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Foreword of the Editor

Nuclear fusion using magnetically confined plasmas is widely regarded as a
central long term option for secure, sustainable and environmentally friendly
energy production. Future devices, such as the DEMOnstration power plant
(DEMO), will require increasingly efficient and reliable auxiliary heating sys-
tems to achieve continuous operation and deliver net electrical power. Electron
Cyclotron Resonance Heating (ECRH) plays a key role in present experiments
such as Wendelstein 7-X (W7-X) and ITER, and its importance is expected to
grow further in DEMO. The efficiency of ECRH systems is therefore a crucial
factor for the viability of fusion power plants.

Gyrotrons are the only known microwave sources capable of generating
megawatt level output power at frequencies between 100 GHz and beyond
200 GHz with high reliability. Current devices typically operate with Sin-
glestage Depressed Collectors (SDCs) and reach total efficiencies of around
50 %. However, the next generation of fusion devices requires gyrotrons with
significantly higher efficiency levels to reduce overall electrical consumption
of the heating systems and to enable economically feasible fusion operation.
Advanced collector concepts, particularly Multistage Depressed Collectors
(MDCs), offer a promising path to increase the energy recovery from the spent
electron beam and thus substantially raise the overall gyrotron efficiency.

In his dissertation, Benjamin Ell develops and demonstrates the first MDC for
a megawatt class gyrotron. This work marks an important milestone towards
high efficiency gyrotron technology needed for fusion power plants. The
central innovation of the research lies in the realization of a compact and
modular two stage cylindrical MDC based on a strong Ex B drift for efficient
trajectory separation of the spent electrons. The concept is optimized with
respect to electromagnetic performance, manufacturing feasibility, mechanical
robustness and compatibility with existing hardware.
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The design achieves a collector efficiency of 78.8 % with very low reflected
current and consequently enables a total gyrotron efficiency of 64.6 %, clearly
surpassing the limits of traditional SDCs. The cylindrical MDC structure,
implemented with a triple helix geometry, provides the necessary azimuthal
electric field for a radial electron drift. Its modularity allows integration into
multiple gyrotron setups at the Karlsruhe Institute of Technology (KIT), includ-
ing the 2MW 170 GHz coaxial-cavity gyrotron and the W7-X upgrade short-
pulse gyrotron. The successful mechanical design and assembly demonstrate
the practical feasibility of MDC technology for high power fusion gyrotrons.

Beyond the short-pulse prototype, this dissertation extends its scope to an
upscaled continuous wave MDC design. Here, the thermal loads on electrodes
and the compatibility with existing cooling approaches are carefully considered.
The work shows that the MDC concept can be adapted for long pulse or steady
state operation — an essential capability for a power plant. Additionally, the
research contributes to the improvement of traditional collectors: a newly
developed SDC concept with enhanced electric field sweeping based on ExB
drift enables higher sweep frequencies and reduced thermal cycling, increasing
the acceptable power loading density.

The results achieved by Benjamin Ell represent a significant advance for the
field of high power gyrotron technology. His work not only provides the first
realized MDC for a megawatt class gyrotron but also establishes a robust design
methodology and experimental foundation for continued development. This
contribution will support the fusion community on its pathway towards high
efficiency ECRH systems and, ultimately, economically viable fusion power
plants.
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Kurzfassung

Mit steigendem Energiebedarf bietet die kontrollierte Fusion leichter Atomk-
erne eine vielversprechende Alternative zu fossilen Brennstoffen, die saubere
und reichlich vorhandene Energie erzeugt. Im Gegensatz zu unserer Sonne
sind wesentlich hohere Plasmatemperaturen erforderlich, um eine sich selbst
erhaltende Fusionsreaktion bei geringerem Plasmadruck zu erreichen. Die
Elektronen Zyklotron Resonanz Heizung (engl. ECRH) wird zum Aufheizen
und Stabilisieren des Plasmas verwendet und basiert auf einer Kombination
mehrerer parallel arbeitender Gyrotrons. In aktuellen Fusionsanlagen wie
Wendelstein 7-X (W7-X) und ITER werden 10 bis 24 Gyrotrons mit einer Aus-
gangsleistung von 1 MW eingesetzt, mit weiteren Verbesserungen in Bezug
auf Anzahl und Geriteleistung in der Zukunft. Diese Gyrotrons werden mit
Kollektoren mit einstufiger Gegenspannung (Singlestage Depressed Collector:
SDC) betrieben und erreichen einen Gesamtwirkungsgrad von bis zu 50 %.
Kiinftige Projekte wie das DEMOnstrationskraftwerk (DEMO) werden mehr
ECRH Leistung und liangere Betriebszeiten erfordern, um Nettoenergie ins Netz
zu liefern. Aufgrund des hohen Stromverbrauchs von ECRH Installationen mit
vielen MW sind Fortschritte beim Gyrotron-Wirkungsgrad erforderlich. In
dieser Arbeit wird der Einsatz von mehrstufigen Kollektoren (Multistage De-
pressed Collector: MDC) vorgeschlagen, um den Gyrotron-Wirkungsgrad von
50 % auf 60 % zu erhohen, wodurch die Ausgangsleistung des Kraftwerks er-
hoht und die Betriebskosten gesenkt werden, was die Fusion als realisierbare
Energiequelle voranbringt.

