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Foreword of the Editor

Nuclear fusion is considered as a long term option for future sustainable and
reliable energy production. The most promising technical solution under
consideration is the magnetic confinement fusion. A thermonuclear plasma
with temperatures of more than 100 million Kelvin is generated to overcome
the electrostatic repulsion between the light atomic nuclei such as hydrogen
and to achieve the fusion of the nuclei. Electron Cyclotron Resonance Heating
(ECRH) and Current Drive (ECCD) are the methods of choice to heat and to
control the plasma by applying an electromagnetic field at millimeter wave
frequencies. Any new nuclear fusion device, but particularly ITER, the inter-
national thermonuclear experimental reactor currently being under construc-
tion near Cadarache set new levels of RAMI (reliability, availability, main-
tainability and inspectability) standards for all of its components, but in
particular for its ECRH facility. Any possible disruption of the plasma current
leading to a loss of the plasma confinement by a sudden loss of deposited hea-
ting power must be prevented. In order to meet the demanding RAMI goal new
and innovative approaches are required, particularly for the operation and con-
trol of the most critical part of any EC system the millimeter wave (microwave)
source. The only EC source known today that is capable to generate megawatt-
class output power efficiently at continuous waves and at millimeter wave fre-
quencies is the gyrotron oscillator (the gyrotron). Its principle bases on the
electron-cyclotron maser instability.

In the present work, Dr.-Ing. Fabian Wilde presents an innovative control al-
gorithm for gyrotrons. It ensures the fast (< 2 ms) recovery of the nominal
working mode after a switch to the competing satellite mode during a pulse.
For the first time, the algorithm exploits the hysteretic gyrotron behaviour after
a mode switch. Dr.-Ing Fabian Wilde demonstrates the successful use of the
automated mode recovery (MORE) for the gyrotrons of the Wendelstein 7-X
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(W7-X) ECRH facility. Statistical analyses of dedicated experiments and the
last experimental campaign W7-X OP 1.2b are presented in this work quanti-
fying the gains in terms of reliability and output power. On average, the gyrot-
ron output power is increased by 10 percent for the same pulse length and the
pulse length is increased by 40 percent during W7-X OP 1.2b.

In the second part of this work, Dr.-Ing. Fabian Wilde examines the feasibility
of an electronic stability control for gyrotrons using a real-time precursor for
the imminent mode loss during a gyrotron pulse. The stray radiation at the
gyrotron relief window from parasitic and satellite modes is analyzed in the
time domain for the first time. First statistical analyses indicate that the moving
mutual information between the RF output power and the stray radiation signal
is possibly suitable as precursor for mode loss in a future electronic stability
for gyrotrons.

By demonstrating the automated mode recovery system at Wendelstein 7-X,
Dr.-Ing. Fabian Wilde contributes to the gyrotron community significantly to
achieve and maintain the high RAMI level required for future fusion power
plants with the increasing demand in gyrotron output power. His research work
on identifying possible precursors for mode loss in the gyrotron stray radiation
is a very promising starting point for future research and developement.



Dedicated in affection and gratitude to the people
who went through my darkest times with me






Kurzfassung

Die vorliegende Arbeit dokumentiert die Entwicklung einer schnellen Steuerung
und die Ermittlung einer Echtzeit-Signatur fiir den drohenden Verlust der Ar-
beitsmode fiir die Hochleistungsgyrotrons (von Thales Electron Devices) von
Wendelstein 7-X, dem weltgro3ten Fusionsexperiment vom Typ Stellarator.
Das Hystereseverhalten nach einem Sprung zur Satellitenmode und das Verhal-
ten bei gleichzeitiger Aktivitidt mehrerer Moden wird in Simulationen und Ex-
perimenten fiir das W7-X Gyrotron untersucht. Basierend auf den gewonnenen
Erkenntnissen wurde eine automatische Wiederherstellung der Arbeitsmode
(mode recovery, abgekiirzt als MORE) auf einem FPGA implementiert und
erfolgreich in dafiir geplanten Experimenten, sowie wihrend der letzten Ex-
perimentkampagne OP1.2b von Wendelstein 7-X getestet. Im Gegensatz zu
bereits existierenden, vergleichbaren Losungen wird dabei zum ersten Mal
das Hystereseverhalten des Gyrotrons nach einem Sprung zur konkurrieren-
den Satellitenmode ausgenutzt und ein kompletter Durchlauf aller Moden
beim Startup vermieden. Zur Bewertung des Effekts von MORE auf die
Betriebsstabilitit wurde eine statistische Analyse durchgefiihrt, welche die
Erste ihrer Art hinsichtlich des Umfangs der analysierten Daten ist. MORE
war in 99 % der Fille in der Lage die Arbeitsmode bei Tests mit zwei Gy-
rotrons wiederherzustellen. 91 % der Modenverluste bei sieben Gyrotrons
konnten wihrend OP1.2b wieder hergestellt werden. Im Vergleich zum Be-
trieb ohne MORE konnte die zuverldssige Ausgangsleistung pro Gyrotron
um bis zu 100 kW bei gleicher mittlerer Fehlerwahrscheinlichkeit gesteigert
werden. Die resultierende Leistungssteigerung der W7-X ECRH entspriche
einer Kosteneinsparung in Hohe von circa einer Million Euro gemessen an
dem Beschaffungspreis eines Gyrotrons. Die automatische Modenwieder-
herstellung wurde von Fusion For Energy (F4E) zur Verwendung bei ITER
vorgeschlagen und soll am Swiss Plasma Center am EPFL fiir den Prototypen
des EU ITER Gyrotrons erprobt werden.

Weiterhin wurden in dieser Arbeit die Streustahlung der Parasitdren und Satel-
litenmoden (der azimuthalen Nachbarmoden) am Relief-Window des Gy-
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rotrons untersucht um eine Echtzeit-Signatur fiir einen bevorstehenden Mod-
enverlust zu identifizieren. Letzterer wird als Feedback in einer elektronischen
Stabilititskontrolle fiir Gyrotrons bendtigt. Die Satellitenmoden wurden als
mogliche Kandidaten in Streustrahlungsspektrogrammen und in ersten Un-
tersuchungen entdeckt. Ein exponentielles Wachstum des durchschnittlichen
Streustrahlungsniveaus wurde nahe der maximalen Leistung des Gyrotrons
beobachtet.

Ein Hochpassfilter und ein quasi-optischer Bandpassfilter wurden fiir zwei
Messanordnungen der Satellitenmodenaktivitit realisiert. Beide Messanord-
nungen dienten der Beobachtung der Satellitenmodenaktivitit wihrend sta-
biler und instabiler Pulse mit Modenverlusten, bei denen MORE aktiv war.
Stochastische Muster von simultanem Abfall des Leistungssignals der Ar-
beitsmode mit Anstieg des Aktivititssignals der Satellitenmoden wurden als
mogliches, temporires, reversibles multi-moding identifiziert. Das Phinomen
wird reproduziert, kurz bevor der Modensprung von der Arbeitsmode zur
Nachbarmode durch den langsam abfallenden Kathodenstrom, auf Grund der
Emitterabkiihlung, erfolgt. Als mogliche Erkldrung fiir die Zeitskala der
Muster wurde die Wahrscheinlichkeitsverteilung des Rauschens auf den Ver-
sorgungsspannungen identifiziert.

Die Transinformation oder gegenseitige Information (mutual information)
wurde fiir ein gleitendes Zeitfenster zwischen dem Leistungssignal und den
gemessenen Streustrahlungssignalen fiir 170 bzw. 174 Gyrotronpulse bes-
timmt, um die nicht-lineare Korrelation der Signale zu bestimmen und die
Signalverarbeitung in einer spateren, moglichen Implementierung in einer
schnellen Gyrotronsteuerung zu simulieren. Das oben genannte Muster zeigt
sich dabei in einem (schnellem) Abfall der gegenseitigen Information bis zu
400 ms vor einem bevorstehenden Modenverlust als statistische Haufung. Da-
her konnte die Transinformation als Vorldufersignatur fiir den Modenverlust
und als Feedback in einer kiinftigen elektronischen Stabilititskontrolle fiir
Gyrotrons verwendet werden.

ii



Abstract

This work documents the development of a fast feedback controller and the
investigation of a real-time mode loss precursor for the high-power gyrotrons
of Wendelstein 7-X, the world’s largest fusion experiment of the stellarator
type.

The hysteretic behavior after a mode switch to the competing satellite and
multi-moding behaviour of the W7-X gyrotron is investigated in simulations
and experiments. Based on the findings, an automated recovery of the nominal
operating mode (MORE) was implemented on a FPGA and successfully tested
in dedicated experiments and during the last experimental campaign OP1.2b of
Wendelstein 7-X. In contrast to other already existing solutions, the hysteretic
gyrotron behaviour after a switch to the competing satellite mode is exploited
for the first time and the whole gyrotron mode startup is avoided. In order to
evaluate the effect of MORE in terms of operational reliability, a statistical
analysis was performed being the first in terms of the analyzed amount of data.
MORE was able to recover the nominal gyrotron mode among two gyrotrons
in 99 Y% of the cases during dedicated experiments. 91 % of the mode losses
could be recovered among seven gyrotrons during W7-X OP1.2b. The reliable
output power per gyrotron was increased by up to 100 kW with the same
mean failure probability when compared to an operation without MORE. The
total ouput power increase of the W7-X ECRH facility translates to possible
cost savings of up to one million euros. The automated mode recovery was
proposed by FAE to be applied for ITER and an evaluation is planned at the
Swiss Plasma Center (SPC) in Lausanne for the prototype of the ITER EU
gyrotron.

The stray radiation of parasitic and satellite modes (e.g the azimuthal neighbour
modes) at the gyrotron relief window was examined in order to identify a real-
time mode loss precursor. The latter is required as feedback for an electronic
stability control for gyrotrons. The satellite modes of the gyrotron working
mode were identified as possible candidates in stray radiation spectrograms
and in exploratory measurements. An exponential growth of the average stray

iii
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radiation level was observed during pulses approaching the practical output
power limit of the gyrotrons.

A cutoff high pass filter and a quasi-optical band pass filter were designed and
realized for two satellite mode activity measurement setups. Both setup were
used to monitor the satellite mode activity during stable and unstable pulses
with mode losses were MORE was active. A stochastic pattern of simultaneous
dips in the nominal mode power signal and peaks in the satellite mode activity
signal was identified as possible temporary reversible multi-moding. The phe-
nomenon is reproduced prior to an imminent mode switch from the nominal
working mode to the azimuthal neighbor mode during a slowly decreasing
cathode current as a consequence of the emitter cooling effect. As possible
explanations for the time scale of the patterns, besides the time constant of
the decreasing cathode current, the supply voltage ripple and the probability
distribution of the supply voltage noise were identified.

iv
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1 Introduction

This chapter gives the motivation, an overview of already existing solutions
and the scope of this work. The reader then receives a short introduction into
the topic of nuclear fusion, the importance of gyrotrons for this field and a
presentation of the world’s largest fusion experiment of the stellarator type
- Wendelstein 7-X (W7-X) - and its Eelectron-Cyclotron Resonance Heating
(ECRH) facility. The improvement of the operational stability and reliable
output power of the W7-X gyrotrons is the main subject of examination in the
present thesis. It thus continues with the necessary theoretical background
about the gyrotron and its components in general, a description of the most
important transient phenomena during long-pulse operation and a description
of the W7-X gyrotron in particular. This enables the reader to grasp the applied
methods and the results presented in the subsequent chapters.

1.1 Motivation

The importance of thermonuclear fusion for mankind’s future energy supply
is undeniable. All fusion experiments and fusion power plants in the near
future will need reliable continuous heating power since the conditions for
a self-ignited plasma are not yet feasible. The electron cyclotron resonance
heating (ECRH) using high-power microwave oscillators (gyrotrons) has the
potential to be the heating method of choice for future fusion devices of power
plant scale [TDST19]. The reliable ECRH operation was also crucial for the
success of the first experimental campaigns of Wendelstein 7-X [WBD*18].
Therefore, any achievable improvement in terms of output power and reliability
for the gyrotrons is greatly desired.

The feasible cooling sets an upper limit for the thermal load of the gyrotron
cavity. Therefore high-order modes in oversized cavities have to be con-
sidered for the design of megawatt gyrotrons as desired by fusion research.
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Unfortunately the spectrum of cavity modes becomes more dense and the
frequency seperation of the modes is worsening with increasing cavity size
being necessary to satisfy the demand of growing output power [KBT04].
Consequently the excitation of competing parasitic and satellite modes is more
likely, leading to an increased stray radiation level and consequently often to
a loss of the nominal operating mode when the output power limit of the tube
is approached. The gyrotrons (at W7-X) are therefore operated below their
maximum possible output power with a safety margin as trade-off between
output power and reliability. In case of a mode loss during a gyrotron pulse,
a gyrotron at W7-X is shutdown after 2 to 3 ms without RF (RF grace time
period) to avoid any damages and is then no longer available for the current
plasma discharge [MWB*19, WBD*18]. The gyrotron needs to be reset man-
ually by an operator afterwards.

An innovative solution for the existing W7-X gyrotrons to increase their
achievable output power while maintaining or even increasing their opera-
tional reliability is desired. The challenge is that the solution must not include
any technical modifications of the gyrotrons itself, possibly affecting their de-
sign, or the high voltage power supplies. Under these circumstances, the only
possible solution is a fast feedback gyrotron controller allowing to minimize
the probability of mode loss or allowing to avoid any mode loss by taking
counter-measures in advance. Also an automated fast recovery of the output
power during the pulse would be beneficial since the current plasma discharge
would remain unaffected and no human intervention would be necessary. Fast
in this context means that the time necessary to recover the heating power
should be (much) smaller than the energy confinement time 7 of the fusion
experiment. In case of W7-X, 7 is in the order of 100 to 200 ms depend-
ing on the injected heating power [WAA*17]. W7-X achieved a record of
7 = 220 ms [WA19]. Such a gyrotron controller would significantly enhance
the ECRH capabilities of W7-X, also addressing the needs of other and future
ECRH facilities of fusion experiments, like ITER.
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1.2 State of the Art for Gyrotron Controllers

The already existing gyrotron controllers can be distinguished by their control
parameters and the controlled quantities. Among those, the gyrotron frequency
and output power are the most prominent. Various approaches for frequency
stabilization were applied on low-power gyrotrons for DNP-NMR spectroscopy
[IKUK14, KIK*15, FGG*18] and also on high-power gyrotrons for fusion
applications [KMT*06, OIT*12]. In order to achieve the frequency [Gei91]
or output power stabilization, injection locking, a Phase-Locked Loop (PLL)
[GKL*06, DFG*17, FGG*18] and a PID feedback control of the acceleration
voltage [KIK"15] and/or heater current [IKUK14] were the most popular
methods.

Only very few solutions exist for the general stability control or post-failure
handling of (multiple) high-power gyrotrons, hence a fast automated recovery
of the normal gyrotron operation after a failure. Of course the demand for and
the realization of such solutions is limited to large-scale fusion facilities, thus
limiting the number of publications in this field.

At the DIII-D facility [PBC*18,PLT*11] exists a fast FPGA-based controller
which restarts a gyrotron when it ceases RF operation, interrupts an imminent
body current fault or pauses the gyrotron operation when a critical plasma
density is exceeded. In case a gyrotron ceases RF operation, it is restarted
within 10 to 30 ms by a temporary shutdown, reducing the body and the cathode
voltage to zero [PBC*18]. At ASDEX Upgrade, a gyrotron is shutdown and
restarted within 100 ms after a failure which could be arcing or the loss of the
nominal gyrotron mode. In this case another idle gyrotron attempts to take
over immediately the operation [WSL*16].

These solutions have in common that the gyrotron is completely shutdown
before its normal operation state is restored and that no precursor for the loss
of the nominal operating mode is implemented. Although the time required
for the recovery of the normal gyrotron operation is still smaller than the
energy confinement time of the experiment, the required time should be as
short as possible. At the stellarator Wendelstein 7-X, no active post-failure
handling solution exist so far, meaning that a gyrotron is no longer available
for the running plasma discharge in case of a failure (e.g. arcing, overcurrent,
body current fault etc.) during a pulse. The gyrotron needed then to be reset
manually by an operator after the end of the discharge.

A fast oscillation recovery for gyrotrons is of even greater importance for the
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future operation of the ITER tokamak or future fusion power plants where a
sudden drop in microwave heating power could lead to a premature end of
the plasma discharge, hence a disruption in a tokamak [TDST19]. Due to the
enormous thermal and electromagnetic (hence mechanical) loads acting on the
vessel and the magnetic coil structures [LAA*15,SPB10,Sch95], ITER is only
designed to withstand a limited number of disruptions. Therefore, solutions
to predict, mitigate and avoid disruptions are currently under investigation
[SBB*19,PdVH"18]. In this context, a fast oscillation recovery for gyrotrons
would be desired to reduce the probability of such disruptions and it could be
crucial to ensure the reliability of future fusion power plants [TDST19].

1.3 Scope and Structure of this Work

The present work documents the development of a fast innovative controller for
gyrotrons to increase the achievable pulse duration and the maximum reliable
output power. In case of W7-X, it helps to increase the reliable heating power
and the achievable pulse duration available for experiments allowing for higher
plasma densities and discharge durations.

In order to achieve this goal, a combination of fast control algorithms acting
on the acceleration voltage is proposed and partly integrated in a FPGA-based
controller. The first innovation is an algorithm for a fast automated recovery of
the nominal gyrotron working mode after a switch to the competing satellite.
The hysteretic gyrotron behaviour is exploited instead of simply switching the
gyrotron off and on again after a while, unlike other already existing solutions.
This way a full gyrotron mode startup is avoided which could potentially have a
side effect on W7-X diagnostic systems operating in a similar frequency range
(e.g. ECE, CTS). This allows a very fast recovery of the output power within
< I ms, much smaller than the energy confinement time 7 of the Wendelstein
7-X device which is in the order of up to 400 ms. It reacts in case of a loss of
the nominal working mode using a calibrated RF detector diode signal. This
is thought of to be the backup solution in case the second algorithm fails.

The second algorithm is proposed as a possible approach for a fast feedback
control, an electronic stability control, using a real-time measurement of the
satellite mode stray radiation as feedback and precursor for mode loss. It
would allow to stabilize the gyrotron operation at a given working point close
where a mode switch from the nominal working mode to its azimuthal neigh-
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bour mode is more likely. The gyrotron could be operated with even smaller
safety margins and hence at a higher output power level. Using a real-time
modeloss precursor signal, the controller would be able to detect temporary
multi-moding behaviour prior to a mode loss and could reduce the accelerating
voltage in advance in order to avoid it. To the best of the author’s knowledge,
this is attempted for the first time, in particular applied on high-power gyrotrons
for fusion. The development of custom microwave components for two stray
radiation measurement setups is as well documented. The stray radiation mea-
surements are the basis for a real-time measurement of a modeloss precursor.
This work is organized in four major parts: The first introductory part gives
the motivation for this work and the state of the art for gyrotron controllers.
Afterwards the novelties and the scope of this work are described. The chapter
is complemented by an introduction into nuclear fusion, the fusion experiment
Wendelstein 7-X and its ECRH facility. Finally an overview for gyrotrons is
given including its working principle and key components to enable the reader
to grasp the following investigations and methods.

The second part investigates hysteretic and multi-moding behaviour in simu-
lations and experiments to evaluate the feasibility of a controller as described
above. The hysteretic behaviour after a switch to the competing satellite
mode is examined in simulations. An experiment to demonstrate the hysteretic
behaviour due to mode competition and repeated mode switching with sub-
sequent recovery of the nominal mode was performed. This is done in order
to evaluate the feasibility of an automated recovery of the nominal gyrotron
working mode. The emitter cooling behaviour is simulated, since this is the
most common scenario and reason for mode loss observed for long gyrotron
pulses during experiments at Wendelstein 7-X. Multi-mode simulations are
performed taking into account technical noise on the acceleration voltage.
This is done to investigate the effect on mode competition and stability and to
support the existence of a precursor for mode loss. Spectrograms are acquired
for the stray radiation at the gyrotron relief window during mode switching
experiments. The measurement setup using a spectrum analyzer as well as the
software for data-aquisition and post-processing are presented. The spectro-
gram measurement setup is validated with spectograms of the nominal working
mode by comparison to already existing spectrograms in [Sch15] acquired with
the pulse spectrum analysis (PSA) system presented in [SGJT13b]. In order
to provide a real-time precursor measurement, two measurement setups were
developed for which custom microwave components were designed, built and
tested. The design, construction and measurement of a waveguide high-pass
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filter and a quasi-optical dielectric disc filter as satellite mode band pass are
presented in detail. The performance of the proposed mode loss precursor
using the two measurement setups is evaluated.

The third part continues with the proposed solutions: an automated mode
recovery and a proposed electronic stability control for gyrotrons. The mode
recovery (MORE) algorithm, its implementation and experimental results dur-
ing dedicated experiments and the last experimental campaign W7-X OP1.2b
are shown. In order to automate the statistical analysis of a large number of
gyrotron pulses, a framework named SAGE (Statistical Analysis of Gyrotron
Experiments) developed in the programming language Python is presented
as well. This software is used to create a searchable database of all per-
formed gyrotron experiments. Based upon this database the performance of
MORE is evaluated. Finally two possible approaches for an electronic stability
control using a real-time modeloss precursor are described and their perfor-
mance is simulated in software. One of the approaches makes use of a phase
space reconstruction with Takens theorem (1981) [Tak81, Sha06] and a spe-
cial type of neural network based on the Koch-Poggio-Torre model [KPT83].
The phase space reconstruction technique known from the analysis of chaotic
time series is powerful to reconstruct the high-dimensional state space of a
complex system without the need to know its governing differential equa-
tions [PCFS80, KBA92, YEWR14]. The special neural network, an approx-
imate logic dendrite morphological neuron model [JGC*16], has a straight-
forward hardware implementation and can be easily implemented in a FPGA.
The other approach uses a Savitzky-Golay filter for signal preprocessing and a
simple control algorithm.
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The world population is growing and projections indicate that a stabiliza-
tion in population numbers is not expected before the end of this century
[GRS*14,Coh03]. This translates to a fast growing demand for energy whereof
the vast majority has been and is still nowadays covered by burning of fossile
fuels [KLT12]. Due to enormously increasing CO2-emissions since the be-
ginning of the industrialization at the end of the 19th century, evidence for
anthropogenic climate change and global warming is emerging since the sev-
enties of the 20th century [MS64, KBB*76]. More recent studies conclude
that a global warming of around 1.0°C was already caused compared to pre-
industrial levels. A global warming of 1.5 °C is predicted with high confidence
for the period of 2030 to 2052 if CO2-emissions will remain with the current
rate [MDZP*18,ZRZ16, MBH98].

Therefore mankind has to cover this demand with preferably CO2-neutral
technologies. Unfortunately the renewable energy sources like photovoltaics,
wind and water power are inherently not suitable to cover the base load un-
der all weather conditions at any location on earth. Nuclear fission as quasi
CO2-neutral alternative on the other hand faces only low acceptance by the
public due to multiple reasons: Firstly, the risk and severe consequences of
radioactive contamination in case of a maximum credible accident (MCA) like
in Chernobyl (1986) or Fukushima (2011). Secondly, the problematic dis-
posal, treatment and unsolved final-storage problem for the highly radioactive
waste produced by operating nuclear fission power plants. But since Bethe’s
discovery in 1938 [Bet39] that the stars harness their energy from the pro-
cess of thermonuclear fusion, science attempts to mimick a similar process
on earth to generate electrical power in the long-term future. Since the nu-
clear binding energy increases with increasing proton number upto the element
Fe [CGO1], fusion of lighter nuclei releases the energy difference equivalent
to the mass defect, the difference of the rest masses, as described by Einstein’s
mass-energy-equivalence [Ein35]. From an economical point of view, fusion
of hydrogen, the lightest nuclei, has the highest fusion energy gain, as investi-
gated in 1956 by Lawson [Law57]. An important quantity in this context is the
fusion triple product n - T - 7 proposed by Lawson with n being the density, T
the temperature and 7 the energy confinement time. The fusion triple product
is a key quantity to measure the performance of fusion devices as well as to
describe the conditions required for a specific fusion reaction. Among the pos-
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sible hydrogen fusion reactions, the D-T reaction, the fusion of the hydrogen
isotopes deuterium 7D and tritium 3T to helium 3He, is considered to be the
most promising one [KLT12,Chel5]. The required ressources for this reaction
are abundant: Deuterium can be extracted from sea water and tritium can be
breeded from lithium which is the second most abundant element on earth.
Moreover the end product helium is a harmless inert gas in contrast to the
highly radioactive, hazardous waste consisting of depleted fuel rods produced
by nuclear fission power plants.

In order to achieve nuclear fusion, the repelling Couloumb barrier has to be
overcome with sufficient collective kinetic energy of the nuclei. At very small
distances in the order of 1071° m, the strong attractive nuclear force then dom-
inates, allowing for nuclear fusion. The maximum reaction rate for the D-T
reaction can be achieved at temperatures in the order 100 Million K, which is
equivalent to 10 keV. This is a unit typically used in plasma or particle physics,
since hydrogen (the reactant gas) is fully ionized at such temperatures and is
called plasma. Degrading effects are drift and diffusion need to be minimized
by a proper confinement, since the plasma needs to retain its density and tem-
perature long enough to allow thermonuclear fusion to happen. Among the
experimental concepts towards the realization of fusion power, the magnetic
confinement devices are the most popular [Chel5]. A magnetic confinement
device is a circular, closed setup of magnetic field coils. The idea is to achieve
a confinement of the charged particle species (ions and electrons) in the plasma
by a toroidally closed magnetic field via the Lorentz force.

Within the class of magnetic confinement devices, there exist two main con-
cepts which are currently pursued in large-scale experiments: the tokamak
[SBG*01] and the stellarator [Spi58] both developed in the 50s of the last cen-
tury. Nowadays large-scale tokamak experiments to name are JET! [RBKSS,
SdP06] and MAST? [MAD*15] in the UK, ASDEX? Upgrade [HGO03] in Ger-
many, JT-60 [NAH*90,KIKNO5] in Japan and ITER [Big18,Mot15] in France
which is still under construction. ITER* will be the world’s largest tokamak
and a large-scale international research project with 35 participating countries,
representing two third of the world population, with a first plasma expected
for 2025 [ite19, Hol07,Big18]. The large helical device (LHD) [KYI*10] in

! Joint European Torus

2 Mega Amp Spherical Tokamak

3 Axially Symmetric Divertor EXperiment

4 latin: the way, previously: acronym for International Thermonucelear Experimental Reactor
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Japan and Wendelstein 7-X° [GM93, BWA* 13, KAB*16] in Germany are the
largest stellarators currently in operation.

A tokamak and a stellarator both consist of a toroidal plasma vessel and a
magnetic coil system allowing the plasma confinement. The key difference
between both is that for the stellarator no current needs to be induced in the
plasma in order to create the poloidal field component which is crucial for
the confinement. In a stellarator both magnetic components (toroidal and
poloidal) are created externally by its magnetic coil system. The stellarator
is therefore intrinsically capable of steady-state operation in contrast to the
pulsed operation of the tokamak. The drawback of the stellarator was a worse
particle confinement compared to the tokamak in the past. But with the gener-
ation of optimized stellarators, like Wendelstein 7-X, competitive confinement
properties can be achieved and the stellarator is considered again as possible
candidate with regard to a future fusion power plant.

In order to achieve the required temperatures, one or more of the following
methods are used in fusion experiments: Ohmic Heating (OH) [PW05, GR95],
Neutral Beam Injection (NBI) [HTA08, SBC*16] and Radio-Frequency (RF)
plasma heating [HAB*07, EBB*07, REGK98, MKL* 14].

The method of ohmic heating works with an induced current in the plasma
which is heated due to its electrical resistance, similar to a kettle, where a
current flows through a resistor which then heats up. This method has the
disadvantage that it is only suitable for the initial heating since the method
becomes increasingly ineffective with increasing plasma temperature or re-
spectively decreasing plasma resistance [GR95, Chel5,PWO05, Spi06].
Plasma heating with neutral beam injection requires the generation of a high-
energy beam of neutral hydrogen (H?) or deuterium (D) atoms by ionization of
the neutral gas to typically their negative ion counterparts and the subsequent
acceleration and neutralization. Typically a neutral D° beam with an energy
in the order of several tens of keV (which translates to an injected power in
the MW range) is injected into the plasma [HFH"96, TNN*00]. Since the
neutral high energy atoms are not influenced by the magnetic field, power can
be deposited deeper in the plasma core where the atoms transfer their energy
by electrostatic collisions after ionization, simultaneously fueling the plasma.
The disadvantages of NBI are the size, costs and complexity of the required

5 The stellarator Wendelstein 7-X to which this work is closely related, is presented in the
following section.
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machinery reducing the availability for experiments and the low efficiency to-
wards high beam energies.

Higher efficiency can be achieved with RF plasma heating based on the res-
onant absorption of RF power near the cyclotron frequency or one of its n-th
harmonics of charged particles in a magnetic field. Depending on the par-
ticle species in the plasma, electrons or ions, electron cyclotron resonance
heating (ECRH) [WBD™* 18, EBB*07] and ion cyclotron resonance heating
(ICRH) [OMVE*14,MKL*14] are distinguished.

In case of ECRH, the frequency of the injected RF power has to be equal to
a multiple (or n-th harmonic) of the electron cyclotron frequency fey in a
magnetic field B given by (e.g. [KBT04, Chel5])

n-q-B

withn=1,23... (1.1)
21 -meg -y

fcycl, n =

with me ¢ and e being the electron rest mass and charge and y being the relativis-
tic Lorentz factor which is approximately 1 for a typical plasma temperature.
In case of Wendelstein 7-X with By ~ 2.5 T on the central plasma axis inside
the vessel the non-relativistic electron cyclotron frequency accounts to

n-e- By

feen = ———— ~n-70 GHz withn = 1,2, 3... (1.2)
27 - me

where m, ~ 9.1 - 1073! kg is the electron rest mass and e ~ 1.602 - 107!° C is
the elementary charge. The circular arrangement of the main magnetic field
coils creates a magnetic field decreasing from the inner side to the outer side
of the torus. This allows to centrally heat the plasma. The RF power with
a discrete frequency is injected from the outer side of the torus (low mag-
netic field side), so that the resonance condition is only fulfilled in the plasma
center and the RF power is transferred to thermal electrons. Depending on
the polarization, O-mode (ordinary) and X-mode (extraordinary) heating are
distinguished. Often the 2nd harmonic electron cyclotron frequency is used
for X2-mode heating for the startup, followed by O2-mode heating, in order
to achieve higher densities [Chel5, GR95]. This can be illustrated in a Clem-
mow-Mullaly—Allis (CMA) diagram for the electromagnetic wave propagation
in a cold plasma as shown in [KLT12].

The so called Q-factor, the ratio Poyput/Pinpuc between the input heating power
and the expected output power, is nowadays still well below 1 for fusion exper-

10
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iments. The thermal energy released by the fusion reaction is insufficient to
sustain itself and continuous reliable heating power is required. The opposite
would be an ignited, self-sustaining plasma with Q — oco. A Q-factor of 10
is planned for ITER with a target output power of 500 MW achieved with 50
MW of heating power whereof 24 MW are provided by ECRH [OHA* 11].
Therefore a reliable microwave source with an output frequency in the range of
100 to above 200 GHz (e.g. 170 GHz / 204 GHz planned for DEMO, 280 GHz
planned for Tokamak Energy) and an output power in the order of megawatts
is crucial for the success of fusion experiments and future fusion power plants.
The only suitable source which fulfills the mentioned requirements is the gyro-
tron [Thull, Thul4]. Since all fusion experiments, in particular Wendelstein
7-X [BWA*13], aim towards steady-state operation, the gyrotrons need to be
suitable for continuous wave (CW) operation. The working principle and
components of a gyrotron and the stellarator Wendelstein 7-X and its ECRH
facility are presented the following sections.

