generated from step 1 is used as input for the
multi-mode, time-dependent, self-consistent simulation. In the EURIDICE
code package, it is possible to import an external electron beam file for

interaction simulation.

4.1.4 Results of the misalignment study

The behavior of a 236 GHz gyrotron is verified for different values of the
beam misalignment using the discussed macro-electron based approach.
The multi-mode, time-dependent simulations are performed considering an
axial-beam misalignment (D/A) of 0.1, 0.2, 0.25 and 0.3, which corresponds
to 0.127 mm, 0.254 mm, 0.317 mm and 0.381 mm assuming a wavelength
of 1.2711 mm (236 GHz). The macro-electron beams are generated with 50
uniformly divided guiding center phases (¢,.). The physical parameters of
the selected cavity design are presented in Table 2.4 (L; /L, / L3z = 16 mm
/12mm /16 mm, 6; / 63 =25°/2.0° Dy /Dy =4 mm /5 mm). The
finalized gyrotron operating parameters from section 2.3.4 are selected for
this analysis (V,, =58 keV, I, =39 A, By =9.145 T).
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4 Beam misalignment tolerance and space-charge neutralization

Table 4.1: Effect of beam misalignment on gyrotron operation (radial width = A /4, no velocity
spread).

Beam Beam Output  Interaction

misalignment misalignment power efficiency

(mm) (D/2) kW) (%)
0 0 760 35
0.127 0.1 748 34.5
0.254 0.2 733 33.5
0.317 0.25 720 33
0.381 0.3 unstable mode

Initially, for the first estimation, only a radial width without a velocity spread
of the electron beam is considered to the control computational time and re-
sources. For particular value of a guiding center spread, 10 distinct values of
guiding center radius are selected to implement A/4 radial width, along with
9 phases (¢) values. The simulations are performed using Helios IFERC-
CSC supercomputer facility and in total 992 numbers of processors was
used for the simulations. Considering 32 neighboring modes, the time re-

quired for each simulation is around 19.5 hours.

The results from the multi-mode self-consistent simulations are summarized
in Table 4.1 and one such result with beam misalignment of 0.317 mm is pre-
sented in Figure 4.3. The beam energy is increased from 28 keV to 58 keV
in the steps of 0.5 keV. The result suggests a stable gyrotron operation till
an electron beam misalignment of 0.317 mm (D/A = 0.25). With an axial
electron beam misalignment of up to 0.317 mm, the desired operating mode
TE_43,15 s excited successfully, but due to the reduction of main mode cou-
pling, the output power and efficiency is decreased with an increase in the

beam misalignment.
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Figure 4.3: RF behavior of a 236 GHz, TE_43 15 mode gyrotron with axial beam misalignment
of 317 um. An electron beam with a radial width of A /4 is considered for the
analysis.

As a next step, the effect of a velocity spread is included together with the
assumption of a radial width. The equal area method (section A.3.1) is used
for the Gaussian-type velocity spread implementation. The beam energy is
increased from 28 keV to 58 keV with the steps of 0.25 keV. To maintain
sufficient accuracy, 50 distinct values are used for the velocity spread im-
plementation (6 % (rms)), along with 50 guiding center phase, 20 values for
radial width and 9 phases. The total number of particles per beam energy
has increased to 450,000, which significantly increases the computational
resources (1600 processors, around 66 hours). For the axial-beam mis-
alignment of 0.3 mm, the result of a multi-mode, time-dependent analysis,
including velocity spread is presented in Figure 4.4. The stable excitation
of the operating mode TE_43 15 is possible until an axial misalignment of
0.3 mm (D/A = 0.23).
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Figure 4.4: The multi-mode start-up simulations with an axial beam misalignment of 0.3 mm.
The effects of electron velocity spread and radial width have been also included.
For precise estimation, a macro-electron beam with a large number of electrons has
been used with the beam increment step of 0.25 keV.

For a 236 GHz DEMO gyrotron, the beam misalignment tolerance sug-
gested by this method (D/A = 0.23, D = 0.3 mm) is in good agreement with
the experimental results presented in [SDG™13] and recently in [YST17].
In case of the W7-X gyrotron, the beam misalignment tolerance is in order
of 0.5 mm — 0.6 mm (D/A = 0.33 — 0.25). The similar value of tolerances
is also suggested in [ZZMS11]. It should be noted that for a high frequency
gyrotrons, beam misalignment tolerance is very critical and precise beam

placement is a prerequisite for the stable gyrotron operation.

4.2 Effect of space-charge neutralization

In the ideal gyrotron operation, a perfect vacuum condition is considered
inside the device, but because of the practical limitations, the residual gas
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is still present at very low pressure of 108 — 10~'% mbar [Pio90]. Even
under such good vacuum condition, the residual gas is ionized by the
collisions between the energetic beam electrons and gas molecules (e.g.
Nr+e— N2+ + e+ e). For secondary electrons, which are produced simul-
taneously with the ionization of the residual gas, the space charge potential
is repulsive, therefore, they diffuse rapidly back to the beam and transported
to the gun or the collector wall. The positive ions formed in a potential trap
can only leave the potential trap: (a) adequately by collisions with other
particles gain energy (diffusion in velocity space) in order to overcome
the potential barriers or (b) by recombination with electrons (for example:

N2+ + e — N + N) and form neutral atoms or molecules.

The positive ions accumulate in the potential-well along the gyrotron axis
and the beam energy rise uncontrollably. This may change the resonance
conditions and the effective operating parameters significantly, specially
during the continuous wave (CW) operation. So, for CW gyrotrons, it is
important to know the effects of space-charge neutralization and the behav-
ior of positive ions inside the gyrotron. The possible effects of space-charge

along the beam are listed here.

* The positive space-charge accumulates in the potential trap and in-

creases the beam energy at the resonator.

* A neutralizing plasma between the cathode and the resonator can lead
to beam oscillations and modifies the beam properties.

* Lowering potential along the beam path may restrict the operating
range of parameters and limit the maximum achievable velocity ratio

(o).

The various studies on the space-charge neutralization during the CW gy-
rotron operation have been performed. The frequency tunning caused by

neutralization has been investigated in [Sch15] and the analytic model
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Figure 4.5: Variation of the beam parameters during the neutralization process.
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for ion compensation calculation has been presented [MS16]. Using full-
gyrotron simulations, the neutralization process has been studied in [PAI* 14].
In this work, the effects of space-charge neutralization on electron beam
parameters is presented, followed by the multi-mode start-up simulations
considering the updated beam parameters.

4.2.1 Variation of beam parameters during
the long-pulse gyrotron operation

The variations in the beam parameters due to space-charge neutralization
are studied in this section. For the full beam neutralization scenario, the
variation in the beam parameters (e.g. beam energy, cathode voltage, pitch
factor etc.) is presented in Figure 4.5 for a 236 GHz DEMO gyrotron. The
complete gyrotron start-up scenario can be divided into two stages and both
stages are separated by a vertical line. The corresponding operating param-

eters have been enlisted in the Table 2.8.
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4.2 Effect of space-charge neutralization

Stage I: start-up phase

In this phase, the cathode voltage increases linearly till its optimum value.
Due to voltage depression, the beam energy is lower than the cathode
voltage and increases with the cathode voltage. The beam energy and
the velocity ratio before neutralization are denoted as V4, and «, respec-
tively. The change in the pitch factor (o = 3, / By) can be estimated using
B1L = Y-Bro/Yetr- Here, ¥ and B are the values of relativistic factor and
normalized perpendicular velocity without voltage depression, respectively.
Yt 1S the value of the relativistic factor before the space-charge neutraliza-
tion. In stage I, as the beam energy is less than its nominal value (61 keV),
the value of the pitch factor is higher than the desired value of 1.25. The
beam current also increases adiabatically, however, it is not plotted in Fig-
ure 4.5.

Stage II: neutralization phase

Due to the ionization of residual gas molecules, positive ions accumulate in
the potential wells and compensate the depression voltage. In the case of
100 % neutralization, beam energy rises up to the cathode voltage and ac-
cordingly the pitch factor drops to the optimal value. The beam energy and

velocity ratio after neutralization are indicated as V;,o and o, respectively.

In case of hollow-cavity gyrotrons, instead of full beam neutralization, 60 %
neutralization has been suggested in [Sch15] [PAIT14]. The variation of
beam parameters with 60 % neutralization is presented in Figure 4.6. Using
EURIDICE code-package, the multi-mode start-up simulation shall be per-
formed in two continuous parts, and equivalent simulation environment can
be created. In the first stage, the cathode voltage is controlled and raised to
the optimum value, while in the second stage, the beam energy is modulated

as per the change in the voltage depression.
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4.2.2 Multi-mode, self-consistent simulations including
space-charge neutralization effect

For the multi-mode, time-dependent simulations with space-charge neutral-
ization effect, it is necessary to know the precise value of the pitch factor (o)
at the end of the start-up phase (stage I). The value of pitch factor without
beam neutralization (¢¢) can be selected either from gyrotron experimental
results, or estimated from previous experiences. For example, in the case of
140 GHz W7-X gyrotron, the value of pitch factor before neutralization (o)
is estimated to 1.45 (= o + 0.2) for the voltage depression of ~ 5 kV. For
the high-frequency gyrotrons with very high order operating modes (eigen-
value > 100), the value of voltage depression is more than 7 kV and alterna-
tive method is required to precisely determine the beam parameters before
space-charge neutralization. In this section, the multi-mode simulation ap-
proach is suggested to include the effects of space-charge neutralization for
CW gyrotron operation. From the final beam parameters (after the desired
neutralization, i.e. Vi, Vo, Qo in Figure 4.5), the beam parameters before
the neutralization (i.e. V4, V¢, @) are calculated and based on it the two stage
start-up simulation is performed. The step-by-step simulation approach is

discussed below.

Step 1: select neutralization value

As a first step, the value of possible neutralization shall be selected, which
indicates a reduction in the voltage depression due to the ionization of the
residual gas particles. In Figure 4.5, the final beam voltage is equal to the
cathode voltage. This scenario indicates the full neutralization (or 100 %
neutralization) without any voltage depression. A variation of the beam pa-
rameters with 60 % neutralization is presented in Figure 4.6. Unlike the
full-neutralization (V, = V), the cathode/acceleration voltage for the X
percentage of neutralization can be calculated using V, = Voo = Vo + (1 —
(X/100))-AV},.
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4.2 Effect of space-charge neutralization

Step 2: calculate beam parameters after neutralization
Based on the cathode voltage (Vo) calculated using step 1, the value of final
relativistic factor () and parallel normalized velocity (f)) after neutraliza-

tion is calculated using following formulas,

— 43
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Figure 4.6: Using suggested technique, precise estimation of the beam parameters during neu-
tralization process.
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Step 3: estimate beam parameters before neutralization
The effective relativistic factor before neutralization factor can be calculated

by solving following equation [BG91]

“12
[, B #)
Yett = Yo— 1" |l - ———+ ; 4.5)
Yere
where,
N 1, 10
I = m(2). 4,
O ’v n(re> (46)

Considering the adiabatic approximation, perpendicular and parallel nor-

malized velocity can be calculated using,

B, — B0 @7)
Yett
B = 11— 1/%:— B} (4.8)

The velocity ratio before neutralization can be simply calculated by o =
B. /By Because of the higher voltage depression, the value of ¥, is lower
than the 9, and eventually results in a higher value of the velocity ratio ().

Step 4: initial start-up scenario

After calculating necessary parameters for the simulations, the multi-mode
time-dependent start-up simulation is performed, in which cathode voltage
is linearly increased from the noise level of the cathode voltage (V) cal-
culated using step 1. The pitch-factor is modified according to adiabatic
equation. It should be noted that, in this step, the cathode voltage is con-
trolled, instead of the beam energy. The beam energy at the end of step 4 is
equal to the Vi, ~ (Yee—1)-511.
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Step 5: neutralization phase

In this second phase of simulation, the effects of space-charge neutralization
are considered and beam parameters are changed accordingly. The beam en-
ergy and velocity ratio are varied from V;, and & to Vi and o, respectively.
Since the neutralization is a slow process, thus, for more realistic simula-

tions, the beam parameters are modified in a relatively slow-time scales.

4.2.3 Simulation results for the DEMO gyrotron
including neutralization

The suggested approach is verified for a 236 GHz DEMO gyrotron design
and the final result is presented in Figure 4.7. In this case, 60 % neutral-
ization is considered in analysis. The variation of the beam parameters
during the neutralization process is presented in Figure 4.6. The calculated
final cathode voltage (V) and beam energy (V4) using step 1 are equal to
63.844 kV and 61 keV, respectively. Using the equations suggested in step
2 and 3, necessary beam parameters are calculated. The effective velocity
ratio () and beam energy (V;,) before neutralization are 1.6 and 54.30 keV,
respectively.

The first stage of simulation (step 4) is performed till = 4200, in which
cathode voltage is increased from 20 kV to 63.844 kV. In the second stage
of the simulation (step 5), and due to neutralization, the beam energy is
increased from 54.30 keV (¢ = 4200) to 61 keV (¢ = 7000) with velocity
ratio variation from 1.60 to 1.25. Even including the effects of space-charge
neutralization, the stable operation of TE_43 15 is possible for a 236 GHz
hollow-cavity design, which further validate the suggested physical design

and operating parameters for CW operation.
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Figure 4.7: RF behavior of a 236 GHz, TE_43 ;5 including space-charge neutralization effect.
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5 Operational limits for a DEMO
gyrotron

As discussed in previous chapters, using the selected operating mode -
TE_43,15 for a 236 GHz DEMO gyrotron, the estimated power from sug-
gested hollow-cavity design is 920 kW with an interaction efficiency of
36 %. As per the EUROfusion baseline 2012, in total 50 MW power
is required for plasma heating and current drive applications [GBB™15]
[PTZ*12]. Less number of tubes per plant support reliable and cost-effective
operation. Therefore, the high-output power per tube is desirable. In this
chapter, by considering mode competition, the several generic approaches
are suggested to identify the mode eigenvalue limit for stable operation.
After investigating the eigenvalue limit, new cavity design and operating

parameters are proposed for a 236 GHz, 1.5 MW gyrotron.