Der MDC mit Ex B Drift ist der vielversprechendste Ansatz fiir die Tren-
nung von Elektronenbahnen in einem Hochleistungsgyrotron. Die grofiten
Herausforderungen bei der Entwicklung des ersten MDC fiir ein Gyrotron sind
die Anpassung an die bestehende Technik mit einem zuverldssigen Design
bei gleichzeitiger Minimierung von Kosten und Aufwand. Zu den bestehen-
den driftbasierten MDC Geometriekonzepten gehoren Auslegungen mit einem
axialen elektrischen Feld und zwei mit azimutalen elektrischen Feldern, der
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koaxiale und der zylindrische Ansatz. Das zylindrische Design wurde hier
aufgrund seiner Einfachheit mit weniger Elementen und einem vereinfachten
magnetischen Aufbau ausgewihlt.

In dieser Arbeit wird der zylindrische MDC Ansatz erfolgreich optimiert und
zu einem zweistufigen Prototyp Design entwickelt, um eine starke Ex B Drift
in einem kompakten und modularen Gehiuse zu erreichen. Eine Ausle-
gung mit dreifach Helix wurde aufgrund seiner Kompaktheit gewihlt. Dies
wurde kombiniert mit geraden zylindrischen Elektroden fiir eine einfachere
Herstellung und einem weiterentwickelten Arbeitspunkt fiir eine zusitzliche
GroBenreduzierung. Nach der empirischen Optimierung des elektromag-
netischen Designs wird dieses in einer erweiterten Toleranzanalyse mit den
Auswirkungen auf die elektrische Leistung validiert. Im nominalen Betrieb-
spunkt wird ein Kollektorwirkungsgrad von 78.8 % mit einem reflektierten
Strom von lediglich 50 mA erreicht, was einem Gesamt-Gyrotronwirkungsgrad
von 64.6 % entspricht. Die Anpassung an bestehende Gyrotrons am Karlsruher
Institut fiir Technologie (KIT) mit verschiedenen Betriebsszenarien zeigt, wie
die flexible Auslegung verschiedene Versuchsaufbauten ermdglicht.

Die mechanische Konstruktion des Kurzpuls MDC Prototyps integriert Design
For Manufacturing (DFM) und Design For Assembly (DFA) Prinzipien, um
eine effiziente Fertigung und Montage zu gewihrleisten. Der Schwerpunkt
liegt auf einer zuverldssigen und robusten Auslegung, die fiir eine experi-
mentelle Validierung geeignet ist. Zu den Schliisselelementen gehoren die
Verwendung von standardisierten Ultrahochvakuum Dichtungssystemen und
modularen mechanischen Komponenten. Die Montage des MDC sowohl in
der Konfiguration fiir das KIT 2 MW koaxiale Kavitits Gyrotron, als auch fiir
das W7-X Upgrade Kurzpuls Gyrotron bestitigt die Anpassungsfihigkeit und
Verfiigbarkeit des Systems fiir MDC Experimente.

Zusitzlich zum Kurzpuls MDC Prototyp werden die gleichen Prinzipien auf
einen MDC fiir Dauerbetrieb (Continuous Wave: CW) angewandt, um einen
Ausblick auf die zukiinftige Forschung zu geben. Es wird gezeigt, dass die
thermische Kollektorwandbelastung erfolgreich reduziert werden kann, um mit
den aktuellen Kiihltechniken kompatibel zu sein, wihrend die Elektrodengrofie
erheblich reduziert wird. Die kleinere Elektrodengrofe wird auch bei einem
neuen SDC Design mit fortschrittlichem elektrischen Feld Sweeping auf der
Grundlage der E x B Drift eingesetzt, um die Sweeping Frequenz deutlich zu
erhohen und Temperaturschwankungen zu minimieren.
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Abstract

As the global demand for sustainable energy grows, controlled fusion of light
atom nuclei offers a promising alternative to fossil fuels, producing clean
and abundant energy. In contrast to the fusion process in our Sun, much
higher plasma temperatures are required to achieve a self-sustaining fusion
reaction at the reduced plasma pressure required for magnetic confinement. The
Electron Cyclotron Resonance Heating (ECRH) is used to heat and stabilize
the plasma and is based on a combination of multiple gyrotrons operating in
parallel. Current fusion devices, such as Wendelstein 7-X (W7-X) and ITER,
use 10 to 24 gyrotrons with an output power of 1 MW in the first phase and
planned upgrades in number and unit power in the future. These gyrotrons are
operated with Singlestage Depressed Collectors (SDCs) and achieve an overall
efficiency of up to 50 %. Future projects, such as the DEMOnstration power
plant (DEMO), will require more ECRH power and longer operating times to
provide net power to the grid. Advancements in gyrotron efficiency are required
to achieve effective power generation due to the high-power consumption of
ECRH installations with many MW. This work proposes the use of Multistage
Depressed Collectors (MDCs) to increase the gyrotron efficiency from 50 % to
60 %, thereby increasing the output power of the plant and reducing operating
costs, advancing fusion as a viable energy source.

The MDC with E x B drift is the most promising approach for the separation
of electron trajectories in a high-power gyrotron. The main challenges in the
development of the first MDC for a megawatt-class gyrotron are the adaptation
to existing equipment with a reliable design while minimizing cost and effort.
The existing Ex B drift-based MDC geometry concepts include designs with
an axial electric field and two with azimuthal electric fields, the coaxial and
the cylindrical approach. Among all the concepts investigated, the cylindrical
design is selected here due to its simplicity with fewer parts and a simplified
magnetic setup, which is critical to effectively demonstrate the basic principle
of electron separation.
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In this work, the cylindrical MDC approach is successfully optimized and
developed into a two-stage prototype design to achieve strong ExB drift in
a small and modular package. A triple helix design is chosen for its advan-
tages in compactness, combined with straight cylindrical electrodes for easier
fabrication and an advanced operating point for further size reduction. After
the empirical optimization of the electromagnetic design, it is validated in an
extended tolerance analysis with the effects on the electrical performance. At
the nominal operation point, a collector efficiency of 78.8 % with a reflected
current of only 50 mA is achieved which correlates to a total gyrotron efficiency
of 64.6 %. The adaptation of the MDC to existing gyrotrons at Karlsruhe In-
stitute of Technology (KIT) with different operating scenarios shows how the
flexible design can facilitate diverse experimental setups.