1.4.1 The Stellarator Wendelstein 7-X

The optimized stellarator Wendelstein 7-X (W7-X) located in Greifswald,
Germany, is currently the world’s biggest stellarator in operation with a major
radius of 5.5 m and a plasma volume of 30 m? (see Figure 1.1). The stellarator
has a five-fold symmetry allowing a modular construction consisting of five
modules. The main goal of W7-X is to demonstrate a quasi steady-state opera-
tion (1800 s) with hydrogen and deuterium plasmas having properties relevant
for a future fusion power plant and in particular to demonstrate confinement
properties, plasma densities and triple products which are competitive with
tokamaks. Parts of this goal have been already achieved in setting several new
records for stellarator devices [KAB*19, BWA*13].

The name stellarator originates from a mountain in the state of Bavaria, Ger-
many, having a shape comparable to the nested magnetic surfaces and he-
lical field line geometry. The magnetic field geometry has been optimized
with regard to seven criteria, among those are fast-particle confinement, neo-
classical transport, plasma stability issues and engineering feasibility of the
non-planar coils [GLM*92]. The magnetic confinement is achieved with a
system of 50 modular non-planar and 20 planar superconducting NbTi coils
operating at a temperature of 3.4 K [KAB*16, KAB*19]. The optimization
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Figure 1.1: Rendered image of the Wendelstein 7-X device showing its magnetic coil system:
Non-planar modular coils (dark blue) and planar coils (cyan) threaded on the inner
plasma vessel with a major radius of 5.5 m - modified version based on [KAB*16].

is reflected by the complex three-dimensional shape of the coils which were
an engineering challenge on their own due to very high manufacturing preci-
sion demands [BWA™ 13]. The manufacturing precision is of great importance
since even small errors of the magnetic field can lead to big perturbations of
the confinement quality. Measurements of the magnetic field topology showed
that the fields produced by the magnetic coil system meet the expectations
with astonishing precision [POL*16]. An overview of the inner structure of
the Wendelstein 7-X device is given in Figure 1.2. The first ideas for W7-X
date back to 1986 by Niihrenberg [NZ86] and 1992 by Grieger [GLM*92],
but it took till 2015, when finally, after a 15 year construction and one year
commissioning period, the first plasma has been created. The first helium
plasma with a duration of 0.1 s has been created on 10th December 2015
and the first hydrogen plasma with a duration of 0.25 s on 3rd February 2016
during an inauguration ceremony in presence of the German Chancellor Dr.
Merkel [KAB*16,DeV16,IPP16]. During the last operation phase OP1.2b a
pulse length of up to 100 s has been achieved with reduced heating energy
keeping in mind the limits of the uncooled in-vessel components [KAB*19].
For the next operation phase OP2, expected to begin in 2022 (delayed due to
the COVID-19 pandemic), all the in-vessel components will be equipped with
water cooling allowing to extend further the pulse length (up to 1800 s) and

12
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Figure 1.2: Rendered image of the Wendelstein 7-X device showing its inner structures: The last
plasma flux surface is shown in magenta, surrounded by the complex shaped inner
plasma vessel. The non-planar (steel colored) and planar correction (copper colored)
coils are threaded along the inner plasma vessel. The superconducting coils are bolted
to the central support structure and operated at 3.4 K, cooled with liquid helium, in the
cryostat volume between the inner plasma vessel and the outer vessel. The diagnostic
ports are clearly visible from the outside - modified version based on [KAB*16].

heating energy (up to 18 GJ). Wendelstein 7-X will use three different heating
methods till OP2: ECRH, NBI and ICRH. NBI started its operation with one
of two boxes during OP1.2b with up to 3.5 MW of injected power limited to
a possible pulse length of up to 10 s [MBB*13]. ICRH is planned for next
operation phase OP2 with an inital heating power of 1.5 MW. ECRH was and
will be the dominant heating method which provided up to 4.3 MW with six
gyrotrons during the first operation phase OP1.1 and 7.5 MW of injected power
in the plasma vessel provided by ten gyrotrons during the last operation phase
OP1.2b. An upgrade up to 15 MW ECRH power is planned for OP2. ECRH
is so far the only heating method capable of providing heating power for 30
min. This is the maximum duration of an experiment for which W7-X and
its cooling systems was designed. Therefore it is expected to be the favoured
heating method for future fusion power plants [WBDal6, KAB* 19, Thul1].

13
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1.4.2 The Wendelstein 7-X ECRH Facility

The Wendelstein 7-X ECRH facility is the world’s biggest of its kind with max-
imum output power of up to 8.5 MW provided by ten 140 GHz gyrotrons being
capable of continuous operation for up to 30 min [SLB* 17, WBD*18]. The ten
gyrotrons have an output power in the range of 600 kW to 1 MW [LBB*18],
depending on the target pulse length and individual tube condition. Other com-
parable facilities like ASDEX Upgrade, DIII-D or LHD deliver less power with
shorter pulse lengths, see for example [TDST19, WSL*16,CCE*17,KYI* 10,
TSK*10]. One of its unique features are the two identical quasi-optical multi-
beam transmission lines operating in air (see figure 1.3). The gyrotrons are
installed in two rows of five, symmetrical to an underground beam duct, con-
necting the ECRH hall with the torus. The RF power is transported over a
distance of typ. 60 m towards their vacuum windows and finally the four
front steering launchers directing the power in the plasma vessel. Figure 1.3
shows a simplified rendered image of one half of the gyrotron arrangement
and one transmission line [EBB*07,SLB*17]. Each transmission line handles
the individual RF beams generated by five gyrotrons plus a reserve of two for
remote steering launcher experiments and an additional future gyrotron.

The remote steering launcher without movable plasma facing components
is an important concept for a future fusion reactor [LBB* 18, WBD* 18]. The
overall power loss of the transmission line is about 6 % leading to an injected
power of up to 7.5 MW used in OP 1.2. A power loss of the transmission line
per meter is hard to estimate since it is composed by the losses from absorp-
tion on the surfaces of the metallic mirrors and the atmospheric attenuation
depending on the humidity of the air in the beam duct. The auxiliary systems
like high-voltage power supplies, water cooling and liquid nitrogen storage are
not shown and located in seperate building parts. The ECRH launchers are
located in neighboring modules 1 and 5 of the W7-X torus as illustrated in
Figure 1.4. The gyrotrons are organized into 12 independent modules named
after the NATO alphabet followed by the number of the W7-X module section,
they belong to: Alpha 1, Alpha 5, Bravo 1, ... etc. Nine gyrotrons were
built in Europe by Thales Electron Devices (TED) and one was built in the
USA by Communications & Power Industries Inc (CPI). Commissioning and
maintenance can be done independently from each other, so that the opera-
tion of the other gyrotrons is not affected. Two additional gyrotrons can be
installed in the future. An overview of the available gyrotrons in operation

14
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Figure 1.3: Rendered image showing one of the two identical quasi-optical transmission lines to
transport the RF power from five gyrotrons to the W7-X vessel - modified version
based on [SLB*17].

and their individual continuous and maximum output powers is given in Table
1.1 [WHL*17,BSL*17].

The gyrotrons built by TED and the transmission line were developed at the
Institute for Pulsed Power and Microwave Technology (IHM) part of the Karl-
sruhe Institute of Technology (KIT, formerly FZK: ForschungsZentrum Karl-
sruhe) within the PMW-project ("Projekt Mikrowellenheizung fiir W7-X") in
collaboration with the Institute of Interfacial Process Engineering and Plasma
Technology (IGVP) at the university of Stuttgart.

The transmission line was planned with a safety margin (factor 2 to 3) regard-
ing its power handling capability, so that already existing gyrotrons could be
replaced with more powerful gyrotrons (> 1 MW). An upgrade of one gyro-
tron by a 1.5 MW gyrotron based on a slightly modified old design of the
series tube is planned [ARM™ 19]. The transmission line even already satisfies
the ITER requirement (24 MW) without modifications, if safety margins are
reduced [EBB*07].

15
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Figure 1.4: Rendered image showing a top view of the Wendelstein 7-X vessel with its 5 modules

[MWC*17].

Module |Gyrotron ‘Pheat [MW] | Poy [MW] ‘ 7p[s]
Alpha 1 | TED #7 0.85 >0.9 | 1800
Alpha 5 | TED #5i 0.85 >0.9 | 1800
Bravo 1 |TED Magquette|  0.5' 0.55 10!

Bravo 5 | TED #2i 0.85 >0.9 1800
Charly 1 | TED #1 0.65% 0.65% 1800
Charly 5 | TED #4 0.93 1.02 1200
Delta 1 | TED #6 0.9 0.95 [1800
Delta5 |TED #3 0.65 0.7 1800
Echo 1 |TED #8 0.85 >0.9 | 1800
Echo5 |CPI 0.75 0.82  [1800

Table 1.1: Overview of available gyrotrons in the Wendelstein 7-X ECRH facility with their
individual continuous (long-pulse) output power available in the plasma Ppey and at
the gyrotron Py in 2019 [MWB™19]. The installation of an additional 11th 1.5 MW
conventional cavity gyrotron is planned.

! outgassing problem due to aging
2 unusual big frequency shift of > 500 MHz during the pulse indicates a cavity cooling
problem
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1.5 The Gyrotron: An Electron-Cyclotron Maser

A gyrotron is a vacuum electron device able to generate microwave power in
the frequency range from GHz to THz with a power range from kilowatts to
megawatts. The working principle of the gyrotron is the electron cyclotron
maser instability (ECM) in a longitudinal magnetic field [FGPY77, TDST19,
KBTO04, Nus04]. This is also the origin of its name: weakly relativistic elec-
trons are gyrating perpendicular to an external magnetic field while following
the field lines, forming a helical electron beam (HEB). Coherent stimulated
emission of bremsstrahlung is achieved by electron phase bunching due to the
relativistic mass dependence changing the electron cyclotron frequency. Figure
1.5 shows an illustration of a high-power gyrotron and its components. First,
a filament heats up a metal ring, a surface, where electrons are thermionically
emitted. The emitter is the key component of a magnetron injection gun (MIG)
generating the electron beam. Usually, so called dispenser emitters made of
porous tungsten impregnated with metal oxides (having a low work function)
are used [Thul5, TDST19, Thu20]. The MIG determines the properties of
the electron beam and its quality has a big impact on the gyrotron operation
characteristics. The electrons are then accelerated in a strong electric field
between the cathode (emitter) and the anode of the electron gun. The normal
conducting gun coils are used to adjust electron beam parameters.

Before entering the cavity, the electron beam passes the so-called beam tunnel.
The increasing, strong magnetic field (up to 7 T) in this region produced by
a superconducting coil (main coil) then compresses the HEB adiabatically to
increase the transverse kinetic energy (since only that portion of the electron
kinetic energy is transferred to the cavity mode) of the electrons and to adjust
the electron beam radius.The beam tunnel contains a structure of stacked rings
of alternating isolating and conducting material or wall corrugations. The pur-
pose of this structure is to suppress the possible excitation of parasitic modes
by the electron beam in the region of increasing pitch factor before before
the cavity [PAH*98]. The strong magnetic field (up to 7 T) produced by a
superconducting coil (main coil) then compresses the HEB adiabatically to
increase the transverse kinetic energy (since only that portion of the electron
kinetic energy is transferred to the cavity mode) of the electrons and to adjust
the electron beam radius.

Since the cavity is a circular waveguide imposing boundary conditions on the
Maxwell’s equations, only certain solutions exist, called modes. The HEB then
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Figure 1.5: Illustration of a high-power gyrotron, its components and supply voltages (adapted
from [Zhal6, Sch15]).

transfers energy to the electromagnetic field of a TE-mode in the cavity when
the cyclotron resonance condition is met. The cavity is located at the position
of maximum magnetic flux density in the center of the coil. High-power gy-
rotrons use oversized cavities which exhibit a dense spectrum of modes which
can be excited beside the desired mode.

After the interaction in the cavity, the wave propagates towards the quasi-
optical mode converter. The high-order TE-mode which can only exist in
the waveguide is converted to a quasi-Gaussian beam (TEM) with high effi-
ciency [TYA*05] which can propagate freely in free space. This beam is then
guided by an arrangement of metallic mirrors outside the gyrotron through the
output window. The output window is made of a material with high thermal
conductivity and low absorption in the microwave range, for high-power gy-
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1.5 The Gyrotron: An Electron-Cyclotron Maser

rotrons, it is often chemical-vapor deposition (CVD) diamond.

The "spent" electron beam then defocusses and hits the inner collector sur-
face. Since the electrons still posess a significant kinetic energy, the electron
beam should be moved along the whole inner collector surface to distribute the
heat load and avoid thermal damage. For most high-power gyrotrons, this is
achieved by the collector sweeping coils, see e.g [DIPT05,SID*07]. In order
to increase the electrical efficiency of the gyrotron, the collector is depressed,
hence the collector potential is lowered with respect to the anode. The re-
maining kinetic energy of the electrons after the interaction in the cavity is
converted to electrical energy, hence recovered.

The gyrotron working principle, its key components and long-pulse effects are
described in more detail in the following sections.

1.5.1 Electron Beam Generation and Properties

The component in a gyrotron generating the electron beam is the Magnetron
Injection Gun (MIG) [Edg93, Tsi07]. The MIG itself consists of a ring-shaped
emitter heated by a filament (emitter, cathode) and one (diode-type MIG) or
two separated (triode-type MIG) anodes at different potentials. The emitter is
preferably made of a material with a low work function. A MIG is typically
operated in the temperature-limited regime where the Richardson-Dushman
equation with Schottky effect correction holds for the current density of the
emitter surface [Cro65]

Js = AgT2e Tt (1.3)
3
Aw = | ZE (1.4)
4rey
AG = Aok (1.5)
2
Ag = Armekge (1.6)
h3

where T is the absolute emitter temperature, W the work function of the emitter
material and E is the electric field strength at the emitter surface. h denotes
the Planck’s constant and kg the Boltzmann constant. A is a material specific
factor and Ay is the Richardson constant. AW is taking into account the
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Schottky effect being the influence of an electric field on the emitter surface.
In particular for electron guns, the cathode is biased to a negative potential,
lowering the material work function, hence supporting the electron emission.
Typically the emitter filament is white glowing, therefore the typical working
temperature is around 800 to 1000°C. According to equation 1.3, the current
density and thus the beam current are controlled by the cathode voltage and
the emitter temperature controlled via the heating filament current.
Due to the thermal inertia of the gun, the beam current reacts faster to changes
of the cathode voltage (Schottky effect) than to changes of the filament heating
current. This circumstance leads to the phenomenon of emitter cooling causing
a drop in the beam current potentially limiting the stable mono-mode operation
of the gyrotron for long pulses. The issue of emitter cooling and its relevance
for long pulse operation of gyrotrons will be discussed in a following section.
Since typical accelerating voltages for high-power gyrotrons are 75 to 90
kV, the electrons are accelerated to slightly relativistic velocities, as shown
by [KBT04]

Eiin = Upe = Eo(y = 1) = meco’(y — 1) (1.7

AUdep = Usee = Up (1.8)

where Ugee = Ucam — Upody is the accelerating voltage with typically Ucan < 0
and Upogy > 0. Figure 1.6 shows the MIG, the magnetic field coils and the
inner waveguide structure with beam tunnel, down-taper, cavity and up-taper.
The gun cathode is on negative potential U,y < O where as the gun anode
and the beam tunnel are on positive potential Upgy > 0 which sum up to the
applied technical acceleration voltage U,... In practice the absolute value for
the accelerating voltage is mentioned only. In the gyrotron the negative charge
of the HEB itself (beam space charge) and the external potential of its body
have a shielding effect. So the applied technical voltage U, is reduced by
the beam voltage depression AUgep, leading to an effective beam voltage Uy,
This effect is called voltage depression [KBT04]. The voltage depression of an
azimuthally symmetric annular electron beam in a conventional hollow cavity
is defined as [DK81]

AUgep = b (r—"“) (1.9)
Ty
Since the electron beam ionizes neutral molecules of residual gas present in
the tube, the ions can partially, but not fully compensate or neutralize the beam
space charge during longer pulses or cw-operation [KBT04]. Therefore, the
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Figure 1.6: Illustration of the symmetric cross-section of a typical diode-type MIG (not true scales)
with E. and B, being the electric and magnetic field at the emitter surface, r. the emitter
radius and r. the electron beam radius at the cavity center.

depression voltage decreases (and consequently the pitch factor increases) and
takes a stationary value on a time scale of tens of ms depending on the pressure
in the tube. For the W7-X gyrotron, the voltage depression in the nominal
operation parameter is 5 to 6 kV around 50 ms after the startup due to the beam
charge neutralization [SCP* 14, SWP*15].

The relativistic Lorentz factor y defined as

Ekin N Ekin

1+

1= =14 kin g _Thin
y=Uy1-B Eo 511 keV

(1.10)

is typically y > 1, but in case of the gyrotron close to 1 (slightly relativistic).
The electron velocity v is therefore often normalized to the speed of light cg in

vacuum
v '
ﬁ:a: ﬁLz+ﬁ||2 (111)

The orbital-to-axial velocity ratio or pitch factor is defined by

@BV (1.12)

B
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Here, the subscripts L and || denote the orbital (perpendicular to the magnetic
field) and the axial (parallel to the magnetic field) component of the electron
velocity v. The quantities e, 8 and 'y are important quantities to characterize
the electron beam. The external electric £ and magnetic fields B act on the
electron leaving the emitter surface with e.g. [KBT04] or [Jac99]

-

ﬁ:ﬁe+FL=—e(l§+\7x§) (1.13)

determining the electron motion. The electrons drift in the electric field and
gyrate simultaneously due to the Lorentz force forming a helical electron
trajectory around the magnetic field lines . The magnetic field lines are the
guiding centers for the electron gyrotron with the Larmor radius

ymevy Vi Vi
eB 2nfec  Wee

I, = (1.14)
where m, denotes the electron rest mass, B the magnetic flux density and fe.
respectively we. the electron cyclotron (angular) frequency which was intro-
duced previously. The external electric and magnetic fields can be considered
as homogeneous in the interaction region of the cavity.

The initial pitch factor at the emitter is small, but only the transverse compo-
nent of the kinetic electron energy can be used in the beam-wave interaction in
the cavity. Hence, the pitch factor at the cavity center should be maximized.
This is achieved by a slowly increasing magnetic field from the emitter towards
the cavity, so that the adiabatic invariance of the magnetic momentum (Busch
theorem) [Bus26, Nus04]

2 2
% = % = const (1.15)

holds with p, being the orbital electron momentum. The electron beam is
compressed according to Busch’s theorem [Bus26] and for the electron beam
compression ratio holds [KBT04]

b=—"="1 (1.16)

with B, denoting the magnetic flux density at the emitter and rg the emitter
radius. B, and ry, are the magnetic flux density and the electron beam radius
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at the cavity center.

Due to the conservation of energy (and momentum), equation 1.15 implies that
the perpendicular electron velocity can be maximized by gradually increasing
the magnetic flux density B along the drift movement, hence achieving the
adiabatic compression of the electron beam. The electron velocity is transferred
from the axial to the perpendicular component, hence increasing the pitch
factor a. The typical value for « at the cavity center of a high-power gyrotron
varies between 1.2 to 1.5. Due to inhomogeneous emission, surface roughness,
space-charge effects or a non-uniform magnetic field, o exhibits some spread
[KBTO04].

As a consequence, some electrons with already high @ can loose all axial
velocity v and are reflected back to the emitter, so that the electrons are
trapped by the increasing magnetic field acting as a magnetic mirror. Electron
trapping increases the spread and lowers the maximum achievable pitch factor,
therefore deteriorating the beam quality and a stable mono-mode operation
of the gyrotron. Trapped electrons are also considered to be responsible for
low frequency parasitic oscillations in the region between the emitter and the
cavity [PPZ*16]. The maximum achievable « is limited by the spread d,
defined by

P (1.17)

[

where o, denotes the standard deviation and @ the mean of @, assuming an
approximate Gaussian distribution. This assumption can be easily violated by
beam-wave interactions, so that mean and expectation value are not necessarily
identical anymore. In this case a relative spread d,, is proposed in [TsiO1],
using the difference between the 90 % and 10 % quantiles instead.
The spread ¢, is hence an important quantity to describe the beam quality.
Also the axial and perpendicular electron velocity spreads dg, and dpg, are
common.
The expression for the perpendicular electron velocity at the cavity center
Bic [Edg93]

B = Yol xBel (1.18)

YcoBe

indicates that B, . depends on both, the electric Ee and magnetic field Ee on
the emitter surface. For a diode-type MIG with a single anode, an increasing
cathode voltage thus leads to an increasing pitch factor. A triode-type MIG with
a separate modulation anode would allow for a better control of the electric
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field E, and consequently better control of the pitch factor « at the cost of
additional technical complexity (an additional voltage power supply).

1.5.2 Beam-Wave Interaction in the Cavity

As the compressed HEB advances through the gyrotron, it reaches the gyrotron
resonator where the beam-wave interaction takes place. A gyrotron resonator
or cavity is usually a circular waveguide structure with variable radius:

the down-taper (or input taper) with increasing radius, a uniform middle section
or cavity with constant radius and the up-taper with further increasing radius
as shown in Figure 1.6. In contrast to the simplified illustration in Figure 1.6,
the transitions between the resonator sections are usually smoothed to avoid
undesired mode conversion due to sharp transitions [KBT04]. A part of the
wave is reflected at the transition between the cavity and the up-taper. The
down-taper avoids a backpropagation of a wave to the MIG. An open-ended
resonator towards the up-taper is obtained. The up-taper is followed by the
output waveguide and the quasi-optical (QO) mode converter. This component
will be explained more in detail in a following section. The interaction between
the HEB and the electromagnetic fields takes place in the cavity section with
constant radius where the external magnetic field has its maximum.

The electromagnetic fields in a (circular) waveguide are the solutions of the
Maxwell’s equations under the given geometric boundary conditions and are
differed into Transverse Electric (TE,,p,s) and Transverse Magnetic (TMyy,s)
modes [Poz05]. Depending on the direction of the azimuthal polarization of
the mode with respect to the gyration of the electrons, co- (- or co) and counter-
rotating (+ or ct) modes are distinguished with superscripts. In this work, the
superscripts are omitted and co-rotating modes are meant, except explicitly
stated otherwise. The indices m, p and s are the azimuthal, radial and axial
indices of the mode denoting the number of field maxima along the respective
direction. For example, the electric field of a TEq, mode has only an azimuthal
component. The design mode of a high-power gyrotron has usually an axial
index of 1 and it is therefore omitted in this thesis.

For a TE-mode, the electric field component E, is always zero where the
transverse field components in cylindrical coordinates E; and E do not vanish
propagating along the z-axis. In contrast, the transverse electric field compo-
nents E; and E4 of a TM-mode vanish propagating along the z-axis of a cavity
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having a resonance close to the cutoff frequency. TM-modes also have a non-
vanishing field component E;, > 0 which would also affect the parallel electron
velocity g, increasing the axial velocity spread and potentially counteracting
the efficient beam-wave interaction.

Since the electrons gyrate in the plane perpendicular to their drift along the
z-axis, only the transverse electric field components E, and E4 can and should
contribute to the beam-wave interaction. Therefore a stable and efficient gyro-
tron operation is only possible with TE-modes where E; > E, holds [Ber11].
Usually the excitation of co-rotating modes is desired and excitation of counter-
rotating modes should be avoided, often leading to arcing inside the gyrotron
(see e.g. [IKO*15,SGJT13a, DIP*05]) due to enlarged stray radiation caused
by the beam launcher. The beam launcher is designed for co-rotating modes,
therefore counter-rotating modes are scattered in the beam launcher..

An electron entering the interaction region either transfers energy to the per-
pendicular electric field of the TE-mode or gains energy from it. This depends
on the phase difference between the electric field and the electron’s gyration
phase. A net energy transfer between the electron beam and the TE-mode is
possible due to the relativistic mass dependence of the electrons: When the
electron’s gyro motion is in phase with the electric field, the electron loses
energy to the field, hence reducing its mass and consequently increasing its
cyclotron frequency defined by

Q, B
_o_ ¢ (1.19)
Y mey

QCC

If the frequency of the rotating electric field is slightly higher than the electron
cyclotron frequency wgrr R Qec, the electron stays longer in the favorable
phase, decreasing its phase difference, synchronizing with the electric field
of the mode. This effect is called "phase bunching": electrons accumulate in
the same gyro phase [KBT04, FGPY77]. Note that this a sensitive, dynamic
process. If the cavity transit time is too long and therefore the time for the
electrons to interact with the field, "overbunching" can occur. The RF field
would then transfer energy back to the electrons which should be avoided.
The interaction with the preferred design mode should therefore take place
near the end of the cavity where the axial field profile of the design mode
should have its maximum. Furthermore the beam radius should be close to the
radial maximum of the RF field to maximize the beam-mode coupling. For
the co-rotating excitation, it should be slightly smaller than the radial position
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of the field maximum. The simplified resonance condition for this interaction
is given by [Chu04, Nus04]
Qo
WRr — K|V B Qec = — (1.20)
Y
where k| is the axial wavenumber of the mode. For the propagation of
waveguide modes, the dispersion relation

k= ki + k% (1.21)
2nf
L (1.22)
Co Co
K, = X (1.23)
Tw

holds with ko being the free space and k, the transverse wave number. The
latter depends on the mode eigenvalue xy,, which is defined for TE-modes as

3 (mp) = 0 (124)

being the n-th zero of derivative of the m-th order Bessel function of the first
kind. Finally with (1.21), (1.22) and (1.23), we obtain the dispersion relation
for a TE-mode defined as following

C X 2
f=2 (ﬂ) +k2 (1.25)
2r Ty

which in particular yields for k| = 0

£, = SoXmp (1.26)
27y

which is the cutoff frequency for the mode. This is the lowest frequency with
which a TE-wave can propagate through the waveguide (so that k| is a real
number and bigger than zero). Note that (1.25) describes a parabola in the
dispersion diagram, also called Brillouin diagram, as shown in figure 1.7.
The dispersion of a wave in free space (1.22) and the electron beam (1.20) are
represented by linear graphs. An interaction thus can only take place near the
intersections of (1.25) and (1.20) where the resonance condition (1.20) is met.
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Figure 1.7: Exemplaric Brillouin diagram (adapted from [KBTO04]) showing the dispersion
parabola for a TE-mode, the electron beam line, the-speed-of-light line and a typi-
cal interaction (or resonance) point near the mode cutoff.

A typical gyrotron interaction point is shown where the resonance point is
given near the cutoff for a forward wave with small k| > 0, but a large k, > 0
according to (1.21) as desired. Since the interaction point in the dispersion
diagram is above the speed-of-light line, hence the phase velocity is bigger
than for a wave in free space, the term "fast wave" interaction is used.

Note that a beam line can have several intersections with different modes.
More sophisticated and realistic models are used for interaction simulations
in practice [APIV12,Jel00, Ker96]. The electrons cannot transfer their whole
perpendicular kinetic energy to the cavity mode. The theoretical limit for the
(orbital) interaction efficiency nmax [KDST85, KBT04]

(1.27)

Mmax = 1 +a?
given by the pitch factor @. In reality, the maximum achievable efficiency is
lower due to electron beam parameter spreads and electron beam space charge
effects [NusO4]. The typical achievable interaction efficiency for a megawatt-
class gyrotron is between 35% and 40% [TDST19].
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1.5.3 Quasi-Optical Mode Conversion

After the interaction in the cavity, the cavity mode propagates towards a mode
converter. In general mode conversion is required to adapt the high-order TE,,
cavity mode to the fundamental mode required for the external transmission
line. Most common are the HE | hybrid mode for oversized corrugated circular
waveguides and the fundamental Gaussian mode TEMqg used for quasi-optical
(QO) transmission lines. For modern high-power gyrotrons built-in QO mode
converters and transmission lines are used [TDST19]. The latter is in use at the
W7-X ECRH facility [EBB*07, TBB*08] and the KIT high-power gyrotron
test stand.

The QO mode converter consists of a mode converting antenna, the beam
launcher, and an arrangement of metallic mirrors to reflect the RF beam out-
side the gyrotron through the output window. The mode conversion efficiency
to TEMy is above 97 % for the QO mode converter of the W7-X gyrotron,
meaning only about 3 % of the RF power is converted to undirected stray ra-
diation [TYA*05]. Furthermore the QO beam launcher separates the electron
from the RF beam, so that the dump for the "spent" beam, the collector, can be
optimized discarding the RF power.

The mode conversion to a QO beam with quasi Gaussian field intensity distri-
bution is achieved by a superposition of a selected set of phase and amplitude
matched modes which are radiated by the beam launcher [TYA"05]. In the
geometrical optics (GO) limit of a rotating mode propagating in a (circular)
waveguide, the mode can be represented by a superposition of linear polarized
waves and treated as a set of optical rays. The propagation is described as heli-
cal reflections along the waveguide walls in axial direction under the Brillouin
angle g [TYA"05,Nus04, Thu97]

0p = sin~! (m) (1.28)
k()I'W
where the cross-section of the waveguide within the caustic radius 7,
r, = Mw (1.29)
/\,/mp
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Figure 1.8: Mode propagation in a circular waveguide in the limit of geometrical optics (adapted
from [Nus04]).

stays field-free. The area between r,, and r. is filled by uniformly distributed
geometrical rays. The angle between subsequent reflections is 2a where « is
defined as

T m

@ = cos™! (—C) =cos™! (—) (1.30)

Tw me
Between two subsequent reflections in the axial direction, the beam propagates
along a distance L

2
L = 2r, cot 0y 1—(1) (1.31)
Xmp
The total distance required for the rays to rotate by 27 on the surface is 7/«
times bigger and is called the Brillouin length Lg.
The propagation and the related quantities are illustrated in Figure 1.8. This
translates to a portion of the inner waveguide surface where a certain mode is
reflected. If now the remaining part of the waveguide is removed, the wave-
guide antenna or beam launcher is obtained with a helical cut.
All other modes or the modes responsible for the quasi Gaussian field distribu-
tion at a different frequency contribute to the stray radiation in the tube heating
up the inner gyrotron surface. Consequently an increased stray radiation level
can lead to a sudden increase of the gyrotron vacuum pressure due to increased
outgassing of the gyrotron body material. Note that also the modes being part
of the defined set for superposition contribute to the stray radiation level, but
just with a small power fraction depending on the efficiency of the QO mode
converter.
Taking the W7-X gyrotron and its QO mode converter as an example, the stray
radiation level during nominal working mode operation amounts already to
30 kW, assuming 1 MW output power and 97 % mode conversion efficiency.
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1.5.4 Energy Recovery in the Depressed Collector

After the g.o. mode converter separated the electron from the RF beam, the
widened electron beam hits the inner collector surface. After the interaction,
the electrons still possesss a significant axial (and transverse) velocity and
hence kinetic energy. The electron beam therefore heats up the collector
which is problematic in particular during CW operation of the gyrotron. In
order to avoid thermal damage for the collector, megawatt-class high-power
gyrotrons operating at long pulses have sweeping coils to permanently move the
"spent" electron beam over the inner collector surface to distribute the heat load
[SID*07,DIP*05]. Another measure which increases the electrical efficiency
of the gyrotron and leading to reduced power consumption and operation costs,
is the so called single-staged (SDC) or multi-staged "depressed" collector
(MDC). The potential of the collector surface is depressed with respect to
the anode potential [PIDT96]. In case of the W7-X gyrotron, the collector
is at ground potential and a retarding or depression voltage Ugep > 0 (at W7-
X called body voltage, not to confuse with the beam voltage depression)
is applied between the cavity and the collector [GEI* 11, TAA*07]. So the
remaining kinetic energy of the electrons is converted back to electrical energy
and is recovered.