5.1 Importance of eigenvalue limits
for high-power operation

The cavity wall-loading is highly dependent on the operating frequency
(Pg o< %) (refer to equation 1.27) and the output power of high frequency
gyrotrons (f > 100 GHz) is limited by the cavity wall-loading. From present
capabilities of cavity cooling technologies, the maximum allowable cavity
wall-loading is limited to 2 kW/cm?. To improve the output power per tube,
one possibility is to improve the cavity cooling system which eventually
increases the maximum allowable wall-loading of the cavity. The effects
of cavity wall-loading on the performance of a 236 GHz hollow-cavity gy-
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rotron is presented in section 2.4.2. The high wall-loading capacity signif-
icantly increases the final output power. The investigation of the improved

cavity cooling system is ongoing and is presented in [SBNT15, SBNT16].

The second possible solution for operation at high output power is to use
higher order modes (e.g. eigenvalue > 103 for 236 GHz gyrotron). An
eigenvalue is defined as the root of the derivative of the Bessel function for
corresponding operating mode. Using a higher order mode, it is possible to
increase the effective cavity area, which considerably reduces the maximum
wall-loading. Of course, the mode spectrum density increases with high
order modes and it might not be possible to excite the desired mode due to
critically high mode competition. For a particular operating frequency, it
is very important to know the eigenvalue limit for stable operation, which

allows to choose the most suitable mode for high power operation.

For a 236 GHz DEMO gyrotron, the mode eigenvalue of the selected op-
erating mode TE_43 15 is 103.2132. The stability analysis is performed for
the single-mode and the multi-mode cases, and the corresponding results
are presented in Figure 5.1. The simulation set-up for stability analysis is
similar to section 2.3.4. The operating parameters suggested in section 2.3.2
are used for this analysis (V, =58 keV, I, =39 A, Bp =9.130 T).

From the nominal operating point, the beam energy is increased step-wise
till the operating mode losses stability. In both cases (single mode and multi-
mode), the main mode is stable up to 60.7 keV which clearly indicate that,

the mode loss is an effect of mode detuning, instead of mode competition.

As mode competition is under control for an eigenvalue of 103. It is needed
to investigate the possibilities of high order mode with an eigenvalue more
than 103 to further increase the output power per tube. The main aim of this

analysis is to identify the eigenvalue limit for stable operation. Based on
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Figure 5.1: (a) Single-mode and (b) multi-mode, stability analysis with TE_43 15 mode at 236

GHz. In both cases, the excitation of TE_43 ;5 is possible till a beam energy of 61.7
keV.
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this eigenvalue limit, the maximum possible output power can be estimated

for a particular frequency. The methods to find eigenvalue limit is studied in

this chapter. Those generic methods are also valid for all high-power future

fusion gyrotrons.

5.2 Considerations for the analysis

The following conditions are considered for the eigenvalue limit analysis.
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* Diode start-up scenario: The diode start-up scenario is selected in

the analysis, in which the beam energy increases linearly during the
start-up, while the velocity ratio varies according to the adiabatic ap-
proximation. The effect of advanced start-up scenario on gyrotron
performance and eigenvalue limit will be discussed in the following
chapter.

Selection of neighboring modes: Within the frequency band of — 5 %
to + 10 % (224.2 GHz to 259.6 GHz) of the center frequency -
(236 GHz), all modes having relative coupling co-efficient more
than 0.5 are considered. The coupling of the individual modes can
be calculated using equation 1.21 and it is normalized to the main
mode coupling to determine relative coupling co-efficient of individ-
ual mode.

Multi-purpose operation of the gyrotron is not considered in this anal-

ysis.

Physical parameters of the cavity: After the systematic hollow cav-
ity design approach, the finalized cavity parameters suggested in Ta-
ble 2.4 are used for this analysis. Of course, the cavity radius and

beam radius are chosen according to the particular operating mode.



5.3 Selection of suitable modes

The time-dependent, self-consistent simulations and stability analyses are
performed using Evridiki code of EURIDICE code-package [APIV12] and
part of the simulations are performed using the computational resources of
IFERC-CSC Helios supercomputer.

5.3 Selection of suitable modes

Before selecting the operating modes, it is very important to know the effects
of mode properties on the gyrotron behavior. The selected modes for the
hollow-cavity and co-axial cavity gyrotrons are plotted on the azimuthal to
radial mode index plan (see Figure 5.2) and also listed in Table 5.1. The
eigenvalue contours are also plotted with the difference of 50. Based on the
relative mode caustic radius (re = m/Ym n), the gyrotron modes are classified

into three main types.

5.3.1 Type I: state-of-the-art hollow-cavity modes

During early gyrotron development, the main operating mode selection cri-
teria is limited to the dimpled-wall Quasi-Optical Launcher (QOL) design
[JTPRO6]. The optimum performance of the dimpled-wall QOL with min-
imum stray radiation can be achieved only with the modes having relative
caustic radius close to 0.5 [ADVO0S8]. This type of modes for a 118 GHz,
140 GHz and 170 GHz gyrotrons are indicated with blue squares and the
trend line is shown with a blue dotted line [PADT07] [SSHT01] [Thu03]
[CBBT11]. For particular eigenvalue, when compared to the other two
mode groups, these modes are having a low radial index. In other word, the
mode maxima is relatively close to the cavity wall, which eventually leads
to the high wall-loading. Due to the wall-loading considerations, the modes
with relative caustic radius equal or higher than 0.5 are not suitable choice

for high power operation at high frequency (> 200 GHz).
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Azimuthal mode index

Figure 5.2:
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Modes of the state-of-the-art gyrotrons are plotted in plane of azimuthal index to
radial index. Hollow cavity modes are shown with blue squares. Operating modes
for the coaxial gyrotrons are indicated with red stars. The new type operating mode
for recent gyrotrons are shown with black circles and the modes selected for the
analysis are plotted with green triangles.



5.3 Selection of suitable modes

Table 5.1: Classification of gyrotron modes based on relative caustic radius.

) relative
operating mode
caustic radius

state-of-the-art hollow-cavity modes

TE_2 0.482
TE_28 8 0.466
TE_318 0.486
TE_ 329 0.466
co-axial cavity modes
TE_23.16 0.320
TE_34,19 0.322
TE_49,29 0.310
TE_s5231 0.310
new type of hollow-cavity modes
TE_»3.10 0.417
TE_31.11 0.417
TE_4315 0.416

5.3.2 Type lI: coaxial-cavity modes

In a coaxial cavity gyrotron, using corrugated coaxial insert, the mode

competition is controlled and the coupling with neighboring modes is sup-

pressed, which allows excitation of the desired mode, even with dense mode

spectrum. Due to the controlled mode competition, very high order op-

erating mode can be used to increase output power per tube [PDDT04]

[KHAT12]. In Figure 5.2, the selected modes for the coaxial cavity gy-

rotrons are presented with the red star and the trend line is also shown with

ared dashed line. Compared to the hollow cavity modes, this type of modes
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are having high radial indexes with average relative caustic radius (m/y, ,)
is close to 0.3. Thus, these type of modes are more concentrated towards
the cavity center, which significantly reduces the wall-loading. Due to small
caustic radius, such modes are also desired to have a sufficient interaction
with coaxial insert. Since the relative caustic radius is not close to 0.5,
therefore the dimpled-wall quasi-optical launcher is not a suitable choice
for efficient mode conversion. The linear output system [DIWT04] or new
type of launchers (mirror-line [JTPT08] or hybrid-type [JTGJ16]) are used

for efficient mode conversion.

In coaxial gyrotrons, the voltage depression is reduced by using the grounded
insert. However, for the hollow-cavity gyrotrons, due to large differences
between cavity radius and beam radius, the voltage depression is critically
high (according to Equation 4.1). For long-pulse gyrotron operation (as dis-
cussed in section 4.2), the beam parameters are changed critically because
of high depression voltage and lead to unstable mode excitation. So, con-
sidering the limitations of high voltage depression, this type of mode is not

selected for the limit analysis of a 236 GHz hollow-cavity DEMO gyrotron.

5.3.3 Type lll: new family of hollow-cavity modes

The development of new advanced launchers provides the flexibility to
choose the operating mode having relative caustic radius other than 0.5
[JTGJ16]. The modes having relative caustic radius close to 0.4 are se-
lected and used successfully in various experiments [IOK ™ 16]. These type

of modes are presented in Figure 5.2 with black circles.

106



5.3 Selection of suitable modes

4 C L6'T L6'1 86’1 L6'1 86'1 96°'1 4 (ZUrd/ ) SuTpeo] [Tem
9¢ LE LE 8¢ 8¢ 8¢ 8¢ 8¢ 8¢ (9) Kouerdyyg
0061 SO81 OILL LyS1 0Lyl geel ¥6C1 (11481 0501 (M) omod ndinQp
99 9 9 8¢ 99 Is 0S Sy 194 (V) ua1mnd wreag
S340) €0r’6 €LE6 SN £0€°6 SLT6 6ST°6 YrT6 861°6 (1) 1oy dnuse N
08 8L 9L €L L 69 89 L9 9 (A) £310u0 weog
L9S1 6SS1 €551 €esl €LST covl £8¥l1 LSY1 Sl 0
snowrered Junerado

79600 €910  €£60t°0 6010 I¥91+°0  8¥0TH'0  LETIY'O  ICIVO 112¥°0 SnIper dnsne)) 1oy
LETT 91Tl SL'TT €r11 €601 1501 1°01 6¥'6 8C°6 () sniper ureog
y1°6¢ 61'8C 89°LT (44’1 9Tt 90vC §eeT 60°CC yI'1C () sniper Kyiae)
16— 0T8S—g 0T9S—gp 6l'€S—qgp 8I'tS—qgp LI0S—qgp LUSt—gy  OUOr—gy  SIMPHL SpoIN A11Ae)
(444! 6l 8'9¢1 8S°6C1 L8YTI 16811 11 L1601 9 v01 on[eAuasIy
6INd SINA LINA 9NAd SINA YINA EINA N IINA ouieu asey

‘stsATeue J1wi| an[eAud312 ay) Joj s1oewered Junerado aansadsar pue sapowr pajd[es (7'S QqeL

107



5 Operational limits for a DEMO gyrotron

The effective wall-loading of these modes are comparatively less than the
type I modes (relative caustic radius ~ 0.5). In the hollow-cavity case, the
voltage depression such modes are also less than the type II modes, which
are having relative caustic radius of 0.3. Due to the moderate wall-loading
and voltage depression, this type of modes are preferred for hollow-cavity
design. These features also justify the selection of TE_43 15 mode for a
236 GHz DEMO gyrotron.

For the eigenvalue limit analysis, type III modes are selected due to dis-
cussed advantages. The list of the selected modes is presented in Table 5.2
and plotted in Figure. 5.2 with green triangles. Within an eigenvalue range
of 105 to 145, nine modes are selected with approximate eigenvalue sepa-
ration of 5 and having a relative caustic radius of 0.41. The selected modes
are named as ‘DM1’ to ‘DM9’ in ascending order of eigenvalue. The differ-
ent cavity geometries are considered in the analysis, in which the radius of
interaction section is selected according to the operating modes. All other
physical parameters of the cavity are identical for the selected cases (L; /
L/Lz=16mm/12mm/ 16 mm, 6; / 65=2.5°/2.0°, D; /Dy =4 mm
/'5 mm). With the help of single mode time-dependent simulations, the
operating parameters (magnetic field, beam energy and beam current) are
finalized and are enlisted in the Table 5.2. The velocity ratio (¢¢) of 1.25 and
cavity wall-loading of 2 kW/cm? is considered for all modes. The operating

parameters are finalized to achieve minimum interaction efficiency of 36 %.

The cavity radius (rc,y) increases with the eigenvalue, which increase the to-
tal power handling capacity of the cavity for the same wall-loading. Due to
same relative caustic radius, the behavior of these modes is identical, except
the mode competition. A mode competition increases with the increase in
eigenvalue. The mode spectrum of two modes DM1 () n = 104) and DM9
(Xm,n = 145) are compared in Figure 5.3. Within the selected bandwidth of

-5 % to +10 %, the modes having relative coupling more than 0.5 are plot-

108



5.3 Selection of suitable modes

1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
1.44| = co-rotation | beam radius(r,) =9.28 mm|
1| = counter rotation H
1.2 4 -
1s
£1.0- . / / -
ey 11" [ »
=] ] L " m
8 0.8 4 . n [ I
[} » L
=
© 0.6 1" [ -
TJ i [ I b
x
0.4 -
0.2+ -
0.0 L S B | L T 1
224 228 232 236 240 244 248 252 256 260
Frequency (GHz)
(@)
1 n 1 n 1 n 1 n 1 n 1 n 1 n 1
1.44| = co-rotation [ beam radius(r,) =12.37 mm -
= counter rotation
1.2 59,21 57,22 58,22 B
2] 11 0\ 2
£1.01 . y w v /6022 -
Q L] ! " Yoomow 3
3 a ). (oMl wo
80.84 . ' ulk
) [ ] | ]
= ! '
®0.6 | . " -
o) i . ! | ! ! | ] ! L
x
0.4 -
0.2+ =
0.0 A At L
224 228 232 236 240 244 248 252 256 260
Frequency (GHz)
(b)

Figure 5.3: Comparison of mode spectrum of the (a) DM1 (Xmn ~ 105) and (b) DM9 (Ymn ~

145) case.
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5 Operational limits for a DEMO gyrotron

ted. The number of modes within selected bandwidth increase with mode
eigenvalue. The main aim of this analysis is to identify the eigenvalue limit
for stable operation. Based on this eigenvalue limit, the maximum possible

output power can be estimated for a particular frequency.