The mechanical design of the Short-Pulse (SP) MDC prototype integrates
Design For Manufacturing (DFM) and Design For Assembly (DFA) principles
to ensure efficient manufacturing and assembly. The focus is on achieving a
reliable and robust design suitable for experimental validation. Key elements
include the use of standardized ultra-high vacuum sealing systems and modular
mechanical components that allow flexible adaptation to different gyrotron
configurations. The assembly of the MDC, using both the KIT 2 MW 170 GHz
coaxial-cavity gyrotron and the W7-X upgrade SP gyrotron configurations,
confirms the adaptability and readiness of the system for MDC experiments.

In addition to the SP MDC prototype, the same design principles are applied
to an upscaled Continuous Wave (CW) MDC design approach to provide an
outlook for future research in this technology. Itis shown that the power loading
density can be successfully reduced to be compatible with current cooling
techniques, while the electrode size is significantly reduced. The smaller
electrode size is also applied to a new SDC design with advanced electric
field sweeping based on the Ex B drift to significantly increase the sweeping
frequency. The increased sweeping frequency minimizes temperature variation
and thus cyclic thermal fatigue, which could result in higher acceptable power
loading densities.
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1 Introduction

The necessity for alternative sources of electrical power to meet the growing
energy needs and to facilitate a transition away from fossil fuels is evident.
The new generation of power plants must be capable of independent operation,
regardless of the time of day, weather conditions, and fuel supplies from other
countries. Furthermore, the generation of radioactive waste and the pollution
of the environment by further emissions of greenhouse gases must be avoided.
The most promising solution for such a power plant is the fusion of light atoms.

The fusion reaction is omnipresent in the universe, both in our Sun and other
stars. Nevertheless, it is not a simple matter to utilize it in a controlled manner
on Earth. In order for the fusion process to occur, the kinetic energy of the
atoms must be sufficiently high to overcome the Coulomb barrier, which is
the point at which the strong nuclear force of attraction is larger than the
electromagnetic force of repulsion. On a macroscopic scale, the kinetic energy
is observed as the temperature of an object. The temperature required for a
fusion process is significantly above the ionization energy at which atoms are
separated into their electrically charged nuclei and electrons, which is known
as the plasma state.

Fusion research has been ongoing for several decades, during which significant
progress has been made in understanding the physics of fusion and in developing
the technologies needed to achieve fusion power. The research for future large-
scale fusion power plants focuses on the magnetically confined plasma using
the tokamak and stellarator concepts. The tokamak is the most advanced
reactor concept. A toroidal magnetic field is applied to confine the plasma,
while a solenoidal magnetic field is utilized to generate the current required
to maintain the plasma. The stellarator is the second type of fusion reactor
where complex magnetic fields are applied to confine the plasma. Stellarators
do not need the plasma current to maintaining a stable plasma for long periods
of time, whereas tokamaks are pulsed power plants [1].



1 Introduction

The fusion reaction with the highest nuclear cross-section, indicating the prob-
ability of a fusion reaction, is the fusion of Deuterium and Tritium, with a
high energy of 17.6 MeV released in each fusion reaction. However, the maxi-
mum plasma pressure acceptable for magnetic confinement is very limited. To
achieve a stable plasma operation at such limited pressures with the fusion reac-
tion of Deuterium and Tritium, a plasma temperature above 100 million Kelvin
is needed. The plasma in a fusion reactor must be heated during the start-up
and stabilized during operation. Various methods are known for heating, such
as resistive heating, Neutral Beam Injection (NBI) and heating with electro-
magnetic waves. The later can be implemented in the form of Ion Cyclotron
Resonance Heating (ICRH) at tens of MHz, in the form of Lower Hybrid Res-
onance Heating (LHRH) at a few GHz, or in the form of Electron Cyclotron
Resonance Heating (ECRH) between 100 GHz to 300 GHz. The advantage of
an ECRH system, in addition to the ability to control the plasma temperature, is
the control of the plasma density, which is crucial for achieving and maintain-
ing a stable fusion reaction. The penetration of high-power microwaves into
the plasma enables uniform heating, which in turn reduces the likelihood of
plasma instabilities that can damage the reactor walls and reduce the efficiency
of the fusion process.

Gyrotrons are the only known sources capable of generating the high-frequency
millimeter waves in the sub-THz regime required for ECRH and plasma stabi-
lization with a power of several megawatts. The energy of the electromagnetic
wave generated by a vacuum electron tube, such as a gyrotron, is close to the
electron cyclotron resonance frequency [2]. This is in contrast to traditional
vacuum electron tubes, for which the wavelength of the electromagnetic wave
is directly related to the cavity size.

Already in today’s experimental devices, such as Wendelstein 7-X (W7-X) and
ITER, a combination of multiple gyrotrons is necessary to achieve the required
ECRH power inside the plasma vessel. At W7-X, in total 10 gyrotrons are
installed to provide 7.5 MW of ECRH power to the plasma. With a future
upgrade of the gyrotrons up to 18 MW [3]. For ITER it is planned to operate
in total 24 gyrotrons with an individual tube output power of 1 MW [4, 5].
It is currently under discussion to increase the number of gyrotrons for ITER
to even higher numbers in order to provide more ECRH power to the plasma.
Those gyrotrons are equipped with Singlestage Depressed Collectors (SDCs)
to achieve an overall tube efficiency of around 50 %. Future facilities that are
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increased in size to represent the feasibility of a fusion power plant, like the
DEMOnstration power plant (DEMO), will require more ECRH power than
the systems build today. The overall tube efficiency of today is acceptable for
smaller test facilities with lower ECRH power and shorter operation times as
the energy usage is limited. However, a high tube efficiency will be important
for higher power levels and longer operation times.