The collector efficiency ncop is defined as Pcop/(P, — Prp) being the ratio of
the power recovered by the collector P to the remaining power of the "spent”
electron beam (P, — Prg) [PIDT96]. Here for a SDC P.on = Ucon leon-

The total electrical efficiency of the gyrotron 7 is defined by Pyt /(Pin — Prec)
where P, = Uyee Iean and Pree = (Pin — Prr) — Pgis. Here Py is the fraction
of power dissipated in the collector walls, Prp is the RF power generated in
the cavity and P the power recovered by the collector. Beside the increased
total electric efficiency of the gyrotron, the advantages of using a depressed
collector are the lowered required voltage for the main power supply, a lowered
collector head load resulting in an increased gyrotron reliability and reduced
required capabilities of the collector cooling system [TDST19].

The maximum retarding voltage is limited by the lower bound for the axial
electron velocity after the interaction. In case an electron reaches 3| = 0,
it is reflected back to the towards the emitter where it is either trapped in the
region between collector and launcher or emitter and cavity [PPZ*16,PIDT96].
Typically the electronic efficiency of a high-power gyrotron is around 30 % to
40 % which can be improved by a SDC to 50% [PIDT96]. The more collector
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stages are used, the higher is the achievable efficiency. For the W7-X gyrotron,
a total electrical efficiency of 40 % to 50 % and an electronic efficiency of
26 % to 28 % up to 37 % was achieved with a depressed collector at a lower
output power [GEI*11].

1.5.5 Mode Competition and Stability

The growing demand for heating power in fusion research led to the devel-
opment of high-frequency multi-megawatt gyrotrons [TDST19]. Due to the
technical limitation for the ohmic losses at the cavity wall of 2 kW /cm? the
cavity size had to be increased along with the order of the design work-
ing mode. Therefore modern high-power gyrotrons for fusion use volume
modes e.g. TExgg or TE34,19, TEp, modes with m > p, as nominal working
mode [KBTO04]. There are new technical approaches to mitigate the cavity
cooling problem allowing to exceed the limitation, like mini-channel cool-
ing [BAA*17,KBR*19].

For each mode in the cavity, a minimum beam current at which the mode starts
to oscillate at a given beam voltage, can be defined. As a consequence of the
oversized cavity, the mode spectrum in the cavity is very dense. The problem
of lacking frequency separation of the modes is in particular severe since the
cyclotron resonance is not arbitrarily sharp, but rather a band.

The width of a cyclotron resonance band is given by [KBT04]

Q() T Q() /s

— - — SWRp g — + — (1.32)
Yo Gir Y0 L

with t, being the electron transit time t, = L/v) o for the cavity interaction
region with length L. So the resonance bands might overlap and the beam
current I, can be above the starting current Iy, for more than one mode
simultaneously.

Figure 1.9 shows an example plot of starting current curves for a set of 32
relevant modes with the I, -curve for the nominal working mode emphasized
with a thicker line. The dashed line is the beam current curve indicating
which modes could be excited. If Iy, > Ly, inside the region denoted by the
starting current curve, we speak of "soft excitation" [KBTO04]. Since the soft-
excitation regions of multiple modes can overlap, one of most challenging tasks
for high-power gyrotrons is to ensure stable mono-mode operation. Coaxial
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Figure 1.9: Exemplaric plot of the starting current curves for a set of 32 modes obtained with
ISTART being part of the EURIDICE code package [APIV12]. The starting current
curve for the desired design mode in this case is bold. The beam current curve is
shown as dashed line, indicating which modes could be excited.

cavities with an insert possess a less dense mode spectrum and are already
tested for future high-power gyrotrons, also at the KIT [RGJ* 14, RAG*18].
Note that the result shown in Figure 1.9 is obtained with the cold-cavity,
fixed-field approximation, meaning that no other mode is active before and a
fixed axial Gaussian field profile is assumed. In reality another weak mode is
always present and the starting current curves look different in that case. If a
mode starts to oscillate, it tends to grow in power and suppresses other modes
[Nus81,Nus99]. This allows stable mono-mode operation in the presence of
other competing modes [NSV*04]. A mode oscillation is considered to be
stable, if the power of the nominal mode dP;/dt > 0 while the power of a
competing mode dP;/dt < 0 [KBTO04].

If Iy < Lgare holds, we speak of "hard excitation" [KBTO04]. Very often the
optimum efficiency for the nominal mode is achieved in the hard excitation
region which is not directly accessible. But since the active mode suppresses
other competing modes, the hard excitation region can be reached from a
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neighboring soft-excitation region.

Consequently, the operating (and dominant) mode of the gyrotron depends
on the path previously taken in the gyrotron (operation and hence beam)
parameter space over time. This is the case for the startup, the begin of a
gyrotron pulse, where the operation parameters (e.g. the applied voltages
and currents) have a finite rise time and the desired working point cannot be
instantenously reached. In particular for gyrotrons with a diode-type MIG,
the electron pitch factor @ depends on the accelerating voltage. Consequently,
several mode switches or hoppings can be observed during the startup (the
voltage (and current) rise time) before the stable mono-mode operation is
eventually achieved, see for example [ARM*19,ADV08,NSV*04]. Therefore,
the dynamic behaviour of the gyrotron can be described as highly non-linear,
sometimes chaotic [ADRSO01, AAA*12] and exhibiting a strong hysteresis
[DIT*03,SKT*07,DIOS].

1.5.6 Parasitic Oscillations

In general, any undesired excitation of an oscillation in- or outside the cavity
interaction region is considered to be a parasitic oscillation.

An oversized hollow cavity which is typical for nowadays high-power fusion
gyrotrons exhibits a dense mode spectrum. Therefore, such a cavity is sen-
sitive for small deviations of the electron beam radius, the beam alignment
within [SDG*13,IKF*17] or the remaining electron beam parameters (pitch
factor «, relativistic factor y and their respective spreads). Of course, manufac-
turing tolerances for the waveguide structure (and the inner conductor in case
of a coaxial cavity) [IKF*17] or the emitter ring of the MIG [PIT16,RGI*17]
can also lead to a more likely excitation of other modes than the design mode,
resulting in increased undesired parasitic activity.

The situation when other modes are active simultaneously with the nom-
inal cavity mode is called multi-moding behaviour. The modes involved
in multi-moding behaviour are often coupled, appear in sets of modes and
likely start together [APPV07, SNA12]. Typical competing modes are the
TEm|-1,p+1,TEm|-2,p+1 and TEjy|-3 541 counter-rotating modes and the az-
imuthal neighbour or satellite modes TEp.1,p of the nominal cavity mode
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[Berl1,Ker96]. This can be explained with the squared coupling factor Ge mp
between a counter-rotating mode and the electron beam [KBT04, Ker96]

1
Ge,mp(rb) = > kc,mp Jins (kc,mp rb) (1.33)

V7 (6 = ) T (xinp)

with s being the cyclotron harmonic and m and p being the azimuthal and radial
indices of the mode. For a co-rotating mode with m < 0 using the property of
the Bessel function J;5 = (—1)™"]_,_ follows [Ker96]

(—l)m+s
V7 (6 = ) T (xinp)

In order to give an illustrative example without loss of generality, the squared
coupling factors Gg,mp are plotted over the beam radius r, normalized to the
cavity wall radius ry, for the desired mode TE_»3 16 and its aforementioned
competitors in Figure 1.10. Clearly, the modes compete since they have their
first maximum of the squared coupling factor G2 close to the coupling factor
maximum of the desired design mode TE_»g 16 for which the beam radius
has been optimized. The azimuthal neighbors become more important for
high mode eigenvalues xn, since the frequency seperation decreases with
Af /fmp = m/2ymp [Ber11]. The azimuthal or satellite modes and are investi-
gated more in depth in the present work.

Furthermore, parasitic modes can be also excited outside the cavity interaction
region where Before-Cavity Interactions (BCI) and static (or stationary) and
dynamic After-Cavity Interactions (ACI) are distinguished [AIK*15, Schl5,
SCG*11,CSD*11,SFG*10,KAC*10].

BCI is a very common type of parasitic oscillation in high-power gyrotrons
located in the so-called beam tunnel before the cavity [ATA11,KSF*09] (see
Figure 1.6) Beam parameter deterioration, in particular an increase of beam
parameter spreads o, and 6y, can be an important effect of BCIs with parasitic
modes. The startup scenario, the achievable output power in the nominal cavity
mode and the parameter range for stable mono-mode operation are therefore
strongly affected by BCIs. High-order TEq , backward-waves which are hard
to attenuate, seem to be a source of parasitic oscillations in this region since the
reconstructed axial interaction positions (based on the measured frequencies
of the parasitic oscillations) were found to be in the beam tunnel before the

Ge,mp(rb) =

2 Kemp Jjm-s (kc,mp rb) (1.34)
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Figure 1.10: The most important competing modes have their first maximum of the squared cou-
pling factor Gg close to the maximum of the desired TE_,g 16 mode for which the
beam radius was optimized (adapted from [Ker96]).

cavity. Additionally, interaction simulations exhibited a high growth rate for
these modes [GDF*10]. Since the magnetic field is lower in this region, the
parasitic oscillations originating from BCIs have a lower frequency than the
nominal cavity mode [SFG*10,SCG™11,Sch15]. Various technical solutions
exist to damp the undesired oscillations in the beam-tunnel region between the
gun and the cavity, e.g. [LST11,RGI*13]. Among those a structure of stacked
rings of alternating material (copper/ceramic) is most prominent, lowering the
quality factor in order to increase the starting current of possible parasitic
modes [TDST19, GDF*10]. Such a beam tunnel is also used for the W7-X
gyrotron.

An After-Cavity Interaction (ACI) is a time-varying, second interaction of the
"spent" electron beam (with reduced v and o and broadened beam param-
eter distributions due to the power extraction) after leaving the acvity. The
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interaction takes place at lower frequencies (due to the lower magnetic field
in the up-taper section and beyond) with the nominal mode or other compet-
ing modes [AIK*15,RC14]. In particular, the gyrating electrons are already
phase-bunched when leaving the cavity. Therefore, ACIs can reduce the effi-
ciency since energy can be transferred back from the RF field to the electrons
due to over-bunching taking place. Since the electron energy distribution is
broadened, a SDC is less suitable for an energy recovery because it can be only
optimized for a particular electron energy. However, a MDC where the individ-
ual stages act on different electron energy intervals, are a promising solution
to address this issue [Wul9]. AClIs can also degrade the gyrotron performance
causing electron beam reflections leading to low-frequency oscillations (LFO)
by trapped electrons in the region between the gun and the cavity [PPZ*16].
An important distinction between ACIs and BClIs is that ACIs depend on a
pre-bunching introduced by a first interaction in the cavity, where in contrast,
BClIs are independent from the cavity mode.

The parasitic mode activity by BCIs and AClIs lead then to an increased stray
radiation level in the tube. The stray radiation which can only partly leave
the gyrotron causes increased component heat loads, consequently resulting
in a degradation of the vacuum quality due to increased outgassing of the
materials. Therefore the increased stray radiation level due to parasitic modes
worsens the gyrotron reliability, hence the achievable pulse length and output
power [GEI*11].
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1.5.7 Noise and Chaos in Gyrotrons

Ideally the radiation linewidth of a gyrotron should be zero, but in reality this
is not the case due to various noise sources and the finite width of the cyclotron
resonance band. This is in particular of interest for applications based on the
Doppler effect e.g. Doppler radars or collective Thomson scattering (CTS)
plasma diagnostics. Noise sources in gyrotrons can be categorized as intrinsic
or extrinsic noise sources [Nus04].

Intrinsic noise can originate from shot, thermal and flicker noise. Shot noise is
caused by the discretization of the electrical charge. Thermal noise is caused
by the finite temperature of the microwave circuit e.g. the waveguide walls
(Kirchhoff radiation). Flicker noise is caused by a locally different emissivity of
the cathode due to impurities in the emitter material (Schottky 1926) [DN97].
Extrinsic noise stems from the stochastic fluctuations in the gyrotron opera-
tion parameters like beam voltage and current (indirectly via a residual ripple
voltage on the supply voltages) and magnetic fields from the main and gun
coils. The effect of noise from the heating filament current is negligible due
to the thermal inertia of the emitter. The noise in superconducting solenoids
can be as well discarded. Of all the noise sources, the supply voltage noise,
hence a residual ripple voltage and noise on the body and cathode voltage,
should have the strongest effect. As a rule of thumb, extrinsic technical noise
is much more significant regarding its order of magnitude than natural intrinsic
noise [DN97]. The voltage ripple imposed on the body and cathode voltage
often requires the gyrotron to be operated with a safety margin to avoid mode
loss, in particular when operated in the hard-excitation regime for the nominal
cavity mode [ARM™*19].

The effect of technical noise on the radiation linewidth for free-running gy-
rotrons has been investigated in [ND97, DN97] but not with a self-consistent
gyrotron interaction model. The technical noise was assumed to be a station-
ary stochastic process with small amplitude and the gyrotron parameters were
chosen far away from critical behaviour (observed as bifurcations in the gyro-
tron dynamics, hence chaotic behaviour). It was found that the sensitivity to
fluctuations in beam voltage or magnetic field strongly depend on the operation
regime.

The regimes of non-stationary oscillations in the normalized gyrotron param-
eter plane, stochastic processes and chaos in gyrotrons have been investigated
for a self-consistent model in [ADRSO1, ADO3, ADO2]. In gyrotrons three
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major processes were identified: stochastic (chaotic) electron trajectories,
stochastic RF oscillations and spatio-temporal chaos of the RF field in the
resonator [ADO3]. For -power gyrotrons with oversized cavity, the latter is
most relevant. Generation of stochastic RF radiation was found to be un-
feasible with regard to achievable operation parameters [ADRSO1]. Possible
routes in the normalized gyrotron parameter plane to spatio-temporal chaos
(and hence unstable behaviour) were investigated in [AD02] but without tech-
nical noise. Ways how to control (and avoid) chaos were not investigated so
far, but the author of [AD02] hypothesized that it could be possible by small
fast time-dependent adjustments of a control parameter, e.g. beam voltage.
This is a hint how to possibly realize a kind of electronic stability control for
gyrotrons.

To the best of the author’s knowledge, no self-consistent multi-mode simu-
lations have been performed so far incorporating technical noise e.g for the
beam voltage. This would be helpful to investigate the effect of noise on the
startup scenario, mode switching behaviour and competition, hence potential
multi-moding behaviour and the stability of mono-mode operation. The latter
is of great importance when the gyrotron is operated near the nominal cavity
mode cutoff at the output power limit. Self-consistent multi-mode simulations
with EURIDICE [APIV12] incorporating technical noise are presented in this
work. In this way, the feasibility of stable mono-mode gyrotron operation
close to the cutoff in the presence of noise could be evaluated and a possible
precursor for mode switching (hence mode loss) could be found with a more
realistic model.

1.5.8 Long-pulse Behaviour

The long-pulse and cw-behaviour of a gyrotron is mainly characterized by four
major transient processes on different time scales with respect to the pulse
length: thermal expansion of the cavity, beam space charge neutralization,
cathode emission or emitter cooling and outgassing [NSA*06, SGI*15].

Due to ohmic heating of the cavity walls (with heat loads up to 2 kW cm™2),
even with sophisticated cooling methods, a temperature increase and therefore
a thermal expansion of the cavity occurs which is observable as a frequency
drift of the nominal cavity mode. If a very short gyrotron pulse is performed
(< 10 ms), the thermal inertia of the cavity avoids a sudden increase in temper-
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ature and no frequency downshift is observed. Otherwise, the cavity expands
till thermal equilibrium and a stationary state is reached. Typically the fre-
quency downshift is in the order of several 100 MHz happening during several
100 ms [NSA*06]. The observed frequency downshift for the W7-X gyrotron
was about 200 MHz during 1 s as presented in [Sch15]. This result was con-
firmed in tests to validate a spectrogram measurement method developed in
this thesis.® Once a stationary state is reached after 1 to 2 s, the frequency drift
is normally reduced to 1 to 2 MHz per minute [Sch15]. More recent works
incorporate the thermal expansion of the cavity in self-consistent multi-mode
simulations to obtain more realistic results [ABA*18]. New technical cavity
cooling approaches attempt to reduce the cavity temperature difference and
therefore the impact of thermal cavity expansion on the gyrotron operation and
performance [KBR*19,BAA™17].

The observed effect of the frequency downshift is the result of both, the thermal
cavity expansion and the effect of the transient beam space charge neutraliza-
tion. An approach to distinguish the contributions of the two processes to the
frequency downshift was followed in [SCP*14, SWP*15]. Despite the good
technical vacuum inside the tube (with pressures lower than 10~ bar [Dam95]),
residual gas is present in the tube which is first ionized and then gradually neu-
tralizing the electron beam space charge. During this process on a time scale of
a few hundred ms, depending on the pressure inside the tube, the pitch factor is
increasing due to the decreasing beam voltage depression till a stationary state
is reached [FGN15, NSA*06, DAB*05]. For a typical pressure of 107 bar,
the time scale for neutralization is in the order of 100 ms [PAA*19, TAA*07].
The beam voltage is increased by a few kV, hence a few percent, during the
neutralization. In contrast to previous assumptions (e.g. in [NSA*06]), full
neutralization is not achieved [PAA*19]. The stationary neutralization level for
the W7-X gyrotron was determined in [SWP*15] based on a frequency mea-
surement. The stationary neutralization level was found to be around 60 %.
The third important effect is the emitter or cathode cooling effect occurring
during long pulses, resulting in a decreasing beam current [NSA*06]. The
optimum efficiency working point for high-power gyrotrons is often in the
hard-excitation regime for the nominal mode. If the beam current drops below
the break current (being the minimum current to sustain the mode in the hard-

6 A measurement setup to obtain (time-averaged) spectrograms of gyrotron stray radiation is
presented in a following chapter.
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excitation regime), the result is a mode switch to a competing mode, thus a loss
of the nominal mode [NSA*06,KMT*05]. So the emitter cooling phenomenon
causes a transition of the working point which can degrade the gyrotron relia-
bility in particular when already operated in the hard-excitation regime. If no
heating filament current boosting scheme is used, the mode is usually lost after
a few seconds. Even when such a boosting scheme is applied prior and during
the gyrotron pulse, a fast beam current drop by up to 30 % within the first
two seconds is typically observed for the W7-X gyrotrons, arriving at a local
minimum after around 2 to 3 s. The beam current then slightly increases and
stabilizes later-on [WMS™*19]. Another possible counter-measure against the
emitter cooling phenomenon besides an appropriate boosting scheme for the
cathode heater filament current is a safety margin for the acceleration voltage to
avoid mode loss. A safety margin is also necessary because of the supply volt-
age ripple as mentioned in the previous section. Of course, a safety margin for
the acceleration voltage can decrease the maximum achievable output power
of the gyrotron [ARM*19]. The phenomenon of mode loss due to emitter
cooling is frequently observed during experiments at Wendelstein 7-X. Conse-
quently this phenomenon was investigated in simulations and experiments in
this thesis.

The last relevant and slowest phenomenon is outgassing and the resulting
degradation of vacuum quality inside the tube during long pulses or cw-
operation. The gyrotron walls are heated by RF and the collector heats up
being hit by the spent electron beam. The situation is complicated when
different physico-chemical processes are taken into account in modeling the
inhomogeneous outgassing and the different heat loads for the components of
a gyrotron [Sch15].

1.5.9 The Wendelstein 7-X Gyrotron

The development of cw-capable megawatt-class gyrotrons was pursued in
world-wide research activities driven by the heating requirements of W7-X
and ITER. Thales Electron Devices (TED) in Europe and Communications &
Power Industries (CPI) were found in 1998 as industrial partners in the develop-
ment of the W7-X gyrotron [TAA*07]. The Karlsruhe Institute of Technology
(KIT), formerly Forschungszentrum Karlsruhe (FZK), and the University of
Stuttgart together with the Max Planck Institute for Plasmaphysics in Garching
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Figure 1.11: 3D CAD model of the Wendelstein 7-X gyrotron manufactured by Thales Electron
Devices (TED) with installed main solenoid.

initiated the joint project "Projekt Mikrowellenheizung fiir W7-X" to develop
a 140 GHz gyrotron with a target output power of 1 MW. The W7-X gyrotron
is equipped with a diode-type MIG (without additional control anode) and
a single-stage depressed collector to increase the electrical efficiency. The
gyrotron works on the TEg g-mode (TED) or on the TEyg 7-mode (CPI) as
nominal operating mode with an average pitch factor of 1.3 and magnetic field
of 5.56 T in the interaction region center. The W7-X gyrotron has a conven-
tional, hollow cavity made of Glidcop with a design quality factor between 885
(cold/fixed-field Gaussian) and 1100 (hot/self-consistent approximation).

The gyrotron uses a high-efficiency QO mode converter with a mode conver-
sion efficiency of 98% [TYA*05]. The rest is converted to stray radiation
which can be observed e.g. at the gyrotron relief window in case of the TED
series tubes. This is an additional window facing the QO output coupler and
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Relief load

Figure 1.12: Zoom-in of the 3D model section showing the gyrotron relief window with installed
water-cooled relief load.

the metallic mirror arrangement. It is used in this thesis for stray radiation
measurements of parasitic and satellite modes. The prototype tube Maquette
(Bravo 1) does not have a relief window. In that case, stray radiation measure-
ments can be peformed by picking up RF in the periphery of the output beam
waist.

The RF output power converted to a Gaussian beam is finally led through the
output window. It consists of an actively-cooled diamond disc with 106 mm
diameter produced in a chemical-vapour deposition (CVD) process with an
aperture of the output window of 88 mm. The thickness of the disc is 1.8 mm
is a compromise between the losses at the target RF output power frequency
of 140 GHz, mechanical strength (protection of the high vacuum inside the
tube) and manufacturability [GDA*06]. A typical design working point with
depressed collector is found at an accelerating voltage of Uy, = 81 kV, a beam
current of I = 40 A and a collector depression voltage of Ugep = 27...30 kV.
The theoretical total efficiency was found to be 48 % in depressed operating
mode but in reality the achievable values range between 30 to 44 % [TAA*07].
Until 2018 9 tubes were built by TED and one by CPI. During the final site
acceptance test (SAT) at Wendelstein 7-X, an output power of 0.92 MW for
30 min was targeted with the first series tube (TED SN1) [TAA*07]. Results
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with following series tubes differed in terms of performance and reliability e.g.
SN3a [GEI*11], compare also with table 1.1. So each gyrotron shows an indi-
vidual behaviour with its individual, empirically found, optimum high-power
working point. Possible reasons are e.g. emitter surface quality deviations,
manufacturing tolerances and outgassing behaviour. To cope with the issues
limiting the output power and reliability (due to mode hopping), slight design
modifications and an improved beam tunnel were introduced in the manufac-
turing process of the eight series tubes [TAAT07, GEI*11].

A 1.5 MW gyrotron design operating on the TE»g 10-mode based on the old de-
sign with conventional cavity was investigated in [ARM™* 19]. The installation
of an additional 11th 1.5 MW conventional-cavity gyrotron is planned and will
be also manufactured by TED. Since the cavity dimension and nominal mode
order will be increased in this design, the problems with mode hopping and
competition are expected to be more severe. The gyrotron controller developed
in this thesis could be therefore required to ensure stable gyrotron operation
with maximum output power.

1.5.10 Simulation Codes

Simulation models are required in the design process of a gyrotron as well as
to examine the electron beam parameters, since they cannot be measured di-
rectly, but are verified by comparison of an experiment with a simulation. The
magnetic field profile in axial direction of the electron beam (for the W7-X
gyrotron main and gun coil) are also computed. Deviations between simu-
lated and measured magnetic field profiles are also due to differences between
the cold and the warm dewar and coil geometry. The gyrotron behavior at a
nominal working point is dominated by the external control parameters (coil
currents Igyy and Iy, and their resulting magnetic fields, acceleration and
depression voltage Ve and Ve respectively), as well as by the electron beam
parameters governed by gun geometry and emitter surface properties [Sch15].
Emitter surface roughness is neglected in the simulations performed for this
thesis since it is not an effect relevant for mode switching or multi-moding be-
havior on an individual gyrotron pulse time scale. Its influence is rather a static
shift in interaction simulations, gradually changing over gyrotron lifetime due
to aging of the emitter, which could be modeled by increasing emitter surface
roughness in simulations as presented in [Zhal6]. Increasing emitter surface
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roughness can be measured in experiments by acquisition of the current-voltage
characteristics (CVC) and a subsequent fitting procedure [ZIP*17].

Different interaction models exist with their own numerical solution approach:
The most simple linear interaction model turned out not to be suitable to yield
a qualitative agreement for experiments with W7-X gyrotrons [Sch15]. The
most common approach is a self-consistent slow-time interaction simulation,
incorporating the following assumptions:

The RF fields in the waveguide are represented as superposition of waveguide
resonator eigenmodes and mode conversion is neglected. So only smooth
transitions (tapering < 5 °) in the waveguide geometry and high wall con-
ductivity should be used [APIT13,DN13] and participating modes have to be
carefully selected in advance [Sch15]. However, the generalized scattering
matrix (GSM) method would allow self-consistent simulation without these
limiting assumptions as demonstrated in [Jel00, JGS99].

Another assumption is the so called slow-time approach: electron trajectories
are described as orbits around a fixed guiding center. Additionally the RF field
envelope is assumed to be constant during the electron transit time through the
resonator geometry. So the electrons can be propagated through the geometry
before the RF fields are updated. This leads to a decoupling from the fast
interaction regime, relaxing the requirement for a small time discretization step
size to the electron cyclotron period (typ. 0.01 to 0.1 ns), hence reducing the
computational effort for the simulation. Of course, the base-band treatment
implies that the bigger the RF frequency frr deviation from the carrier fre-
quency fearrier 1S, the less the slow-time approach holds. This and the fact that
the beam electrons are represented by a discrete number of beamlets of macro
electrons, implies that only gyrotron type interactions (with a frequency close
to the cyclotron frequency feyc1) can be reliably modeled. Furthermore often
axisymmetry and a conservation of axial electron momentum are assumed and
the magnetic RF fields are discarded as well [Avrl5,Fral7, Schl15].

The codes SELFT (Kern et al., 1997 - 2011, [Ker96]) and more recent
EVRIDIKI from the code package EURIDICE (Avramidis et al., 2006 -
2016, [APIV12]), both developed at KIT, use the self-consistent slow-time ap-
proach. Other prominent codes are MAGY [BAL*98] and TWANG [ATA*11].
Another approach contrasting the slow-time treatment are the class of Particle-
In-Cell (PIC) codes.  Electrons are treated as point-wise macro particles
moving through a mesh having magnetic and electric fields assigned to each
node.Due to the high required time and frequency precision, the computational
effort is greatly increased and is hence out of question for a gyrotron simulation.
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The full-PIC approach can be used to validate the simplified design codes and
investigate physical effects, but faces itself the inherent problems considering
the formulation of proper boundary conditions, convergence and the non-trivial
mode analysis afterwards. Under the quasi-PIC approach there are 2 1/2 di-
mensional PIC codes with azimuthal symmetry or fast design codes (trajectory
codes) with PIC-style extensions. The quasi-PIC codes are located between the
fast simplified design codes and the full-PIC codes. The first quasi-PIC code
was the TUHH code (Technical University Hamburg-Harburg) [Jel00,JGS99].
It uses the PIC approach for the treatment of the electron beam, employs the
aforementioned GSM approach, the field expansion in eigenmodes of the res-
onator and a physical model taking reflections into account. EVRIDIKI is a
trajectory code offering PIC-style extensions.

The quasi-PIC approach of EVRIDIKI is used in this thesis to identify pos-
sible non-physical simulation results. This is done by checking the energy
balance Wy, which should be smaller than 15% for a credible simulation re-
sult [Avr19].

Furthermore the code ARIADNE [PV04] is used in this thesis to calculate
electron beam parameters which are then used in multi-mode interaction sim-
ulations with EVRIDIKI. ARIADNE allows the self-consistent calculation of
electron trajectories using the finite element method (FEM) on curvi-linear
meshes. It has its own scripting language to perform all steps from geometry
and model definition, mesh creation and calculation of magnetic fields and
beam parameters. It also can take into account the space charge neutralization
and its effect on the beam parameters.
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1.5.11 Experiment Setup and Data Acquisition

Each gyrotron of the W7-X ECRH plant is integrated in the central W7-X
control and data acquisition environment (see figure 3.1). Gyrotron experi-
ments can be performed either manually without W7-X Control using the beam
dump or the gyrotrons are controlled remotely by W7-X Control as part of a
W7-X experiment program. In the latter case, the RF power is directed into the
torus. All relevant gyrotron experiment data like cathode and body voltage,
cathode current, coil and filament heating currents, collector temperatures,
ion-getter pump current etc. are stored in the W7-X ArchiveDB [HMG™16].
The ArchiveDB is a high-performance, scalable database storing continuously
all technical and scientific data with various sampling rates of the Wendelstein
7-X experiment. In case of the gyrotron data, low resolution channels are sam-
pled with down to 1 Hz and up to 1 MHz (high resolution). Most channels are
sampled with 25 kHz (medium resolution) as default setting. A time window
around the begin and the end of each pulse is acquired in a triggered man-
ner with a high time resolution. The data can be accessed via an application
programming interface (API) in Java or using the representional state transfer
(REST) API of the web service and the programming language Python. The
latter method is used throughout this thesis to download the experiment data
from the W7-X ArchiveDB experiment data archive.
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2 Hysteretic and Multi-Mode
Behaviour

The present chapter investigates the hysteretic and multi-mode behavior of the
W7-X gyrotron in multi-mode interaction simulations and experiments. The
hysteretic gyrotron behavior [DII*03,DI08] after a loss of the nominal working
mode is examined in multi-mode interaction simulations and in an experiment.
The latter is done to demonstrate the feasibility of a fast oscillation or mode
recovery during a gyrotron pulse. The critical acceleration voltages and beam
currents for loss and recovery of the nominal gyrotron mode are extracted
from a big parameter sweep exploring the working point plane. Since a
mode loss due to emitter cooling was most frequently observed during the
last experimental campaigns of W7-X, the emitter cooling is investigated in
interaction simulations as well.

In the introductory chapter of this thesis, noise in gyrotrons and its effect on
the operational stability was discussed. It was stated that extrinsic noise on
gyrotron control parameters like coil currents and supply voltages could have
the biggest effects on gyrotron mode stability in particular close to the mode
switching regime where a mode loss is more likely. The quality of the supply
voltages during gyrotron experiments is examined. The residual voltage ripple
and the empirical probability distribution of the acceleration voltage noise are
given based on the experimental data of more than 100 gyrotron pulses. Even
though the acceleration voltage cannot be directly measured and other noise
sources along the measurement chain contribute to the observed noise as well,
the noise of the sum of the body and cathode voltage could serve as upper-limit
for an estimation of the real noise. In an attempt to obtain a more realistic
simulation, multi-mode interaction simulations with EURIDICE [APIV12] are
performed with synthetic noise imposed on the acceleration voltage.
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2.1 Nominal Mode Voltage Hysteresis

2.1.1 Simulations

The hysteretic gyrotron behaviour after a loss of the nominal operating mode is
examined in multi-mode interaction simulations using the W7-X resonator ge-
ometry and a set of 34 modes including the nominal mode TEjg g, its azimuthal
neighbours and other parasitic modes which were identified in [Sch15]. Since
a great number of simulations was performed for this thesis, the execution
of the simulations for e.g. all combinations in a parameter sweep was auto-
mated for convenience. For this purpose, a wrapper and job manager for the
gyrotron interaction code EURIDICE [APIV12] (named pyEURIDICE) was
implemented in the programming language Python. It allows to automate more
complex simulation scenarios each consisting of multiple steps (continuation
runs). Multiple simulations can be run in parallel and a defined set of subse-
quent tasks is automatically performed. The most frequent task is a ramp for
a simulation parameter, mostly the acceleration or beam voltage. Finally, all
results from the individual simulations are aggregated in a simulation database
allowing for an easier post-processing of the data for the visualization.