5.4 Effect of detuning on mode stability

To determine eigenvalue limit, the RF behavior and stability of a 236 GHz
gyrotron is studied with the selected modes in Table 5.2. For the gyrotron
operation with high eigenvalue mode, the effect of detuning and critical
mode competition are the two main reasons, which suppress the excitation
of the operating mode. In section 5.5 and 5.6, the effects of mode competi-
tion and spectral density on mode stability are analyzed with non-linear and

linear theories.

The three modes from Table 5.2 are selected to study the detuning character-
istics at high eigenvalue and its effects on mode stability. Since the desired
window of the eigenvalue limit analysis is in between 105 and 145. The
first selected mode is TE_44 15 (DM1) with an eigenvalue of around 105,
the second mode is TE_s; 15 (DMS5) with an eigenvalue of around 125 and
third selected mode is TE_s9 51 (DM9) with an eigenvalue close to 145.

The influence of frequency slippage (detuning) on eigenvalue limit is pre-

sented in this section. The normalized detuning can be calculated using,

N 2(a>s9) 2 w_s—m 5.1)

:E P =

= E .
For the optimum gyrotron operation, the typical value of detuning is be-

tween 0.4 and 0.5 [DT86]. In this study, using a magnetic field sweeping,
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Figure 5.4: Detuning analysis with the modes: DM1 (TE_44,15), DM5 (TE_s3,13) and DM9

(TE_s921).

Table 5.3: Operating parameters for detuning analysis.

Magnetic Beam  Beam Wall-

Mode field energy current loading

(T) (keV) (A) (kW/cm?
TE_

9 0m8 61 58 2
(DM1)
TE_

218 908 61 81 2
(DM5S)
TE_

2 908 61 110 2
(DM9)
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5 Operational limits for a DEMO gyrotron

the normalized detuning factor is changed from 0.4 to 0.5 and the per-
formance of the gyrotron is estimated. For the direct comparison of the
detuning effect, the beam energy is kept constant for all three modes and
beam current is selected considering the maximum allowable wall-loading.
Thus, the value of detuning is directly modulated by the magnetic field. The

selected operating parameters for the detuning analysis is listed in Table 5.3.

The single mode self-consistent simulations are performed to study effect
of detuning on mode stability. The magnetic field is swept from 9.208 T to
9.150 T, which corresponds to the sweep in normalized detuning from 0.4 to
0.5. As a first step, the individual mode is excited considering only a single
mode at magnetic field of 9.208 T (normalized detuning ~ 0.4). Then the
magnetic field is reduced to 9.150 T. The result of this analysis is presented
in Figure 5.4. The excitation of all three modes (DM1, DM5 and DMY) is
stable over the detuning sweep. From the result, it is clear that, within the
selected eigenvalue range (105 to 145) and the operating range of normal-
ized detuning (0.4 to 0.5), the behavior of all selected modes are identical
and the only possible reason for the mode instability is critical mode compe-
tition. After having shown that detuning is irrelevant, the next two sections

are dedicated to study the effects of mode competition on eigenvalue limit.

5.5 Eigenvalue limit analysis using
multi-mode simulations

Using nonlinear theory of gyrotron interaction [DT86] [Nus04] [SANL93]
[Bor91], two generalized approaches for the eigenvalue limit estimations
are suggested and discussed in this section. The operating modes listed in

Table 5.2 are selected for this analysis.
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5.5 Eigenvalue limit analysis using multi-mode simulations

5.5.1 Time-dependent multi-mode
self-consistent analysis

Stability of the operating mode is investigated self-consistently with respect
to the effects of neighboring modes. This type of calculation estimates the
power transfer from the electron beam to the individual modes, keeping a
self-consistent equilibrium. For stable gyrotron operation, at steady-state
condition, the mode amplitude of the operating mode should be signifi-
cantly higher, while keeping the amplitude of neighboring modes less than
the computational noise level. If the operating modes are outside the eigen-
value limit, it is not possible to obtain the stable mode excitation due to high

mode competition and close neighboring mode excites.

Initially, the optimized operating parameters for the individual mode are
finalized considering the only single mode scenario without including the
effect of neighboring modes in self-consistent simulations. The realistic
electron beam parameters have been used with the Gaussian velocity spread
of 6 % (rms) and the total radial width of A/4. The magnetic field is fixed to
have stable operation with the stability margin of 2 keV. In the single mode
case, the stable operation is achieved with all selected modes (DM1 - DM9),
which also support detuning analysis presented in section 5.4. After finaliz-
ing the operating parameters from single mode simulations, the multi-mode
time-dependent simulations are performed taking into account all relevant
neighboring modes. All the modes within 224 GHz and 260 GHz frequency
band (-5 % to +10 % of 236 GHz) and having coupling co-efficient of more
than 0.5 are selected for the time-dependent simulations.

For the mode with lowest eigenvalue of 105 (DM1), the number of selected
neighboring modes are 55 (see Figure 5.3 (a)), which is increased to 85 in
the case of operating mode with the highest eigenvalue of 145 (DM9) (Fig-

ure 5.3 (b)). As compared to the single mode simulations, the computational
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Figure 5.5: Multi-mode analysis with DM1 (TE_44 15) mode.

time of such self-consistent simulations with large numbers of neighboring
modes are significantly increased. For example, the computational time for
particular simulation is more than 15 hours with 320 processors. Of course,
the computational time is strongly dependent on number of particle used for

the simulations.

In Figure 5.5, the result of multi-mode simulation is presented with the
DM1 (eigenvalue ~ 105) mode and 55 neighboring modes. The beam en-
ergy changes from 20 to 64 with the adiabatic change of beam velocity ratio
and beam current. The rest of the operating parameters for the simulations
of DM1 mode are enlisted in the Table 5.2. The presented result supports the
stable excitation of TE_44 15 mode without any parasitic mode excitation.
The mode competition is under control and the main mode can be excited

using diode-type start-up scenario.
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After investigating the performance of the DM1 mode with the eigenvalue
of 105 (lowest from the selected modes), as a next step, the behavior of
DMO (highest eigenvalue from the selected modes) is verified. Due to the
critical mode competition, it is not possible to excite desired operating mode
(TE_s921) during the start-up and the power of the next neighboring mode
(TE_sg.21) is raised (see Figure 6.3 (a)). It is clear from the results that, for
diode start-up scenario the mode DM9 (eigenvalue ~ 145) is beyond the
eigenvalue limit of 236 GHz gyrotron and eigenvalue limit lay in between
the mode eigenvalue 105 and 145.

In Figure 5.6, the RF behavior of the DM5 mode (eigenvalue ~ 125) and
DM7 (eigenvalue ~ 135) are compared. For DMS case, the beam energy is
increased linearly from 30 keV (t = 0) to 71 keV (t = 4000) and steady-state
condition is selected from the time-interval t = 4000 to t = 4500. The vari-
ation of beam energy is from 33 keV to 76 keV in DM7 case (Figure 5.6
(b)). For the simulations of DMS5 mode, 70 neighboring modes are included,
while in DM7, in total 76 neighboring modes are included. In the case of
DMS5, the stable excitation of the operating mode TE_s» 13 is possible with
controlled mode competition. On the other hand, because of the dense mode
spectra, the desired operating mode (TE_s¢29) is not excited in the case of
DM7.

The similar multi-mode time-dependent simulations are also performed with
the modes having eigenvalue between 105 and 125 (DM2, DM3 and DM4)
and in each case, the desired operating mode excites successfully in multi-
mode start-up simulations. On other hand, with the operating mode having
eigenvalue more than 125 (DM6 — DMY), it is not possible to excite desired
operating mode with the diode start-up scenario. So, this analysis strongly
suggests the eigenvalue limit of 125 for the 236 GHz hollow-cavity DEMO

gyrotron. With the help of time-dependent multi-mode, self-consistent sim-
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ulations, the effect of parasitic modes can be studied and it is possible to

estimate the eigenvalue limit for high power gyrotron operation.

For the multi-mode time-dependent simulations, the selection of the neigh-
boring mode is critical for the precise estimation of the eigenvalue limit. In
Table 5.4, the effect of the number of neighboring modes selected for the
multi-mode analysis is presented for different cases. With consideration of
only few neighboring modes (20 modes), the simulation results indicate the
excitation of the operating mode till the eigenvalue of 140 (DM8). When
all possible parasitic modes having a relative beam coupling more than 0.5
are used in the simulations, then it is not possible to excite desired operat-
ing mode with the eigenvalue more than 125 (DMS5). So, for the accurate
estimation of the eigenvalue limit, it is necessary to include a sufficiently
large number of neighboring modes in the multi-mode time-dependent sim-

ulations.

Table 5.4: Effect of the number of neighboring modes selected for the multi-mode analysis for
the DM7, DM8 and DM9 case. All possible neighboring modes include the modes
having relative coupling of more than 0.5. The number of such modes are 76, 79 and
85 for DM7, DM8 and DM9, respectively.

Multi-mode Single < 20 neighboring All possible
simulations mode modes neighboring modes
stable stable mode
DM7
excitation excitation loss
stable stable mode
DMS
excitation excitation loss
stable mode mode
DMO9
excitation loss loss
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5.5.2 Stability analysis

In this section, the effect of mode competition is determined by comparing
the stability margin of single mode operation with multi-mode operation.
Based on that, the mode eigenvalue of a 236 GHz DEMO gyrotron is deter-

mined. The whole process is sub-divided into the following three steps.

Step I: As single mode excitation is not affected by the mode competition,
for each case, the single mode start-up simulation is performed using the
operating parameters presented in Table 5.2. Due to single mode consid-
erations, it is possible to excite all the selected mode (DM1 — DM9) with
optimum output power and efficiency. These intermediate results are further
used in the step II and III of this method.

Step II: The main aim of this analysis is to identify the bean energy at
which the operating mode loses the stability due to high detuning in the sin-
gle mode case. From the final stage of step I, the single mode self-consistent
simulation is continued with the step-wise increase in beam energy.

Step III: In this step, after single mode simulations of the step I, all the pos-
sible neighboring modes are considered in the simulation and beam energy
is increased step-wise to identify the mode loss in the presence of neighbor-

ing modes.

When the mode loss in step II is at the similar beam energy as in step III, the
operating mode is marked as a mode within the eigenvalue limit for diode
start-up. In such case, the effects of mode competition is not significant
and the mode lose is due to high detuning. When mode loss is at different

beam energy in single mode (step II) and multi-mode (step III) scenario, it
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is clear that, the stability of the operating mode is influenced by the mode

competition and the mode is outside the eigenvalue limit.

For the operating mode DM5 (eigenvalue ~ 125) and DM7 (eigenvalue ~
135), the results of stability analysis are compared in Figure 5.7. In case
of DMS5, the results of stage II and stage III are presented in Figure 5.7 (a).
From the nominal beam energy of 71 keV, the beam energy is increased in
steps of 0.1 keV. The mode loss in the single mode case and multi-mode
case are at the same beam energy. This indicates that, the mode loss in
the case of DMS5 is mainly because of the detuning. While in the case of
DM7 (see Figure 5.7 (b)), the mode loss for the multi-mode scenario is
prior to the single-mode scenario, which clearly indicate the effects of crit-
ical mode competition. From this analysis, it is clear that the mode DMS5
(eigenvalue ~ 125) is inside the eigenvalue limit and the mode DM7 (eigen-
value ~ 135) is outside the eigenvalue limit. Therefore, the mode DM?7 is

not a suitable choice for the diode type start-up.

This method is also verified with DM1, DM6 and DM9 modes and the re-
sults are enlisted in Table 5.5. For the modes with eigenvalue of more than
125, the mode loss in the multi-mode case (step III) is prior to the mode loss
in single-mode considerations (step II). The results validate the eigenvalue
limit of 125 for a 236 GHz DEMO gyrotron and also support the findings of
the limit of multi-mode analysis (section 5.5.1).

5.6 Eigenvalue limit using linear
gyrotron theories

In this section, based on the linear theory of gyrotron interaction two meth-
ods are investigated for the mode eigenvalue estimation. These theories are
based on mode-beam coupling and the effect of variation of the axial-field
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Figure 5.7: Stability analysis with the mode (a) DMS5 (eigenvalue ~ 125) and (b) DM7 (eigen-
value ~ 135).
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Table 5.5: Results of the stability analysis. For an eigenvalue higher than 125, mode loss in
the multi-mode scenario is prior to the single mode case, which clearly indicates the
influence of excessive mode competition.

Operating Nominal Single mode Multi mode
mode beam Mode Mode
Stability Stability
voltage loss ] loss )
margin margin
(keV) (keV) (keV)
DM1 64 67.1 3.1 67.1 3.1
DMS5 71 74.5 3.5 74.5 3.5
DM6 73 77.2 42 76.6 3.6
DM7 76 79.9 39 79.3 33
DM9 80 83.6 3.6 82.9 29

profile are not included. However, these methods are quick and suitable for

the first order estimation.