1.1 Motivation

The future DEMO will be the first fusion power plant to feed electricity into
the grid with a net power of 500 MW [6]. The net power fed into the electric
grid of a fusion power plant is directly dependent on the efficiency of the
overall plant. Consequently, an increase in efficiency of the supplementary
components is highly demanded to increase the overall efficiency. The plasma
vessel of DEMO is planned to be a tokamak with gyrotrons as the source of the
ECRH system. The fusion power of DEMO could be in the range of 2 GW [7],
while in the current layout for the ECRH system, a total of 108 gyrotrons are
planned [8]. The maximum output power of a single gyrotron in Continuous
Wave (CW) operation is currently in the range of 1 MW to 2 MW, further
increasing the total output power of the ECRH system for DEMO. At such
power levels, it is mandatory to achieve a high gyrotron efficiency in order to
reduce the electrical power required for the operation of the power plant during
CW operation.

Increasing the overall tube efficiency from 50 % to 60 % will reduce the elec-
trical input power of a 100 MW ECRH system by about 34 MW. The electrical
output power of a whole DEMO sized power plant to the grid will be increased
by over 6 % with an ECRH system equipped with Multistage Depressed Col-
lector (MDC) gyrotrons. Considering the expected energy generation cost of
a fusion power plant beyond 2040 in a competitive scenario of $80/(MW h)
to $100/(MW h) [9] this would result in a yearly saving of $24 million/a to
$30 million/a. Hence, the objective of this work is the development and imple-
mentation of anew novel MDC to significantly increase the gyrotron efficiency.
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1.2 Gyrotron — Operation Principle and Main
Components

A gyrotron is a high-power vacuum electron tube oscillating at microwave
frequencies [2]. Gyrotrons are useful in a wide range of applications, such as
fusion energy research, particle accelerators, and radar systems [10-12]. The
interaction of the electrons with the electromagnetic wave in the gyrotron is
based on the principle of the electron cyclotron resonance. It occurs when a
charged particle, such as an electron, moves in a magnetic field at a frequency
close to the cyclotron frequency of the particle or a multiple of it in case of
harmonic operation. The relativistic electron cyclotron frequency is calculated
when the Lorentz force equation is set equal to the equation of the centripetal
force of an electron in a magnetic field and is given by [2]

_eB
2Ty me

Je (1.1)

where e is the electrical charge of the electron, B is the amplitude of the
magnetic field, v is the Lorentz factor and m, is the electron mass.

In a gyrotron, as shown schematically in Fig. 1.1, the electrons are emitted by an
electron gun, a Magnetron Injection Gun (MIG) and accelerated to relativistic
velocities by a strong electric field. The MIG consists of a cathode at a negative
potential where the electrons are emitted at an emitter ring and the anode at
a positive or Ground Potential (GND) potential. The potential of the anode
is defined as the body potential of the gyrotron. In the system just described,
a diode-type MIG is used to provide the baseline for a gyrotron. However,
more degrees of freedom during gyrotron operation can be achieved by the
implementation of a triode-type MIG with an additional modulation anode
[14]. The emitter ring and the cathode of a traditional MIG, either of diode- or
triode-type, are placed at an inner structure inside the gyrotron, while the anode
is placed at the outer wall of the tube as shown in Fig. 1.1. The emitter ring
is limited in size by the maximum acceptable dimension of the outer gyrotron
diameter that fits to the superconducting magnet. A new compact inverse MIG
was developed at Karlsruhe Institute of Technology (KIT) with the cathode and
emitter ring at the outer wall of the gyrotron and the anode at the inside [15].
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Figure 1.1: Magnetic profile along the axis (left) and schematic of a gyrotron (right) [13].

A 16.8 % larger emitter compared to the currently used conventional MIG was
achieved in the design for the first prototype [16].

After acceleration, the electrons are guided by an externally applied magnetic
field in a helical orbit along the magnetic field lines. Hence, it follows a
helical trajectory that is a combination of a transverse component of velocity
v and longitudinal component of velocity v|. The ratio between both velocity
components is defined as the pitch factor o,

v

Oy =
P
1)”

(1.2)

The slope of a helical electron trajectory is described by this pitch factor. A
large pitch factor (small v|) produces a flat helical slope, while a small pitch
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Figure 1.2: Axial cross-section of the axis-symmetric hollow cylindrical electron beam as used in
a gyrotron (deviated from [18]).

factor (high v)) produces a steep slope. The design and operation parameters
of the MIG are responsible for a desired o, in the range of a, =~ 1.0 to 1.4 [17].
A current of individual electrons on helical trajectories is arranged in the form
of an axis-symmetric hollow cylindrical electron beam as shown in Fig. 1.2.
B, is the axial magnetic field, 71, is the Larmor radius, 7. is the guiding
center radius of an individual electron, = and y are the transverse Cartesian
coordinates. The thickness Ary, of such an annular electron beam is defined
by the spread of the guiding center radius A7y

Ary = Arge + 271, (1.3)

After the electron beam is generated at the MIG, it is guided through the beam
tunnel to the cavity. The externally applied magnetic field is compressed along
the path of the electron beam to the cavity where the maximum magnetic field
strength is reached. Several Tesla of magnetic field flux are generated by a
Super Conducting (SC) magnet which is placed around the gyrotron cavity.
In addition to the main coils, such a magnet contains several other coils to
generate an appropriate magnetic field profile, especially important for the
MIG operation. The gyrotron is usually supported by the top plate of the SC
magnet.