In order to examine the hysteresis of the nominal working mode in a simulation,
two continuation runs are performed and concatenated. One for the startup
and mode switch (ramping up the voltage) and another one for the possible
recovery of the nominal working mode (ramping down the voltage). Figure 2.1
shows the simulation scenario for all simulations in the parameter sweep. The
sweep parameters in this case are the reference electron beam pitch factor ay,
the reference (cathode) voltage Uy and the reference cathode current I in the
Schottky approximation. This means the pitch factor @ reaches ag with I, = I
and Ug,m = Up. Since the purpose of this study is to identify just the general
trends (and not to exactly reproduce the experimental results), the Schottky
approximation and no spreads are used to reduce the computational effort with
regard to the large number of simulations.

Figures 2.2 and 2.3 show the results for Uy = 80kV, Iy = {38,...,52} and
ap = 1.3. Every line represents the result of a simulation run. The first on-
set of the nominal mode TEjg g is visible and the transition voltage increases
non-linearly with increasing beam voltage. The region for stable mono-mode
operation of TE»g g becomes smaller with increasing beam current.
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Figure 2.1: Simulation scenario to investigate the hysteretic gyrotron behaviour: concatenated
voltage ramps for startup and mode loss and subsequent mode recovery.

ap=1.3,Up =80.0

: / ﬁ\\\ 38

8 40 / P § , g

N / \ 1 g
/ 0

o

500 1000 1500

Simulation time (ns)

Figure 2.2: Number of simultaneously active modes with

2000 2500

P > 10 kW (together with figure 2.3).

The first onset of the nominal mode and the mode switching regime to the next

azimuthal neighbour are visible.

49



2 Hysteretic and Multi-Mode Behaviour

If « is increased to pathological, hence unrealistically high values (g > 1.3),
Figure 2.4 exhibits broadened mode transitions and negligible small regions
for stable-mode operation (of the TE>g g mode).

Figure 2.5 shows the cathode voltages and beam currents for the mode loss
and recovery. The mode loss voltage is taken here where an onset of multi-
mode behaviour and a subsequent mode switch are observed. The mode
recovery voltage is taken where a stable mono-mode operation of TEygg is
again achieved. The plot shows two distinct cases with an intermediate zone:
For low beam currents (< 44 A), the mode switching regime seems to be
rather short and the simulation predicts that a small voltage decrease (of 1 to
2 kV) would be sufficient to recover the nominal mode again. Such a regime
was not observed in experiments (see also section 2.1.2). In a real gyrotron
operation scenario, the beam current is higher at the begin of the pulse (hence
at the end of the startup) due to the emitter cooling effect. Also electron beam
parameter spreads, the effect of the depressed collector on the electron beam
properties and the effect of extrinsic, technical noise from the supply voltages
are neglected here. For higher beam currents, one passes an intermediate
regime with prolonged multi-moding behaviour prior to the mode switch and
a much larger voltage decrease (of 8 to 9 kV) is required to switch back to the
nominal mode.

In order to obtain a more realistic result with parameters closer to the real-
world gyrotron operation, the mode recovery simulation was repeated with a
higher number or electrons spreads and more realistic beam parameters for
a and y and magnetic field profiles along the cavity computed with the code
ARIADNE [PV04]. Figure 2.6 shows the result where a mode switch from
TEyg g to its azimuthal neighbour or satellite mode TE»7 g is observed at a
cathode voltage of 87.5 kV. After a ramp down of around 10 kV, the nominal
mode is recovered at 78 kV. The critical voltage where the mode switch is
observed, is higher than in the gyrotron experiments because of the fact that
the simulation did not take electron beam parameter spreads, the effect of the
depressed collector or technical noise into account.
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2.1 Nominal Mode Voltage Hysteresis

2.1.2 Mode Recovery Experiment

In order to evaluate the feasibility of a fast oscillation or mode recovery during
a gyrotron pulse, the following experiment was performed:

By a sawtooth modulation of the acceleration voltage Vace = Vipody — Veath
(only the body voltage Vpoqy Was modulated, see Figure 2.7), the critical
acceleration voltage for the nominal working mode TEss g is exceeded for the
current beam current. Therefore, a mode loss is intentionally provoked in a
repeated manner, but the mode was recovered subsequently. The voltages Upody
and U,y are measured using two seperate high-voltage dividers directly at the
high-voltage power supplies. The direct measurement of the technical, actual
applied acceleration voltage is difficult [BBK*05]. The two HVPS types used
for the body and the cathode voltage are discussed more in detail in section 2.3
where the technical noise is discussed.

The result of the mode recovery experiment is shown in figure 2.7. It was
already published in [WLM™* 17]. The first author of the publication is also the
author of this thesis.

It was observed that the voltage reduction after a mode loss has to exceed at
least 8 to 9 kV in order to ensure a successful mode recovery. This indicates an
acceleration voltage hysteresis for the nominal gyrotron working mode TEg 3.
The mode was repeatedly lost around 82.0 + 0.2 kV and recovered during the
subsequent ramp down around 75.5 + 0.2 kV. The average required voltage
difference amounted to 9.91 kV. In comparison to the more realistic simulation
with spreads, a small deviation was observed for the required voltage decrease
(9.65 kV vs. 9.91 kV).

Judging the experimental result, it should be possible to implement a fast
oscillation recovery after a mode loss as a fast gyrotron controller. This way,
the complete gyrotron startup scenario with several mode hoppings could be
avoided in comparison to a complete temporary shutdown of the gyrotron
(with a reduction of the supply voltages to zero) implemented by others (see
e.g. [PBC*18]) or [WSL*16].
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Figure 2.7: Mode recovery experiment with the Bravo 5 (TED SNO002i) tube. Repeated inten-
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tional mode loss and successful subsequent recovery with a sawtooth-modulated body
voltage. The acceleration voltage reduction after mode loss has to exceed 9 kV to
ensure a successful mode recovery indicating a hysteresis. The dashed line indicates
the moment of mode loss.



2.2 Emitter Cooling Behaviour

2.2 Emitter Cooling Behaviour

The emitter cooling phenomenon, the fast decrease of the cathode current
after the begin of the pulse, was for example observed prior to a loss of the
nominal operating mode during the experiment programs and the dedicated
gyrotron experiments performing long gyrotron pulses (7 > 1 s) at W7-X. The
emitter cooling is therefore investigated in multi-mode interaction simulations
to observe a possible multi-moding behaviour prior to a mode loss when the
nominal mode break current is approached.

In order to simulate the emitter cooling in EURIDICE [APIV12], the simulation
scenario contains two steps: The first step is a mode startup with increasing
voltage and beam current to Ucm = Ugp and I, = Ip. The emitter cooling
behaviour is then approximated by the so-called "fake ramps", allowing to
simulate a drop in beam current with technically constant acceleration voltage.
The same number of electrons and the Schottky approximation without spreads
for @ or y were used as in the previous section.

Figures 2.8 and 2.9 show the simulation results for the emitter cooling with a
fixed reference beam voltage Upg. The mode switch to the nominal mode is
visible during the startup (first half). The general trend of an increasing break
current for the nominal mode (minimum required beam current to support the
nominal mode) is visible during the emitter cooling (second half). Decreasing
the current has a similar effect as increasing the voltage. But in this case,
the mode switch is approached more slowly by the decreasing current and
the transition zones are prolonged. This way multi-moding behaviour could
become observable in an experiment since it would appear on a longer time
scale. Figures2.10and 2.11 draw a more differentiated picture: The simulation
results for different reference voltages are shown here, while the reference
current is held constant. First, a non-linearly increasing current is visible
where first multi-mode behavior occurs. One the other hand, the actual mode
switch where the azimuthal neighbour mode TE,7 g takes over, seems to happen
at a much lower current. This is a contradiction compared with the experiment
where the mode switch is observed already at higher currents above 40 A. Note
that this simulation is strongly simplified since no spreads and no realistic beam
parameter curves were used. Furthermore, the emitter cooling is only taken
into account by a decreasing beam current. Other effects on the electron beam
parameters from a decreasing emitter temperature are neglected.

55



2 Hysteretic and Multi-Mode Behaviour

ap=1.3,Upo =815

47.5 1

IS

45.0

42.5 1

w

N
# Active modes with P= 10 kW

40.0 A

37.5 A

Beam current (A)

35.0

-

32.5 A

o

30.0 A

o

200 400 600 800 1000 1200
Simulation time (ns)

Figure 2.8: The number of simultaneously active modes for startup and subsequent emitter cooling
simulation for Uy = 81.5 kV and various reference beam currents. Multi-moding
behaviour is visible with decreasing current.
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behaviour is visible with decreasing current.
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Figure 2.10: The number of simultaneously active modes for startup and subsequent emitter cool-
ing simulation for Iy = 47 A and various reference cathode voltages. Multi-moding
behaviour is visible with decreasing current.
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2 Hysteretic and Multi-Mode Behaviour

2.3 Impact of Technical Noise

As stated in section 1.5.7, extrinsic technical noise of external operation pa-
rameters has the strongest impact compared to all other intrinsic noise sources
of the gyrotron. In practice, the technical noise of the acceleration voltage can
have in particular a significant impact on the gyrotron mode startup and mode
stability near the mode switching regime at the maximum output power of the
gyrotron [DN97]. A safety margin for the acceleration voltage is therefore
often applied for the gyrotron operation [ARM™* 19]. Hence, noise amplitude,
voltage ripple and overshoot should be minimized in the design of power sup-
plies for gyrotrons to ensure a stable operation.

In case of W7-X, the main high voltage power supply is a solid-state switching
power supply based on the Pulse Step Modulation (PSM) principle [BBK*05].
It consists of 84 IGBT (Insulated Gate Bipolar Transistor) modules connected
in series. An IGBT is a high-power semiconductor switch suitable for high
forward currents [LSSD11]. The output voltage can be controlled by switching
the individual IGBT modules in series on or off. In order to suppress voltage
noise in the suppy voltage, a low pass filter with a cutoff frequency around
100 kHz was used [BBK*05]. Despite using a low pass filter, a significant
amount of noise and a residual ripple voltage are visible in the signal as shown
in Figure 2.12.

The properties of the extrinsic, technical noise from gyrotron experiments
performed at W7-X are investigated first with data from a large number of
gyrotron pulses. Although the acceleration voltage could not be measured di-
rectly (no direct measurement point is available without time-consuming mod-
ifications) and other noise sources (mainly signal conversion (optical/coaxial),
AD-conversion and possible cross talk between long signal lines) along the
measurement chain surely contributed to the observed noise, the simple sum of
the body and the cathode voltage could serve as a worst-case, upper estimate for
the real noise. Then multi-mode gyrotron interaction simulations with Gaus-
sian (white) noise and synthetic noise, imposed on the acceleration voltage,
are performed here for the first time to study the mode switching hysteresis and
the multi-mode behaviour.
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Figure 2.12: Except of the measured PSM output voltage: time trace (above) and noise frequency
spectrum (below) from [BBK*05].

2.3.1 Empirical Noise Distribution

The statistical terms probability p (x), probability density function (PDF) fx (x),
percentile pxg, and median yp of a random sample X which are used in the
following, relate to each other as follows

1= /m fx (x)dx 2.1
p(ysst>=/nyx<x)dx 22)
px<y) = [ i 23)

Yy =pka (X) @ p(X<y)= %% (2.4)
K = P50 (X) (2.5)

The first equation shows the normalization property of a probability density.
The second equation gives the probability to find a value in the interval [y, z].
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The percentile py ¢, is the threshold below which k % of the values of the ran-
dom sample are located. The 50 % percentile psgq, is called median u which
is the value most likely to occur. The popular standard deviation o assumes
normal-distributed values. In contrast, the percentile can be reasonably applied
to random samples whose values can have any kind of probability distribution
(also skewed or asymmetric). In the limit of a large sample size N — oo,
the normalized histogram can approximate the underlying PDF of the random
variable as implied by (Borel’s) law of large numbers.
Figure 2.13 and 2.14 show the (zoomed) the body, cathode and resulting sum
voltage (as substitute or estimate for the acceleration voltage signal which was
not available) along with the cathode current and the RF output power signal.
The red dashed envelope lines denote the 10 % and 90 % percentiles for a
moving window over the signal with a duration of 20 ms. The red solid line in
between is the moving median over the same duration. Hence, the percentile
difference could be interpreted as the noise voltage peak-to-peak value. In the
time signals, a phase delay between the body and the cathode voltage is visible
leading to a modulation of the noise amplitude or noise distribution width.
Also without noise (the moving median), a significant voltage ripple is visible.
The statistical properties of the acceleration voltage noise were determined
with data from 110 gyrotron pulses performed with the Alpha 1 tube with a
duration of up to 20 s. The noise signal is computed as difference between
the actual acceleration voltage value V. (t,) and the moving median over a
window with a duration of 20 ms. Thus, the voltage ripple is interpreted to be
independent from the noise and not seen as consequence of the super-imposed
noise of the body and the cathode voltage. The mean ripple voltage without
noise (using the moving median) over all shots is 0.24 kV. No obvious correla-
tion was visible between the ripple voltage and the working point (Vaec, Leath)-
The slow modulation of the acceleration voltage manifests itself also in the
power spectral density (PSD) of the noise signal as shown in figure 2.15. The
PSD was estimated using Welch’s method [Wel67] with an overlap of 0.1
and 2'° values per segment. The Python implementation of Welch’s method
from the SciPy library (https://docs.scipy.org/doc/scipy/reference/) was used
to compute the PSD.
The most dominant frequency contributions are located at 4.3 Hz, 34 Hz and
odd multiples of the power grid frequency of 50 Hz where 150 Hz is the
strongest. High-frequency contributions around 6 kHz and 12 kHz could orig-
inate from the switching power supply. The PSD of white (Gaussian) noise is
also shown for comparison and is near zero across all frequencies as expected.

60



2.3 Impact of Technical Noise

28.25
28.00
27.75
27.50

Ubody (kV)

27.25

27.00

Ucath (kV)

Ubody + Ucath (kV)

Icath (A)

1000
—~ 950
=
< 900
3
o 850

800 -

250 500 750 1000 1250 1500 1750 2000
Time (ms)

Figure 2.13: Body Upody, cathode Ucyn, resulting sum voltage signal Upogy + Ucarn, cathode
current I, and RF output power signal from a gyrotron experiment. Red envelope
lines denote the pjgq, and poge, percentiles of a moving window with a duration of 20
ms. The red dashed lines denote the moving median over the same window duration.
Apparent slow modulation in voltage, cathode current and RF signals. A phase delay
between the body and cathode voltage is observed.
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Figure 2.14: Zoomed body Upygy, cathode Ucyp, resulting sum voltage signal Upody + Ucaths
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cathode current ¢, and RF output power signal from a gyrotron experiment. Red
envelope lines denote the pigq, and pogg, percentiles of a moving window with a
duration of 20 ms. The red dashed lines denote the moving median over the same
window duration. Apparent slow modulation in voltage, cathode current and RF
signals. A phase delay between the body and cathode voltage is observed.



2.3 Impact of Technical Noise

noise type percentile [%0] pxo, [KV]

observed 90 0.216
99 0.438

99.9 0.609

99.99 0.751

99.999 0.879

white 90 0.225
99 0.408

99.9 0.542

99.99 0.652

99.999 0.749

Table 2.1: Comparison of percentiles for the observed noise and synthetic white (gaussian) noise
with the standard deviation of the observed noise.

Figure 2.16 shows the logarithmic probability density functions (PDF) of the
observed acceleration voltage noise during all pulses compared to the log PDF
of synthetic white noise. 5 - 107 values in total were used for both cases, so that
the histograms approximate well enough the PDFs. The observed noise PDF
is obviously not purely Gaussian, but has fat tails for values bigger than 0.5 kV.
The percentiles are compared for the observed noise and white noise in Table
2.1. The generated white noise has the same standard deviation computed from
the observed noise (assuming the observed noise would be Gaussian). This
gives an impression how big the voltage overshoot due to noise is at a given
probability level.

For example, 99.99 % of the values for the observed noise are < 0.751 kV. In
contrast for the synthetic white (Gaussian) noise, 99.99 % of the values are
< 0.652 kV. We could also invert the question by asking:

How big is the probability Sx(x) = 1 — Fx(x) = p(X > x) = 1 — p(X < x) that
the noise voltage (overshoot) is bigger than x?

S(x) is called the survival function and F(x) is the cumulative distribution func-
tion (CDF) of the random sample. The CDF Fx(x) gives the probability that a
random value X of the sample is smaller or equal to x, hence Fx(x) = p (X < x).
In case the analytic expression for the PDF is unknown, the empirical camu-
lative distribution function (ECDF) can be easily determined. The result is
compared for both noise types in figure 2.17.
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To give some numbers: the probability that the noise voltage is bigger than
0.5 kV is 0.43 % (observed) vs. 0.2 % (synthetic white noise). For a noise
voltage bigger than 0.75 kV the difference is one order of magnitude, 0.01 %
(observed) vs. 0.001 % (synthetic white noise). The probability of 0.43 %
seems small, but actually means for a sampling frequency fs = 25 kHz that
every 243 samples or 9.3 ms, at least one sample with a noise voltage > 0.5 kV
is observed. This is of importance in particular when the gyrotron is operated
close to the nominal mode cutoff. A more detailed investigation of the various
noise sources along the measurement and data acquisition chain is necessary to
distinguish the superimposed, additional noise from the real noise present on
the gyrotron supply voltages. Of course, in the example above, the contribution
of the noise introduced by the data acquisition system (e.g. noise introduced
by AD-conversion, quantization noise) is neglected.

Figure 2.18 shows the noise percentile difference, hence the peak-to-peak noise
voltage during an exemplary 20 s shot (hence the slow modulation by the resid-
ual voltage ripple is not taken into account). From this plot, we can conclude
that a safety margin of at least 0.6 to 0.7 kV (0.2 kV ripple + 0.5 kV noise) is
necessary here in particular close to the mode switching regime of the nominal
mode. During the last maintenance of the power supplies by the company
Ampegon, the noise voltage was determined to be around 400 Vp,, (peak-to-
peak) [Mue]. A part of it is compensated by the body voltage modulator. This
is close to the mean of the pogy, — p1o9 percentile difference determined here.
In fact, the pogg, — P19 percentile difference is in agreement with experiences
operating gyrotrons at W7-X where on average a safety margin for the accel-
eration voltage of at least 1 kV is used (depending on the gyrotron). A voltage
safety-margin of 2 kV is proposed in [ARM™ 19] for a possible future 1.5 MW
conventional-cavity gyrotron. Though, it cannot be excluded that the real noise
is super-imposed by noise from the hardware used for the AD conversion and
data acquisition.

For the following multi-mode interaction simulations with noise, synthetic
noise is generated using the inverse ECDF of the observed noise PDF. The
PSD of the observed noise is not reproduced this way, but this would not
be reasonable as well since the simulation time scale is orders of magnitude
smaller than the time scale of the noise modulation. The PSD could be re-
produced using the Lanczos algorithm [LG75] or other methods. Anyway,
by reproducing the observed noise in the multi-mode interaction simulations,
more realistic results could be expected.
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Figure 2.15: The power spectral density of the sum voltage Upogy + Ucaen noise obtained with

Welch’s method (overlap 0.1, 216 values per segment). Most prominent frequency
components around 4.3 Hz (see figure 2.13), 34 Hz and odd multiples of 50 Hz from
the power line.
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Figure 2.16: Comparison of the probability density functions (PDF) for the observed noise of the
acceleration voltage and random Gaussian (white) noise using 5 - 107 values. The
vertical axis is logarithmic. The observed noise PDF is not purely Gaussian, but has
tails for values bigger than + 0.5 kV.
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Figure 2.18: Percentile differences of the noise for a moving window with a duration of 20 ms.
The dashed lines indicate the mean value over the time period.
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2.3.2 Simulations

Multi-mode interaction simulations with EURIDICE were performed with
technical noise imposed on the cathode voltage. The results are compared for
white noise (using a normal distribution with different standard deviations)
and synthetic noise based on the empirical noise distribution presented in the
previous section. The effect of noise on the mode switching is examined. In
this case, the simulations were performed with spreads (about 2000 electrons)
and a more realistic I, — a curve from ARIADNE for a rather low current of
38 A at 80 kV.

Figures 2.19 shows the mode switch from TExg g to TE»7,3 and the recovery to
the nominal mode for various noise levels, hence standard deviations o for the
normal distribution, imposed on the cathode voltage. Only a slight difference
is visible between the noise levels with the tendency to an earlier mode switch
and earlier mode recovery with increasing noise amplitude. Figure 2.20 shows
an excerpt around the first mode switch TE»g 3 — TE»7 g exhibiting an elevated
background noise level for increasing standard deviation. The simulation with
the empirical noise probability distribution leads to an slightly earlier growth
of power in a satellite mode compared to Gaussian white noise.

In order to give a well-founded statement about the effect of the technical noise
on the mode switching behaviour and (nominal mode) stability, the simulations
for the noise levels need to be repeated for a statistically significant number, a
higher beam current and an increased pitch factor.
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Figure 2.19: Multi-mode simulation of the mode loss and recovery with higher electron count,
spreads and Iy — @ curve from ARIADNE (38 A at 80 kV) for various noise levels
imposed on the cathode voltage. Only the nominal mode TEyg g and its satellites
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Figure 2.20: Zoom of figure 2.19 with logarithmic y-axis for the mode switch TE>g § — TE27 3.
An elevated background noise for other modes and a slightly shifted mode switching
is observed for an increasing standard deviation of the noise.
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2 Hysteretic and Multi-Mode Behaviour

2.4 Summary

Multi-mode interaction simulations of the mode switching behaviour were
peformed to investigate the hysteretic gyrotron behaviour after a loss of the
nominal mode. The results show a varying required voltage decrease between
2 kV up to 10 kV in order to recover the nominal mode after a mode loss.
A more realistic interaction simulation with a higher electron count, spreads
and a realistic I — a curve from ARTADNE yielded a higher required voltage
decrease of 9.6 kV. An experiment was performed to demonstrate the technical
feasibility of the mode recovery. The mode was repeatedly recovered reducing
the voltage on average by 9.9 kV which confirms the prediction given by the
simulation.

The emitter cooling was simulated since it is one of the most frequent causes
for mode loss during gyrotron pulses at W7-X. The simulations predict a
multi-moding behavior with decreasing beam current over extended time peri-
ods. The mode switching is predicted to happen at much lower beam currents
(below 38 A) compared to the observations in experiments (see also Figure
3.5). This could be explained with the drastically simplified simulation model
without spreads for @ or y using the Schottky approximation, the absence
of technical noise in the simulation and the simplified representation of the
emitter cooling effect in the simulation ramping down the cathode current to
reduce the computational effort.
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3 Automated Mode Recovery

Based on the findings presented in the previous chapter, an algorithm for an
automated recovery of the nominal working mode (a fast oscillation recovery)
during the gyrotron pulse after a mode switch to the competing satellite is
developed. In this chapter, the automated mode recovery (MORE) algorithm
and its implementation on a field-programmable gate array (FPGA) as finite
state machine (FSM) are presented. Based on experiments performed with
MORE, the gain in terms of gyrotron performance and reliability using MORE
are evaluated in a first statistical analysis. The impact on gyrotron reliability
during the last experimental campaign OP1.2b at Wendelstein 7-X is also
presented in a statistical analysis for nine out of ten gyrotrons. This is the first
gyrotron reliability analysis for the ECRH facility of a large-scale experiment
with regard to its extent of the experimental data used. The contents of sections
3.2 have been already published in parts in [WMS* 19]. The first author of that
paper is also the author of this thesis.

3.1  Gyrotron Controller

The automated mode recovery uses the already existing gyrotron controllers at
W7-X. Each gyrotron has its own controller implementing the fast real-time
control of the high voltage power supplies (body and cathode voltage power
supply), gyrotron output power modulation and fast gyrotron protection inter-
locks invoking the immediate shutdown of the gyrotron to avoid damages.

An example for such a fast protection interlock is the so called "RF interlock".
It is triggered when a gyrotron pulse is running (hence supply voltages are
switched on), but no RF output power is measured for a time period longer
than the RF grace time (default value 2 ms). An RF interlock often occurs
during the pulse due to loss of the nominal operating mode or as consequence
of arcing inside the gyrotron or outside along the QO transmission line. Each
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3 Automated Mode Recovery

gyrotron controller works independently for dedicated gyrotron experiments,
but also remotely controlled by the central W7-X control for W7-X experi-
ment programs. Slow control tasks (> 1 ms, e.g. magnet, cathode heater)
and interlocks are realized using conventional programmable logic controllers
(PLC) for industrial applications (Siemens Simatic S7) which are connected
via Ethernet to the gyrotron controller. These aforementioned functionalities
were first implemented in a gyrotron controller developed by IPP in 2011 based
on an open-source FPGA implementation of a real-time Java Virtual Machine
(JVM) [MS11]. Due to the error-prone architecture, difficult handling and no-
longer guaranteed hardware maintainability (e.g. the Altera Cyclone FPGA
which is used, has reached end-of-life (EOL) status), the gyrotron controller
functions were ported to a National Instruments compactRIO 9039 using Lab-
View FPGA [MWC™"17]. This is an Intel Atom based real-time Linux system
combined with a FPGA and configurable input/output modules which is fully
integrated in the National Instruments LabView environment.

Figure 3.1 shows the overview of the ECRH control system for a single gyro-
tron and how the gyrotron controller is connected to the power supplies and the
periphery. The set point values for the acceleration and cathode voltage supply
are set separately, as well as there are distinct gate signals for the two HVPS
(main / cathode and body power supply). The body power supply receives a set
point for the acceleration voltage. The acceleration voltage is then internally
feedback controlled measuring both the cathode and the body voltage and act-
ing on the body voltage. The HVPS allow the quasi real-time control of the
acceleration voltage during the pulse. The set point values for both voltages are
stored in a ring buffer on the FPGA. How a change of the acceleration voltage
is shared among body and cathode voltage modulator for the voltage ramps
during MORE cycles is defined by a parameter (typically set to 0.5) defining
a Upody/Ucam voltage ratio. During normal operation, the cathode and the
acceleration voltage are linearly controlled within the defined limit values re-
sulting in a previously defined, fixed depression ratio. The signal "u-wave
power" denotes the signal for the nominal mode at 140 GHz measured at the
periphery of the RF output beam waist using a RF detector diode. The output
voltage signal is power-calibrated with long gyrotron pulses using a (rather
intert) calorimeter. This signal is used for the fast protection RF interlock to
shutdown the gyrotron in absence of RF power in the nominal working mode
during a pulse. In order to reduce the sensitivity of MORE towards noise, the
measured diode signal is buffered and averaged to obtain a more stable signal.
This does not hold true for the RF interlock to guarantee a very low latency.
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Figure 3.1: Overview of the ECRH control system showing the gyrotron controller and its con-
nections to the power supplies and W7-X central control (from [MWC*17]).

The RF signal is connected to a fast analog input module (up to 1 MS s71) as
shown in Figure 3.2. Seven more analog inputs with high sampling rate are
available for future extensions. The gyrotron controller can be administered

conveniently with a web interface.

Figure 3.2: Photo of the new gyrotron controller based on a National Instruments cRIO 9039 with
plugged-in input/output modules. The fast analog input module is highlighted (own

work).
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3 Automated Mode Recovery

3.2 FPGA Implementation

As found in the investigations of the previous chapter, the gyrotron exhibits
a strong hysteretic behaviour after a mode switch to the competing satellite.
A simple, small reduction of the acceleration voltage is insufficient to recover
the nominal mode. The reduction of the acceleration voltage has to exceed
a certain threshold value depending on the pulse history and therefore on the
past trajectory in the gyrotron parameter space. The MORE algorithm acts on
the acceleration voltage since this parameter can be controlled very fast and
it has an immediate effect (us time scale). The required time to change other
gyrotron parameters and the time delay of a reaction to such a change of e.g.
the coil currents (coil currents are ramped slowly) or the filament heater current
(thermal inertia of the emitter) is much greater (ms to multiple seconds). This
is by all means too slow since the available time to recover the nominal mode
is constrained by the collector heat load. Therefore a RF grace time (typically
2 ms which is very conservative value) is defined. The attempts to recover the
nominal mode should not require more time in order to protect the gyrotron
against thermal damage when operated too long on the false (satellite) mode.
MORE can act on both the body voltage and the cathode voltage. As mentioned
above, the ratio how an acceleration voltage change is shared between the two,
can be adjusted via a parameter. As shown in [WLM*17], it is also possible to
recover the nominal mode by a modulation of the body voltage only (changing
the collector depression ratio).

In order to reliably recover the nominal mode, the following mode recovery
algorithm is proposed and was implemented as FSM on the FPGA of the
gyrotron controller [WMS*19]:

1. Wait for clearance. Clearance is given if MORE is enabled and a pulse
is running longer than a defined ignore period (typically 20 ms to 100
ms). The "ignore period" or delay time is a defined time period after
which the MORE algorithm is allowed to act on the acceleration voltage.
If clearance is given, go to step 2.

2. Wait for a mode loss indicated by a RF interlock state. If clearance is
lost because another interlock occurred due to e.g. arcing, body current
fault or the pulse has ended, go back to step 1.

If amode loss occurs, store actual acceleration voltage Uy, and relative
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time of the mode loss during the running pulse. Check if this is the first
mode loss in the current pulse (n = 0). If false,

a) compute time distance At to the previous mode loss.

b) check if time distance At is bigger than a defined minimum time
distance ® between subsequent mode losses. If true, go to step 3,
else go to step 6 and set MORE into a halt state.

else continue and go to step 3. In order to avoid continuous mode re-
covery attempts and minimize the duty cycle for the gyrotron operating
on the false mode or without emission, this safety measure was imple-
mented. Otherwise the increased collector heat load and the additional
heat loads for other gyrotron components could lead to a decreased
lifespan.

3. Perform fast ramp down (RD) of the acceleration voltage (within
< 100 us) to the target voltage Urpn = Urpn-1 — Arp Where Urpo
is the default target for the first mode recovery attempt (typ. 71 kV)
and Agrp a defined voltage step (typ. 0.1 ... 1 kV). The minimum ramp
down target is the minimum allowed acceleration voltage of typ. 65 kV
since this is the hard-coded lower limit in the low-level Programmable
Logic Controller (PLC). The index n is incremented and hence Ugp j, is
decreased after each unsuccessful mode recovery attempt. If clearance
is lost during the ramp down (e.g. because the RF grace time is over),
go back to step 1, else continue to step 4.

4. Perform fast ramp up (RU) of the acceleration voltage with a defined
duration (typ. 300 us) to the target value Ury,n = Umrn — Aru Where
Agy is a defined voltage step (typ. 0.1 ... 1 kV). The shortest possible
ramp duration is only limited by the achievable slew rate of the HVPS
(here at W7-X 4 us/kV).

If the clearance is lost during the ramp up, go back to step 1. If the mode
is still active at the end of the ramp up (and hence was successfully
recovered), continue to step 5 else try again and go back to step 3.

5. Perform another slow (power) ramp up (PRU) either with

a) a constant defined slew rate SRq (typ. 20 ... 100 ms/kV)
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3 Automated Mode Recovery

b) avariable slew rate SR, = SR,_; + ASR with ASR ~ 0.1SR after
each consecutive mode loss during the pulse

where the target value for the (power) ramp up is either

a) the momentary set-point value Upry n = Ugec (tn), if the algorithm
priority is maximum output power

b) Upru.n = UmrLn — Apru With Apry being a defined voltage step
(typ. 0.2 ... 1kV), if the algorithm priority is operational stability.
The acceleration voltage is limited to Upry,, afterwards for the
remaining pulse in order to avoid any further mode loss.

In case another mode loss occurs during the (power) ramp up, try again
and go back to step 2. If the (power) ramp up has finished and the mode
is still active, also go back to step 2 and wait for another mode loss to
happen.

6. Wait for the end of the current pulse or the RF grace time period. This
is a kind of halt state for the MORE algorithm. MORE remains inactive
till the end of the current pulse. If the clearance is lost, go back to step
1 and wait for another pulse to begin.