5.6.1 Starting current plots

For specific operating parameters, the starting current represents the mini-
mum beam current required to excite particular mode. It can be represented
as a function of magnetic field or beam energy. In the case of soft-excitation
scenario, the modes having minimum value of the starting current excite at
steady-state. In addition to that, the starting current curves are also helpful
to estimate possible modes during start-up. In this analysis, the starting cur-
rent plots are used to estimate eigenvalue limit of high power gyrotrons and
also to validate findings of eigenvalue limit based on non-linear theory as

presented in section 5.5.
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The starting current plots can be calculated using [Bor91] [BJ88],

i = ~ez(wn [ [fofe) esmme)

(k1 mnCmnGmn/Bjo)’ (5.2)

(14 wrpBLo/2v20-0/dA ] j(’f(z)’zem‘zdz) ;
0

where, the effect of detuning is included using term,

A,(@—“’(l-QO(Z)), (5.3)

Vo OrRF Yo

and the beam-field coupling coefficient can be defined as,

J2 . (k
E(Cm,nGrn,n) = m;l( lmmrb)

= : 5.4
AP pr—" 64

where Zj is the free space impedance. The axial field profiles (f) is used
to determined the starting current plot of particular mode. The detailed de-
scription of the equation 5.2 is discussed in [Bor91] [KT80] [BJ88].

The behavior of starting current plots for the selected higher order modes
(Table 5.2) is studied with great focus on the effects of mode competition.
The starting-current curves for TE_s> 13 (DM5 case, eigenvalue = 125) and
TE_s6 .20 (DM7 case, eigenvalue = 135) modes are compared in Figure 5.8.
The starting current curves of the main operating modes are presented along
with the eight parasitic modes. The selected neighboring modes are close
to the main mode and have high beam coupling. The co-rotating modes are
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Figure 5.8: Starting current plot for (a) DMS and (b) DM7.

presented with the solid lines, the counter rotating modes are plotted with

the dashed lines and the beam line is presented with the black dashed line.

During the start-up scenario for a particular beam voltage, the modes with

a minimum starting current are excited and remains excited till the starting
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current is lower than the beam current. As the beam energy increases, due to
detuning effect, the value of starting current of the excited mode increases
and losses its stability. For an easy understanding of mode excitation, the
multi-mode start-up scenario of DMS5 (Figure 5.6 (a)) and starting current
plots (Figure 5.8 (a)) shall be compared. For example, with the beam energy
of 55 keV, TE_s4 ;5 starts to excite and remains excited till the beam energy
of around 60 keV. As the starting current of TE_s3 ;g is minimum at beam

energy of 60 keV, the mode TE_s3 13 is excited after TE_s4 3.

In case of DMS, the higher-frequency neighboring modes, TE (1, 1), and
TE,| (m-2),(n+1) are well separated from the lower-frequency neighbor -
TE_ (1), supporting excitation of the main mode in between (see red
box in Figure 5.8(a)). For DM7, starting current curves of higher-frequency
mode TE, (; ) (n41) and lower-frequency mode TE_(, 1), are intersect-

ing (see red box in 5.8(b)), i.e. one is excited just after the other breaks

down, leading to a possible skip over the main mode during startup.

For a 236 GHz DEMO gyrotron, the finding of starting current analysis also
supports the estimated eigenvalue limit of 125 from the non-linear theories.
Till the mode eigenvalue of 125, starting current plots of next neighboring
modes are well separated, which supports the stable main mode operation.
With the diode-type start-up scenario, the mode competition is critical above

mode eigenvalue of 125 and it is difficult to excite desired operating mode.

5.6.2 Mode spectrum analysis

In this part, the effect of mode competition is studied by analyzing the mode
spectrum of the individual case. The coupling of electron beam with the
individual cavity mode can be estimated using equation 1.21. The coupling
of each mode is normalized to the main mode coupling and the relative cou-

pling is used for an easy comparison. Figure 5.9 represents the mode spectra
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for the various modes. The modes within the bandwidth of -5 % to +10 %
of the operating frequency of 236 GHz and having a relative coupling of
co-efficient more than 0.5 are selected for analysis. A relative coupling of
modes are also dependent on the selected beam radius. The beam radius for

the maximum coupling is used for the individual case (see equation 1.22).

As the mode eigenvalue increases from 105 to 145, the number of modes
having mode coupling more than 0.5 (within the selected bandwidth) in-
creases (e.g2. DM1 ()un ~ 105) =55, DMS (Yun ~ 125) =70, DM7 (Xyun ~
135) =76, DM9 (), ~ 145)= 85), which clearly indicates the increase in
mode competition with the mode eigenvalue. In Figure 5.9, the mode spec-
tra of DMS5 and DM7 are compared. The co-rotating modes are plotted with
black color and the counter-rotating modes are plotted in red color. After
detailed analysis of the mode spectra, the particular patterns were found in

the variation of mode coupling, as described below.

For example, in case of DM5 (Figure 5.9 (a)), the co- and counter rotat-
ing modes having equal radial index are linked with bold solid lines. The
co-rotating modes TEyyx 19 are linked with black line and counter-rotating
TExx 19 modes are linked with red line. Both lines intersect at the mode
TE_s3,19, where the coupling of co-rotating mode and counter-rotating
mode is same (frequency ~ 245 GHz). For high order modes, there is
an individual cluster of modes for particular radial index (for example, in
Figure 5.9 (b), the mode cluster of TExy > is presented). For all the selected
cases in the eigenvalue estimation analysis, the pattern of mode spectra is
similar and in each case, mode TE,, ,41 is having equal co- and counter
rotating mode coupling. In Table 5.6, the positions of mode having equal
coupling are enlisted for different cases. It is clear that, the position of the
modes with equal co- and counter rotating coupling move closer to the op-

erating frequency with increasing eigenvalue.
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Figure 5.9: Mode spectrum of (a) DMS5 and (b) DM7 case. The cluster of modes having same
radial index are linked with solid lines.
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5.6 Eigenvalue limit using linear gyrotron theories

Table 5.6: Influence of eigenvalue on the mode spectrum.

Position of mode
Case (eigenvalue) Status with equal co-rotation

and counter rotation mode

DM1 (104.46) stable output 246.5
DMS5 (124.87) stable output 245
DM7 (136.80) non-stable output 244
DMO (144.02) non stable output 243

The following observations are made by comparing the results of multi-
mode start-up scenario (Figure 5.6) with the corresponding mode spectra
(Figure 5.9). When the excited modes during the start-up have higher fre-
quency than the frequency of equal coupling of co- and counter rotating
mode (TE;1,041), it is not possible to excite the desired operating mode.
For example, in case of DM7 (Figure 5.6 (b)), initial excitation of TE_s9 5
leads to the excitation of counter-rotating TE, 57 51 mode followed by the
mode series (TE 5621, TE 5521, TE5421) and suppresses the desired oper-
ating mode TE_s¢ 9. Similarly, in case of DM6 to DM9 (eigenvalue > 125),
the modes with frequency higher than TE,, 1,41 have been generated dur-
ing the start-up, and for each case, TE,,_1 , mode excites at a steady state
instead of desired TE,, , mode. In summery, it is not possible to determine
the eigenvalue limit only by using mode spectra. However, the mode spectra

analysis is very useful to study the trend of mode excitation during start-up.

Based on the linear and non-linear theories of gyrotron interaction, differ-
ent approaches are suggested to find the mode eigenvalue limit for stable
gyrotron operation. Considering the eigenvalue limit, the suitable operating

mode shall be selected for maximum possible output power. From all the
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5 Operational limits for a DEMO gyrotron

generic methods suggested in section 5.5 and 5.6, indicates the same eigen-
value limit of 125 for a 236 GHz gyrotron for simple diode-type start-up
scenario. Below mode eigenvalue 125, the stable mode excitation is pos-
sible with the controlled mode competition. Along with suggested modes
in Table 5.2, stability of many intermediate modes have also been tested,

which also support the estimated eigenvalue limit.

5.7 236 GHz, 1.5 MW gyrotron design

As suggested in previous sections, with diode-type start-up, the stable mode
excitation is possible till mode eigenvalue of 125. In this section, the physi-
cal parameters of the cavity and the operating parameters of gyrotron are op-
timized to get 1.5 MW output power with operating mode TE_s» 13 (eigen-
value ~ 125). As compared to our standard design with TE_43 15 mode, it is
possible to get more than 1.5 times of the output power with the same wall
loading of 2 kW/cm?.

For the 1.5 MW design, new physical parameters of the cavity are enlisted in
Table 5.7. Most of the physical parameters are same as the standard design
except the cavity interaction length (L,). Here, the value of the interaction
length is selected to 11.5 mm (~ 9 - 1), instead of 12 mm as in the standard
design. As discussed in section 2.2, the reduced interaction length further
improves the mode stability, with increased output power along with slight
reduction in the interaction efficiency [Nus04].

Considering realistic beam parameters (perpendicular velocity spread = 6 %
(rms) and radial width of A/4), the multi-mode start-up scenario with 70
parasitic modes are presented in Figure 5.10. The finalized operating pa-

rameters are also listed in Table 5.7. The beam energy increases linearly
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5.7 236 GHz, 1.5 MW gyrotron design

from 39 keV (1 = 0) to 74 keV (¢ = 3000). The stable TE_s5 13 mode is
excited at steady-state (t = 3000 to 3500) without any excitation of spurious
modes. With the modified cavity profile and the optimized operating param-
eters, the output power is increased from 1320 kW (Figure 5.6) to 1530 kW
(Figure 5.10). Using suggested approach in section 4.2, performance of the
cavity is also verified including the effects of space-charge neutralization.

The stable gyrotron operation has been achieved with 60 % of neutralization.

Table 5.7: Physical parameters of the cavity and gyrotron operating parameters of the new
236 GHz, 1.5 MW design are compared with original 1 MW design.

236 GHz, | MW 236 GHz, 1.5 MW

Parameters design design
(original design) (new design)

Interaction mode TE_43.15 TE _s5218

Eigenvalue 103.21 124.87

Physical parameters of cavity

Cavity radius (mm) 20.88 25.26

L; /Ly /L3 (mm) 16/12/16 16/11.5/16

D, / D; (mm) 2/25 2/25

0,/6,/65 25°/0°/2° 25°/0°/2°

Operating parameters

Beam radius (mm) 9.06 10.93

Beam current (A) 43 63

Beam energy (keV) 61 74

Magnetic field (T) 9.165 9.355
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Figure 5.10: Multi-mode start-up scenario for new 236 GHz, 1.5 MW design. The stable op-
erating of TE_s 13 mode is possible with optimized cavity design and suggested
operating parameters.

Tolerance to beam misalignment

Using the macro-electron beam method proposed in section 4.1.3, the elec-
tron beam misalignment tolerance analysis has been performed for the new

1.5 MW gyrotron design.

Due to increase in the mode density at eigenvalue of 125, the beam misalign-
ment tolerance for the stable mode excitation decreases. In Figure 5.11,
the RF behavior of the new design is compared for the beam misalign-
ment of 0.2 mm and 0.3 mm. The beam energy is linearly increased from
39 keV to 74 keV in the steps of 0.5 keV. The simulation setup for macro-
electron based misalignment analysis has been already discussed in section
4.1. From the results, it is clearly observed that, the excitation is not stable
with beam misalignment of 0.3 mm. After investigating the intermediate

value, the stable operation can be achieved with the beam misalignment up
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Figure 5.11: Comparison of gyrotron behavior at electron beam misalignment (MA) of 0.2 mm
(top) and 0.3 mm (bottom). It is not possible to get stable output with beam
misalignment of 0.3 mm.
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Figure 5.12: Result of multi-mode analysis considering electron beam misalignment of 0.225
mm. In new 1.5 MW design, the beam misalignment tolerance is reduced to 0.225
mm.

to 0.225 mm (see Figure 5.12). When only the radial width is considered
in the analysis, this limit is extended to 0.250 mm. So, for the accurate
estimation of beam misalignment tolerance, inclusion of velocity spread is
a prerequisite. As compared to the standard design with TE_43 15 mode,
the beam misalignment tolerance reduces from 0.3 mm (D/A = 0.24) to
0.225 mm (D/A = 0.13).
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6 Advanced start-up scenarios

In the previous chapter, the eigenvalue limit for a 236 GHz hollow-cavity gy-
rotron has been estimated using suggested approaches. Assuming a diode-
type start-up scenario, new design has been proposed for the 1.5 MW output
power. In this chapter, the possible solutions are investigated to further in-
crease eigenvalue limit with the great focus on triode-type start-up scenario.
The performance limits of 236 GHz hollow cavity gyrotron are also esti-

mated in the wide range of eigenvalues.

Short interaction section length and eigenvalue limit

For a 236 GHz hollow-cavity design, considering standard cavity with
12 mm of interaction section length (L) and diode start-up scenario, the
stable gyrotron operation is possible up to the mode eigenvalue 125. As
discussed in section 2.2 and 5.7, the mode stability is dependent on the cav-
ity interaction section length. The effective interaction length is reduced
with the short cavity, which eventually reduces the quality factor (Qgjfr) and

improves the mode stability.

For the operating mode DM7 (eigenvalue ~ 135) (refer Table 5.2), an RF-
behavior of the gyrotron is investigated with the cavity interaction section
length of 11 mm (L,/A = 8.65). All other physical parameters are kept same
as per Table 5.7. The multi-mode time-dependent self-consistent scenario
with the modified cavity length is presented in Figure 6.1. The result sup-
ports the stable excitation of mode TE_s¢ 29 with reduced interaction section
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6 Advanced start-up scenarios

length, which is not the case with the interaction section length of 12 mm
(see Figure 5.6). Without including the effects of the realistic beam param-
eters, total output power of 1750 kW can be achieved with the interaction
efficiency of 34 %.