The kinetic energy of the electron beam is converted to electromagnetic energy
inside the cavity. Gyrotrons are unique compared to conventional vacuum
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Figure 1.3: TE34,19 mode as used in the KIT 2 MW 170 GHz coaxial-cavity gyrotron.

electronic devices such as magnetrons, klystrons, and Travelling Wave Tubes
(TWTs). All of those have structures that are smaller than the size of the
wavelength. A gyrotron, on the other hand, is operated with higher order
electromagnetic modes in the cavity, increasing the cavity dimension. This
larger size enhances the capability for the cavity cooling system which is
limited to a maximum wall loading of 2kW/cm? [19]. Moreover, the higher
order electromagnetic modes are essential for decreased magnetic fields at the
metallic boundary. Surface currents, which are induced by the oscillating
magnetic fields at the cavity boundary, are reduced with decreased magnetic
fields.

An electromagnetic field in a waveguide can be expanded into Transverse
Electric (TE), Transverse Magnetic (TM) and Transverse Electro-Magnetic
(TEM) modes [20]. Only the electric field is transverse to the propagation
direction for TE modes, while it is the magnetic field for TM modes. For TEM
modes, both field components are transverse to the propagation direction as
for a plane wave at free space. A TE34 19 mode is shown as an example for
a high order mode in Fig. 1.3 as it is used for interaction with the electron
beam in the KIT 2 MW 170 GHz coaxial-cavity gyrotron. The interaction of
the electron beam with the desired TE mode requires a beam radius 7. which
corresponds approximately to the radius of maximum electric field of the TE
mode for efficient energy conversion. In the cavity, the electrons are bunched
and interact with the transverse electric field. The energy converted to the TE
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mode is provided only by the electron transverse velocity component v . The
longitudinal component of velocity v) of the electrons does not interact with
the TE mode however, v is important to avoid trapped electrons and reflections
on magnetic mirrors [21]. The interaction mechanism between electron beam
and electromagnetic wave is described in detail in [2, 22, 23].

1.3 Gyrotron — Efficiency

In a gyrotron, electrons are guided along magnetic field lines, enabling efficient
energy conversion with the electromagnetic wave in the cavity. Gyrotrons
achieve approximately 35 % interaction efficiency in converting electron beam
energy into electromagnetic energy. The interaction efficiency 7, is defined
as

o PRF o PSbeam
Nint = 5 — = 1-—-
Pacc Pacc

(1.4)

with the generated power of the electromagnetic field Pry, the power of the
accelerated electron beam before interaction P,.. and the power of the spent
electron beam after interaction Pgpeann. Hence, the power of the spent electron
beam is defined as

Pspeam = Pace — PRF = Pacc (1 - nint) (L.5)

where 7;,¢ is the interaction efficiency. The electromagnetic wave in the form
of a TE mode in the cavity is coupled out of the gyrotron by a quasi-optical
system. This quasi-optical system converts the TE mode to a Gaussian mode
by the launcher and the metallic mirrors in the mirror-box before it is ejected
from the gyrotron through an output window as shown in Fig. 1.1 [24]. The
efficiency of the transformation of the electromagnetic wave in the gyrotron
nrr 1s estimated to > 90 % due to losses to stray radiation (1.75% of the
quasi-optical system, less than 0.09 % at the window) and ohmic losses in the
launcher (2.56 %) [25] and After Cavity Interaction (ACI) (5 %) [26]. The
output power Py ¢put, 0f @ gyrotron is calculated to
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Poutput = Pacc Thint TIRF (16)

The spent electron beam is collected by a collector, which is located above the
mirror-box as shown in Fig. 1.1. A depression potential can be applied to the
input of the collector, which slows down the electron beam and allows power
to be recovered. The collector efficiency 7)., is defined as

Precovered -1 Pdec (1 7)

Neol = -
PSbeam PSbeam

with the recovered power Procovered- The alternative definition of the collector
efficiency 7.1 is given with the power of the decelerated electrons Pye. when
they intersect with a boundary like the collector wall. The efficiency of an
SDC is typically in the range of 60 % [27] for a total gyrotron efficiency of
approximately 50 %, while it is increased for a two stage MDC to 70 % to 80 %
for a total gyrotron efficiency around 60 %. Gyrotron collectors are presented
in more detail in section 1.4. The overall gyrotron efficiency 7ota1 is calculated
as [18]

Poutput Tint TIRF
otal = = (] 8)
Mot Pacc - Precovered 1-— (1 - nint) Necol

The visual representation of equation 1.8 is shown in Fig. 1.4 for ngr = 90 %.
An increase of the total gyrotron efficiency can be achieved by an increased
interaction or collector efficiency. However, the interaction efficiency of a
high-power gyrotron is limited to approximately 35 % due to the interaction
of the electromagnetic wave with the transverse component of the electron
velocity. An increase in the collector efficiency is a more promising alternative.
The calculation of a plug-in efficiency of the overall gyrotron would require
additional consideration of the efficiency of the high voltage Power Supply
Unit (PSU), the power demands for the cooling system.
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Figure 1.4: Relation of 9int, 7col and n¢otal for nrr = 90 %

1.4 Basic Considerations for Gyrotron
Collectors

In the collector, a high thermal load is observed due to the deposition of the
electron beam after interaction. As the interaction efficiency is limited to
around 35 %, most of the beam power remains after interaction. This spent
beam is then collected on the inner surface of the collector, which must be
designed to handle the resulting high thermal loads from the electron beam
power. To withstand the thermal load, the collector is made out of oxygen
free copper, as this material has a high thermal and electrical conductivity.
Oxygen free copper is well studied and verified for the use in different kinds
of vacuum electronic tubes however, especially pure copper [28] is limited
in its mechanical stability at high temperatures where other copper alloys
like GLIDCOP [29] and Copper-Chromium-Zirconium (CuCr1Zr) [30] show
superior performance and are being used in an increasing number of devices.