Figure 3.3 illustrates the mode recovery algorithm with a state diagram includ-
ing the intermediate preparatory states (Prep#) before (to compute necessary
values) and wait states (Wait#) after each ramp. Transitions back to the state
"wait clear" (equivalent to step 1 of the algorithm description) were omitted
in the diagram for the sake of clarity and comprehensibility. Furthermore the
states "wait RFint", "RD", "RU" and "PRU" equal steps 2, 3, 4 and 5 respec-
tively in the description of the algorithm.

The externally given, actual set point values during the pulse are stored in two
ring buffers for the body and the cathode voltage each with a size of 2'* values.
A floating-point precision of 16 bits was choosen, since it turned out during
experiments that rounding errors lead to missed voltage ramp target values..
The MORE algorithm intervenes by overwriting the externally given set point
values in the ring buffer during MORE cycles. The ignore period introduced
in step 1 of the algorithm defines a minimum pulse length before MORE is
responsive. This is done for multiple reasons: First to guarantee the neutral-
ization process is finished to support a successful mode recovery. Second to
minimize the false mode duty cycle. MORE was intended to be used for longer
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3 Automated Mode Recovery

and long pulses (or cw operation) only. Using MORE for short pulses could
lead to a high false-mode duty cycle, if the minimum time distance ® between
subsequent mode losses is set to a small value. By adjusting the minimum
allowed time distance ® between subsequent mode losses, the slew rate SRq
for the 2nd power ramp up and the voltage step Apry, the expected false-mode
duty cycle can be controlled.

Since the cathode current drops during the first seconds of the pulse (despite
a boosted filament heating current) and the critical acceleration voltage Up,
(where the nominal mode is lost) was observed to follow the decreasing cur-
rent, step 5b was introduced in the algorithm.

Figure 3.4 presents an example for a MORE cycle during a pulse from an ex-
periment with the Alpha 1 (TED SNO07) tube. Due to the time delay between
the body and the cathode voltage modulator (typically 50 to 100 us) and the
time required to process the buffer of the RF diode signal, wait states had to be
introduced between the fast ramps.

Since MORE is a software solution, it was easily transferred to all gyrotron
controllers but was not of practical use for the Echo 5 tube manufactured
by CPL. In this case, a rising body current triggers an interlock before a mode
switch could be observed and MORE could have intervened. This problem will
be mitigated in future by implementing a similar recovery algorithm triggered
by transient increases of the body current.
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Figure 3.4: Example for a MORE cycle during a pulse from an experiment with Alpha 1 (TED
SNO007) tube. The numbers indicate the actual state of the FSM. Wait states were
introduced to compensate the delay between the body and cathode voltage modulator
and the required time to process the RF diode signal.
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3.3 Experimental Results

The results presented in this section are extracted from a database of reduced
gyrotron experiment data from dedicated tests with MORE and the last op-
erational campaign OP1.2b of Wendelstein 7-X. The database creation was
automated by the help of a Python framework named SAGE (Statistical Anal-
ysis of Gyrotron Experiments) which was created for this thesis. It allows the
automated evaluation, visualization and reduction of big amounts of gyrotron
experiment data to a small-sized searchable database. It can facilitate the
statistical analysis of gyrotron experiment data e.g. for a gyrotron reliability
study significantly. The RF output power is measured by a power-calibrated
detector diode signal where the contribution of the nominal operating mode
at 140 GHz is measured. The calibration is achieved by comparing the diode
voltage signal to the integrated cooling water temperature difference in the
beam dump. Transmission line losses were also taken into account to obtain
the RF power at the gyrotron output window. In the following section, gyrotron
pulses are labeled either as "stable" (finished normally without intervention of
MORE), "unstable" (finished normally with at least one MORE cycle) and
"failed" (pulse ended prematurely with at least one MORE attempt) In all ex-
periments with MORE, it was used with maximum output power being set
as priority for the algorithm. Therefore the target value for the 2nd (power)
ramp-up is the actual set-point value (see step 5 of the algorithm) and a fixed
slew rate was used.

3.3.1 Operation Regimes

Based on the database of reduced gyrotron experiment data from dedi-
cated MORE experiments and the last operational campaign Wendelstein
7-X OP1.2b, the mode-loss line in the working point plane for the nominal
operating mode was found. Figure 3.5 shows all 3963 mode loss events during
162 unstable and failed pulses in the (Ugec,lcath) working point plane. Addi-
tionally, the average acceleration voltages and cathode currents of 425 stable
pulses (green triangles) are shown as well. It is reasonable to assume that the
initial cathode current for these pulses is higher due to emitter cooling. The
pulses with a duration of up to 55 s were performed with the Alpha 1 (TED
SNO007) tube at same magnetic fields.
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The depression ratio Upedy /Ucan = 0.51 was approximately constant at across
all pulses with a maximum deviation of 4 % for 8§ out of 162 pulses. The
dashed red line in figure 3.5 fits the mode losses in the working point plane
with

Unax D) =aoIn(I+ ) + @ 3.1

or respectively

Imin (U) = exp (U ;00/2) - (3.2

with ag = 1.1, @; = —42 and a, = 81.135.

The stable pulses are located in the upper left area and are enclosed by the fit
line. The conclusion is that the fit denotes the center of a boundary region for
the nominal operating mode where mode loss and multi-moding behaviour are
more likely to occur. For a given acceleration voltage Uy exist a minimum
critical cathode and breaking current I,;,. The width of the mode loss point
cloud (around 1 kV) could be partly explained by the technical noise from the
supply voltages itself and the additional noise introduced in the measurement
chain. As shown in section 2.3.1, the individually observed noise amplitude
on the body and cathode voltage amounts up to 500 Vj,,. In the resulting
sum signal Upogy + Ucamn used at estimate for Uy, the mean observed noise
amplitude varied between 400 V,, (10 %/90 % percentile difference) and
800 Vpp (1 %/99 % percentile difference) with rarely up to 1 kVp,. Another
contributing factor could be the hysteresis for the cathode current after a
mode recovery. The existence of such a boundary region for the nominal
working mode is supported by satellite mode stray radiation measurements
presented in [WLM™17]. The increasing stray radiation level of the satellite
modes approaching the output power limit is proposed there as a mode loss
precursor. Additionally, multi-moding behaviour of the nominal operating
mode TEyg g and its satellites TE»7,3 and TEy9 g is observed in multi-mode
interaction simulations with EURIDICE [APIV12] where the emitter cooling
behaviour is simulated with decreasing beam current. The shape of the mode-
loss line is consistent with the experimental observations: When the gyrotron
is operated close to the mode-loss line, a small voltage change (e.g. due to
technical noise on the acceleration voltage) is enough to cause a mode switch.
In the contrary, the mode-loss line is slowly approached by a slowly decreasing
cathode current, allowing to observe (temporary) multi-moding behaviour.
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Figure 3.5:
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3963 Modelosses (black crosses) and 425 stable pulses (green triangles) in the work-
ing point plane from dedicated MORE experiments and W7-X OP1.2b operation
performed with the Alpha 1 (TED SNOO7) tube. The red dashed line is a fits the mode
losses denoting the mode-loss line of the nominal working mode in the working point
plane.

A new quantity called "criticality" C is proposed to denote the stability of the
momentary gyrotron working point defined as
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where the criticality C is the minimum distance dp,;, from the actual working
point (Uy, ;) to the cutoff line (X, Iy (x)) computed for all x € [a,b]. The
signum function sgn(x) is defined by

-1 x<0
sgn(x) =40 x=0 3.5
+1 x>0

All working points (Ui, I;) for which the criticality C shall be computed,

should be contained in the voltage interval [a, b]. The criticality is negative for
working points far away from the cutoff in the stable region and approaches
zero with decreasing distance to the cutoff line. The criticality exceeds zero
if the mode-loss line has been passed and the working point is located in
the failure region. An increasing criticality can be, but is not necessarily,
proportional to the output power. For eaxmple, in the case of emitter cooling
with decreasing cathode current, the criticality is increasing, but the output
power is decreasing.
In order to comply with physical units and ensure comparability of C with
datasets from other gyrotrons, a min-max or z-score normalization (see section
A.l in the appendix) could be applied on the union sets of the individual
features (U, I) of the working points and the mode loss fit curve (U, I;in(U)).
A normalization is not applied here since a comparison between different
gyrotrons was not intended. A normalization of the dataset would also not
qualitatively change the results in section 3.3.4.
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3.3.2 Improvement of Output Power and Reliability

Since MORE allows a fast recovery of the nominal mode during the pulse (fast
oscillation recovery), the gyrotron can now be operated closer to its individual
output power limit at more unstable working points near the mode-loss line of
the nominal working mode. In the past a safety margin had to be used which
lowered the achievable output power to ensure a reliable operation [ARM™19].
Therefore, fast oscillation recovery methods like MORE are promising to fulfill
the reliability- availability-maintainability-inspectability (RAMI) requirements
of future high-power gyrotrons for fusion power plants [TDST19].

Figure 3.6 shows a comparison of the maximum achievable output power for
the Alpha 1 (TED SNOO7) tube without (black trace) and with MORE (red
trace). The frequent mode losses and subsequent recoveries of the nominal
mode during the pulse are clearly visible as vertical lines in the red signal.
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Figure 3.6: Comparison of maximum achievable output power and cathode current without (black)
and with MORE (red) for Alpha 1 tube (TED SN007) measured at the gyrotron output
window. Frequent MORE cycles are clearly visible as vertical lines. The emitter
cooling effect is clearly visible, reaching a stationary state after 10 s. The grey line
denotes the moving time-average with a window length of 250 ms.
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The emitter cooling phenomenon is clearly visible in the plot for the cathode
current. The average output power of a 20 s pulse could be increased by 7 %
from 859 kW to 916 kW for the fundamental gaussian mode at the output win-
dow. The values are a conservative estimate based on the achieved integrated
temperature difference in the water-cooled load (beam dump) including 3.5 %
transmission line loss and 1 % reflection in the load. A comparable result
was achieved with the Bravo 5 (TED SNO002i) tube with an improvement of
up to 7 % using the conservative estimate. The maximum achievable output
power without MORE is defined as the output power which was reproducibly
achieved without any mode losses for a pulse of the same duration (20 s).
Note that these values do not take into account the reduced gyrotron reliability
at the maximum output power level without using MORE. If the achievable
output power with the same pulse length and reliability level are compared,
the power increase is higher (see Figure 3.8). Based on the available data
presented in figures 3.8c and 3.8d, the mean failure probability (MFP) levels
are comparable for the criticality range [—0.5, —0.25] without MORE and the
criticality range [0, 0.25] with MORE. If the maximum achieved average out-
put power at the same MFP level is compared, the reliable output power is
even increased by 9.4 % from 866 kW to 948 kW. In Figure 3.6, the output
power seems to stabilize and slightly increase towards the end of the pulse
with MORE. This can be explained with the increasing time distance between
subsequent MORE cycles (visible as sharp drops for the RF output power and
the cathode current) during the pulse since the cathode current is stabilizing
after 5to 10 s. Another hypothesis is that the MORE cycles help to improve the
beam quality by removing trapped electrons. This is hypothesis is evaluated in
the following section. The improvement for steady state operation is expected
to be higher since the momentary output power towards the end of the pulse
could be increased by up to 11 % around 100 kW.
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3.3.3 Spectrogram of a Mode Recovery Cycle

The collective Thomson scattering (CTS) diagnostic at W7-X [MSS*19] was
used to acquire stray radiation spectrograms of the Alpha 1 gyrotron (TED # 7)
during MORE cycles. The question was whether or not the ion neutralization
level in the gyrotron is changed during a MORE cycle. A change in the
frequency of the gyrotron nominal mode in the stationary operating regime
(after the thermal cavity expansion and the space-charge neutralization process
are finished) can indicate a change of the neutralization level [SWP*15]. A
rough estimation yields that trapped ions should not be able to escape during
the MORE cycle with lowered voltage, since the time period is too short. Figure
3.7 shows a spectrogram for the nominal mode (TEjg s-mode at 140 GHz) and
its azimuthal neighbour (TE»7s-mode at 137.5 GHz). The frequency of the
nominal operating mode remains unchanged comparing the frequency before
and after the MORE cycle. Therefore the ion neutralization level is not changed
by MORE cycles during a gyrotron pulse. Though it cannot be excluded that
trapped electrons are freed during MORE cycles, helping to improve the beam
quality [Pag].

3.3.4 Performance in dedicated Experiments

In order to quantify and evaluate the impact of MORE in terms of achiev-
able output power and operational reliability, a statistical analysis has been
performed. For the analysis, 178 pulses with a duration of up to 20 s were
performed using the Alpha 1 (TED SNOO07) tube at nominal fields to test the
automated mode recovery in preparation for the operational campaign OP1.2b
at Wendelstein 7-X. The overall success rate of the automated mode recovery
amounts to 99 % of 3755 mode loss events during 178 pulses, whereof 50 were
stable, 84 were unstable and 44 had failed.

The average achieved pulse length, the mean time to failure (MTTF) and the
mean failure probability (MFP) were computed to quantify the effect of MORE
on the operational reliability and the achievable output power. The latter two
were calculated for different criticality intervals representing working points
with varying distance to the cutoff line of the nominal working mode in the
working point plane (see figures 3.8b and 3.8c).
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Figure 3.7: Spectrogram (frequency resolution Af = 1.5 MHz, time resolution At = 0.3 ms) of a
MORE cycle acquired with the W7-X CTS diagnostic. The frequency, hence the
neutralization level, is not changed by a MORE cycle.
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The criticality is the independent variable in this case. The mean time to failure
(MTTF) was computed using the simple approach

Z 7 (3.6)

failed i

MTTF =

for each criticality interval where 7; are the achieved pulse lengths and Npjjeq
the number of failed pulses of a corresponding criticality interval. The mean
failure probability (MFP) is defined as

MFP = Nied (3.7)
Ntotal

which is the ratio between the number of failed pulses Nyjeq and the total num-
ber of pulses N in every criticality interval. The average achieved pulse
length was calculated for different RF output power intervals, hence the RF
output power was the independent variable in that case (see figure 3.8a). Of
course, this result is biased by the varying number of pulses in the RF output
power intervals. The achieved pulse length without MORE is defined as time
till the first mode loss since the pulse would have ended prematurely without
MORE. Figure 3.8a shows a comparison of average achieved pulse lengths
for different RF output power intervals. The average achieved pulse length is
improved by +123.4 % up to +246.4 % from 3.32 s to 11.5 s. This indicates
reliability improvements for pulse in all given RF output power intervals with
a fixed target pulse length. The effect of MORE on the achieved pulse length
is stronger for higher output powers. The overall average achieved pulse length
across all output power intervals using MORE is 14.7 s in contrast to 4.9 s
without MORE. The overall achieved MTTF using MORE is 42.8 s compared
to 12.7 s achieved without MORE. Note that the definition of the MTTF in
equation 3.6 is independent from a pre-set target pulse duration (20 s in this
case).
In section 3.3.1 the criticality was introduced which is a better independent
variable for a statistical analysis since it takes both the cathode current and
the acceleration voltage into account. Figures 3.8b and 3.8c show the con-
sistent trends of a decreasing MTTF and an increasing MFP with increasing
criticality, the latter resembling a cumulative Weibull distribution known from
failure analysis in engineering. Figure 3.8c shows that MORE reduces the
MEFP significantly in particular close to the modeloss by —27.3 % up to =77 %
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from 53.7 % to 12.2 %. Simultaneously, the MTTF is increased by +41.2 %
up to +753.5 % for high criticality values as shown in figure 3.8b. Since also
stable pulses were taken into account, the effect of MORE is reduced for low
criticality values far from where the nominal mode is lost.

The average achieved pulse length, the MTTF and the MFP indicate an im-
provement in terms of gyrotron reliability close to its output power limit when
MORE is used.

The average duration of MORE cycles is 532 us, but in figure 3.9c it is clearly
visible that the histogram is broadened having two major peaks. This is due
to the fact that the number of attempts to recover the nominal mode and the
duration of the involved ramps varies. Apparently, the nominal mode has been
recovered in most cases after one or two attempts consisting each of a fast ramp
down (with a duration of 100 us) and a fast ramp up (with a duration of 200 us).
The time available for MORE attempts is limited by the aforementioned RF
grace time which is set to 2 ms by default. The overall average false mode duty
cycle is 9.6 x 10™* and the average voltage modulation frequency amounts to
2.2 kHz. For a cyclic load with f > 1 kHz with low duty cycle, no significant
effect on the collector lifespan is expected [MNP*16]. Therefore the addi-
tional expected collector heat load using MORE is negligible and a significant
reduction of the collector lifespan is unlikely. Figure 3.9 gives an overview
of the temporal distribution of mode loss events and the duration of MORE
cycles. Evidently in Figure 3.9a, the first mode losses accumulate during the
first 2 to 5 s of the analyzed pulses. This is due to the emitter cooling effect
and the consequently decreasing cathode current which stabilizes after 5 to 10
seconds (see figure 3.6). In Figure 3.9b, the first mode losses overlap with the
repeated mode losses during the pulse. The mode losses are nearly uniformly
distributed later-on when the gyrotron is operated close to the cutoff, since the
cathode current has stabilized then.
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3 Automated Mode Recovery

3.3.5 Performance during Wendelstein 7-X OP1.2b

During the last operational campaign at Wendelstein 7-X OP1.2b from July
to October 2018, 9813 gyrotron pulses were performed in total with duration
of up to 100 s during more than 1500 experiment programs. MORE was not
fully operationable before end of August 2018. Only pulses where MORE was
enabled with a duration of at least 100 ms were analyzed. The lower duration
limit was set since MORE was configured so that it becomes active after 100
ms. Given the above conditions, 8651 pulses for nine gyrotrons remained
in total and were analyzed to evaluate the impact of MORE on the gyrotron
operation during the campaign. MORE was not implemented for the 10th
Echo 5 gyrotron (CPI) since a body current interlock occurred always before
the nominal mode was lost. Increased ambient temperatures and insufficient air
conditioning in parts of the transmission line during the experiment campaign
caused massive arcing. Therefore high power pulses close to the maximum
power were hardly feasible and the loss of the nominal mode was less frequently
observed.

This is also reflected by the statistics for the W7-X ECRH in figures 3.10b
and 3.10c. The reliability is mainly reduced due to other interlocks, like
arc interlocks (arcing inside the gyrotron or along the transmission line) and
modulator interlocks. The fraction of RF interlock events compared to other
interlock events is small, in particular when MORE was used. Comparing
figures 3.10c and 3.10d, MORE was able to improve the reliability by reducing
the percentage of RF interlocks during the experimental campaign. This was in
particular the case for Alpha 1 where the base reliability was improved by 4.8 %
and the percentage of RF interlock events was reduced from 5.2 % to 1.1 % with
MORE. The overall reliability across all gyrotrons of the W7-X ECRH facility
was slightly improved from 82.9 % to 83.4 % with MORE. The improvement
in the overall reliability is small since only Alpha 1 and Alpha 5 were operated
at high power (see figure 3.10b). For the comparison and the evaluation of the
reliability improvement, the gyrotron pulses containing MORE cycles were
counted as pulses with RF interlocks without MORE. These pulses would have
been terminated prematurely by a mode loss and the resulting RF interlock
if MORE would not have been used. The count of these pulses was then
compared to the number of pulses terminated by an RF interlock despite the
fact that MORE was used.
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Figure 3.10: Statistics for the Wendelstein 7-X ECRH facility during the last experimental cam-

paign OP1.2b using 8651 gyrotron pulses during > 1500 experiment programs with
a minimum duration of 100 ms from 25th August on-wards for ten gyrotrons. The
base reliability is mostly reduced due to insufficient air conditioning in beam duct
limiting high-power gyrotron operation.
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Name Serial No. Pulses Mode losses Mode recoveries Success [ o]

Alpha 1 7 65 331 308 93
Alpha 5 5 6 15 13 87
Bravo 1 M 8 23 23 100
Bravo 5 2i 8 10 7 70
Charly 1 1 15 14 9 64
Delta 1 6 25 66 58 87
Delta 5 3 4 5 3 60

Total 131 464 421 91

Table 3.1: Results from W7-X OP1.2b operation with MORE: the number of mode losses com-
pared to the number of successful mode recoveries yields the success rate. Most data
available for the Alpha 1 and Delta 1 tubes.

Name T [s] Tmore [s] A [%]
Alpha 1 3.10 4.61 49
Alpha 5 4.54 6.66 47
Bravo 1 3.47 4.25 22
Bravo 5 3.26 4.45 36
Charly 1 3.56 3.76 47
Delta 1 1.69 2.87 70
Delta 5 3.07 3.11 1

Total 3.07 4.31 40

Table 3.2: Average achieved pulse length without and with MORE during W7-X OP1.2b experi-
mental campaign
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Table 3.1 shows the success rate of the automated mode recovery for all gy-
rotrons for which data was available. Pulse data with MORE cycles could be
acquired only for seven gyrotrons, mostly for Alpha 1 and Delta 1. Please note
that the MORE parameters were optimized for Alpha 1, Bravo 1 and Bravo
5 and the sample size is much smaller for the other gyrotrons. The mode
recovery success rate is therefore less reliable for the cases where only few
data was available. The overall success rate for the automated mode recovery
across seven gyrotrons was 91% during the campaign.

Table 3.2 shows the average achieved pulse lengths for seven gyrotrons with-
out and with MORE and the respective relative improvements. The overall
average pulse length extension across the gyrotrons was +40% during the last
experimental campaign. No parasitic effects like cross talk between the si-
multaneously operated gyrotrons was observed so far when MORE was used.
The amount of data was insufficient to further resolve it for different RF output
power or criticality intervals.
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3.4 Summary and Outlook

The first implemented version of MORE already yields very promising results
as shown in the previous sections. The success rate of MORE in dedicated
experiments amounts to 99 % with more than 3000 modeloss events during
pulses of up to 20 s with two gyrotrons. The average pulse length could be
significantly increased with MORE from 4.9 s to 14.7 s. This means a great
enhancement of the ECRH capabilities for experiments being part of the W7-
X physics program where at least 10 s of stable, reliable heating power are
required to achieve a stationary state at high plasma densities.

The success rate of MORE during W7-X OP1.2b was 91 % with 464 modeloss
events during pulses with seven gyrotrons. The average pulse length was
extended by 40% using MORE during these pulses. The reliable average
output power could be increased by 9.4 % or absolute 82 kW at the same mean
failure probability level for the Alpha 1 gyrotron. In general, an improvement
of the reliable output power between 5 and up to 10% is expected per gyrotron.
This results in a potential increase of at least 500 kW up to 800 kW for
the total output power of the W7-X ECRH facility. This is equivalent to an
additionally installed gyrotron, leading to significant cost savings amounting
to the acquisition costs of a new gyrotron of about one million euros.

The first results using MORE with gyrotron pulses up to 20 s were revealing
that most of the mode losses occur during the first 5 s of the gyrotron pulse
(see Figure 3.9) and that the event frequency of mode losses stabilizes later-
on. Therefore, longer gyrotron pulses for future experiment programs with a
duration of up to 30 minutes should not be problem to achieve using MORE.
Nevertheless, the following improvements could be implemented:

So far, only the momentary acceleration voltage when the mode was lost is
taken into account and a fixed duration or slew rate is defined for the voltage
ramps. A significant improvement could be achieved by taking also the rate of
the decreasing cathode current due to the emitter cooling into account. Mode
losses occur more frequently in the phase where the cathode current is dropping
fast due a fixed ramp slew rate and the fact that the target of the slow power
ramp up is not adapted to the decreasing cathode current. Furthermore, the
acceleration voltage could be ramped up exponentially instead of linearly to
reduce the duration of the MORE cycles and the false-mode duty cycle.
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Due to the nature of stray radiation fields and their measurement, it is chal-
lenging to obtain a stable power-proportional measured time signal. Therefore,
first preliminary measurements of the satellite mode activity turned out to be
insufficient. Observed correlations between the measured activity signal and
mode loss events was weak. In an attempt to improve the signal stability of the
measurement, two more advanced measurement setups were developed in this
thesis.

This chapter documents the development of two custom microwave filters be-
ing part of a new gyrotron diagnostic for the real-time measurement of the
satellite mode activity. First, the common filter design code, named MMWFR
(multi-mode multi window frequency response), is presented which was used
to design both microwave filters.

Then the development of the first filter, a rather simple cutoft high pass filter,
is described. Its design is presented as well as the realized filter. Finally the
filter characteristics are verified by measurements in the lab with a network
analyzer.

The second filter developed in this thesis is a quasi-optical satellite mode
band pass. It was realized as a dielectric disc filter in an oversized circular
waveguide. The implemented filter optimization procedure and the final filter
design are described in detail. Possible manufacturing tolerances were taken
into account in the design phase, facilitating the evaluation of the feasibility of
a specific quasi-optical filter design. The characteristics of the quasi-optical
filter are verified both in lab measurements with a low-power tuneable RF
source and in in-situ measurements attached to a gyrotron.
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4.1 Filter Design Code - MMWFR

The design code MMWEFR (Multi-mode Multiple Window Frequency Re-
sponse) was created for this thesis in the programming language Python. It
was used for the design of the cutoff high pass filter and the quasi-optical
dielectric disc filter. It originates from a MATLAB script created by J. W.
Oosterbeek implementing the S-matrix and reflection coefficents as shown in
the paper by Nickel and Thumm [NT91] and the T-matrix concatenation for
the dielectric layers as presented by Geist and Hartfuss in [Gei98]. It was
used to calculate the frequency response of a dielectric window and was sig-
nificantly extended. The code calculates the frequency response of arbitrary
stacks of material layers with defined relative permittivity. In order to model
dielectric disc filters in waveguides, the code computes for rectangular and
circular waveguides which modes exist in a given frequency range along with
their cutoff frequency f., wavenumber kp,,,, eigenvalues ymn, propagation con-
stant By, Brillouin angles 6p and attenuation constants @mn. The frequency
response of a dielectric filter for the different modes in the waveguide is then
computed using their the Brillouin angle 0g(f) as incidence angle. The code
can also handle oblique incidence (layer tilt). The attenuation constant takes
the dielectric loss (for a filled waveguide) and conductive wall loss into account
by using own reformulations based on chapter 3 in [Poz05]. All implemented
expressions can be found in detail in the appendix of this thesis. Since in reality
manufacturing tolerances exist, the code estimates their impact by imposing
random normal-distributed errors on the material layer thicknesses and tilt an-
gle. The computation of the frequency response is then repeated multiple times
(typically 10! to 10?) for a defined set of modes. This way, the average expected
filter characteristics (transmission, reflection, absorption over frequency) with
error bars for a given manufacturing tolerance and frequency range (here: 120
GHz to 150 GHz) are obtained. This facilitates the feasibility evaluation of a
specific quasi-optical filter design. In order to speed up the computation, the
code was parallelized. Figure 4.1 shows a flow diagram for the computation of
the frequency response for multiple modes with random manufacturing errors.
To find the optimum stack under defined constraints for e.g. the transmission
of the filter at defined frequencies, a brute-force approach was used computing
all possible combinations for layer thicknesses and count. This procedure is
described in detail in section 4.3.1.
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Figure 4.1: Flowchart of the filter design code MMWER for the computation of the multi-mode
frequency response with random manufacturing errors
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4.2 Cutoff High Pass Filter

For the mono-mode measurement of the satellite mode activity, a high pass
filter with a cutoff frequency of around 136 GHz was designed, built and
validated. The high pass filter is necessary to attenuate all parasitic modes
below the satellite mode TE»7,g at 137.5 GHz of the nominal gyrotron TEjg g
mode at 140 GHz. The measurement setup in which this high pass filter is
used, is described in section 5.3.1.

4.2.1 Design

The function of a cutoff high pass filter is accomplished by a section of a
rectangular wave guide with reduced inner dimensions to increase its cutoff
frequency. The optimum inner dimensions of the section are determined
by a grid search (with typically around 10* candidate solutions) for the two
dimension variables a and b while candidate solutions are kept which fulfill
defined conditions e.g. the desired minimum or maximum attenuation for given
frequencies. Figure 4.2 shows a plot for the attenuation of the fundamental
rectangular waveguide mode TE( over frequency. The standard D-band WR4
(inner dimensions: 1.0922 mm x 0.5461 mm) and WRS5 (inner dimensions:
1.2954 mm x 0.6477 mm) waveguides, possible alternative designs and the
final chosen design are presented for comparison. The starting point for the
search are the dimensions of the WR4 waveguide since its cutoff frequency is
already very close to the frequency of the satellite mode TE,7 g around 137.5
GHz. The target cutoff frequency for the design was chosen to be 135 GHz, so
that in case the achieved manufacturing tolerances for the designed high pass
filter would be bigger in reality than expected, material can still be removed to
achieve the desired cutoff frequency of 136 GHz.
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Figure 4.2: Attenuation over frequency for the standardized WRS and WR4 waveguides, some
exemplaric high pass filter solutions and the final chosen solution for the filter design.
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4.2.2 Realization

In order to use the high pass filter with other D-band microwave components,
the waveguide section defining the cutoff is linearly tapered to the standardized
dimensions of the WRS waveguide and the usual UG-387 flanges are used.
A technical drawing of the mechanical filter design is shown in figure 4.3.
The mechanical filter design is adapted from a sketch by W. Kasparek (IPF,
University of Stuttgart). The filter is assembled from two parts which are
screwed together. The bulk material was chosen to be copper which is soft
enough, so that the filter could be tuned after the assembly by increasing the
tightening torque of the screws. The filter was successfully fabricated in-house
in the IPP workshop in Greifswald. Figure 4.4 shows a photograph of the
assembled filter.

4.2.3 Measurement

The attenuation over frequency of the high pass filter was measured in the
lab with a low-power tuneable RF source and an Anritsu 68087A network
analyzer combined with D-band frequency range extender. The measurement
was repeated while sandpaper was used to remove excess material from the
inner surface of the filter parts. This procedure was repeated several times.
The cutoff frequency could be shifted this way closer towards the desired cutoff
frequency of around 136.5 GHz.

The cutoff frequency of the filter was found to be 136.8 GHz close to the
frequency of the satellite mode TE7 g around 137.5 GHz. The high pass filter
was therefore successfully manufactured.
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Figure 4.3: Technical drawing for the mechanical design of the cutoff high pass filter. The filter is
assembled of two parts which are screwed together. The chosen filter bulk material is
copper so that it can be tuned by variable tightening torque of the screws.
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Figure 4.5: Plot of the measured attenuation over frequency for the cutoff high pass filter. The
measured cutoff frequency is around 136.8 GHz sharply before the frequency of the
satellite mode TE»7 g around 137.5 GHz.
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4.3 Quasi-Optical Filter

For the quasi-optical measurement of the satellite mode activity, a quasi-optical
filter implementing a satellite mode band pass for both satellite modes TE»7 5
at 137.5 GHz and TEj9 g at 142.5 GHz and a notch for the nominal gyrotron
mode TEyg g around 140 GHz was required. Furthermore other parasitic modes
below 136 GHz and above 143 GHz should be attenuated. Since such a filter
was not commercially available, it was designed, built and validated in this
thesis. The measurement setup in which this quasi-optical filter is used, is
described in section 5.3.2.

4.3.1 Design

The structure of a dielectric disc filter is rather simple as shown in figure 4.6.
It simply consists of dielectric layers with alternating relative permittivity or
refractive index. The difference in the refractive index should be maximized to
realize a compact filter with good frequency separation. Prior to the design of
the quasi-optical satellite band pass, a much simpler stack with zinc selenide
(ZnSe) windows was built as proof of principle and measured in the 90 to 110
GHz range. Good quantitative agreement was found between the computed
and measured transmission. ZnSe has a high refractive index of 3.015 in the
microwave frequency range between 100 GHz and 250 GHz [Lam96], but
is rather expensive. In the end, sapphire (Al,O3) was chosen as dielectric
material. It is cheap and has an even higher refractive index of 3.065 in the
microwave frequency range 100 GHz to 200 GHz [AC94, Lam96]. Since sap-
phire is a birefringent material, z-cut sapphire was chosen so that any unwanted
bifringence is excluded. The optical and the crystallographic axes are congru-
ent for z-cut crystals. In order to maximize the refractive index difference, air
gaps are used in between the dielectric layers. Since a 16 mm WG16 flange
already exists for diagnostic stray radiation measurements at the gyrotron, a
circular waveguide with the same diameter is used.