The effects of interaction section length on mode stability is studied in
[SALL92] [LA90] and the region for stable gyrotron operation is identified.
With the short-interaction section length, output power and mode stability
are improved, but with the reduced efficiency. To control overall plant ef-
ficiency, the minimum interaction efficiency of > 35 % is necessary for the
DEMO gyrotrons. It is not possible to fulfill interaction efficiency require-
ments with the short interaction length. Therefore, for a 236 GHz DEMO
gyrotron, this approach is not suitable to further extend eigenvalue limit. Up

to now, only diode-type start-up scenario has been considered in this work.

2000 n 1 n 1 n 1 n 1 n 1 n 1

0 ' T Ba— T T T T r T Y T
0 500 1000 _ 1500 2000 2500 3000
Time (arb. unit)
Figure 6.1: Multi-mode start-up scenario with DM7 (TE_s¢20) mode. Using the short interac-

tion length (L) of 11 mm, it is possible to excite higher order mode with eigenvalue
135, which is not feasible with the standard cavity design (L, = 12 mm).
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6.1 Triode-type start-up scenario

The influence of advanced triode-type start-up scenario on mode competi-

tion and eigenvalue limit will be studied in the next section.

6.1 Triode-type start-up scenario

The performance of gyrotrons having dense mode spectra are greatly de-
pendent on the temporal growth of beam parameters. The carefully chosen
start-up scenario is necessary to suppress the parasitic mode oscillations
and to improve the mode stability of the desired mode. Investigations on
the influence of start-up on the cavity mode have been presented in [BJ§7]
[LA90] [DS92] [KT87] [NVA'08] [TSGT13]. The diode-type start-up con-
ditions have been considered in the previous analysis of this work (chapter 2
to 5) and RF behavior of gyrotron is determined. This section deals with the
influence of triode-type start-up scenario on the mode competition control

and eigenvalue limit.

The gyrotron gun designs are classified into two main types: (a) standard
diode-type gun and (b) the triode-type gun. The schematic of the diode-type
and triode-type gun is shown in Figure 1.4. In case of diode type gun, the
value of beam energy (Vy) and the velocity ratio () is determined by the
cathode voltage (V). With cathode voltage, the beam energy is increased to
the nominal value. During start-up, the velocity ratio and beam current vary
according to the adiabatic approximation [Che74]. Along the start-up, it is
not possible to control the beam energy and velocity ratio independently,
which leads to the excitation of high frequency parasitic modes before the
excitation of the desired operating mode. In the triode-type gun, the indi-
vidual control of beam energy and velocity ratio can be achieved using the
additional modulating anode voltage (Vy1), which allows different start-up

scenarios to reach a nominal value of beam parameters [KNSA10].
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6 Advanced start-up scenarios

The experimental verification of triode-type start-up scenario is presented in
[SKTT07] [WTAT95][KOK ™ 11] [IOK*16]. In [WTA'95], for an 118 GHz
gyrotron, the mode competition between TE_2, ¢ and TE 197 mode has
been studied and the effect of start-up scenario on mode stability has been
verified. The triode-type start-up also facilitates the multi-frequency gy-
rotron operation by selecting various operating modes at different frequen-
cies with an appropriate velocity ratio [KOKT11] [IOK*16]. The various
triode-type start-up configurations have been investigated numerically in
[WTTA94].

At given beam energy, the corresponding modulating anode voltage to
achieve the specific value of the velocity-ratio (&) can be calculated using
[WTTA94],

B mec? In(1 + Dgk)

Vi = 6.1
M= (1 26) (©.1a)
2
1+4<1+k>2 -1 ( o} > .
K2\ 142k R%(COS (Pc)2 ag +1
Where,
1 Fet
Kk = ——  R= (6.1b)
R2—1 L
g
Ry = e p o COS@duc (6.1¢)
. k Iet

Here, d,. = cathode-anode separation distance, r.; = average cathode radius,
Y = relativistic factor, ¢, = cathode slant radius. Along the start-up, it is
possible to have the full-control of velocity ratio () with proper selection

of anode voltage.
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6.1 Triode-type start-up scenario

The triode start-up scenario can be performed in two possible ways: (a)
for particular beam energy, the equivalent anode voltage (V) is calculated
using equation 6.1a to generate a beam with desired pitch factor. As a first
step, the beam energy is increased to the optimal value by increasing cathode
voltage (V;). Once the desired beam energy is attained, the anode voltage
is increased from zero to V. (b) In the second approach, the desired pitch
factor variation along the start-up is achieved by introducing proper delay
between the rise of the cathode voltage and the modulating anode voltage
[SNAVO0S].

For example, in Figure 6.2, the beam parameters during the diode and tri-
ode start-up scenarios are compared, in which the beam energy is varied
from 40 keV to 80 keV. In case of diode start-up, the beam energy increases
linearly with the adiabatic change in the beam current and velocity ratio,
while in the triode start-up case, the velocity ratio is varied in following

three stages,

 Stage I: beam electron energy: 40 keV — 65 KeV, velocity ratio: 0.5

(constant)

 Stage II: beam electron energy: 65 keV — 66 KeV, velocity ratio: 0.5

— 1.15 (linear rise)

Stage III: beam electron energy: 66 keV — 80 KeV, velocity ratio: 1.15

— 1.25 (linear variation)

For this analysis, the region, where the pitch-factor is varied abruptly (stage II)
is termed as the “Transition phase”. In Figure 6.2, the beam energy of
65 keV to 66 keV is chosen as the “Transition Phase”, where the pitch-
factor changes from 0.5 to 1.15. The effects of a triode start-up scenario on
the mode competition and the selection criteria of operating parameters are

discussed in the following sections.
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Figure 6.2: Comparison of the beam-parameter variation for (a) diode-type and (b) triode-type
start-up scenario. In diode-type start-up, velocity ratio (o) follow adiabatic approx-
imation, while, in the case of triode-type start-up, the velocity ratio can be modified
using modulating anode voltage.
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6.1 Triode-type start-up scenario

6.1.1 Effect on mode competition

The influence of triode start-up scenario on mode competition is studied
with the help of starting current curves. The detailed discussion of the start-
ing current calculations has been covered in section 5.6.1. In this part, the
DMO case of Table 5.2 (operating mode: TE_s9 >, eigenvalue ~ 145) is se-
lected for this analysis. The selected cavity mid-section radius is 29.14 mm
and the calculated beam radius is 12.37 mm. The other physical parameters
are same as Table 5.7. From the results of the eigenvalue limit analysis pre-
sented in chapter 5, it is proved that the stable mode excitation of TE_59 21

is not possible using diode-type start-up scenario.

In Figure 6.3, the starting current curves of the diode type and triode type
start-up scenario have been compared to the variation of beam energy from
50 keV to 80 keV. The corresponding beam current has also been plotted for
both the cases. In diode start-up, the cathode voltage increases linearly with
adiabatic changes in the beam current and the pitch factor. As mentioned
before, the triode type start-up scenario is divided into three stages: stage I:
50 keV to 65 keV (velocity ratio = 0.5, constant value), stage II: 65 keV
to 66 keV (velocity ratio = 0.5 to 1.5, linear rise) and stage III: 66 keV to
80 keV (velocity ratio = 1.5 to 1.25, linear variation).

During the first stage, the low velocity-ratio shifts the starting current plots
of the parasitic modes to very high value, which suppress the excitation
of any mode during stage I. In the second phase of start-up, the velocity-
ratio increases linearly from 0.5 to 1.15 and provide suitable conditions for
mode excitation. At the time of transition phase, the mode having minimum
starting current has the highest probability for excitation (in Figure 6.3, it
is TE_gp1). The selection of the transition phase is very crucial for tri-
ode start-up and the start-up scenarios can be easily modulated by selecting

proper transition phase. The detailed analysis of the selection of transition
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6 Advanced start-up scenarios

phase and its effects on mode-excitation are presented in the next section.
During stage III, the operating parameters attain their desired value of the

steady-state operation.

The starting current of parasitic modes are very high during the stage I and
stage II, which controls the mode competition during the start-up phase.
From the results, it is clear that the triode type start-up modifies coupling
scenario and suppress the excitation of parasitic modes during start-up. Us-
ing the multi-mode self-consistent simulations, the effects of triode start-up
on mode competition control is further investigated in the next section.

6.1.2 Multi-mode start-up simulations

For the diode start-up scenario, eigenvalue limit of a 236 GHz DEMO gy-
rotron has been determined in chapter 5. The various generic approaches
suggest the stable mode operation till eigenvalue of 125, which corresponds
to the maximum possible output power of 1.5 MW. In this section, the effect
of the triode-type start-up on mode competition and mode eigenvalue limit

are studied.

An RF behavior of a 236 GHz hollow-cavity gyrotron with the operating
mode TE_s95; (eigenvalue ~ 145) is verified in Figure 6.4, for diode-type
and triode-type start-up cases. The beam energy changes linearly from
40 keV to 80 keV. In total 84 neighboring modes are considered for the
multi-mode analysis with realistic beam parameters (6 % (rms) velocity
spread and A/4 radial width). With the mode eigenvalue ~ 145, it is not pos-
sible to get stable operation with TE_s9 51 mode. This result (Figure 6.4(a))
also supports the findings of eigenvalue limits from chapter 5.

In the case of the triode start-up, as discussed in section 6.1, the pitch-factor
variation is considered in three stages. The transition phase is selected from
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Figure 6.3: Starting current plots for the TE_s9 51 mode during (a) diode-type and (b) triode-
type start-up scenario.
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65 keV to 66 keV. The multi-mode simulation with the modified triode
start-up scenario is presented in Figure 6.4 (b) and the transition phase is
indicated with the “vertical blue dashed lines”. Because of the low pitch
factor, no mode excites during stage I (beam energy: 40 keV to 65 keV).
During the transition phase, as pitch factor increases to 1.15, the counter
rotating TE_¢p 21 mode excites, which lead to the excitation of the TE_s9 5

mode in the final stage.

Unlike the diode start-up case, the mode competition is controlled in the
triode start-up scenario and a stable operation is possible with the TE_s9 5
mode. The reduced mode coupling of the neighboring modes during stage
I, is helpful to select particular mode and to excite desired operating mode.
The starting current scenario presented in Figure 6.3 (b), also suggest the
excitation of TE_g 2 after stage II. In this case, the position of transition
phase plays a significant role in mode excitation during the start-up and it is
specifically chosen to excite same series mode (TE_¢g 1), before operating
mode TE,59_’21 .

6.1.3 Mode selectivity using triode start-up

The detailed analysis of the transition phase position on start-up scenario
is presented in this section. During the gyrotron start-up, the excitation
of high-frequency neighboring modes can not be controlled in the case of
diode start-up. In such cases, beam energy increases from the noise level to
reach up to the final optimized point and there is no control on the excitation

of the start-up modes.
The proper position of the transition phase and specific variation of the

velocity-ratio (@) is a prerequisite for the successful triode start-up scenario.

Based on the position of the transition phase, the first mode excites during
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Figure 6.4: (a) Diode-type and (b) triode-type start-up simulation with the operating mode
TE_s5921 at mode eigenvalue ~ 145. Due to very high mode competition, it is not
possible to excite desired mode using diode start-up. In the case of triode start-up,
the controlled mode competition lead to stable mode excitation.
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the start-up, which further excites the final operating mode. After careful
investigation of starting current plots and mode coupling, the position of the
transition phase can be finalized. For example, in case of DM, the starting
current for the TE_g0 21 mode (see Figure 6.3) is minimum at the beam en-
ergy around 66 keV. So, the selection of transition phase at around 66 keV
leads to the excitation of TE_gp ;. In Figure 6.4 (b), in total two modes
(1 neighboring mode (TE_g »1) + main mode(TE_s9 7)) are excited using
triode start-up, by selecting transition phase between 65 keV and 66 keV.
The mode selectivity using triode start-up is further studied with the help of

following cases.

Case 1: Two start-up modes

The main aim of this case is to excite three modes (2 parasitic modes
TE_¢1 21 and TE_¢g o1 with the main mode TE_s9 »1) by considering proper
transition phase and pitch-factor variation. The starting current of mode
TE_¢1 21 is minimum between the beam energy of 60 keV and 62 keV (see
Figure 6.3). The excitation of the TE_¢; »; mode is favored, if the transi-
tion phase is selected in this region. In this analysis, the pitch-factor (o) is
varied from 0.5 to 1.15 with the beam energy selected between 61 - 62 keV
(stage II). It is constant (o = 0.5) between the beam energy of 40 keV to
61 keV (stage I) and increases linearly from 1.15 to 1.25 between the beam
energy of 62 keV to 80 keV. The multi-mode start-up simulations with these
settings are presented in Figure 6.5 (a). These results support stable opera-
tion of TE_s9 »; with initial excitation of TE_¢; 21 and TE_¢ 21, which also

confirm the mode selectivity with proper selection of the transition phase.
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Figure 6.5: With the suitable alpha transition region, the mode selectivity can be achieved using
triode start-up scenario. (a) The alpha transition phase is selected between 61 keV
to 62 keV, which leads to the two starting mode excitation before main mode, while
in (b), the transition phase is selected at 70 keV to 73 keV, which supports the direct
mode excitation.
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Case 2: Direct excitation

The possibilities of mode selectivity using triode start-up are further verified
for the direct excitation of the main mode without any previous modes. Af-
ter studying starting current curves, the transition region (stage II) is selected
between 70 keV to 73 keV. The direct excitation of main mode TE_sg 5; is
possible with selected operating condition. The direct operating mode exci-
tation is not possible using the diode start-up, but, with the triode start-up, it

is possible with the proper selection of the pitch-factor variation.