The high-power loading density is a combination of the high absolute power
of the spent electron beam in combination with a small impact area. In the
specific case of an azimuthal magnetic field component By = 0, the impact
area of the electron beam on the collector wall can be estimated by applying
Bush’s theorem [31]

10
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-

(1.9)

A"ﬂb Cvt2
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B, o1 and B, . are the axial magnetic field components in the collector and
the cavity, respectively. The radial positions in the approximate form of Bush’s
theorem [31] are replaced by the thicknesses of the annular electron beam
Ary, o1 and Ary, oyt in the collector and the cavity, respectively. Under the
assumption that the azimuthal movement of the electrons vanishes (9 = 0), the
equation 1.9 can be simplified to

ATp eyt (1.10)

The angle 3 of the electron beam at the collector wall is important for the
further estimation of the size of the impact area and is calculated based on the
angle of the magnetic field lines with basic trigonometric function

—1 Br,col

£ = tan (1.11)

z,col

with the radial magnetic field component in the collector B, ..1. The thickness
of the electron beam on the collector wall Az, . is then calculated to

B, cvt AT oy
A col = | 5 ‘; Tzfét (1.12)

The surface area of the intersection region between the electron beam and
the collector wall is calculated by the product between Az, o1 and the inner
circumference of the cylindrical collector. In order to enhance the surface area
and to decrease the short-term power loading density, it is possible to increase
the collector radius and reduce the angle of the electron beam at the collector
wall, respectively. As the radius of the collector is increased, the thickness of
the electron beam is also increased due to the reduced magnetic field required
to expand the electron beam to the larger radius.

11
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1.4.1 Energy Recuperation

The power of the spent electron beam is reduced by applying a depression
voltage. The depression voltage in current European Union (EU) gyrotron
designs is either applied with a small insulator at the bottom of the gyrotron,
directly after the anode of the MIG, or with a large insulator between the
mirror-box and the collector. The first potential concept is used in the W7-X
gyrotrons in which case the internal decelerating electric field is observed from
the spent beam electrons at the entrance of the mirror-box [32]. The second
concept is used in the KIT 2 MW 170 GHz coaxial-cavity gyrotron [33], and
competitors [34, 35], where the deceleration takes place later at the entrance
of the collector. During deceleration part of the kinetic energy of the electrons
is transformed to potential energy. The thermal load on the collector wall is
reduced with the reduction of the kinetic energy of the electrons while the
overall gyrotron efficiency is increased.

Conventional depressed collectors utilize a single depression voltage and were
first used in the 1990s [27, 34, 35]. A schematic representation of a gyrotron
with an SDC is shown in Fig. 1.5a including the connection to the PSU. The
SDC works in a classical voltage operation scheme, where a negative potential
is applied at the cathode, a positive at the anode (gyrotron body) and the
collector is set to ground potential. It results in a reduced voltage for the
cathode PSU for the identical acceleration voltage. The difference between the
acceleration voltage and the voltage of the cathode PSU is compensated by the
body PSU, which does supply little to no current to the gyrotron and thus no
power. From a physical point of view, it is equivalent to an operation of the
gyrotron with a body potential at GND and a collector potential at a negative
potential. However, the PSU of the collector would be either operated as a
sink or a modular PSU would be required. The idea of a modular PSU will be
briefly presented in section 1.5 and discussed in more detail in section 2.1.

In an ideal MIG, all electrons have the same kinetic energy after acceleration
if neglecting the velocity spread at the emitter. In a realistic gyrotron, the
energy spectrum is broadened due to a variation in the electron velocities. The
interaction with the electric field in the cavity results in a widened energy
distribution in the spent electron beam, as shown in Fig. 1.5b. The maximum
deceleration potential that can be applied is limited by the slowest electron,
while an increase would cause reflections that have a negative influence on the

12
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Figure 1.5: Schematic view of an SDC with the electric potential connection to the PSU (left)
(deviated from [36]) and energy distribution of the spent electron beam before and
after deceleration in the SDC (right).

gyrotron operation. The limitation of the deceleration potential and the widely
spread energy distribution lead to a limitation of the collector efficiency. The
increased efficiency of an SDC over the non-depressed operation reduces the
power loading on the inner collector wall due to less power in the spent electron
beam. The reliability and lifetime of the collector are improved. However, a
significant power is still maintained in the decelerated spent electron beam and
transformed a thermal load at a limited surface area. The impact area of the
electron beam with the collector wall must be increased to further decrease the
power loading density for Long-Pulse (LP) and CW operation.

1.4.2 Reduction of Thermal Wall Loading

The two aspects of management and dissipation of the high-power loading on
the inner collector surface are presented in this subsection. The management of
high-power loading density is addressed with the implementation of an electron
beam sweeping system to increase the impact area of the electron beam with
the collector wall for decreased time averaged power loading density. The
dissipation of the high-power loading is addressed with a specific cooling
system for the collector as described in the following section.