The design of a dielectric disc filter fulfilling all of the aforementioned
requirements above is rather complicated and challenging. Usually, only a
periodic notch filter can be easily realized with dielectric layers having a thick-
ness of (2n + 1)4/4. Another particularity in the design of this filter was
that it should be transparent for multiple modes (beside the fundamental TE; ;
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Figure 4.6: Schematic of a dielectric disc filter in a waveguide [Gei98]

Figure 4.7: Camera image of a dynamic random microwave field pattern in the MISTRAL chamber
e.g. [MLM*16]

mode of the circular waveguide) while conserving the filter characteristics.
The reason for the latter requirement is that it could improve the stability of
the measured stray radiation signal. The hypothesis is that the stray radia-
tion field obtained by the superposition of multiple modes would fluctuate
less. Figure 4.7 shows a camera picuture of the dynamic speckle pattern,
hence the fluctuating microwave stray radiation field, in the MISTRAL test
chamber [HBB*13]. Therefore, stray radiation measurements are challenging
if a time-stable power-proportional signal is desired. If the measurement is
performed at a single position in space, a strongly fluctuating raw signal is
expected. The non-absorbed ECRH power, appearing as stray radiation in the
Wendelstein 7-X vessel, is therefore measured at multiple locations and the
signals are post-processed [MLM* 16, MCL*17].
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Figure 4.8: Flowchart for the brute-force approach to find the optimum notch filter stack

In order to realize the desired filter characteristics, multiple stacks each re-
alizing a notch for a specific frequency, had to be concatenated. In order to
identify the best individual stacks, a brute-force approach was used. Figure 4.8
illustrates the brute-force approach to find the best stack fulfilling defined con-
ditions for the transmission at defined frequencies. The frequency response of
all possible configurations, the cartesian product of the sets for the layer thick-
ness, air gap distance and number of layers, was computed for the frequencies
of interest and the fundamental waveguide TE; ; mode only. This was done
in order to reduce the computational effort. To evaluate the feasibility of a
specific design and its sensitivity to manufacturing errors, the computation
of the frequency response is repeated for at least 10'...10? realizations of the
filter geometry, each with a random normal-distributed error imposed on the
layer thicknesses and air gaps of the stack. Typically > 10* configurations are
investigated, leading to 10° to 107 individual computations, of which typically
107 candidate solutions fulfill the requirements.

Figure 4.9 shows the result of this brute-force approach for the 140 GHz
notch filter stack. The error bars and configuration labels on the y-axis were
omitted for better readability. Each configuration represents a tuple (number of
repetitions, dielectric layer thickness, air gap distance). In case of the 140 GHz
notch, the requirements were that the attenuation for the satellite modes TE»7 g
at 137.3 GHz and TEj9 g 142.5 GHz should not exceed 6 dB with a maximum
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Figure 4.9: Remaining candidate solutions for the 140 GHz notch stack fulfilling the constraints
for the frequencies of interest. Every configuration stands for a tuple (no. repetitions,
layer thickness, air gap distance). The horizontal error bars are omitted for better
visibility.

allowed deviation of 10 dB. For the notch at 140 GHz, the attenuation should
be at least 40 dB also with a maximum allowed deviation of 10 dB. Among the
remaining candidate solutions, the best solution was selected manually. Table
4.2 shows the specifications of the final design for the quasi-optical satellite
mode band pass. A design was chosen which minimizes the number of differ-
ent required dielectric disc thicknesses (see Table 4.1).

In order to achieve the desired filter properties, six different notch filter stacks
for 125 GHz, 129 GHz, 132 GHz, 135 GHz, 140 GHz and 147 GHz were
concatenated. The length of the resulting filter stack is 522.1 mm which is still
a convenient size. Figure 4.11 shows the transmission of the individual notch
filter stacks to visualize this circumstance.
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material refractive index n loss tangent § thickness [mm] count

AlLO;3 3.065 1.5-1073 2.1 4
2.6 9

2.7 5

2.8 12

Air 1.0006 0 43 4
5.3 5

9.6 2

10.7 5

21.8 5

242 (24.1)* 9

* before multi-mode correction of the filter design.

Table 4.1: Bill of materials for the final quasi-optical filter design.

stack element name layer thickness [mm] air gap [mm] count

Notch 125 2.1 4.5 4
Notch 129 2.8 53 5
Notch 132 2.8 9.6 2
Notch 135 2.7 21.8 5
Notch 140 2.6 242 9
Notch 147 2.8 10.7 5

stack element order:
Notch 132, Notch 125, Notch 129, Notch 140, Notch 147, Notch 135

Table 4.2: Final design specifications for the quasi-optical filter
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Figure 4.10: Ilustration of the stack geometry for the final quasi-optical filter design from Table
4.2
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Figure 4.12 shows the computed transmission of the final quasi-optical filter
design for the TE; ; mode including a 30- manufacturing tolerance of 100 ym
both for each of the dielectric discs and the air gaps. Therefore in 99.73 %
(30) of the cases, the random normal-distributed error imposed on the filter
element geometry was assumed to be < 100 ym. The computation of the
frequency response was repeated for 10? realizations of the filter geometry
for every frequency in the defined range between 125 GHz and 150 GHz. Al-
though the imposed errors were gaussian, the resulting error distribution for the
transmission was not which is expressed by the non-symmetric error around
the median. Therefore the error range is given by the 10 % and 90 % percentile
difference instead of the standard deviation. Obviously, the desired filter char-
acteristics were successfully achieved by the concatenation of multiple stacks
each realizing a notch filter. Even when the possible random manufacturing
errors are taken into account, the errors are within acceptable limits for the

—10 4

|
N
o

1

|
w
o

1

|
%
o

1

Transmission (dB)
IS
o
1

Notch 125

—60 - i i —— Notch 129
i i —— Notch 132
—70 )[TE2s.8] [TE20,8] —— Notch 135
| | | —— Notch 140
| | | —— Notch 147

-80 - } ] . :
125 130 135 140 145 150

Frequency (GHz)

Figure 4.11: Transmission of the individual notch stacks for the TE| ; fundamental mode. The
stacks are shifted in frequency so that they yield a very broad notch between 125
GHz to 135 GHz and above 145 GHz when concatenated as presented in figure 4.12.
Manufacturing errors were omitted for better readability.
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Figure 4.12: Computed transmission of the final quasi-optical filter design for the fundamental
TE;,1 mode. The grey shaded area around the graph denotes the difference between
the 10% and 90% percentiles around the median of the transmission due to random
errors imposed on the filter geometry. A 30~ manufacturing tolerance of < 0.1 mm
was assumed for 102 realizations of the filter geometry.

critical frequency range between 137 GHz and 143 GHz where the frequencies
of the three gyrotron resonator modes of interest are located.

In the previous computations of the quasi-optical filter transmission only the
fundamental TE;,; mode of the circular waveguide was taken into account. It
can be reasonably assumed that most of the power is contained in the funda-
mental mode TE; ; of the circular waveguide, since the attenuation constants
are higher for the other modes. Another reason is that ideally in absence
of corrugations or steps in the axial or radial profile of the waveguide, no
mode conversion should take place. Anyway, the effect of the other waveguide
modes should be investigated in particular with regard to the goal of multi-
mode transparency for the filter. In total 164 (TE and TM) modes exist in the
16 mm circular waveguide within the frequency range between 120 GHz and
150 GHz. To determine the possible relevant modes in the waveguide, the
mode eigenvalues and their cutoff frequencies were computed. If the mode
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cutoff frequency was less or equal to the upper bound of the defined frequency
range, the mode was considered. Figure 4.15 compares the expected filter
transmission for different modes with increasing eigenvalue and Brillouin an-
gle. Clearly, the modes are increasingly attenuated over the whole frequency
range with increasing Brillouin angle. This can be explained in terms of non-
orthogonal or oblique incidence using the Brillouin angle as incidence angle
in the quasi-optical approximation. The desired filter transmission is generally
only conserved up to a Brillouin angle of around < 10 deg. Therefore the filter
design is only transparent for the first five modes while conserving the filter
characteristics: TE; ;, TMy,1, TEz1, TM,; and TEg ;. The remaining modes
with a Brillouin angle > 10 deg would only deteriorate the filter performance,
if same mode content would be assumed, or attenuated by the filter. If a relative
mode content P (@, yo, x) for the different modes is assumed as follows

Pret (@, x0, x) = e?W0Y) (4.1)

where y( is the eigenvalue of the fundamental mode, y > xo a mode eigenvalue
and « a scaling factor. Therefore the content in the other modes is expressed as
multiple of the content in the (fundamental) mode with eigenvalue yo. Then
an effective average transmission Teg (f) could be expressed as

Z?i] Prel (Cl/, X0 Xl) T (/\/i’ f)
Z%\il Prel (a,, /\/07 /\/l)

Teq (f) = 10 - log; “4.2)

as weighted average for all possible or a defined set of N modes. Figures 4.13
and 4.14 illustrate the fact, that with increasing scaling factor «, the relative
mode content is decreasing faster and the number of relevant modes to be taken
into account decreases.

Figure 4.16 shows the computed effective transmission of the quasi-optical
filter for different number of modes and different scaling factors a. Again, the
error range has omitted in the plot to improve the readability. Obviously when
other modes are taken into account, the filter characteristics are deteriorated.
The effect is reduced with increasing scaling factor since higher order modes,
potentially deteriorating the filter performance, become less important.
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Figure 4.13:
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Figure 4.14: Number of modes with relative mode content above threshold of 1073, An increasing
scaling factor « leads to a decreasing number of relevant modes.
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Figure 4.15: Comparison of the quasi-optical filter transmission for different modes with increasing
eigenvalue and Brillouin angle. The additional modes either deteriorate the filter
characteristics or are strongly attenuated. Errors are omitted for better readability.

In this case, a correction of the filter design is necessary to take into account
the effect of other modes since the 140 GHz notch is shifted by 700 MHz
to 1 GHz. A correction is necessary to achieve a downshift of the 140 GHz
notch frequency. Therefore the air gap distance of the 140 GHz notch stack
was slightly increased. The result of this correction is shown in Figure 4.17.
Therefore, if a relative mode content distribution over mode eigenvalues is
assumed where the major portion is in the fundamental waveguide mode, a
reasonable solution for a quasi-optical filter can be found which is transparent
for multiple modes.
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Figure 4.16:

Figure 4.17:
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An increased air gap distance for the 140 GHz stack leads to the desired downshift
of the notch frequency when multiple modes (here: 10) are considered with @ > 1
(here: 3).
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4.3.2 Realization

The quasi-optical filter was made of simple ring elements, once screwed to-
gether, realizing a filter in a circular waveguide with a WG16 flange. Each ring
element type constitutes a stack element housing a sapphire disc with different
thickness, realizing the required air gap to the subsequent sapphire disc. Figure
4.19 shows the technical drawing for one of the six ring element types. 30 ring
elements were fabricated in total in-house with aluminium as material in the
IPP Greifswald workshop.

Obviously this design leaves some space for improvements: Once the ring
elements are screwed together, the filter cannot be easily tuned, except thin
foils are inserted in between ring elements. Second, a slight corrugation is
introduced for the waveguide by the mechanical design to house the dielectric
discs. This potentially supports mode conversion (e.g. to the HE; ; hybrid
mode) which could deteriorate the filter performance.

Figure 4.18: Photograph of the assembled quasi-optical dielectric disc filter to realize a satellite
mode band pass.
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Figure 4.19: Technical drawing of one of the ring element types housing a sapphire disc and
realizing the required air gap to the next dielectric layer. A maximum tolerance of
50 um was demanded.
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4.3.3 Lab Measurement with tuneable RF source

In order to verify the filter function and the computed transmission of the
quasi-optical filter, a measurement with a manually tuneable low-power RF
source and a Tektronix 2784 spectrum analyzer was performed. At the time
of measurement, the Anritsu spectrum analyzer used for the measurement in
section 4.2.3, providing an automated measurement sweeping the RF source
frequency, was not available yet. Therefore, the output power level over fre-
quency of the RF source was measured first without filter as reference.

Figure 4.20 shows the measurement result, revealing a non-uniform output
power level over the relevant frequency range. The measurement was then
repeated using two circular horn antennas with the quasi-optical filter in be-
tween.

Figure 4.21 shows the filter attenuation over frequency for the measurement
after the first assembly without correction. For the satellite TE,7 g mode around
137.3 GHz and for the satellite TE»9 g3 mode around 142.8 GHz a low atten-
uation of 6.1 dB and respectively 10.2 dB were achieved. For the nominal
gyrotron TEjg g mode between 140.0 GHz and 140.5 GHz an attenuation of
20.3 dB up to 42.0 dB was achieved. For the other parasitic modes below
136.5 GHz an average attenuation around 40 dB was measured.

The measurement was repeated after a second assembly and a third assembly
with thin steel foils (0.1 mm) in between the ring elements for the 140 GHz
notch stack. Furthermore, the in- and output of the filter and the whole filter
itself were covered in ECCOSORB® in an attempt to create a proper iso-
lated measurement environment to see an improvement. It is a broadband
microwave absorbing material based on polyurethane foam. Unfortunately,
due to the noisy RF source, the manual frequency sweep and the lack of a
proper isolated measurement environment, the measurement is inconclusive
and imprecise. An bigger attenuation than -40 dB could not be reasonably
measured with the available equipment. A deterioration of the filter perfor-
mance was visible after each reassembly of the filter. This can be explained by
the ductility of aluminum altering the filter geometry with every reassembly.
Comparing the measurement qualitatively with the computed filter transmis-
sion, the desired frequency characteristics were achieved as far as the limited
measurement capabilities allow such a statement.
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Figure 4.20: Measured output power level over frequency for the low-power manually tuneable RF
source. The output power level is not stable over the relevant frequency range.
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Figure 4.21: First measurement of the quasi-optical filter attenuation over frequency. The intended
frequency characteristic was achieved qualitatively.
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4.3.4 In-situ Measurement with Gyrotron

In order to evaluate the performance of the quasi-optical filter under real
conditions, two gyrotron pulse spectograms of the stray radiation at the gyrotron
relief window were acquired with a frequency resolution of 10 MHz. A
detailed description of the method is given in section 5.1.1 of this thesis. One
spectrogram of the gyrotron nominal mode was acquired without filter to obtain
areference spectrogram, shown in figure 4.22. The gyrotron nominal mode was
chosen, since the filter performance in this frequency range is most important
and the nominal mode appearance is highly reproducible. The measurement
was then repeated with the quasi-optical filter attached to the diagnostic flange
between the relief load and the relief window of the gyrotron (see figure 4.23).
The two spectograms were then subtracted to obtain a rough estimate of the
filter attenuation over frequency (and time) as shown with figure 4.24. Of
course, this result is not reliable since the frequency over time of the nominal
mode is maybe well reproducible, but the same presumably does not hold
for the power level over frequency (and time). As we remember, the most
prominent property of stray radiation was its highly unstable and fluctuating
intensity in time. So we would need many spectrograms (at least 10 to 100) to
approximate the spectrogram noise distribution to obtain a reliable value with
an error estimate for the attenuation of the quasi-optical filter. This method
would be extremely tedious. Anyway, to obtain a result comparable to the
previous lab measurement, the frequency over time was extracted from the
mode traces in both spectrograms. For that purpose a gaussian and a Savitzky-
Golay filter [SG64] was used to suppress the noise and a histogram-based
image processing method was applied to detect the edges of the mode trace.
Consequently the amplitude over frequency for the spectrograms with and
without filter and the attenuation of the quasi-optical filter were determined.
The latter result is shown in figure 4.25, but is, as previously mentioned,
probably unreliable due to insufficient data used.
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Figure 4.22: Gyrotron stray radiation pulse spectrogram (Af = 10 MHz) without quasi-optical
filter as reference. For t > 980 ms, the body voltage was ramped up to provoke a
mode loss.

Figure 4.23: Photo of the quasi-optical filter (silver rod) attached to the diagnostic flange between
the gyrotron relief window and relief load (black cylinder).
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Figure 4.24: Subtraction result of the gyrotron pulse stray radiation spectrograms (Af = 10 MHz)
without and with quasi-optical filter showing the gyrotron nominal mode. The filter
attenuation over frequency and time is obtained.
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Figure 4.25: Extracted attenuation over frequency for the quasi-optical filter obtained from the
spectrogram mode traces. Noise is dominating, no clear frequency selectivity visible
despite pre-filtering. More spectrogram data is required to obtain a less noisy result.
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4.4 Summary

The filter design code MMWFR was presented implementing the T-matrix
concatenation approach to compute the frequency response of multi-layered
dielectric disc filters for multiple modes taking into account the effect of man-
ufacturing tolerances. The code can also be used to design cutoff-waveguide
filters. The design and construction of a 136 GHz cutoff high pass filter is doc-
umented and its intended function was sucessfully verified in a measurement.
An attenuation around 25 dB for frequencies below 136.5 GHz was achieved.
A quasi-optical satellite mode band pass was designed and realized as dielec-
tric disc filter in a circular, oversized waveguide. During its design process,
emphasis was put on the feasibility evaluation of a design by taking realistic
manufacturing tolerances and the possible effect of higher order modes in the
circular waveguide into account. Finally, the quasi-optical filter was verified
in a lab measurement using a tunable low-power RF source and in an in-situ
measurement attached to the diagnostic flange between the gyrotron relief load
and relief window. The lab measurement showed good qualitative agreement
of the measured filter attenuation with the simulation. A very good attenuation
around 40 dB for frequencies below 137 GHz and low attenuation around the
satellite mode frequencies between 6 dB for the TE7 3 mode to 10 dB for
TE»9 s mode was achieved. The measurement result for the attenuation around
140 GHz for the nominal gyrotron TE»g ¢ mode is ambigous and probably af-
fected by the badly isolated measurement environment, noise, filter geometry
deviations and the crude measurement method applied due to the limitations
of the available equipment. The achieved attenuation around 140 GHz varies
between 20 dB and 40 dB. The in-situ measurement with the quasi-optical
filter being attached to the gyrotron is inconclusive due to insufficient data.
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As stated in sections 1.5.3 and 1.5.5 of the introduction, a variety of modes
beside the intended design mode can be excited and the quasi-optical output
coupler (beam launcher) of a gyrotron converts all other modes than the design
mode to stray radiation. The W7-X gyrotron has a so-called "relief window"
which is another window additionally to the output window. Originally in-
tended as sink for the stray radiation, it is used here for diagnostic purposes
since it is facing the quasi-optical output coupler. Therefore the gyrotron relief
window is suitable to observe the stray radiation from parasitic and satellite
mode activity.

This chapter presents and compares the results of stray radiation measure-
ments at the gyrotron relief window with various measurement setups in order
to identify a precursor for the loss of the nominal working mode in a gyro-
tron. A measurement setup to acquire pulse spectrograms of arbitrary duration
was developed for this thesis with no additional costs. The activity level of
the azimuthal neighbours TE»7 g and TEg g, the satellite modes of the nominal
working TE»g § mode for the W7-X gyrotron, is identified in pulse spectograms
and preliminary single-detector measurements as possible candidate for a mod-
eloss precursor. Two more advanced measurement setups are presented in this
chapter for which custom microwave components were designed, built and
tested. For the first setup, the mono-mode setup using a power combiner
(triple hybrid ring), a 136 GHz cut-off high pass filter was designed, built
and tested. For the second setup, the quasi-optical setup using multiple RF
detectors, a quasi-optical satellite mode band pass was designed and built as
dielectric disc filter in an oversized circular waveguide. The results achieved
with both setups for the satellite mode activity are compared and used to derive
possible mode loss precursors.
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5.1 Pulse Spectrograms

Spectrograms of long gyrotron pulses could be helpful to observe transient
multi-moding, mode switching behaviour and slower processes in order to
identify a modeloss precursor. A Pulse Spectrum Analysis (PSA) system
to acquire unambigous pulse spectrograms was developed by Schlaich and
presented in his doctoral thesis [Sch15]. Unfortunately the PSA system was
not suitable for the purposes of the present thesis: The maximum spectrogram
duration is limited by the amount of built-in fast memory of the real-time
oscilloscope (RTO) depending on the sampling rate and the number of receiver
channels used. Spectrograms with the full bandwidth of 6 to 12 GHz in the
frequency range between 100 to 170 GHz are limited to a duration of 28
ms when only one receiver channel is used. Therefore the alias frequency
elimination and/or the usable bandwidth has to be sacrificed for a longer
spectrogram acquisition [Sch15]. Additionally it was difficult to move the
PSA system from the gyrotron teststand at KIT to the W7-X ECRH facility in
Greifswald. The PSA system itself and/or parts of it were simultaneously in
use for investigations at the gyrotron teststand at that time.

Therefore a solution to acquire spectrograms of gyrotron pulses with arbitrary
duration was developed for this thesis using already available ressources in
Greifswald. The measurement setup and data post-processing workflow of
this solution are presented in the following sections. A spectrogram of the
nominal mode is presented to validate the method by comparing it with the
results obtained with the PSA system. The mode switching behaviour during
an experiment was made visible in a spectrogram of a 1s pulse which is also
presented here. The results presented in this section were already published in
parts in [WLM™*17]. The first author of that publication is also the author of
this thesis..
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5.1.1 Measurement Setup
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Figure 5.1: Schematic overview of the provisional measurement setup for the gyrotron pulse
spectrogram acquisition at Wendelstein 7-X. A spectrum analyzer in zero span mode
is remotely controlled and its central frequency is incremented at each external pulse
gate trigger provided by the W7-X ECRH control.

Figure 5.1 shows a schematic overview of the improvised measurement setup
to acquire gyrotron pulse spectrograms at Wendelstein 7-X. In order to protect
the input mixer of the spectrum analyzer, a variable attenuator is used in series
with a directional coupler. The actual power level is checked with a calibrated
RF diode signal. The central component is a Tektronix 2784 spectrum analyzer
operated in zero-span mode. Therefore a time signal of the input power level
for a specific frequency is obtained when the spectrum analyzer is triggered.
The analog vertical and horizontal output signal of the spectrum analyzer is
continuously sampled with 25 kHz by the W7-X data acquisition and the time
signal for a given central frequency is stored in the W7-X experiment data
archive. The spectrum analyzer is triggered externally by a rising edge of the
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pulse gate signal for a specific gyrotron provided by the W7-X ECRH control.
The spectrum analyzer is remotely controlled via general purpose interface
bus (GPIB (IEEE 488)) with a LabView program running on a workstation.
Each time the spectrum analyzer is triggered by the external gyrotron pulse
gate signal, its central frequency is incremented. After the end of the pulse,
the spectrum analyzer waits for another external trigger. The LabView pro-
gram running on the workstation records the actual timestamp and the central
frequency set when the spectrum analyzer is triggered. To guarantee data
consistency between the LabView workstation and the W7-X experiment data
archive, the actual system time set on the workstation is synchronized with
the W7-X network time protocol (NTP) server down to millisecond accuracy.
This way, a spectrogram of a gyrotron pulse with arbitrary duration can be
assembled from the time signals for each given central frequency.

Of course, this solution has several drawbacks: First of all, this spectrogram
acquisition procedure is tedious depending on the central frequency increment
stepsize and the desired frequency range, requiring many gyrotron pulses to
obtain one spectrogram. Also the download and post-processing of the time
trace data is time consuming. Secondly, it is only possible to acquire a kind of
average spectrogram with this method, therefore requiring a certain degree of
reproducibility of the phenomena to be observed in the spectrogram. In addi-
tion, elimination of alias frequencies (hence the mixing products) is possible,
but doubles the time required to acquire a spectrogram. The Tektronix 2784
spectrum analyzer can switch between two different local oscillator frequencies
for the input mixer. So the alias frequencies in the time trace or the spectrum
(when the frequency span is greater zero) can be ruled out by comparison. The
PSA system mentioned above uses a similar approach to eliminate the alias
frequencies, but acquires simultaneously the time traces using two different
oscillator frequencies with two mixers. The spectrogram is then computed on
a workstation using a short time Fourier transform (STFT) [Sch15].
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5.1.2 Post-processing

Figure 5.2 shows a simplified flow chart of the post-processing workflow
for the gyrotron pulse spectrogram acquisition. As mentioned above, the
gyrotron pulse spectrogram is assembled from time signals for different center
frequencies set for the spectrum analyzer operated in zero-span mode. The
whole data post-processing to create a pulse spectrogram is automated in the
programming language Python and is part of the aforementioned framework
SAGE. First the file created by the LabView workstation, containing the trigger
timestamps and the actual center frequencies, is read. Since the majority of the
gyrotron experiments were conducted independently from a W7-X experiment
program, the begin and end of the individual gyrotron pulses had to be identified
afterwards during the data post-processing. This procedure is necessary since,
when the gyrotrons are operated manually which means independent from a
W7-X experiment program, the begin, end and duration of gyrotron pulses
is saved nowhere and cannot be simply requested from the W7-X experiment
data archive. A finite state machine was therefore implemented to detect
gyrotron pulses of arbitrary length (e.g. longer than the defined data chunk
duration of 4 seconds in the W7-X experiment data archive) and if the pulse
was modulated. A list of available data chunks for the body voltage channel
is requested via the REpresentational State Transfer Application Programming
Interface (REST API) of the W7-X experiment data archive. A REST APl is a
common standard in software development for the communication with web-
based services. Then data chunks are downloaded and simultaneously held
in the working memory, up to a maximum number of data chunks equivalent
to the maximum expected pulse duration. Then concatenated chunks are
analyzed using the kernel density estimate (KDE) to determine if the pulse
was modulated and to determine the proper threshold signal level to identify
the begin and the end of gyrotron pulses with falling and rising edge pairs.
When all available data chunks within the time period given by the timestamp
list are analyzed, the full pulse data consisting of multiple defined data channels
is downloaded for each detected pulse. For each downloaded pulse data, the
relative time index of either a possible mode loss event or the pulse startup is
identified.
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Figure 5.2: Simplified post-processing workflow for the gyrotron pulse spectrogram acquisition

with time signal synchronization on the mode loss event

This way, the time signals for the different center frequencies can be syn-
chronized on a common defined event. This is done in order to guarantee a
consistent spectrogram and to compensate for small time shifts between the
acquired time signals. Finally, the raw vertical output voltage signal of the
spectrum analyzer is rescaled to a power level signal and the spectrogram is
assembled.

Typically a spectrogram consists of hundreds of time signals belonging to the
same number of consecutive gyrotron pulses. The time resolution is 40us
given by the 25 kHz sampling rate of the W7-X data acquisition. The max-
imum frequency resolution is given by the minimum resolution bandwidth
(RBW) of the spectrum analyzer which is 300 kHz. For a rough overview, a
frequency resolution of 10 MHz to cover a frequency range of up to 16 GHz
is used. The results obtained with this method are presented in the following
sections.
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5.1.3 Spectrogram of the Nominal Mode

In order to validate the method, a spectrogram of the nominal gyrotron TEg g
mode was acquired. Figure 5.3 shows clearly the frequency chirp of the gyro-
tron nominal mode due to thermal cavity expansion and neutralization. The
center frequency increment was set to the minimum possible resolution band-
width of 300 kHz. This result is in quantitative and qualitative agreement with
the measurement of the nominal mode frequency over time using the PSA sys-
tem by Schlaich in [Sch15]. The nominal mode frequency is changing mainly
during the first 500 ms of the pulse and is stabilizing later-on, undergoing only
a very slow change (1.5 MHz per min [Sch15]) afterwards during very long
pulse or cw-operation.
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Figure 5.3: Spectrogram (frequency resolution Af = 300 kHz) of a 500ms pulse with a voltage
ramp for the last 20ms performed with the Bravo 5 gyrotron. The spectrogram was
assembled of 695 time signals belonging to the same number of consecutive gyrotron
pulses.
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5.1.4 Spectrogram of Mode Switching Behaviour

To identify a possible mode loss precursor in the stray radiation spectrum, an
overview spectrogram with 16 GHz frequency range was acquired for a 500 ms
pulse performed with the Bravo 5 (TED SNO002i) tube shown in Figure 5.4.
The central frequency increment was set to 10 MHz resulting in 1600 gyrotron
pulses required to obtain the spectrogram over the full frequency range. For the
last 20 ms of the pulse, the body voltage was ramped up in order to provoke a
loss of the nominal operating mode and hence mode switching behaviour. Af-
ter the provoked mode switch, on average, modes at 130.26 GHz, 133.01 GHz,
134.57 GHz, 135.76 GHz, 137.34 GHz and 142.81 GHz appeared beside the
weakened nominal gyrotron mode TEpg g at 140.02 GHz. The latter two par-
asitic modes can be identified as the azimuthal neighbour or satellite modes
TEy7,3 and TExg g of the nominal mode. The measured frequencies are close to
the predicted frequencies by the cold-cavity code COLDC [Ker96] and by the
multi-mode gyrotron interaction code EURIDICE [APIV12]. The observed
parasitic mode frequencies are consistent with previous findings by Schlaich
in [Sch15]. This result is in qualitative agreement with the simulation results
presented in chapter 2. The multi-moding behaviour was observed with both
satellites being active simultaneously with the weakened nominal mode before
the satellite becomes the dominant mode.
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Figure 5.4: Excerpts of an overview spectrogram (Af = 10 MHz) of a 500 ms pulse with the Bravo

5 (TED SNO002i) tube. The gyrotron nominal mode TEjg g, its satellites TE»7 g and
TEj9,g and other parasitic modes are observed around a provoked mode switch by
ramping up the body voltage for the last 20 ms. The satellite TE»7 g is found to be
dominant after the mode switch.
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Figure 5.5: Same spectrogram as in Figure 5.4, but the time signals are not synchronized to the
mode loss event, but to the pulse startup.
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5.2 Explorative Measurements

The gyrotron interaction simulations exhibited an increasing satellite mode
activity with multi-moding behaviour prior to a loss of the nominal gyrotron
mode. Consequently, experiments were performed to clarify whether the same
behaviour can be observed in reality.

In this section, the results of first exploratory satellite mode activity measure-
ments for the Bravo 5 (TED 2i) and Alpha 5 (TED 5i) gyrotrons are presented.
The stray radiation was measured with a very simple setup consisting of a
D-band detector diode (TST BD7 S/N 922x), a differential amplifier with low
pass (f. = 1 MHz), a 20dB fixed attenuator to protect the diode and either
a high pass or a notch filter. A WR7 waveguide adapter was attached to the
WG16 diagnostic flange between the relief load and the relief window to pick
up the gyrotron stray radiation from the relief window.

5.2.1 TED #2i Gyrotron with 142 GHz High Pass Filter

A 142 GHz high pass filter was placed before the diode to measure the activity
of the upper azimuthal neighbour or satellite mode TEj9 g only. Figure 5.6
shows the measurement setup using the high pass filter.