The mode selectivity has been also verified with the counter-rotating modes.
Considering the limitations from the gyrotron power-supply, slow variation
of pitch-factor (long transition phase, stage II) has been also verified and
suggests the similar mode selectivity and mode competition control.

As discussed in [WTTA94], the slope of pitch-factor variation (start and end
values of velocity ratio variation in stage II) is critical for the desired mode
excitation and greatly affects the start-up scenario [WTA195]. To confirm
desired start-up condition, the values of the velocity-ratio for stage II are

selected using velocity spread (@) vs beam energy plots.

Though, it is based on the fixed-field approximation, these plots provide a
first estimation of the pitch-factor values for the triode start-up scenario. The
contours of starting current plots of individual modes are plotted in alpha
vs beam energy plan (see Figure 6.6). To generate these contours, within
the selected beam energy, the starting current for the cavity modes are cal-
culated at various pitch-factors and the contour of the same starting current
values are plotted. These contours represent the minimum pitch-factor re-
quirement to excite particular mode at the specific beam energy and beam
current. In Figure 6.6, the contours are plotted for the main mode TE_s9 5

and the important competing modes for the starting current of 70 A. Within
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Figure 6.6: Velocity ratio (&) vs beam energy contours with starting current value of 70 A.

the selected range of the beam energy, the starting current values are cal-
culated at various velocity ratio and the contours of velocity ratio (@) vs
beam energy are obtained. From the result, it is confirmed that the selected
value of a pitch-factor in stage I (o = 0.5) is very low to excite any mode.
To excite the desired mode during triode start-up, the slope of a pitch factor
variation is selected using Figure 6.6. The pitch factor of 1.15 is sufficient
to excite all the modes plotted in Figure 6.6. By controlling the position
of the transition phase and slope of pitch-factor variation, various start-up

scenario can be possible with a triode-type gun.

In chapter 2, the stable output power of 920 kW has been suggested with
the selected operating mode TE_43 15 (eigenvalue ~ 103). As concluded
from the discussion of section 4.2.3, the mode eigenvalue limit for the sta-
ble gyrotron operation is 125 with the standard diode-type start-up scenario,
which corresponds to the output power of 1.5 MW. In addition to the possi-

bilities of mode selectivity, the triode-type start-up scenario is very effective
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Figure 6.7: Beam parameters for the new hybrid start-up scenario. In this case, desired mode is

excited in soft excitation region and then, as a next step, beam parameters are tuned
for the hard excitation case to achieved optimum efficiency.

to control the mode competition and mode eigenvalue limit is numerically
extended to 145 (DM9, TE_s9 > mode). Taking into account the lifetime of
gyrotron gun, the beam current more than 70 A is not desirable for fusion
gyrotrons [IFMC10]. Because of the limitations of beam current, the modes
having eigenvalue greater than 145 are not considered for the analysis. It
should be also noted that the effects of beam misalignment and space-charge
neutralization are critical for high order mode (eigenvalue ~ 145), which de-

mands rigorous tolerance analysis before the final mode selection.

6.1.4 Hybrid start-up condition

In the case of gyrotron with a uniform magnetic field, the maximum effi-
ciency operating points are located in the hard-excitation region [Nus04]

[WTTAO94]. As compared to the soft-excitation region, the interaction ef-
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Figure 6.8: Hybrid-type start-up simulation for TE_s9 51 mode (eigenvalue ~ 145).

ficiency shall be increased more than 5 % in the hard-excitation operating
point. In this section, the main difference between these two regimes are
discussed briefly in the context of beam current and starting current plots. In
the soft-excitation regime, the value of beam current is higher than the value
of the starting current. The self-excitation conditions are fulfilled within this
operating range. From the starting current plots presented in Figure 6.4, the
soft-excitation regime for the operating mode TE_s9 51 is between the beam
energy of 69 keV to 78 keV.

In the regime of hard-excitation, the value of beam current is less than the
value of starting current. So, the stable operation in this regime is only pos-
sible, when initial mode excitation reaches a certain threshold value. With
the help of a suitable start-up scenario, one should pass the soft-excitation
region by modulating gyrotron operating parameters, in which excitation
of the mode initiates and will continue until the hard excitation point is

reached. The effects of various possible start-up scenarios are studied in
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[WTTA94] and proved that the mode generation is independent of the start-
up path in the soft-excitation regime, while to reach the hard-excitation

point, the specific start-up conditions are a prerequisite.

To get advantages of both the cases, the “Hybrid-type mode excitation”
approach is suggested. In this approach, initially using the triode start-up,
the operating mode is excited in the soft-excitation regime and stabilized
the mode. As a next step, the operating parameters are tuned to achieve
hard-excitation operating point. The unique advantages of this approach
include controlled mode competition due to the triode start-up, stable oper-
ation independent of start-up path due to the initial soft-excitation and high-

efficiency operation as the final operation is in the hard-excitation regime.

The example of hybrid-type mode excitation scenario with the TE_s9 5
mode is presented in Figure 6.7 and 6.8. The velocity ratio is increased
from 0.5 to 1.15 between the beam energy of 70 keV to 73 keV. Based
on the starting current plots, the detailed discussion about this selection is
already presented in section 6.1.3. At the beam energy of 74 keV, the oper-
ation is stabilized in the soft-excitation region and the hard-excitation point
can be achieved by slowly changing the operating parameters. During the
soft-excitation, the stable output of around 1 MW can be achieved using the
multi-mode time-dependent simulations, which is increased to 1.8 MW in

hard-excitation regime.

6.2 Output power and efficiency limits

In addition to the mode eigenvalue, the performance of the gyrotron is highly
dependent on the interaction section length (L) [LA90]. After investigating
mode eigenvalue limit, it is also important to have information about the
influence of interaction section length at different eigenvalues. The main

focus of this analysis is to find output power and efficiency limits at dif-
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Figure 6.9: Notation used in section 6.2, to represent individual case.

ferent mode eigenvalues with emphasis on mode stability. This analysis is
only suitable for the first order estimation of gyrotron behavior at particular
eigenvalue and interaction length. The final case specific optimization is
necessary as per the requirements.

The three modes having different eigenvalues are selected for analysis:
TE_44,15, TE_s620 (eigenvalue limit with diode start-up) and TE_s92;
(eigenvalue limit with triode start-up). The different interaction lengths
between 8 -4 to 10 - A are considered. In Figure 6.9, the notation used in
each case is presented. The self-consistent time-dependent simulations have
been performed with various interaction lengths at particular eigenvalue and
effects of mid-section length on mode stability are studied. Since the mode
eigenvalue limit for diode start-up is 125, the diode-type start-up scenario is
used for DM1 (TE_44,15) and DMS5 (TE_s6 29) modes, while triode start-up
is used for the analysis of DM9 (TE_s9 1) mode. Similar to the previous
analysis, the cavity wall-loading limitation of 2 kW/cm? is considered and
the operating parameters are finalized accordingly. For the selected inter-
action length interval (8 -A (DM1,8) to 10 -A (DM1,10)), the operating
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parameters and gyrotron performance with the operating mode TE_44 15 is
presented in Figure 6.10. With the TE_44 15 mode (eigenvalue ~ 105), the
stable gyrotron operation is possible within the entire selected interaction
section range. Depending on the interaction length, the output power varies
within the range of | MW — 1.2 MW.

The results with mode TE_s; 13 (eigenvalue ~ 125) are presented in Fig-
ure 6.11. Because of the critical mode competition, with interaction section
length of 12.7 mm (case DMS5,10 of Figure 6.9), it is not possible to get
stable operation (Q ~ 1726). So, the maximum interaction section length
for the stable operation is limited to 12.07 mm (L, /A = 9.5). The output
power and interaction efficiency range with mode eigenvalue close to 125
are 1.5 MW — 1.6 MW and 33 % - 38 %, respectively.

In the case of mode eigenvalue 145 (TE_s9 51 mode), the optimal inter-
action length window further shrinks to only 8.5 -A (DM9,8.5) to 9.5 -4
(DMD9,9.5) (see Figure 6.12). With interaction length L, = 10.16 (Lp/A =
8), the beam current requirement increases to more than 80 A for efficiency
higher than 30 %, which is not recommended considering a lifetime of gun
and voltage-depression. Similar to DMS5,10 case, the quality factor of cavity
and mode competition is critically high with the interaction section length
of 12.7 mm (DM9,10).

The results of this analysis are compiled in Figure 6.13, in which the out-
put power and efficiency range at the different eigenvalues are presented.
For the selected eigenvalue ranges of 105 to 145, the interaction length of
11.5 mm (L, /A = 9) is the best choice for the stable operation with suf-
ficiently good interaction efficiency and controlled mode competition. It
should be also noted that the consideration of the realistic beam parame-
ters (velocity spread, radial width etc.) shall marginally reduce the esti-

mated output power and efficiency. Considering the cavity wall-loading of
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2 kW/cm?, the suitable operating parameter windows are also suggested for
the different combination of the interaction length (L) and mode eigenval-
ues (See Figure 6.14). Using these plots, the performance and the operating
parameters of a 236 GHz gyrotron can be easily estimated for the interme-

diate modes (or eigenvalues).
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7 Conclusions and outlook

After ITER, the first prototype of a fusion power plant termed as DEMO
is foreseen and the applications of ECRH&CD systems have been planned
at various stages of the operation. In this work, the physical design stud-
ies and the analysis of an advanced DEMO-compatible hollow cavity gy-
rotron have been performed with the focus on operation reliability, realistic
interaction simulations and mode competition control. For the proposed
design, the possibilities of multi-frequency, multi-purpose applications and
fast-frequency step-tunability have also been verified. In addition, the oper-
ational limits of the DEMO gyrotron have been investigated to facilitate the

highest possible output power per tube with desired mode stability.

The mode selection criteria for high frequency (> 200 GHz) fusion gy-
rotrons have been discussed and the selection of high order modes (eigen-
value > 100) has been suggested to satisfy the power requirements. At
this frequency range, the mode spectra are identical and the selection of
operating modes is based on multi-frequency operation and frequency step-
tunability. Considering the RF-window thickness of 1.861 mm and low-
frequency operation at 170 GHz (frequency of ITER gyrotron), the oper-
ating frequency of 236 GHz was selected for the hollow cavity design. A
systematic cavity design approach has been proposed to finalize the physical
parameters of the cavity. Using this, the optimal interaction section design
was suggested for the TE_43 15 mode at 236 GHz. Based on DEMO de-
sign goals and present technical constraints, the operating parameters were
selected for efficient beam-wave interaction. An RF-behavior of the cavity
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was also analyzed using the multi-mode, time-dependent simulations. For
realistic simulations, the effects of beam velocity spread and the radial width
have been considered along with the frequency and temperature dependent
Glidcop conductivity. The influence of the beam radius on gyrotron perfor-
mance has been investigated and the suitable value of the beam radius has
been selected for controlled mode competition. Despite of the consideration
of the large number of neighboring modes (99 modes), the results suggest
the stable excitation of TE_43 15 mode with the output power of 920 kW and
interaction efficiency of 36 %. The stability of operation was also verified

for the wide range of operating parameters.

Besides the high output power and improved interaction efficiency, the fast-
frequency step-tunability is needed for NTM stabilization using a fixed
launcher. The suitable operating modes for frequency step-tunability should
have nearly identical caustic radius, which allows an efficient mode conver-
sion with the same quasi-optical launcher design. Within 4+ 10 GHz fre-
quency range, the possibility of fast-frequency tunability in 2 - 3 GHz steps
were numerically demonstrated using the magnetic field tuning. The speed
of frequency tunability is limited by the rate of change of the magnetic field
inside the cavity. In order to facilitate the multi-purpose applications, the
proposed design additionally supports the multi-frequency operation (within
a few minutes) at 170 GHz, 203 GHz, 236 GHz and 268 GHz, with the op-
erating modes of TE_3; 11, TE_37,13, TE_43,15 and TE 49,17, respectively. It
should be noted that, the multi-frequency operation is possible using single-
disk CVD-diamond window, but for fast-frequency step-tunability the use of
the broadband Brewster window is a prerequisite. The hybrid-type launcher
was designed using the in-house code "TWLDO" and more than 96 % of the
fundamental Gaussian mode content was achieved with the selected modes
for multi-frequency operations. The average Gaussian content was more

than 95 % for the modes for fast frequency step-tunability.
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Due to high-order operating mode (eigenvalue > 100), the effects of electron
beam misalignment are critical at DEMO frequencies. The beam misalign-
ment tolerance has been studied using a macro-electron based simulation
approach. The results of the misalignment study support the stable gyrotron
operation, till an axial misalignment of 0.3 mm (D/A = 0.23). This was
found to be comparable to the beam misalignment tolerance from the exper-
iments of W7-X (140 GHz, 1 MW) gyrotron (D/A = 0.25 - 0.3). Continuous
wave operation of the DEMO gyrotrons has been planned to support the
steady-state operation of the reactor. In chapter 4, the effects of space-charge
neutralization have been studied to ensure CW operation of the DEMO gy-
rotron. Considering the variation of beam parameters during CW operation,
a step-by-step simulation approach has been proposed for multi-mode start-
up scenario. The output power of high frequency (> 200 GHz) gyrotrons
are limited by the maximum allowable cavity wall-loading. For the specific
cavity cooling systems and the operating frequency, the output power of
the gyrotron can be improved by selecting even higher order modes, which
allows a large cavity radius with reduced wall-loading. However, the mode
competition increases proportionally. Using two different methods, the ef-
fects of mode competition were investigated for a 236 GHz hollow-cavity
gyrotron design and the eigenvalue limits for the operating mode selection
were determined. Moreover, the suggested approaches for the operational
limit evaluation are generic and also valid for other gyrotron designs. As-
suming diode start-up and realistic electron beam parameters, these methods
confirm the stable operation with modes having eigenvalues of up to 125.
Based on the suggested eigenvalue limit, a new cavity design and operat-
ing parameters were proposed, which corresponds to an output power of
1.5 MW using TE_s; 13 mode.