13
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Increase of the Impact Area by Electron Beam Sweeping

In today’s high-power gyrotrons, two different techniques are used to sweep
the magnetic field:

* Longitudinal Magnetic Field Sweeping (LMFS), where the electron
beam is moved axially [32, 37]

* Transverse Magnetic Field Sweeping (TMFES), where the electron beam
is tilted on the inner collector wall and rotated in the azimuthal direction
[38-40]

Schematic representations of the LMFS and the TMFS are shown in Fig. 1.6a
on the left and right, respectively. The upper and lower limits for both systems
are indicated by dotted red circles.

Longitudinal Magnetic Field Sweeping

The axial movement of the electron beam in the LMFS is achieved by a periodic
variation of the axial magnetic field component in the collector region. This
magnetic field is generated by cylindrical coil(s) around the copper wall of the
collector. Such a setup is similar to a transformer with the secondary winding
represented by that copper wall. It is observed as a shorted single turn coil
with the induced currents referred to as eddy currents. They are increased
with the sweeping frequency and have a shielding effect on the magnetic field
inside the collector. At a sweeping frequency of 7 Hz, the attenuation of the
magnetic field is more than 80 % [38]. The sweeping frequency of the LMFS
coils is therefore limited to approximately 10 Hz due to the high eddy currents
generated in the highly conductive copper collector.

The electron beam movement on the collector wall is influenced by the sweeping
frequency and sweeping function. A sinusoidal current is typically applied
to the LMFS coil(s), while advanced sweeping functions such as triangular
waveforms are also possible [41]. However, higher frequency components
are introduced with advanced sweeping functions, as can be demonstrated by
the Fourier transformation. Those higher frequency components are more

14
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Figure 1.6: Magnetic field sweeping systems used in gyrotrons with LMFS (a left) and TMFS
(a right) (deviated from [40]). Snapshots of the electron beam intersection with the
collector wall for LMFES (b) and TMFS (c) as well as time average collector wall
loading for LMFS (d) and TMES (e).
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influenced by the shielding effect of eddy currents, reducing their efficiency of
reduced time spent by the electron beam at the hotspot positions.

A snapshot of the collector wall loading with only LMFS is shown in Fig. 1.6b
with the axial position on the x-axis, the azimuthal position on the y-axis,
and the power loading density as color information. The electron beam is
distributed on a thin line with a constant axial position and a power loading
density of 4240 W/cm?. The integrated collector wall loading, as shown in
Fig. 1.6d, is achieved with a simple sinusoidal sweeping current and the axial
movement of the electron beam. Hot spots are visible at the upper and lower
turning points due to the reduced speed of the sinusoidal sweeping function at
those positions with a maximum power loading density of 915 W/cm?. Such
behavior can be improved with advanced sweep functions for a reduction of
the thermal stress. In addition to time varying current, constant current can be
used in the LMFS to decrease or increase the axial position of the electron-wall
intersection area.

Transverse Magnetic Field Sweeping

The tilt and rotation of the electron beam in the collector by application of the
TMES is achieved with a radial magnetic field at the entrance of the collector
[42]. Typically, it is implemented by a set of six coils to drive the coils
with simple transformers connected to a three-phase current. The coils of the
TMEFS system are arranged around an additional stainless steel section below
the copper collector, which reduces the shielding effect of eddy currents, thus
allowing a higher sweep frequency. However, the less conductive stainless
steel section still generates eddy currents with an estimated magnetic field
attenuation of 20 % at a sweeping frequency of 50 Hz [38].

A snapshot of the collector wall loading with only TMFS is shown in Fig. 1.6c.
The electron beam is distributed on a thin line with a variation in axial position
due to the tilted electron beam and a power loading density of 4240 W/cm?
is obtained.The integrated collector wall loading, as shown in Fig. 1.6e, is
achieved with sinusoidal currents in all six coils with an offset in the phase of
60° between neighboring coils. The homogeneous rotation of the tilted electron
beam at the collector wall is the optimal motion due to the constant sweeping
speed of the electron beam over the collector wall. However, the angle of
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the electron beam on the collector wall is steeper for lower axial positions,
increasing the thermal loading. In this example, the maximum power loading
density of the time averaged wall loading is at 937 W/cm?, similar to the LMFS
itself.

Combination of Both Sweeping Systems

Both sweeping methods are equipped with water-cooled normal-conducting
coils with a resistance loss of several kilowatts. The structure of an SDC with
both the copper electrode and the stainless steel section is shown in Fig. 1.7a
without any cooling system or collector coils. The SDC of the ITER gyrotron
is shown in Fig. 1.7b. The TMEFS coils are visible at the entrance of the
collector. The water cooling jacket is located below the LMFS coil with a
black layer of lead on the outside for shielding from X-rays. The integrated
collector wall loading of the combined LMFS and TMFS system is shown in
Fig. 1.7¢c. It is important to note that the maximum power loading density with
the combination of both sweeping systems is successfully reduced to less than
500 W/cm? from originally more than 4000 W/cm?. The pattern in the wall
loading is a result of a simplified simulation setup for a reduced calculation
time. In simulation, the frequencies of the sweeping systems are set to 7 Hz
and 49 Hz instead of 7Hz and 50 Hz for the LMFS and TMES, respectively.
This way, only 1/7 s of the sweeping had to be calculated instead of 1 s.