In total, more than 3000 pulses with a target duration of 1 s were acquired on
13th and 14th July 2016 with the Bravo 5 gyrotron at constant (nominal) fields
(Imain = 83.9 A, Igun = —=3.2 A), but for various points in the working point
plane (U, Leam) at various output power levels. The depression ratio was in
the range between 0.46 and 0.53 representing a variation of up to 15 %. The
experimental data was automatically aggregated to a small searchable database
using the aforementioned SAGE framework. Figure 5.7 shows the result of
the stray radiation measurement with the 142 GHz high pass filter and a single
diode. The average measured diode signal is plotted against the average output
power at the gyrotron output window. Every dot represents a gyrotron pulse
of 1 s duration. The average measured diode signal could be interpreted as the
average activity A of the upper satellite mode TEy9 g during the pulse.
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Figure 5.6: Setup for the single diode measurement of the stray radiation using a 142 GHz high
pass filter
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Figure 5.7: Average diode signal measured with 142 GHz high pass filter plotted against the power
at the gyrotron output window. Each dot represents a gyrotron pulse with a duration
of 1s. The red dashed line is an exponential fit of the data.
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The red dashed line fits the data using the ordinary least squares (OLS) (see
e.g [KNNLO4]) method with the function

AP) = a + B P9 (5.1)

where @ = —2.744 - 1073, § =4.89 - 10, y = 1.867 - 1072, § = —6.064 and
P being the gyrotron output power. For the sake of simplicity, the quality of a
fit or a model will be evaluated using the normalized root-mean-square error
(NRMSE). There are other more appropriate quality measures for non-linear
models like e.g. the Akaike information criterion (AIC) [Aka74], but this
would be an overkill for this application. The NRMSE is defined as

1 N A N2
MSE VN Zizt (Vi = 91)
NRMSE = = 5.2
P90 (Y) = p1o% (Y)  poos (Y) = proge (Y) 0=

Here, N is the total number of values in the data set, y; € Y is the observed
value (dependent or explanatory variable) and §; = f(%;,®) are the values
predicted by the model f with X; being the input vector (assumed independent
variables) and © the model parameter vector. The root-mean-square error
(RMSE) is normalized by the percentile (see chapter 2.3.1 for an explanation)
difference of the data set allowing for a better comparability of the NRMSE
across different models and data sets. In this case, the obtained NRMSE of
the fit was 0.181. The fraction of variance explained (FVE) by the model is
defined by

MSE

FVE =1 Var(Y) 5.3)
which accounts here to 78.3 %. The average activity signal grows exponentially
above a gyrotron output power of 800 kW. This coincides with the practical
output power limit of the gyrotron lying in the range between 800 to 950 kW
where the operational reliability is significantly decreased (see chapters 3.3.1
and 3.3.5). The deviations from the activity fit curve can be explained better
when the acceleration voltage and cathode current are used as explanatory
variables.
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Figure 5.8 shows a three-dimensional visualization of the data (Upaec, Ieath, A)
where the average activity is shown over the average working point of each

gyrotron pulse in Figure 5.8. The data is fitted using the OLS method with the
exponential function

A(Uacc» Icath) = a +exp (,BUacc + 'yIcath + 6Uachcath + 6) (54)

where @ = —1.004 - 1072, B = 4.824, y = 6.84, 6§ = —8.234 - 1072 and
€ = —4.010 - 107 are the fit parameters. The activity increases exponentially
with the acceleration voltage, but also an increasing slope with increasing
cathode current is visible. Figure 5.9 shows the same data, but projected on the
(Ugee-A)-plane. Already just visually judging, the activity variation is clearly
explained better when the acceleration voltage and cathode current are taken

into account. The NRMSE decreased, to 0.147 (before: 0.181) and the FVE
now accounts to 85.7 % (before: 78.3 %).
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Figure 5.8: Average measured activity in the working point plane for all gyrotron pulses performed

with Bravo 5 using the high pass filter (activity signal level is also color encoded). Red
dot plane fits the data with an exponential function.
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Figure 5.9: Two-dimensional projection of the experimental data and the fit from Figure 5.8.
Dashed lines denote the fit results for different constant cathode currents for visualiza-
tion purposes only.

Note that the W7-X gyrotrons use a diode-type MIG. Consequently, an increas-
ing acceleration voltage means an increasing pitch factor (for an explanation,
see chapter 1.5.1) The increased pitch factor can explain the increased par-
asitic activity level, as similar behaviour is observed in gyrotron interaction
simulations presented in chapter 2 of this thesis.

Of course, one could argue that the general average stray radiation level was
expected to increase with increasing output power anyway: Since the quasi-
optical output coupler or beam launcher in the gyrotron is not 100 % efficient
and the Gaussian beam created by the quasi-optical output coupler is the result
of a superposition of the field distributions of multiple modes [TYA*05], an
increase of the general stray radiation level could be expected. But even when
the result for the activity signal from Figure 5.7 is taken and normalized by
the output power, the evidence is still indisputable (the result is shown in
Figure A.1 in the appendix).

In order to examine the behaviour of the activity signal in the time domain, the
time signals for the RF power at the gyrotron output window and the activity
are shown in Figure 5.10 for three gyrotron pulses combined. Pulse 1 and 2
were performed above 900 kW and pulse 3 around 800 kW output power. Up
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to an output power of 800 kW, the general activity level is low and decays
within a time scale of < 100 ms. The beam space charge neutralization acts
on a similar time scale. Above the output power threshold of 800 kW, the
activity level is significantly increased and does not fully decay over time even
after the gyrotron has reached a stationary state for # > 500 ms. The average
activity level is affected by multiple effects on different time scales. First the
electron beam pitch factor, which reaches for a constant acceleration voltage
a lower stationary value after 50 to 100 ms (depending on the pressure inside
the tube), implying a lower activity level. Second, as shown in Figures 5.8 and
5.9, the activity level depends on the cathode current as well.

The cathode current itself depends on the acceleration voltage (diode-type
MIG, hence the Shockley diode equation holds) and on the emitter temper-
ature via the filament heating current. The cathode current reacts almost
instantaneously on a us time scale to changes of the acceleration voltage. On
the other hand, the emitter cooling effect is dominant on longer time scales
(> 100 ms), reducing the cathode current.

Figures 5.8 and 5.9 are implying - on average - a lower activity level over the
pulse duration for a lower cathode current. Taking also the simulation results
from chapter 2 and the experimental results shown in Figure 3.5 into account,
this simple relation is questioned: A decreasing cathode current can imply
a lower time-averaged activity, but simultaneously, if the gyrotron working
point was already close to the nominal mode loss (the red dashed fit line in
Figure 3.5), the break current for the working mode is approached further
and hence the mode loss probability increased. If the parasitic mode activity
signal has any predictive power for a loss of the nominal working mode, we
would expect to see an increasing activity level, although the cathode current
decreases, when the nominal mode loss is approached.

This behaviour is in fact observed in experiments: Looking again at Figure 5.10,
pulse 1 and 2 only differ in their acceleration voltage signal phase, leading
to a later increase of the voltage towards the end at a slightly lower cathode
current for pulse 1. This slight difference seems to be sufficient to result in
an increased activity towards the end of the pulse. Figure 5.11 is a zoom
into the last 200 ms of pulse 1 from Figure 5.10. An interesting, reproducible
observation is the coincidence of peaks in the activity signal with dips in the
RF signal of the nominal mode. The red dashed lines denote the beginning
and end of a peak or a dip respectively.

The hypothetical, but physically motivated explanation for this coincidence is:
parasitic modes temporarily draw power from the nominal mode expressed by

140



5.2 Explorative Measurements

dips in the RF and simultaneous peaks in the activity signal. It supports the
existence of temporary, reversible multi-mode behaviour due to mode com-
petition during the high-power operation of the gyrotron close to the nominal
mode loss. Since the cathode current drops while the acceleration voltage
increases towards the end of the pulse (due to supply voltage ripple and emitter
cooling), the mode loss region in the working point plane is approached further
which is indicated by the suddenly increasing activity and the sequence of dips
and spikes in the activity and RF signals.

The reversibility of the multi-moding behaviour and the time scale of the
observed pattern could be explained by the acceleration voltage noise and its
non-gaussian probability distribution which was examined in section 2.3.1.
A result from section 2.3.1 was that a noise voltage > 0.5 kV occurs with a
probability of 0.43 % or every 9.3 ms assuming a sample rate of 25 kHz. The
higher the overshoot noise voltage, the lower is the probability and the bigger
is the time distance between such temporary multi-moding events and vice
versa. In Figure 5.11, the average time distance between onsets of peaks in the
activity signal and respectively dips in the RF signal is 14 ms. Therefore, a
noise voltage > 0.5 kV is probably responsible for the observed phenomenon
at this momentary working point. This coincides with the time scale for the
time distance between noise voltage peaks implied by the empirical noise volt-
age probability distribution. So as long as a certain time distance threshold for
noise voltage peaks is not exceeded, depending on the hysteresis or the taken
path in the gyrotron parameter space during the pulse, the multi-moding be-
haviour is probably reversible and a bigger spike from noise on the acceleration
voltage does not immediately cause an irreversible switch to the neighbouring
satellite mode.
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Figure 5.10: Exemplary gyrotron pulses around and above 800 kW output power: fast decaying

activity signal within neutralization time scale (< 100 ms) below 800 kW. Activity
signal shows non-decaying high parasitic activity above 800 kW.
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Figure 5.11: Zoom into the last 200 ms of figure 5.10. Coincidence of peaks in the activity
signal with dips in the RF signal (red dashed lines) indicating temporary, reversible
multi-mode behaviour due to increased mode competition close to the nominal mode
loss.
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5.2.2 TED #5i Gyrotron with 142 GHz High Pass Filter

On the 29th and 30th September 2016, 1240 gyrotron pulses with a duration
of 1 s were performed in total with the Alpha 5 tube at various working points
with different output power levels. The coil currents were the same for all
gyrotron pulses. A 142 GHz high pass filter was used to measure the activity
of the upper satellite mode TEy9 g only. A preattenuation of 20dB was used
and the amplifier for the measurement diode was calibrated to 10 V for a RF
power of 1 mW produced by a 140 GHz test sender. Since the measurements
were performed between the site acceptance test (SAT) of the gyrotron and the
following experimental campaign OP1.2a, the power calibration of the gyro-
tron output power signal has a lower accuracy here of 10 %.

Figure 5.12 shows the average diode signal versus the average output power of
all performed gyrotron pulses. Each dot in the plot represents a gyrotron pulse.
The red dashed line denotes an exponential fit of the data with the function 5.1
as used in the previous section. The achieved NRMSE increased to 0.475 and
the FVE is lowered to 79.8 % compared to the fit for the experimental data
obtained with Bravo 5.

Qualitatively, the same exponential growth of the activity beyond a certain
output power level is observed. The qualitative behaviour seems to be similar
across different gyrotrons of the same model series. The difference for Alpha 5
is that the power threshold level for which the activity growth begins, is lower
and its steepness is increased compared to the result obtained with Bravo 5.
Again, a three dimensional plot (Ugycc,lcah,A) of the data, a fit and their projec-
tion on the (Uyc,A)-plane are presented with Figures 5.14 and 5.13. The same
exponential function 5.4 was used to fit the data. The achieved NRMSE was
0.108 and a high FVE of 92.2 % was achieved in this case.
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Figure 5.12: Average diode signal measured with the 142 GHz high pass filter. Each dot represents
a gyrotron pulse with a duration of 1 s. The red dashed line fits the data with an

exponential function. Again, an exponential growth for the activity is observed.
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Figure 5.13: Two-dimensional projection of the experimental data and the fit from Figure 5.14.
Dashed lines denote the fit results for different constant cathode currents for visual-

ization purposes only.
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Figure 5.14: Average measured activity in the working point plane for all gyrotron pulses performed

with Alpha 5 using the high pass filter (activity signal level is also color encoded).
Red dot plane fits the data with an exponential function.
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5.2.3 TED #5i Gyrotron with 140 GHz Notch Filter

1200 gyrotron pulses at various output power levels with a duration of 1 s
were performed with the Alpha 5 tube on the 11th January 2017. In this
experiment, a 140 GHz notch filter was used which is normally a part of the
W7-X electron cyclotron emission (ECE) diagnostic. It was possible since the
gyrotron experiments were performed in between the experiment campaigns
of W7-X. The W7-X ECE notch filter was built as Bragg reflector with stacked
rings introducing a corrugation in an oversized waveguide (see Figure A.2 in
the appendix).

Figure 5.15 illustrates the working principle of a filter realized by a Bragg
reflector: The TE;; mode is converted by the corrugation to a backward
propagating high-order TMj, mode, if the Bragg condition is met. Since the
mode is reflected between the up- and down-tapers of the oversized waveguide,
it is converted back to a backward propagating TE|; mode which can pass the
input taper. The measured transmission shows in a very deep (-40 dB) and
comparably wide (around 1 GHz) notch as shown in Figure 5.16 [DWF*15].

7LBragg

Figure 5.15: Illustrated working principle of the filter using high-order Bragg resonances with w
being the slot width and Apragg the corrugation period (from [DWF*15]).
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Figure 5.16: Comparison of the computed and measured transmission of the W7-X ECE notch
filter (from [DWF'15]).

Therefore, the nominal gyrotron mode should hardly contribute to the mea-
sured activity signal and it is guaranteed that only all other parasitic modes
should be measured. The same pre-attenuation and calibration for the activity
measurement diode was used. The power calibration of the gyrotron RF output
power signal was unchanged compared to the measurement with the high pass
filter.

Figure 5.17 shows the measurement results where again every dot represents a
1 s gyrotron pulse. An even steeper growth of the average activity is observed
with the notch filter compared to the previous measurements using the notch
filter. This could be explained by the activity of the lower satellite and other
parasitic modes also contributing to the signal as well as by better characteris-
tics of the W7-X ECE notch filter (e.g. attenuation for the nominal gyrotron
mode and hence a better signal-noise ratio) compared to the high pass filter.
The attempt to fit the data with the simple exponential function (5.1) obvi-
ously failed and is unable to capture the sudden growth and variation of the
activity. This result is reflected by the increased NRMSE of 0.247 and the
low FVE accounting to 49.9 %. Looking at Figures 5.19 and 5.18 where the
data (Ugcee,lcah,A) was again plotted in three dimensions and then projected
on the (Uyec,A)-plane, the exponential function (5.4) fits much better the data
and captures the steep growth in activity. This is accounted for in the small
achieved NRMSE of 0.066 and the very high FVE of 96.5 %.
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Figure 5.17: Average diode signal measured with the W7-X ECE notch filter. Each dot represents
a gyrotron pulse with a duration of 1 s. The simple exponential function (5.1) fails to

fit the data and to explain the variation and growth of the activity.
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Figure 5.18: Two-dimensional projection of the experimental data and the fit from figure 5.19.
Dashed lines denote the fit results for different constant cathode currents for visu-
alization purposes only. The exponential function (5.4) captures much better the

variation and growth of the activity.
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Figure 5.19: Average diode signal measured with the W7-X ECE notch filter. Each dot represents

a gyrotron pulse with a duration of 1 s (activity signal level is also color encoded). A
very steep growth of the activity is visible around an output power of 750 kW.
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5.3 Advanced Measurements

The preliminary satellite mode stray radiation measurements were performed
using a single RF pickup. Since the stray radiation field is to some degree
stochastic in nature (dynamic speckle patterns, see Figure 4.7) and it was mea-
sured only at a single position in space, a highly fluctuating, unstable time signal
is expected and also finally measured in experiments (see e.g. Figure 5.10).
Additionally, experimental observations were hinting a connection between
the probability distribution of the acceleration voltage noise and patterns in the
activity and RF output power signals close to the loss of the nominal mode. In
the contrary, a stable signal proportional to the power content in the parasitic
modes is desired to serve as a feedback signal and mode loss precursor for
a gyrotron controller. In an attempt to achieve a more stable activity signal,
two more advanced measurement setups were developed and evaluated in ex-
periments. In order to evaluate the predictive power of the activity signal for
mode losses, the stray radiation measurements were performed while MORE
was active. This way, possible relations between the mode losses and their
probability to occur and (statistical) properties in the activity time signal could
be identified more easily.

5.3.1 Mono-mode Setup

Figures 5.20 and 5.21 show the mono-mode measurement setup for the satellite
mode activity. The setup uses 4 open-ended WR7 waveguides as RF pickups
which are positioned in front of the gyrotron relief window. The idea is that
the sum signal of multiple RF pickups is likely to be more stable, so it would be
better suited to be used as feedback for a gyrotron controller. Ideally, for future
version of the measurement setup, a (slot) antenna array covering the area of
the gyrotron relief window could be used (see e.g. [GJ97, TKSX18]). In order
to achieve the required frequency selectivity of our measured signal, a 136 GHz
high pass filter which was fabricated for this thesis and two 140 GHz tuneable
notch filters were concatenated. Finally, 10 dB pre-attenuation with a single
RF detector diode and an amplifier are used to measure the activity signal.
The design, fabrication and verification of the high pass filter is described in
chapter 4.2.
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Figure 5.20: Photograph of the mono-mode satellite mode activity measurement setup.
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Figure 5.21: Schematic of the mono-mode satellite mode activity measurement.

174 gyrotron pulses were acquired with this setup in total on 21st March,
26/27th April and 2nd May 2018 with a target duration of 20 s with the
Alpha 1 tube (TED SNOO7) mostly at high-power working points. MORE
was active during the pulses which were performed at nominal and at changed
main and gun coil fields, hence changed Iiain and Igy,. Figure 5.22 shows

the average values of the activity signals of whole gyrotron pulses A; (t) = A
measured with the mono-mode setup plotted against the average criticality,
hence the minimum distance of the average gyrotron working point during the
pulse to the nominal mode-loss line (Equation 3.1) from Figure 3.5. Every
marker represents a gyrotron pulse with 20 s target duration.
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Figure 5.22: Average activity measured with the mono-mode setup over the average criticality.
Every marker represents a gyrotron pulse with 20 s target duration. Explanation of
gyrotron pulse categories: stable (zero MORE cycles), unstable (> 1 MORE cycle,
pulse finished normally) and failed (> 1 MORE cycle, pulse terminated prematurely
with RF interlock). MORE cycles have been removed from the time signals to avoid
any bias (an explanation is given in the text).

The gyrotron pulses are again classified into one of the following categories
as in chapter 3: stable (no MORE cycle, pulse finished normally), unstable (>
1 MORE cycle, pulse finished normally) or failed (> 1 MORE cycle, pulse
terminated prematurely with RF interlock). In the latter case, the last MORE
cycle triggered by the last mode loss could not recover the nominal mode
within the RF grace time (typ. 2 ms). The activity signal was observed to be
extremely high (often the amplifier even saturated) compared to the remaining
signal during MORE cycles. In order to remove the possible bias for the result
of the analysis which would result from that, MORE cycles have been removed
from the time signal, if present. Only gyrotron pulses with constant main and
gun coil currents being close to those used for the fit of the mode losses in the
working point plane (in Figure 3.5) were selected for this analysis. Otherwise,
the experimental conditions would not be comparable.
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pulse category pua [V] o (E, K)

stable 0.082 0.362
unstable 0.088 0.46
failed 0.153 0.05
all 0.38

Table 5.1: Comparison of the correlation coefficients o and means of the average pulse activities
pa for the three gyrotron pulse categories.

Figure 5.22 shows the expected trend, that unstable and failed gyrotron pulses
seem to occur more frequently towards the nominal mode loss around zero
criticality. The shift in criticality, the earlier activity increase in the pre-
sented data set, can be explained by the fact that the average working points

(Uacc (t) = U, Teah (t) = i) over whole gyrotron pulses are used here to compute

the criticality C (see Equation 3.3). In contrast, the nominal mode-loss line
from Figure 3.5 was fitted to the mode losses and their momentary, last work-
ing point before the mode loss. The group of failed pulses close to the nominal
mode loss exhibits an increased average activity compared to the group of
unstable pulses where the mode could be still successfully recovered.

The correlation coeflicient p (X, Y) for two sample sets X and Y is defined as

Cov(X.Y) _ 2 =) (i =)
TXOY S -0 B i - )

o0(X,Y) = (5.5)

which is the covariance normalized by the product of the variable’s stan-
dard deviations. The correlation coefficient takes the value of +1 for two
ideally linearly correlated data sets. The mean of the average activities
ua = (1/N) 21::1 A (t) and the correlation coefficient o(C(U, I), A) were com-
puted for the samples of the three gyrotron pulse categories (stable, unstable
or failed) in order to identify a (linear) trend.

Table 5.1 shows an increased mean activity for the groups of unstable and failed
pulses and an overall weak positive correlation between the average criticality
and the average pulse activity. The correlation coefficient was unable to iden-
tify a linear relationship for the group of failed pulses. A better representation
of the results is achieved showing the median of the pulse activities along with
their 10 % and 90 % percentiles as vertical error bars over the criticality median
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in Figure 5.23 (for an explanation of the term percentile, see section 2.3.1).
The percentiles were chosen since the popular mean and standard deviation are
only meaningful for normally-distributed data. The activity data is obviously
not normally-distributed since the shown percentiles are not symmetric. It’s
clearly visible in Figure 5.23 that the activity is low most of the time during
the pulses since the activity median is much lower than the 90 % percentile of
the measured activity pog q,(A;(t)).
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Figure 5.23: Median pulse activities measured with the mono-mode setup over the median criti-
calities of whole gyrotron pulses. Every marker represents a gyrotron pulse with 20 s
target duration. The lower and upper bounds of the error bars represent the 10 % and
90 % percentiles of the measured activity for each pulse.

Figure 5.23 shows less discrimination between the stable and unstable or failed
pulses regarding the median activity. But the 90 % percentile pggy, shows
a clear decreasing trend for stable pulses approaching the mode loss. This
could be interpreted as decreasing tolerated parasitic activity when the nominal
mode loss is approached. In comparison, unstable and failed pulses exhibit an
increased pogq, compared to stable pulses. The same holds for the comparison
of the 90 % percentiles between failed and unstable pulses.
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Figure 5.24: 99 % percentiles of the activity measured with the mono-mode setup over the criti-
cality median. The three pulse groups are now clearly separated. Failed pulses have
more frequently, a much higher activity during the pulses (meaning the distribution
is also broader) compared to the other pulse groups.

The separation between the pulse groups is improved looking at the 99 %
percentiles of the activity signals in Figure 5.24. The group of failed pulses
exhibits more frequently, much higher activity levels. The activity signal
measured with a 142 GHz high pass filter was shown in Figures 5.10 and 5.11
together with the RF output power signal. Both signals suddenly exhibited
simultaneously a temporal pattern (dips in the RF output power signal and
peaks in the activity signal) on a timescale of 10 ms to 200 ms approaching the
output power limit of the gyrotron. It was hypothesized that the reason for this
pattern could be possible multi-mode behavior of the nominal mode and other
parasitic or satellite modes in agreement with the probability distribution of
the technical noise on the supply voltages. Since the correlation coefficient is
only suitable to capture linear relationships between two variables, the mutual
information (MI) or information gain is proposed here to detect a possible
non-linear coupling between the RF output power and the measured activity
signal.
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The mutual information or information gain MI (X, Y) of two random variables
X and Y measures the mutual statistical dependence and quantifies the amount
of information gained about X when Y is observed and vice versa. The Mutual
Information (MI) can be expressed as difference of the Shannon entropies H
as [Sha48a, Sha48b]

H(X)= - ) p(X =a)log, (p(X = a)) (5.6)
aeX
HXY)=-) > p(X=aY=blogp(pX=aY=b) (57
beY aeX
MI(X,Y)=MI(Y,X) =HX)+H(Y)-H(X,Y) > 0 (5.8)

where p(X = a) is the probability for a € X and H (X) is the entropy or the
expectation value of the point-wise information of elements in X. The joint
probability distribution p (X, Y) is used for the computation of H(X,Y). In
case of a sampled time series and for large sample sizes, the probability dis-
tributions can be approximated by the normalized histograms (a 2D histogram
in case of the joint probability distribution).

Figures 5.25 and 5.27 show the resulting pulse-wise mutual information
MI(RF(t), A(t)) between the RF output power signal and the measured ac-
tivity signal over the criticality median and respectively the 99 % percentile
of the measured average activity signal over whole gyrotron pulses. The MI
of the failed pulses scales linear with the increasing activity and is clearly
distinct from the stable and unstable pulses. The correlation coefficient for
the group of failed pulses amounts to o(pggq,(A), MI(RF, A)) = 0.882 indicat-
ing a strong linear relation. The same linear relation is obtained in Figure
5.26 between the MI and the average pulse activity for the group of failed
pulses. The correlation coefficient for the group of failed pulses in this case is
o(A, MI(RF, A)) = 0.815 indicating as well a strong linear relation. The pulse
group means for the MI are 0.153 (stable), 0.171 (unstable) and 0.315 (failed).
Furthermore, the MI over a gyrotron pulse increases when the modeloss line
is approached, indicating that the RF output power and the activity signal are
increasingly coupled for a working point approaching the modeloss line. The
temporary multi-mode pattern discussed above from Figures 5.10 and 5.11
seems to be reflected in the increased MI for unstable and failed shots.
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Figure 5.25: MI between the RF output power signal and the activity measured with the mono-
mode setup over the criticality median. The RF output power signal and the activity
signal are more strongly coupled approaching the modeloss line.
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Figure 5.26: MI between RF output power signal and the activity measured with the mono-mode
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Figure 5.27: MI between the RF output power signal and the activity measured with the mono-
mode setup over the 99 % percentiles of the pulse activity signals. The RF output
power signal and the activity signal are more strongly coupled for unstable and failed
pulses, in the latter case at significantly increased activity levels.
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Figure 5.28: MI between the RF output power signal and the activity measured with the mono-
mode setup over the average RF output power during the pulse. Good separation
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5.3.2 Quasi-Optical Setup

Figures 5.29 and 5.30 show the quasi-optical measurement setup for the satellite
mode activity. This setup is overmoded and uses a multi-mode transparent
quasi-optical band pass filter in an oversized circular waveguide for the stray
radiation from the satellite modes TE37 g and TE»9 g of the nominal gyrotron
mode. The design, construction and verification of the quasi-optical band pass
filter is described in chapter 4.3. The filtered stray radiation is then measured
with five RF detector diodes which are located at the center of opposing faces
of a mode-stirring volume.
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Figure 5.29: Photograph of the quasi-optical satellite mode activity measurement setup.
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Figure 5.30: Schematic of the quasi-optical satellite mode activity measurement.
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Experiments with acoustic mode-stirring chambers and Schroeder or reflection
phase grating diffusers [DK84] exhibit improved microwave field homogenity
[PS98, PS99]. The idea roots back to the acoustic optimization of concert
halls [Sch79, Sch75]. By chance, a Schroeder diffuser for 140 GHz was
previously manufactured for another stray radiation measurement [Ger16].
Figure 5.31 shows a model of a Schroeder diffuser which is an array of square
stubs of width w = 1/2. The number of stubs along each dimension should
be an odd number. The stub depths d, are chosen to be a quadratic-residue
series [DK84] leading to different phase shifts between the reflected waves so
that they ideally interfere in such a way that the incident waves are diffusely
scattered over a broader angle (a proof is given in [Ger16]).

Figure 5.32 compares the measured normalized scattering amplitudes by a flat
plate and a Schroeder diffuser, showing the best result for a reflection angle of
around 45 degrees. Therefore, the Schroeder diffuser was positioned with an
angle of 45 degrees in front of the input of the mode-stirring volume to further
diffuse and homogenize the stray radiation field. The resulting signal measured
by the RF diodes should then be more stable and fluctuating less over time.

Figure 5.31: Examplaric Schroeder diffuser design with N2 (here N = 17) stubs of width w = /2
and height T — d,, where T is the thickness of the base plate and d, the depth of each
stub (from [Ger16]).
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Figure 5.32: Comparison between the measured normalized scattering amplitudes by a flat plate
and a Schroeder diffuser. The Schroeder diffuser leads to a scattering over a broader
angle range (from [Ger16]).

Between the 12th to 15th March and on 16th April 2018, 170 pulses with a
target duration of 20 s were performed with the Alpha 1 tube (TED SNO007)
at mostly high-power working points together with MORE being active. 37
pulses of 170 were performed at the same fields and parameters as the pulse
data used to fit the modeloss line (Equation 3.3.

Since the quasi-optical measurement setup has five RF diodes, we obtain five
activity signals A;(t). In order to exploit and represent the full information,
the quantities averaged over the activity channels are presented. The mean
mutual information (Equation 5.6) between the RF output signal RF;(t) and the
N measured activity signals Aj(t) is defined by

z

MI (RF (1), Aj (1)), = % Z MI (RF; (1), A (t)) (5.9)
j=1
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and the mean mutual information between the N activity signals MI(Aj(t), Aj(t))
is defined by

N N
MI (Aj (1), Ak (1), — Z Z MI (Aj (1), Ai (1)) (5.10)

j=1 j<k

with i being the gyrotron pulse index and j, k being the activity channel
indices. (N?> —N)/2 is the number of desired unique index permutations
since MI(Aj;, Aj) and other duplicate values due to the symmetry property of
the mututal information MI(X,Y) = MI(Y, X) should be avoided. Here for
N =5, the number of unique index permutations amounts to 10 (which are
{(1,2).(1,3),(1,4).(1,5),(2,3).(2,4).(2.5).(3,4). (3, 5). (4. 5) .

Additionally, the total mean mutual information (TMMI) which is the mean
mutual information across the RF output power signal, the measured activity
signals and between unique pairs of the measured activity signals defined as

TMMI; =
(5.11)

N N

N2 N ZMI (RF; (1), Ajj (1) + Z ZMI Ay (1), A (1)
j=1 j<k

is used here with N being the number of activity signals, i the pulse index and
j.k being the activity channel indices.
First, results including only 37 pulses out of 170 are shown to not mix up gyro-
tron pulses performed at different magnetic fields (set by the gun coil current
and/or main coil current) with a changed modeloss line compared to Figure
3.5.
Figure 5.33 shows the mean pulse activity signal averaged over the five ac-
tivity channels versus the average criticality. Using this information alone, a
satisfactory separation between the three pulse groups is achieved. But taking
the mean mutual information (or non-linear coupling degree) between the RF
output power and the measured activity signals into account (Equation 5.9)
in Figure 5.34, a good separation is achieved. An even better separation is
achieved when the mutual information among the activity channels (Equation
5.10) is also taken into account in Figure 5.35 and combined to the TMMI
(Equation 5.11) in Figure 5.36. Clearly, the TMMI is significantly higher
for failed pulses compared to unstable and stable pulses and it grows with
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increasing criticality approaching the modeloss line. Therefore, not only the
non-linear coupling or mutual information between the RF output power sig-
nal and the activity signals increases during an unstable operation state, but
as well the mutual information among the activity signals. Figure 5.37 shows
the same trend and very good separation for the TMMI over the average RF
output power during the pulses. The TMMI of the failed pulses is not only
significantly increased, but also grows with increasing output power.

Figures 5.39 and 5.40 show the results of all 170 gyrotron pulses acquired with
the quasi-optical measurement setup with varying magnetic fields for the gyro-
tron. The TMMI over the average RF output power and the average activity
signal during the pulses is presented. Even here, where multiple data sets for
different fields are mixed, a fairly good seperation for the three pulse groups
is achieved, most importantly for the group of failed pulses. Again, the trend
between the increasing TMMI with increasing RF output power and increasing
activity signal is observed, discarding outliers in the mixed data set. Exploiting
the additional data from multiple stray radiation measurement channels using
the TMMI seems to be an advantage since the separation of the pulse groups is
improved compared Figure to 5.25 which was obtained with the mono-mode
measurement setup having only one stray radiation measurement channel.
Therefore, the TMMI using the data from multiple stray radiation measurement
channels seems to be a promising candidate to characterize unstable gyrotron
operation states and to predict a likely modeloss.
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Figure 5.33: Multi-channel mean of the average pulse activity measured with the quasi-optical
setup versus the average criticality of the working point. Satisfactory separation for
failed pulses is observed.

1.0

= = modeloss line
= stable pulse
* unstable pulse
084 * failed pulse

0.6 1

0.4 1

X*
0.2 IDEED S 24 Ko

Multi-channel mean of MI(RF(t), Ai(t)) (bits)
X

0.0 T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Avag. criticality (a.u.)

Figure 5.34: Multi-channel mean of the MI between the RF output power signal and the five
activity signals over the average criticality of the working point. Good separation for
failed pulses is observed.
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Figure 5.35: Multi-channel mean of the MI among the unique permutations of the five activity
signals over the average criticality of the working point. Very good separation for
failed pulses is observed.
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Figure 5.36: Total mean mutual information over the average criticality of the working point.
Excellent separation for failed pulses is observed.
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Figure 5.39: Total mean mutual information over the average RF output power during the pulse
using the quasi-optical measurement setup for varying magnetic fields of the gyrotron.
Despite the mixed data set, failed pulses are still separated.