The possibilities of advanced start-up scenarios were studied to further ex-
tend the operational limits. As compared to the diode-type gun, the triode-

type gun provides better control on the beam parameters (specially pitch

161



7 Conclusions and outlook

factor), which promotes the controlled mode competition with mode selec-
tive operation. The gyrotron performance with the hybrid-type start-up sce-
nario was verified, which suggested unique advantages such as: controlled
mode competition due to the initial triode start-up, high efficiency in hard-
excitation regime and stable operation which is independent of the selected
start-up path.

Summarizing, a rigorous feasibility and tolerance analysis were performed
for a hollow-cavity gyrotron design. This is a step forward towards the
development of the next generation multi-frequency and frequency step-
tunable DEMO-gyrotrons with the improved output power and interaction
efficiency. The key parameters of a 236 GHz, 1 MW and 1.5 MW DEMO
gyrotron designs are listed in Table 7.1.

During the next development phase of hollow-cavity DEMO gyrotrons, the
activities for efficient, stable and high-power operation are briefly discussed
below. In case of high frequency (f > 200 GHz) fusion gyrotrons, the
modes having eigenvalue more than 100 are selected to control the wall-
loading and to fulfill output power requirements. At such high eigenvalues,
mode competition is critical. In chapter 6, the triode-type start-up scenarios
were studied to control the mode competition. In addition to the triode start-
up, alternative techniques such as injection locking [BDN16] [ZGD*16],
complex interaction section [ZY17] [LNYT13] [MRR"16] [BKS16] etc.,
should be investigated for improved mode stability. At IHM-KIT, a 10 T
magnet system for DEMO gyrotrons is under discussion and the magnetic
field profile along the gyrotron axis is not yet finalized. Using the realistic
magnetic field profile, the designs proposed in this thesis can be addition-
ally verified for After Cavity Interaction (ACI) and the unwanted parasitic
oscillations in the beam tunnel region. The effect of space-charge neutral-
ization shall also be included in the triode-type start-up scenario for realistic

long-pulse simulations.
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Table 7.1: Physical parameters of the cavity, operating parameters and performance compari-

son of the suggested | MW and 1.5 MW, 236 GHz DEMO gyrotron design. (maxi-
mum cavity wall-loading: 2 kW/cm?, perpendicular velocity spread: 6 % and beam

radial width: A /4)

Parameters FMW 1> MW
design design
Operating mode TE_43,15 TE _s7.18
Eigenvalue 103.21 124.87
Physical parameters of cavity
Cavity radius (mm) 20.88 25.26
L;/Ly/Ls (mm) 16/12/16  16/11.5/16
D/D; (mm) 2/2.5 2/2.5
0,/6,/6; 2.5°/0°/2°  2.5°/0°/2°
Operating parameters
Beam radius (mm) 9.06 10.93
Beam current (A) 43 63
Beam energy (keV) 61 74
Magnetic field (T) 9.165 9.355

Performance with realistic beam parameters

Output power (kW) 920 1530
Efficiency (%) 36 34
Beam misalignment tolerance (mm) 0.300 0.225

Considering the present technical limitations, the future high power gy-
rotrons demand advanced MIGs with high current density, improved life-
time and minimum spread. New disruptive gun technologies are to be de-
veloped to meet future gun requirements such as Inverse Magnetron Injec-
tion Gun (IMIG) [RPG*16] [RPR™15] and Controlled-Porosity Reservoir
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(CPR) cathode [TFSWO05] [IFMC10]. In section 4.1, the effects of beam
misalignment have been studied using realistic macro-electron beam based
approach. It is observed that the performance of DEMO gyrotrons is very
sensitive to beam misalignment. The stable operation is only possible with
beam misalignment less than 0.3 mm. The sophisticated beam misalign-
ment control system needs to be developed for the precise beam placement.
The gyrotron output power is limited by the cavity cooling capacity. With
an improved cavity cooling system, it is possible to increase the maximum
wall-loading capability, which eventually enhances the power handling ca-
pacity of the interaction section. Additionally, the new concepts of multi-
stage depressed collector are to be developed to satisfy the total efficiency

requirement of the DEMO gyrotrons (Nota > 60 %).
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A Appendix

A.1 Calculation of Glidcop conductivity

Glidcop is a copper alloy with enhanced thermal properties. In this part, the
formulation for the realistic Glidcop conductivity calculation is discussed.
The absorption losses of the Glidcop have been measured at Thales Electron
Devices [BLO7] [CloO1]. The relation between absorbed power and con-
ductivity is defined in equation A.1. This factor is obtained from parabolic
curve fitting of the experimental results up to 600 °C with the reference of
copper at 0 °C. Py y(0 °C) and P, Glideop represent the total wall loading for
ideal copper at 0 °C and Glidcop material. The relation between Glidcop

conductivity and temperature can be obtained as equation A.2.

Py e (0°C) \/po 2
el M 0P ) T 4 ar T < (A.1)
Pa,Glidcop Ocu (0 OC)

o 2
f6(T) = GGilideop = 0cu (0°C) - (ap— a1+ T + a-T?) (A.2)

As the cavity wall thickness is many times larger than the skin depth, the
effect of surface roughness can be calculated using the Hammerstad-and-
Bekkadal formula [HB75] [TBDG10], as present in equation A.3. Here, K,
is the enhancement factor which is the ratio of power loss at a rough surface
to the power loss at the corresponding smooth surface, / is the rms height of
the rough surface profile. 0 is the skin depth, which depends on the angular
frequency wgrp of the incident wave and the magnetic permeability (p) of

the material (see equation A.4).
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B 2 2
Ky, = Llossrough + —arctan \f2<h> (A.3)
Boss,smooth T 0
2
§= | —— (A4)
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The combined formula to calculate the effective conductivity of Glidcop
considering the operating frequency, temperature and surface roughness de-
pendency is,

T
1+ 2 -arctan{%-fG(T)H

In Figure A.1, the temperature dependency of the Glidcop conductivity is

OGlidcop,eff =

presented for various cases. The typical value of surface roughness (h =

0.1 um) have been used for this analysis. The conductivity is highly de-

6x10' — —————————— 71—
—— Without surface roughness consideration (236 GHz) |
—— With surface roughness consideration (170 GHz)
5x107 ——— With surface roughness consideration (203 GHz) .
— With surface roughness consideration (236 GHz)
,é. With surface roughness consideration (269 GHz)
o 4x10"
G
2 3x10"
=
=1
o
3 7
2 2x10"
Q
o
1x107 .
(O e e e B e e e IR m e e S S
0 50 100 150 200 250 300 350 400 450 500

temperature (°C)

Figure A.1: Effects of surface roughness on Glidcop conductivity.
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pendent on the surface roughness, while weakly dependent on the operating
frequency and temperature. This method is effective to estimate realis-
tic Glidcop conductivity at particular operating temperature, frequency and
surface roughness. By suitable selection of the material specific temperature
dependent function (fg(7T')), the obtained formula (equation A.5) could also

be valid for the other cavity-materials.

A.2 Features of EURIDICE code-package

The EURIDICE code is suitable to estimate an RF-behavior of a metallic
cylindrically symmetric resonator for hollow and coaxial cavity gyrotrons
with finite conductivity. In the latest version of this code, it is also possible
to analyze deformed cylindrical structures, which is helpful to investigate
the cavity performance and frequency shift during the long-pulse operation.
A frequency and surface-roughness dependent conductivity can also be cal-
culated.

As the code only deals with classical TE modes without including the pos-
sibilities of mode conversion, the axial non-uniformity of less than 5° is
preferred to avoid mode conversion. The effects of the corrugated co-axial
insert have been incorporated using the Surface Impedance Model (SIM).
Along with the interaction at fundamental mode, it is also possible to study

mode interactions at higher harmonics.

Along the resonator axis, constant or realistic magnetic-field profile can be
selected for the simulation. The implementation of After Cavity Interaction
(ACI) is adopted from [Cho14]. An electron beam is represented with a dis-
crete number of beamlets using macro-electrons (refer Figure 4.1), which
can be either generated internally or the beam properties can be imported

from an external input file. The realistic beam properties, i.e. energy spread,
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velocity spread and radial width etc. shall also be introduced in concentric
electron beam, but it is not possible to generate and use misaligned electron

beam with realistic parameters.

The MATLAB code-package has been developed to generate a misaligned
electron beam with realistic parameters and are imported in EURIDICE to
investigate beam misalignment tolerances. The detailed description of each
module of the EURIDICE code-package and corresponding numerical im-
plementation is presented in [Avr06], [APIV12] and [Avr15].

A.3 Realization of velocity spread
and radial width

A.3.1 Method 1: Equal area approach

The various experimental results [PIT16] [GGK199] [Xiz84] and numerical
analysis [DK99] [ZZMO06] [XCYH14] suggest Gaussian like distribution of
gyrotron velocity spread. The equivalent velocity ratio distribution can be

expressed as,

Srro (A.6)

Where, 0 = 6o - is a standard deviation of the Gaussian curve, which

1 (—p)?
flog) = —=—|e >

depends on the spread. As a next task, few values of the velocity ratio
are sampled according to the Gaussian distribution and are assigned to the

macro electrons.
In this method, according to the desired velocity spread value, a few sam-

ples of the velocity ratio (o) have been selected considering the Gaussian

probability distribution. These are later assigned to the micro-electrons to
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A.3 Realization of velocity spread and radial width

generate a realistic electron beam. The samples of velocity ratio (o) are
selected, which are divided by equal area under the Gaussian probability
density function. As the area under probability density function (PDF) be-
tween two alpha samples represents the probability, in other words, the
alpha samples are selected, which are separated by equal probability. The
total area under the Gaussian probability distribution function is calculated
and according to the total number of velocity ratio samples (), the area be-
tween two successive samples (A) are calculated with the help of equation
A.7. Subsequently, from the highly dense uniformly distributed points (¢, ),
the velocity ratio samples (o, ) are selected, which are separated by equal

area under the PDF curve.

1 o+ 100 O+ 1
Nl / flo) -do=A= /f(oq)-doa (A7)
oy — 100 [

The trapezoidal integration method is used to perform discrete integration
in MATLAB. Only for the better illustration of this method, the velocity
spread implantation using this method is demonstrated in Figure A.2 with
only 15 sampling points within the range of £30¢ around the mean value
of velocity ratio of 1.25. The considered transverse rms velocity spread of
the Gaussian distribution is 6 %, which corresponds to the alpha spread of
15.37 %.

Using this method, the final implemented alpha spread can be determined
using equation A.8 and further translated into equivalent transverse veloc-
ity spread using equation 1.12. The desired velocity spread and the imple-
mented spread by this method is compared in Table A.1. For this analysis,
219 samples are considered out of 0.1 million points within £100 space.
The implemented velocity spread is very close to the desired spread value.

The small difference in the implemented velocity spread is due to the dis-
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1 | equal area 1
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Figure A.2: Selection of velocity ratio based on equal area approach (method 1).

Table A.1: Performance analysis of the method 1. In total 219 samples are considered for the
analysis. All values in the table represent the percentage rms spread.

Desired Equivalent Implemented spread
. ) Implemented spread ) )
perpendicular spread in ) . ) in perpendicular
. . . in velocity ratio .
velocity spread velocity ratio (o) velocity spread
Qe
(6B1) (da) (0B Lefr)
2 05.125 05.084 1.98
4 10.250 10.160 3.97
6 15.375 15.320 5.97
8 20.500 20.330 7.93
10 25.625 25.534 9.96
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A.3 Realization of velocity spread and radial width

cretization error, which will be further reduced by increasing total points ¢
(> 0.1 million) and sampling points (> 219).

(Vb5 (o)

%o

The effect of number of samples on the spread implementation is presented

O0eft =

(A.8)

in Figure A.3. The simulation setup to the calculate output power is pre-
sented in section 2.3.2. The precision of the spread implementation is highly
dependent on the number of samples (o). For the realistic electron beam
for gyrotron simulations, the more than 50 samples are required to maintain
sufficient accuracy. The odd numbers of samples are preferred to keep uni-

form distribution from both sides of the mean value.
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Figure A.3: Effect of number of samples on the implemented spread. For the desired 6 % of
velocity spread, the performance of the method 1 and 2 is highly dependent on the
number of samples considered for the analysis. More than 50 samples (oy) are
suggested to get good accuracy.
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A.3.2 Method 2: Weighting factor assignment

In this method, the velocity ratio samples (o) are chosen uniformly within
the total space of 30 around the mean value and these selected samples are
replicated according to the weighting factor of each sample. The weighting
factor (W) of each sample is calculated considering the Gaussian distribu-
tion function. As a result, the final Gaussian distribution of the total velocity
samples (V) is achieved. As described in (A.9), the normalized Gaussian

function is used for this analysis.