2.00
. = stable pulse
* unstable pulse

1.75 4 x failed pulse
g
£ 1.50 4
c
o
2 1.25 .
S .
£ .
§ 1.00 A
E] %x *x
Z 0.75 x
©
[ X X
= * %
(__;05 050- « XX X
= < x o,

0.25 - s SO

: R -fk"hl'fxﬂé" .
0.00 T T T T T
0.02 0.03 0.04 0.05 0.06 0.07 0.08

Multi-channel mean of avg. activity (V)

Figure 5.40: Total mean mutual information over the average pulse activity measured with the
quasi-optical setup for varying magnetic fields of the gyrotron. Despite the mixed
data set, failed pulses are still separated. Again, a trend between average activity and
the TMMI is visible.
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5.4 Summary

Stray radiation measurements using one RF pickup show that the average stray
radiation level during gyrotron pulses increases exponentially approaching the
practical output power limit of the gyrotron of around 900 kW. Comparing the
measurements with two different gyrotrons and filter types (a 142 GHz high
pass and a 140 GHz notch filter), the hypothesis is supported that mainly the
satellite modes and/or other parasitic modes are contributing to the growing
stray radiation signal.

Reproducible sequences of simultaneous dips in the RF output power and
peaks in the stray radiation signal are observed close to the loss of the nominal
mode (see Figure 5.11). The time scale of the phenomenon coincides with the
time scale implied by the (slightly non-Gaussian) probability distribution of
the technical noise found on the acceleration voltage in section 2.3. Therefore,
the hypothesis is supported that this could be temporary, reversible multi-mode
behaviour due to mode competition caused by the acceleration voltage noise
prior to a likely loss of the nominal mode.

A mono-mode setup and a quasi-optical measurement setup are presented
using up to five RF diodes to measure the stray radiation from the satellite
modes. The activity measurements were performed with MORE being active
during the gyrotron pulses, allowing for the distinction into the three groups of
stable, unstable and failed pulses. Using simply the averaged activity signals,
a good separation of the three gyrotron pulse groups is not achieved. But
analyzing the non-linear coupling degree between the RF output power signal
and the measured activity signal(s) by computing the mutual information (MI),
a satisfactory to good separation for the group of failed pulses is achieved
plotting the MI against the criticality, the average activity or the average output
power during the pulse using the mono-mode setup. The trend of an increasing
MI with increasing average pulse activity and average output power is observed
for failed pulses.

The quasi-optical measurement setup has five RF diodes to measure the stray
radiation. Computing the Total Mean Mutual Information (TMMI) between
the RF output power signal, the five activity signals and among unique pairs
of the activity signals, an excellent separation for the group of failed pulses
was achieved from the groups of stable and unstable pulses. Failed pulses
have a much higher TMMI compared to stable and unstable pulses. The clear
trend of an increasing TMMI was observed for a growing average activity and
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average output power particularly for the group of failed pulses, approaching the
modeloss line with increasing criticality. Therefore, exploiting the additional
data from multiple stray radiation measurement channels seems to help to
detect and discriminate an unstable gyrotron operation state. The TMMI is
therefore a promising candidate for a mode loss precursor.
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6 Moving-Window Activity Data
Statistics

The findings presented in sections 5.2 and 5.3 hold for the aggregated time-
series data over whole gyrotron pulses. In contrast, a real-time precursor for
mode loss as feedback during the pulse duration is required for an electronic
stability control for gyrotrons. Therefore analyses using a moving window
over the time series data are required to simulate the signal processing during
the gyrotron pulse. In order to choose the adequate (minimum) duration for
the moving window, methods originally used to identify the proper embedding
parameters for a phase space reconstruction are applied to whole gyrotron
pulses first. The phase space is the reconstruction of the high-dimensional state
space of a complex dynamical system from a low- or even one-dimensional
time series. The moving window analyses are then performed with the goal
to identify a (statistical) precursor for the loss of the nominal mode during the
gyrotron pulse. The data obtained with both measurement setups presented in
sections 5.3.1 and 5.3.2 is evaluated using the (total mean) mutual information
of a moving window over the data.

6.1 Time-Delayed Mutual Information

The Mutual Information (MI) (Equation 5.6) of a sampled time series x(t, ) with
its time-delayed (or shifted) version x(t,+r) is called Time-Delayed Mutual
Information (TDMI) defined as

Xy = {x(ta), X (tas1) s - X (tasa)} 6.1
TDMI (x(t) , 7) = MI (X, Xi4r) (6.2)

with A being the length of the signal (window) and 7 being the applied time
delay or shift. The TDMI was first used by Fraser [FS86] to find an optimum
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time delay 7, for the time-delay embedding X (t,) of the time series defined
by

X (Xq) = (X (ta), X (ta—7), X (tn-27) - X (tn—(dmm—z)‘r) » X (tn—(dmm—l)‘r)) (6.3)

where R (t,) are the reconstructed points in phase space, 7 is the chosen time
delay and dp,i, the (minimum) embedding dimension.

The optimum time delay is located by convention at the first local minimum of
the TDMI computed for an interval of time shifts. The minimum embedding di-
mension can be determined by using e.g. the False Next Neighbour (FNN) ratio
by Kennel [KBA92]. According to Takens’ delay embedding theorem [Tak81],
the time-delay embedding is one way to reconstruct the high-dimensional state
or phase space of a complex dynamical system. The manifold of all phase
space trajectories of a system as a whole is called "attractor".

A prominent example for an attractor is e.g. the Lorenz attractor [Lor63]
which is often mentioned as example for deterministic chaos. If the right
time delay was chosen for the embedding, the attractor of the system should
properly unfold, occupy a maximum volume in the high-dimensional phase
space and neighboring phase space trajectories should be separated as shown
for the Lorenz attractor in Figure A.3. Therefore using the TDMI, it can
be shown that a time series which seems to be purely random or stochastic,
is in fact governed by deterministic chaos and has serial non-linear correla-
tions. Furthermore, its behavior becomes predictable using its reconstructed
phase space as several applications of this technique in various different fields
(e.g. in Psychology and Medicine [CFZ14], Hydrology [SJF02], Meteorol-
ogy [SW18, WLGL17,HRY 5], Geophysics, Economics, Machine Learning
etc.) demonstrate.

The TDMI is computed here for the data of whole gyrotron pulses to determine
the length of serial correlations and hence the adequate minimum and maxi-
mum reasonable window duration for the moving window statistical analyses
of the pulse data in the following section of this thesis. The optimum time de-
lay 7op is determined for the activity signals obtained with both measurement
setups, a mono-mode setup and a quasi-optical setup, which were presented in
section 5.3.
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6.1 Time-Delayed Mutual Information

Figures 6.1 and 6.2 show plots of the computed TDMI for a time delay range
of up to 200 ms for the RF output power signal and the activity signal(s) of
an unstable gyrotron pulse example for both measurement setups. The local
minima and maxima are clearly visible in both plots. The TDMI is also
shown for white noise to illustrate the meaning of the TDMI. The TDMI of
white noise is always zero since the values in a sequence of random values
are ideally uncorrelated, hence random white noise has no serial correlations.
The first local minimum of the TDMI is located around 10 ms to 15 ms in
both cases. The TDMI decays faster for the data obtained with the quasi-
optical measurement setup in this case. The TDMI approaches a low value
for all signals after 100 ms to 200 ms giving an upper limit for the reasonable
window duration.
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Figure 6.1: Computed TDMI for an unstable gyrotron pulse example using data obtained with
the mono-mode measurement setup. Clear local minima and maxima are visible with
decaying mutual information with increasing time delay.
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Figure 6.2: Computed TDMI for an unstable gyrotron pulse example using data obtained with the
quasi-optical measurement setup. Clear local minima and maxima are visible with
decaying mutual information with increasing time delay.

Figures 6.3 and 6.4 show stacked histograms of the optimum time delays 7op
found for the activity signals of the gyrotron pulses presented for the three
gyrotron pulse categories (stable, unstable and failed). Again, the MORE
cycles in the unstable and failed pulses have been removed from the time
signals used for the analysis to avoid any bias for the computed quantities.
In both cases, an accumulation for the optimum time delay 7op in the range
between 10 ms and 20 ms is visible with a tendency towards slightly higher
Topt for unstable and failed gyrotron pulses.

This confirms again the characteristic time scale of the hypothesized, temporary
multi-mode phenomenon shown in Figure 5.11. This time delay is also in
agreement with the time scale implied by the empirically found probability
distribution (see Figures 2.16 and 2.17) of the technical acceleration voltage
noise in section 2.3.1.
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Figure 6.3: First local minima of the TDMI using all available gyrotron pulse data (at same
magnetic field) for the activity signal obtained with the mono-mode measurement
setup. Clear shift towards higher time delay for the group of unstable and failed pulses.
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Figure 6.4: First local minima of the TDMI using all available gyrotron pulse data (at various
magnetic fields) for the activity signals obtained with the quasi-optical measurement

setup. A shift towards higher time delays for the group of unstable and failed pulses is
visible.
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6 Moving-Window Activity Data Statistics

The higher count and the bigger time delay for unstable and failed pulses in
Figure 6.4 can be explained: Firstly by the fact that all available pulse data was
used where the gyrotron was operated at different magnetic fields. Secondly,
the five activity signals were processed and counted seperately. Figure 6.5
shows the same analysis result but distinguished for the five activity channels.

Activity channel 1
Activity channel 2
Activity channel 3
Activity channel 4
Activity channel 5

102 4

Count

10! 4

10° + T T
0 10 20 30 40 50
Optimum time delay T, for activity signals [ms]

Figure 6.5: Optimum time delays using the first local minimum of the TDMI using all available
gyrotron pulse data (at various magnetic fields) for the activity signals obtained with
the quasi-optical measurement setup. Clear shift towards higher time delay for one
activity channel.
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6.2 Moving Mutual Information

This section presents the results of the moving window analysis for the gyrotron
pulse data for both stray radiation measurement setups. The moving window
analysis simulates the statistical analysis of FIFO (First-In First-Out) buffers
(e.g. implemented on a FPGA) containing the data of the measured activity
signals and the RF output power signal of the nominal mode during a gyrotron
pulse. Statistical patterns in the moving (total) mutual information are identi-
fied which would be a suitable precursor for the loss of the nominal mode of
the gyrotron.

6.2.1 Mono-mode Setup

In case of the mono-mode setup (presented in section 5.3.1), the mutual infor-
mation MI(RF(t,, d), A(t,, d)) between the RF output power signal RF (t,) and
the measured activity or stray radiation signal A (t,) is computed for moving
data windows defined by

RF (tn, d) ={RF (ty—q), ..., RF (ta_1), RF (t,)} (6.4)
At d) ={A(ta-a), .- A(ta-1), A(ta)} (6.5)

where d is the window length (or duration) and n is the running index for the
gyrotron pulse time signals. The moving data window simulates a FIFO buffer
in a possible future FPGA implementation. The mutual information is not
recomputed for every new incoming value, but recomputed only every 480 ps
or 12 samples with a sample rate of 25 kHz as it is the case for the W7-X data
acquisition. This is done in order to firstly reduce the computational effort for
this analysis and secondly to simulate the required processing time in a future
FPGA implementation.

The same data as in section 5.3.1, 174 gyrotron pulses with a target duration
of up to 20 s, was used in this analysis. Based on the findings in the previous
section 6.1, the window durations were chosen to be 15 ms, 25 ms, 50 ms
and 100 ms. Figures 6.6 and 6.7 show the median and the 10 % percentile
of the mutual information computed for a window duration of 50 ms over the
criticality intervals. The difference between the figures is the data selection
used for the analyses.
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Figure 6.6: Median of the mutual information MI (RF, A) over the criticality intervals. The quan-
tities were computed for a window duration of 50 ms. The three gyrotron pulse groups
(stable (2.07 - 10° values), unstable (2.84 - 10° values) and failed (2.51 - 10° values))
are again distinguished.
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Figure 6.7: Median of the mutual information MI(RF, A) over the criticality intervals but only
data up to the first mode loss is used from each pulse. The quantities were computed
for a window duration of 50 ms. The three gyrotron pulse groups (stable (2.07 - 10°
values), unstable (9.23 - 10° values) and failed (1.63 - 107 values)) are distinguished.
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6.2 Moving Mutual Information

In the latter case, only gyrotron pulse data up to the first mode loss in each
gyrotron pulse is used for the group of unstable and failed pulses. An increased
median mutual information far away from the modeloss line is visible for the
group of failed pulses with the trend of a decreasing MI towards the mode loss
line. In contrast, the group of unstable pulses exhibits only a slightly increased
median MI, but also a decreasing median MI towards the mode loss line. The
group of stable pulses as control group hardly varies over the criticality, but
has a dip close to the mode loss line. This observation is still in agreement
with the results presented in sections 5.3.1 and 5.3.2.

More interestingly, the 10 % percentiles for the pulse groups differ significantly
with a nearly constant lower percentile for the group of stable pulses, but low-
ered percentiles for the groups of unstable and failed pulses. The explanation
is that even an increased average MI over whole gyrotron pulses was observed
in sections 5.3.1 and 5.3.2, the phenomenon of interest leads locally in time to
a suddenly decreased MI (a peak in the RF output power signal and a dip in
the measured stray radiation signal). Since the percentage of these events of
interest compared to the pulse duration is small (this should be the case if these
events are supposed to have any predictive power in this case), it cannot be
reflected well by an average or median value. But it is reflected by the asym-
metry of the data distribution and hence by the distance to the median. Hence,
he median decreases since the events occur more frequently approaching the
mode loss line.

The accumulation of the hypothesized multi-mode event is much more clearly
visible in Figures 6.8, 6.9, 6.10 and 6.11. Histograms of the mutual infor-
mation MI (RF, A) computed for moving windows versus the time distance to
the next or first mode loss are shown depending on the data selection for the
analysis. Figure 6.8 shows the result for data from the group of unstable pulses
over the Time distance Till to the next Mode Loss (TTML). The time periods
were the false mode was active have been removed from the data to avoid any
bias. The median and the 90 % percentile of MI(RF, A) show just a slight
increase towards the mode loss in agreement with the findings of the whole
pulse analysis. But the 10 % and 1 9% percentiles are decreasing towards the
mode loss with local minima at 125 ms, 250 ms, 400 ms and 500 ms. These
are probably the time periods between mode losses and the effect of the slow
voltage ripple of around 4 Hz observed in section 2.3.1. The distribution is as
well asymmetric towards lower values of the MI with respect to the median MI
when the distances between the median and the 90 % and 10 % percentiles are
compared.
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Figure 6.8: 2D histogram for the mutual information MI(RF,A) and the time distance to the next
mode loss computed for a moving window duration of 50 ms using data from 75
unstable gyrotron pulses. The MORE cycles have been stripped from the data to avoid
any bias.

This is the effect of the periodically, shortly decreased MI due the hypothesized
phenomenon leading to an accumulation for a lowered MI in the histogram.
This is even stronger visible in Figure 6.9 where only data from the group of
failed pulses was used since the data from the multi-mode events has a higher
percentage of the total amount of data. The multi-mode events are visible as
clusters with lowered MI around 0.25 to 0.5 in the histogram up to 200 ms
before a mode loss. The median and the percentiles of the MI decrease up
to 400 ms in advance and reach a local minimum between 40 ms and 150 ms
before the next mode loss. If only the pulse data up to the first mode loss
is used as in Figures 6.10 and 6.11, in order to avoid the bias from the time
periods between mode losses, a similar distinct asymmetry and decrease of the
10 % and 1 % percentiles of the MI is observed in advance. The horizontal
axis shows the Time distance Till the First Mode Loss (TTFML) in these cases.
In order to examine the influence of the chosen window duration, the analyses
were performed for window durations of 15 ms, 25 ms, 50 ms and 100 ms.
The results are summarized in Figures 6.12 and 6.13. Figure 6.12 compares
the median of MI(RF,A) over the TTFML for a variable window duration.
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Figure 6.9: 2D histogram for the mutual information MI(RF,A) and the time distance to the next
mode loss computed for a moving window duration of 50 ms using data from 26 failed
gyrotron pulses. The MORE cycles have been stripped from the data to avoid any bias.

Figure 6.10:
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2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 50 ms using data from 75 unstable gyrotron pulses up to the first mode
loss.
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Figure 6.11: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 50 ms using data from 26 failed gyrotron pulses up to the first mode loss.

Obviously, the median MI depends more strongly on the TTMFL with increas-
ing window duration. The explanation is that the characteristic time scale of
the hypothesized multi-mode phenomenon is mostly in the range of 10 ms to
20 ms as shown in section 6.1. The closer the window duration is to this time
scale, only single events will be captured more likely by the moving window
leaving the median MI unaffected. If the moving window duration is much
bigger than the time scale of the single event, it is more likely that multiple of
such events are captured affecting the median MI, leading to this dependency
of the median MI against the TTFML. This is also reflected by Figure 6.13
showing the 1 % and 10 % (lower/upper boundary of the shaded areas) per-
centiles for multiple window durations. The percentile difference decreases
with increasing moving window duration. In all cases, either the percentile dif-
ference (shaded area) increases or both MI percentiles decrease for a TTFML
< 400 ms indicating a temporal accumulation of the multi-mode events prior
to a mode loss.

Therefore, the moving window MI of the RF output power signal and the mea-
sured stray radiation signal (which should reflect the activity of parasitic and
satellite modes) could be used as precursor for mode loss in a fast gyrotron
controller.
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Figure 6.12: Median mutual information MI(RF,A) for each time distance interval for various
window durations using data from 26 failed gyrotron pulses up to the first mode loss.
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Figure 6.13: 1 % and 10 % percentiles of the mutual information MI(RF,A) for each time distance
interval for various window durations using data from 26 failed gyrotron pulses up
to the first mode loss. The area between the percentiles is shaded to illustrate the
asymmetry of the MI distribution.
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6.2.2 Quasi-optical Setup

In case of the quasi-optical setup (presented in section 5.3.2) three quantities
were computed for the moving windows: The mean mutual information be-
tween the RF output power signal RF (t,) and the five measured activity or stray
radiation signals A; (t,) defined by Equation 5.9, the mean mutual information
between unique permutations of activity channel pairs defined by Equation
5.10 and the Total Mean Mutual Information (TMMI) using Equation 5.11.
The same data as in section 5.3.2, up to 170 gyrotron pulses with a target dura-
tion of up to 20 s, was used in this analysis. 37 pulses of 170 were performed
at the same fields and parameters as the pulse data used to fit the modeloss line
(Equation 3.3. Based on the findings in the previous section 6.1, the window
durations were again chosen to be 25 ms, 50 ms and 100 ms.

Figures 6.14, 6.15 and 6.16 show histograms for each of the three computed
quantities using a window duration of 50 ms over the Time distance Till First
Mode Loss (TTFML) in the moving window analysis for data from 75 unstable
gyrotron pulses up to the first mode loss. The median of all three quantities
hardly changes over the time distance. The lower percentiles only slightly
decrease up to 400 ms prior to a mode loss for the TMMI and the mean mutual
information between the RF output power signal and the five measured activity
signals MI(RF, A;). In contrast, the mean mutual information among the ac-
tivity channel pairs MI(A;, A;) exhibits a strong sudden decrease around 50 ms
to 200 ms. A possible explanation is that the sudden decrease of MI(RF, A;)
during a multi-mode events vanishes more likely due to the averaging. In
contrast, the activity channels seem to be decoupled (or exhibit a phase shift
with events similar to the hypothesized multi-mode event) with an increasing
stray radiation level leading to a drop of MI(Aj, Aj).
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Figure 6.14:

Figure 6.15:
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2D histogram for the mean mutual information MI(RF, A;) over the activity channels
computed for a moving window duration of 50 ms using data from 75 unstable
gyrotron pulses (2.68 - 10° values) up to the first mode loss.
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2D histogram for the mean mutual information MI(A;, A;) over unique activity chan-
nel pairs (A;, A ;) computed for a moving window duration of 50 ms using data from

75 unstable gyrotron pulses (2.68 - 10° values) up to the first mode loss.

185



6 Moving-Window Activity Data Statistics

Total Mean Mutual Information
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Figure 6.16: 2D histogram for the total mean mutual information over the activity channels com-
puted for a moving window duration of 50 ms using data from 75 unstable gyrotron
pulses (2.68 - 107 values) up to the first mode loss.

Figures 6.14, 6.15 and 6.16 show the results of the same analyses for data from
69 failed gyrotron pulses up to the first mode loss. In case of the TMMI and
the mean MI MI(RF, A;), the lower percentiles decrease slightly up to 200 ms
prior to a mode loss, but more significantly for the mean MI MI(A;, A;) around
150 ms prior to a mode loss. Possible solutions to obtain a stronger precursor
would be to avoid the averaging of the pairs MI(RF, A;), but to select the
minimum MI(RF, A;) for each moving data window or to increase the window
duration.
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Figure 6.17:

Figure 6.18:
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2D histogram for the mean mutual information MI(RF, A;) over the activity channels
computed for a moving window duration of 50 ms using data from 69 failed gyrotron
pulses (3.84 - 107 values) up to the first mode loss.
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2D histogram for the mean mutual information MI(A;, A;) over unique activity chan-
nel pairs (A;, A ;) computed for a moving window duration of 50 ms using data from

69 failed gyrotron pulses (3.84 - 107 values) up to the first mode loss.
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Figure 6.19:
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2D histogram for the total mean mutual information over the activity channels com-
puted for a moving window duration of 50 ms using data from 69 failed gyrotron
pulses (3.84 - 10° values) up to the first mode loss.



6.3 Summary

6.3 Summary

The RF output power signal of the nominal mode and the stray radiation
signals from parasite and satellite modes measured with two different setups
were analyzed in the time-domain in order to identify exploitable statistical
properties for the prediction of mode losses. Relevant data for the analysis could
be acquired since the automated mode recovery was active during unstable
and failed gyrotron pulses. This allowed the repeated observation of partly
stochastic, but reproducible patterns on the RF output power and stray radiation
signals prior to a mode loss.

Since a low-latency mode loss precursor is desired as feedback, the analyses
were performed over moving windows (simulating a FIFO buffer) for the time
signals. In order to determine the minimum adequate window size, the Time-
Delayed Mutual Information (TDMI) was computed for time delays of up to
200 ms using the RF output power signal and the activity signals from the
gyrotron pulses. The minimum window size was found to be around 10 ms
to 15 ms with the tendency to slightly higher time delays up to 40 ms for the
groups of unstable and failed gyrotron pulses. The found time delay reflects
the characteristic time scale of the hypothesized multi-mode event (see Figures
5.10 and 5.11) where simultaneous dips in the RF output power signal and
peaks in the measured stray radiation signal were observed. The time scale of
these events (duration and time distance between the events) is in agreement
with the time scale implied by the probability distribution for the technical
noise on the gyrotron supply voltage (see section 2.3.1).

The moving Mutual Information (MI) between the RF output power signal
and the measured stray radiation signals was computed for the data from the
three gyrotron pulse groups (stable, unstable and failed). The analysis of data
from failed (and unstable) gyrotron pulses obtained with the mono-mode setup
yielded a decreasing median MI with decreasing Time distance Till the First
Mode Loss (TTFML) for moving window durations > 50 ms up to 400 ms in
advance prior to a mode loss. In contrast, the median MI hardly varies over the
TTFML for moving window durations around the characteristic time scale of
the hypothesized multi-mode event. In contrast, the 1 % and 10 % percentiles
are significantly decreased in this case. The explanation is that if the moving
window size is chosen to be comparable to the characteristic time scale of the
phenomenon, only single events are likely captured by the moving window,
leaving the median MI unaffected. In contrast, it is more likely for bigger
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window durations that the moving window captures multiple events, hence
yielding a lowered MI averaged over the window duration. In both cases, the
multi-mode events are captured by the windowed mutual information and the
decreasing MI shows that they occur more frequently and accumulate in time
when a mode loss is imminent.

In case of the quasi-optical measurement setup with its five stray radiation
measurement signals, the mean MI between the RF and the activity channels,
the mean MI between unique pairs of the activity channels and the total mean
mutual information were computed in the moving window analysis. Similar
qualitative observations were made as for the mono-mode setup. The mean
MI between unique pairs of the activity channels showed the strongest trend.
The results for the TMMI and the mean MI between the RF and the activity
channels were less distinct due to the fact that a sudden drop of the MI for one
channel pair (RF, A;) vanishes in averaging over all pairs. Using the minimum
MI of the channel pairs (RF, A;) could solve the problem.

The moving window MI could therefore serve as a fast feedback or precursor
signal for mode loss during the gyrotron pulse implemented on a fast gyrotron
controller.

Nevetheless, also non-parametric clustering algorithms like e.g. DBSCAN
[SSE*17], a neural network suitable for time-series regression or classification
(e.g. Convolutional Neural Network (CNN) or Long-Short Term Memory
(LSTM)) or other machine learning methods should be evaluated as well.
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7 Conclusion and Outlook

An automated mode recovery (MORE) for gyrotrons was successfully demon-
strated at Wendelstein 7-X. MORE is able to recover the nominal working
mode in 99 Y% of the cases in dedicated test experiments across two gyrotrons.
During the last experimental campaign, MORE was able to recover the nominal
mode in 91 % of the cases across seven gyrotrons. The reliable output power
was increased by up to 100 kW per gyrotron for the same pulse length and
the same level of the mean failure probability. Being a mere software update
for the already existing gyrotron controllers, a kind-of free power upgrade was
achieved for nine out of ten gyrotrons being part of the W7-X ECRH facility.

The automated mode or fast oscillation recovery during the gyrotron pulse
is therefore a significant contribution to ensure the required reliable heating
power for future fusion experiments and in particular for possible fusion power
plants.

The stray radiation of the azimuthal neighbor or satellite modes TE»;3 and
TEq95 at the gyrotron relief window was identified as a possible mode loss
precursor in stray radiation spectrograms of the mode-switching behavior. Ex-
ploratory measurements with a single detector found an exponential growth of
the average measured activity during the pulse while approaching the practical
output power limit of the gyrotron. A more in detail analysis of the stray
radiation signal in the time domain revealed a simultaneous pattern which
is interpreted as temporary, reversible multi-moding of the nominal working
mode and other parasitic and satellite modes. The pattern is reproduced when
the nominal mode loss is approached and its time scale is explained by the
probability distribution of the acceleration voltage noise and the residual volt-
age ripple on the gyrotron supply voltages.

The time scale implied by the probability distribution of the voltage noise is
also in agreement with the characteristic time scale of 10 ms to 20 ms identified
for the phenomenon applying the Time-Delayed Mutual Information (TDMI)
on the measured stray radiation signals. This result was then used as minimum
adequate window duration for a moving window analysis of the gyrotron pulse
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data obtained with both measurement setups. The moving window analysis
was performed in order to simulate the signal processing during the gyrotron
pulse in a possible future implementation in a fast gyrotron controller. The
Mutual Information (MI) was computed between the RF output power and the
measured stray radiation signals to determine the non-linear coupling degree
and to identify the bespoken hypothesized multi-mode phenomenon. Indeed,
the moving window analysis revealed a statistical accumulation for a lowered
mutual information up to 400 ms in advance prior to a mode loss compared to
the rest of the gyrotron pulses. The mutual information could be therefore used
as precursor for the mode loss during the gyrotron pulse in a possible, future
electronic stability control for gyrotrons. A neural network or other machine
learning methods could be applied to predict the loss of the nominal operating
mode during the pulse.
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A.1 Data Normalization Methods

Data normalization methods are a commonly applied in data science and in
the data preprocessing step for machine learning algorithms, e.g. see [MG16].

A.1.1 Min-Max Normalization

Let X be a set of n data samples and x = (xg, X1, ..., X;) € X C R™ a sample
with m features. Xj; denotes the j-th feature of the i-th data sample and X; € R"
the feature vector containing the j-th feature of each of the n samples. The
min-max normalized sample where each feature is normalized individually, is
then given by (see e.g. [FPPO7] or [Grul5])

o= xj — min (X;j) AD
7 max (Xj) — min (X;) '

where X; denotes the set containing the j-th feature of each sample (also
called feature vector). To rescale the features to an arbitrary interval [a, b], the
expression changes to

, (xj — min (Xj)) (b - a)
YjTas max (X;) — min (X;) (A-2)
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A.1.2 Z-Score Normalization

Let X be a set of n data samples and x = (xg, X1, ..., X,,) € X C R a sample
with m features. Xj; denotes the j-th feature of the i-th data sample and X; € R"
the feature vector containing the j-th feature of each of the n samples. The
z-score normalized sample where each feature is normalized individually, is
then given by (see e.g. [FPPO7] or [Grul5])

N
— 1
Xi=3 Z Xji (A3)

o (X;) = /Var (X;) = J % i (% - Yj)z (A4)

P (A.5)
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A.2 Implemented Expressions in MMWFR

A.2.1 Circular Waveguide

The conductive loss attenuation constant @cmyy, for a TE,, mode in an arbitrary
circular waveguide with inner radius R is computed using

Ian = \/ kr%wtfr - k%mn (A6)

wWHo

Rs = (A.7)
20,
_T Re (Bn) poptr (A.8)
2 k?mﬂ
Kn 2, 12 ’ 2
I= ;Jn (kcmnp) + kcmann (kcmnp) dp (A9)
0

where Rg is the surface resistance of the waveguide wall, By, the propagation
constant, k;,, the mode wavenumber and k¢, the cutoff wavenumber of the
mode. The total power flow Py and the conductive power loss per length P are
then obtained with

P™ =y1 (A.10)
RsnR [ B2, n?
TE) _Rs n
Pl =5 (kﬁmnRz (A.11)
(TE)
P
TE
Py

For a TMp,,, mode holds deviating from above

_ 7 Re (Bnn) weoer

3T (A.13)

1)
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The total power flow Py and the conductive power loss per length P are then
obtained with

P =yo1 (A.14)
2
RsnR ,
p™ _ISTR (“’Eoff J, (kcmnR)) (A.15)
2 kemn
(T™)
P
@i, =ﬁ (A.16)

0

A.2.2 Rectangular Waveguide

The conductive loss attenuation constant @y, for a TE,, mode in an arbitrary
rectangular waveguide with inner dimensions a and b is computed using

:l w#Oﬂrnzﬂ'z Re (Ian)

A17
YT e e
a 2
I (n,a)z/ cos(@) dx (A.18)
0 a
a 2
b (n,a):/ sin(@) dx (A.19)
0 a
a pb 2 2 2
I3(m,n,a,b)=/ / {(%) cos (%) sin(?) +
0 20 ) ) (A.20)
n nmy . (marx
(Z) cos(T) s1n<7) ;dxdy
P™ =y Re (1) (n, @) Re (I (m, b)) (A21)
2 2.2
P™ _pg {11 (m, b) + % L(na)+1 (n, a)} (A22)
cmn
(TM) P(TM)
1
o™ — (A.23)
(TM)
2P,
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with Rg being the surface resistance of the waveguide wall, Py being the total
power flow and P; the conductive power loss per length.
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A.3 Supplementary Figures
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Figure A.1: Power-normalized average diode signal measured with 142 GHz high pass filter plotted
against the power at the gyrotron output window. Each dot represents a gyrotron pulse
with a duration of 1 s. The red dashed line is an exponential fit of the data.

guiding pipe

(@) (b)

Figure A.2: Schematic of the W7-X ECE notch filter. A Bragg reflector was realized with a
corrugated waveguide assembled of stacked rings (from [DWF*15]).
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Figure A.3: 3D plot of the reconstructed phase space trajectories of the Lorenz attractor.
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=== pso%(MI(RF, A))
== pao%(MI(RF, A))
= p1o%(MI(RF, A))
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Figure A.4: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 100 ms using data from 75 unstable gyrotron pulses.
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Figure A.5: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 100 ms using data from 26 failed gyrotron pulses.
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Figure A.6: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 15 ms using data from 26 failed gyrotron pulses up to the first mode loss.
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Figure A.7: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 25 ms using data from 26 failed gyrotron pulses up to the first mode loss.
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=== pso%(MI(RF, A))
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Figure A.8: 2D histogram for the mutual information MI(RF,A) computed for a moving window
duration of 100 ms using data from 26 failed gyrotron pulses up to the first mode loss.
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