_(@—0p)?
f(ay) = le 202 1 (A.9)

The weighting factor of each sample can be calculated using equation A.10,
where the value of k varies from 1 to M (number of uniform samples). The
repetition number Ny of a particular uniform sample is the product of the
weighting factor of each samples o and the total velocity samples (V). Fur-
ther, the repetition number (Ny) for a particular sample (c) is rounded to

the nearest integer.

f'(ox)
We= i — A.10
T S (o) *.10)
N = Wi-N (A.11)
N=Y" WeN=Y" N (A.12)

For illustration purpose, the example of this method is presented in Fig-
ure A.4 with 6 % of the perpendicular velocity spread. In total 15 uniform
velocity ratio samples (@) are selected within the range of £30. Based on

the weighting factors (Wy), each uniform velocity sample (o) is repeated
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Figure A.4: Selection of the velocity ratio based on Method 2. In this case, total 219 veloc-
ity ratio samples are distributed among the 15 uniformly spaced alpha samples to
achieve 6 % of perpendicular velocity spread.

Ny times to form the electron beam with total 219 samples, which are dis-

tributed according to Gaussian function.

The implemented spread using this method can be calculated using equation
A.13. In Table A.2, for different perpendicular velocity spread values, the
effective implemented spread with this method is listed for 21 uniform al-
pha samples (i) and 219, total number of samples. The distribution pattern
perpendicular velocity spread using method 1 and method 2 are presented

in Figure A.5.

<\/1:"Z£41Nk'(06k —0@)2)
o

(A.13)

6aeﬂ =
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Table A.2: Performance analysis of the method 2. In total 19 samples are selected with 219 total
velocity samples (N). All values in the table represent the percentage rms spread.

Desired Equivalent Implemented spread
. ) Implemented spread . )
perpendicular spread in . . . in perpendicular
. ) ) in velocity ratio )
velocity spread velocity ratio (o) velocity spread
Oteff
(6B1) (6a) © (8B 1cfr)
2 05.125 5.05 1.97
4 10.250 10.10 3.94
6 15.375 15.18 5.92
8 20.500 20.20 7.88
10 25.625 25.18 9.83
2.0 T T T T T T T T T T T T T T T T
€ Method 1
1.8 E
O Method 2 Py

Velocity ratio (o)
5 5 » o
1 1 1 1

o
®
I

o
o
1

T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 22(
Velocity samples

Figure A.5: Distribution pattern of the velocity ratio for both methods. In total 219 velocity
ratio samples are distributed using method 1 and method 2 to achieve 15.37 %

Gaussian spread.
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Figure A.6: Distribution of an electron guiding centers to achieve realistic beam properties with
A /4 radial width.

A.3.3 Radial width implementation

A uniform electron guiding center spread (Arc) is introduced to implement
the radial width. The maximum and minimum electron guiding center radii
can be calculated by, rec_max = 7o + Argc/2 and rge_min = 1o — Argc/2, re-

spectively.

In this method, all electron guiding centers are distributed randomly within
these limits. The total radial thickness of the beam is described as Arp,= Argc +
2rp. Here, rp is the Larmor radius. The probability density function of the

guiding center distribution is described as

1/Arg forr in S Tee <1
[ (ree) = J A forTye nin < Tye < e (A.14)

0 forrge < rgc_minandrge > Tge_max
The implemented distribution of the guiding centers is presented in Fig-
ure A.6 with distribution of 5 guiding centers in each azimuthal direction.
The electron guiding centers are distributed randomly between the mini-

mum guiding center radius rgc_min and rec_max- For the different values, the

comparison of the desired radial width and the implemented radial width
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Table A.3: Performance analysis of the radial width implementation. Azimuthal space is di-
vided into 50 equal parts and 20 guiding centers are distributed per angle.

Desired Implemented

radial width  radial width

1/16 1/16.097
A/8 2./8.009
2/4 2./4.0025
2/2 2./2.006

A A/1.0011

is presented in Table A.3. The good agreement between both the values

supports the suggested method for radial width implementation.

A.3.4 Validation of the velocity spread and
radial width implementation

Comparison of velocity spread implementation

For 236 GHz DEMO gyrotron, the single mode time-dependent simula-
tions are used to validate the velocity spread implementation methods dis-
cussed in section A.3.1 and A.3.2. The spread implementation using macro-
electron beam are compared with the EURIDICE internal spread implemen-
tation approach. During the start-up scenario, the beam energy is increased
from 28 keV to 58 keV and the RF behavior of gyrotron is estimated. The
selected operating parameters for this analysis are enlisted in section 2.3.2.
In all the cases, 6 % (r.m.s.) perpendicular velocity spread 3, is considered,
which corresponds to 15.37 % of spread in the velocity ratio (¢g). The com-

parison of final results is presented in Figure A.7.

For the equal area method (method 1), 219 samples are considered to im-

plement the Gaussian distribution, and as discussed in section 4.1.2, the
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Figure A.7: Single mode, time-dependent simulations to validate developed spread implemen-
tation algorithms. Using method 1 and method 2, the macro-electron beam with
6 % (rms), Gaussian velocity spread is generated and used for the simulations.

macro-electron beam is generated with 50 guiding center phases ¢y and 9
different phases (¢). The macro-electron beam with 6 % velocity spread
is further used for single mode simulation in EURIDICE code. The radial
width is not considered in this simulation. Similarly, using weighting factor
assignment, 219 samples are distributed to 21 uniform velocity ratio sample
(0%). The results with suggested velocity spread implementation methods
are in good agreement with EURIDICE spread implementation and authen-
ticates the suggested approaches. Along with the single mode simulations,
the performance of suggested methods have also been successfully veri-

fied/benchmarked with multi-mode simulations.

For further verification, the velocity spread implementation of the EU-
RIDICE code package is compared with TWANG and TWANG-PIC codes.
Using the test case of W7-X gyrotron and the ITER gyrotron, the effects of
beam velocity spared are investigate for all three codes. The detailed set-up

of these cases and results are discussed in section A.5.
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Radial width implementation

Similar to the velocity spread, the radial width implementation using macro-
electron beam (section A.3.3) is compared to the standard EURIDICE in-
ternal width implementation. In Figure A.8, the single mode self-consistent
simulation result of the radial width implementation with macro-electron
beam is benchmarked with the EURIDICE radial width implementation.
The beam width of A /4 is considered for both the simulations. For the
particular guiding center phase (¢q), 20 different guiding center radii (rgc)
are used to generate realistic electron beam. The effects of radial width are
identical in both the cases and support the suggested radial width implemen-

tation method discussed in section A.3.3.

A.4 Developed code package: VISTAR

Using discussed techniques of the velocity spread and the radial width
implementation, the MATLAB code package named “VISTAR” has been

developed. Using this code package, the realistic electron beam file has

10077771 T T T T T T T T T

9004 A/4 Radial width
Euridice
Suggested method
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600 -
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Output power (kW)
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0
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28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
Beam energy (keV)
Figure A.8: Single-mode, time-dependent simulations with a beam thickness of 4 /4.
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been generated and further used as an input for the self-consistent, time-
dependent simulations or PIC simulations. The final realistic electron beam
file is fully compatible with in-house beam-wave interaction simulation
code “EURIDICE” [APIV12] along with the commercially available gy-
rotron interaction codes (e.g. MAGIC [All11], CST PARTICLE STUDIO®
[CST] etc.). By generating the misaligned realistic electron beam file, the
effects of axial beam misalignment can also be studied. In addition to that,
it is also possible to customize the implemented distribution function (i.e.
Gaussian for velocity spread and uniform for radial width) and the new user
defined distribution function can be easily replaced.

Major functions of VISTAR code

The VISTAR code includes many individual sub-routings. The important

sub-routings and their functionalities are as discussed below.

* Calculate the beam parameter for the start-up condition: Using
the final operating parameters (beam voltage, beam current and veloc-
ity ratio), this code calculates the beam parameters during the start-up

scenario.

* Generate electron beam file: Considering the electron beam radius,
parameters of macro-electron beam and start-up scenario, an ideal

macro-electron beam file can be generated.

* Analyze beam parameters: It is possible analyze the electron beam
file and identify the various beam properties such as: beam position,
a variation of the relativistic factor (y), various spreads in the beam

parameters etc..

e Introduce velocity spread: As discussed in section A.3.1 and A.3.2,
two methods have been selected to generate electron beam with veloc-

ity spread. Both methods are implemented successfully in VISTAR
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code and an electron beam with velocity spread could be generated

using the developed codes.

e Radial width implementation: The codes for radial width imple-
mentation have been successfully developed and integrated in VIS-
TAR. The numerical analysis of the implemented method is discussed

in section A.3.3.

e Introduce beam misalignment: This part of code generates mis-
aligned ideal electron beam (without velocity spread and radial width)
for the electron beam misalignment study. As a next step, the velocity
spread and radial width implementation routings are used to gener-
ate a misaligned electron beam with realistic beam parameters for the
accurate estimate of gyrotron behavior. The detailed analysis of the

electron beam misalignment is presented in section 4.1.

* Export file with the realistic beam profile: The generated realistic
electron beam file is further exported for gyrotron interaction simu-
lations. The generated file is compatible with the self-consistent EU-
RIDICE code as well as with the PIC codes like MAGIC [All11] and
CST PARTICLE STUDIO® [CST].

A.5 Comparison of velocity spread
implementation: EURIDICE and
TWANG code

For the accurate estimation of the gyrotron behavior, it is necessary to con-
sider the effects of electron velocity spread. Over the period, various gy-
rotron interaction codes have been developed at IHM-KIT Germany, Na-
tional Technical University of Athens, Greece and SPC-EPFL, Switzerland.
The main aim of this analysis is to compare/benchmark the velocity spread

implementation of these in-house codes. For comparison, the cases of the
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W7-X 140 GHz / 1 MW gyrotron and the ITER 170 GHz / 1 MW gyrotron
are chosen. The complete parameters of the selected cases are enlisted in
the Table A.4. The co-rotating mode TE_»g g is selected for W7-X case and
co-rotating TE_37 9 mode for the ITER case. In case of the W7-X gyrotron,
the constant magnetic of 5.59 T is considered, while in the case of ITER
gyrotron, the realistic magnetic field profile is used.

The Gaussian-type distribution is selected for the pitch-factor spread. The
simulations are performed with the pitch-factor spread of 5 %, 10 %, 15 %
and 20 %, which corresponds to the perpendicular velocity spread of 1.85 %,
3.72 %, 5.57 % and 7.43 %, respectively. Here, the average value of pitch
factor o is 1.3.

Simulations with Cavity code and EURIDICE

To validate spread implementation, initially, the single mode self-consistent,
time-dependent simulations are performed using in-house codes, Cavity and
EURIDICE. In both the cases (W7-X and ITER), the gyrotron performance

Table A.4: Selected modes and the operating parameters for the W7-X and ITER test case.
Case 1: W7-X  Case 2: ITER

Frequency 140 GHz 170 GHz
Selected operating mode TE_ 233 TE_ 329
Magnetic field (T) 5.59 6.78
Cavity radius (mm) 20.48 19.24
Beam radius (mm) 10.1 9.44
Beam voltage (keV) 80 79.5
Beam current (A) 40 40
Pitch factor 1.3 1.3
Conductivity (S/m) 1.4 x107 1.4 x107
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Figure A.9: RF-power versus velocity-ratio spread on the test case of the (a) W7-X and (b)
ITER gyrotron.
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183



A Appendix

is determined by considering different velocity spread values. The depen-
dency of the output power of W7-X gyrotron on the pitch factor spread is
presented in Figure A.9 (a). The output power is highly dependent in the
case of Cavity code simulations, and there is a discrepancy in the results of
the Cavity code and EURIDICE. The results are similar to the ITER case
also (see Figure A.9 (b)). These scenarios strongly suggest the necessity of

further efforts to validate the spread implementation.

Benchmark results with TWANG and TWANG-PIC code

To resolve the discrepancies between the results of the Cavity code and EU-
RIDICE, the influence of velocity spread is verified with the simulation re-
sults of TWANG and TWANG-PIC code [ATAT11] [BTV™14] [BTV'15].
The same W7-X and ITER cases are used for the simulations. The simu-
lations with TWANG and TWANG-PIC code have been performed by Dr.
Falk Braunmiiller [Bral5].

For all the selected codes, the output power at different spread values is
compared in Figure A.9. The power without any spread is slightly smaller
in the TWANG simulations than from the KIT-codes simulations. The two
codes TWANG and TWANG-PIC have practically the same dependency on
spread, which is even smaller than the one from EURIDICE. Clearly, the
results from Cavity code are again outlier. TWANG-and TWANG-PIC seem
to have exactly the same dependency on the pitch-angle.

It is observed that the dependency on the pitch factor spread is more for
SPC-codes TWANG and TWANG-PIC rather than EURIDICE. However,
the dependency of these three codes are in the same order and the the results

form Cavity-codes are much more dependent on the spreads.
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Effects of axial velocity variation

As presented in Figure A.9, the dependency of the pitch-angle spread is
similar in EURIDICE, TWANG and TWANG-PIC simulations, though, the
output power in the case of EURIDICE marginally differs to TWANG and
TWANG-PIC simulations. The axial velocity of the electrons along with the
cavity has been considered constant in EURIDICE simulations, while the
variation of axial velocity is included in TWANG and TWANG-PIC simu-
lations. To have similar simulation setup, the EURIDICE simulations are
performed again including the effects of axial velocity variation. In addition
to that, the similar simulations are also performed using EURIDICE quasi-
PIC routing for better comparison. The dependence of the pitch - factor
spread of the output power with new updated EURIDICE and EURIDICE
quasi-PIC is compared with TWANG and TWANG-PIC codes as presented
in Figure A.10.

With the inclusion of axial velocity variation in EURIDICE simulations,
the overall output power is slightly reduced in both the cases (W7-X and
ITER). The results of EURIDICE and EURIDICE quasi-PIC routine are in
good agreement for different values of pitch-factor spread. For the ITER
gyrotron, with the updated simulation setup, the results of the EURIDICE
and EURIDICE quasi-PIC simulations are similar to TWANG code.
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