Concepts for Active Cooling of Collectors

A high-power is deposited at the inner surface of the collector wall. In Short-
Pulse (SP) operation, a cooling is not required due to the low total energy
transferred as heat to the collector material. However, a collector cooling must
be considered for LP operation and must be significantly improved towards
CW operation. The simplest characterization of a cooling system is with the
heat transfer coefficient between the heated material and the cooling medium.
Air-free convection, as used for SP operation, has a heat transfer coefficient of
up to 0.0028 W/cm’K, while single phase water forced convection, as used for
LP operation, is between 0.027 W/cm’K to 1.14 W/cm?K and cooling systems
with boiling water are between 0.27 W/cm?K to 5.7 W/cm?K [45]. One of
the candidates with boiling water is the HyperVapotron (HV) cooling [46, 47]
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Figure 1.7: (a) Structure of an SDC without the cooling jacket and sweeping systems [43]. (b)
Completely assembled gyrotron with SDC ready for CW operation [44]. (c) Time
average collector wall loading of the combined LMFS and TMFS system.
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with corrugations on the outside of the high heat flux surface where the spent
electron beam is collected. In the corrugations, the liquid is heated until it
vaporizes, is extracted from the corrugation and condenses. The resulting
void is wetted with new sub-cooled liquid and the cycle starts again. The HV
cooling is used in the Thales gyrotron collectors for W7-X and ITER.

The maximum thermal loading at the inner surface of a collector wall with
HYV cooling is considered to be 500 W/cm? if a magnetic field sweeping system
is implemented at the same time [48]. Two factors are responsible for this
limitation:

* The maximum heat flux which can be removed by the cooling method. It
is the product of the heat transfer coefficient with an allowed difference
between the average temperature of the heated surface and the cooling
medium. This point is not addressed in this work.

e The maximum temperature of the heated surface due to the relatively
slow frequencies of the magnetic field sweeping systems. A proposal to
reduce the maximum temperature by a new sweeping method is given in
chapter 5.

If gyrotrons with even higher output power are to be built and the current
cooling systems are to be used, only two options are possible to keep the
maximum thermal loading constant:

* The collector must become larger to provide more surface area.

* The efficiency of the collector must increase.

The inner collector radius of the EU I MW CW gyrotron for ITER as well as
of the 1.5 MW W7-X upgrade gyrotron is at 225 mm [49]. Today’s SDC for
the CW KIT 2MW 170 GHz coaxial-cavity gyrotron has an inner radius of
300 mm [39], whereas an SDC of a 4 MW gyrotron would require an inner
collector radius of 400 mm with today’s technology [50]. The approach of an
increased collector efficiency is discussed in more detail in section 1.5.
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1.4.3 Influences of Stray Magnetic Fields on Gyrotron
Operation

The sources of a Stray Magnetic Field (SMF) range from ferromagnetic struc-
tures nearby the gyrotron magnet to neighboring gyrotrons in ECRH systems,
the fusion plasma vessel in form of the tokamak and even the earth magnetic
field. The following subsections will present the gathering of data in form of
calculation and measurement of SMFs as well as the influence and fundamen-
tal challenges in gyrotron collector operation. In analyses performed on EU
gyrotron configurations for ITER, it is shown that the collector is the most
sensitive component when SMFs are introduced to the gyrotron environment
[51, 52]. The reason for this sensitivity lies in the weak magnetic field present
in the collector and not in any interaction with the electromagnetic wave. The
disturbance may simply cause the electron beam to strike parts that are not
designed for high loads or are not sufficiently cooled.

Calculation of Stray Magnetic Fields

The first step in the simulation of SMF influences to the gyrotron operation
lies in the calculation of the magnetic field itself. Different methods and
approximations can be utilized to get the magnetic field of field sources close
to and from far away. The most accurate calculation of the magnetic field is done
by applying Maxwell’s equations directly, or alternatively by application of the
Biot-Savart law for magnetostatic calculations [53]. The in-house software
Ariadne uses an extrapolation of the magnetic field from the axis of symmetry
for increased performance. Ariadne is a parallel, two- and three-dimensional,
electrostatic, self-consistent and trajectory code for the simulation of electron
beam optics in gyrotrons [54, 55]. Ariadne uses the finite element method
to solve the Laplace and Poisson equations on a curvilinear cubic mesh for
three-dimensional simulations and on a curvilinear quadrilateral mesh for two-
dimensional simulations. The required mesh is automatically generated by a
parametric mesh generator based on the mapping technique.

A direct comparison of the magnetic field calculated with Maxwell’s equations
in COMSOL Multiphysics® (COMSOL) software and that of Ariadne show
an excellent agreement in simulation. First, the SMF of the neighboring
gyrotrons is calculated using the exact calculation in Ariadne. Second, the
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magnetic field of the tokamak has been approximated by a magnetic dipole,
due to the relatively large distance to the gyrotron under investigation and the
time variant behavior of the plasma current.

The computational effort to calculate the SMF of neighboring gyrotrons with
Ariadne is large considering the large number of gyrotrons, a growing num-
ber of ECRH installations, and operation possibilities. A reduction of the
computational effort is important to be able to calculate new magnetic field
constellations efficiently. One suitable method could be the already mentioned
representation of a magnetic field source by a magnetic dipole, as used for the
tokamak. In that case, the magnetic field Bofa dipole is defined by [56]

B’(Cf) _ Zi:ad(m'?';mdﬁ (1.13)

with the vacuum permeability p, the distance vector d and the magnetic
moment vector 1.

Major SMF sources, such as tokamak central and poloidal field coils and
gyrotron magnets are aligned with the z-axis in a 2-D cylindrical coordinate
system. The magnetic moment is then simplified to a single component in the
z-direction m,. As aresult, the radial and axial magnetic field components B,
and B, of a magnetic dipole in the center of the coordinate system are derived
from equation 1.13 as follows

oMy 3rz
B, == R (1.14)
2 2
p, = foma 22 1 (1.15)

Am (2 4 22)7/2

at the radial position r and the axial position z. Both equations 1.14 and 1.15
do not contain any integral like the Biot-Savart law or derivatives as the method
of field extrapolation from the magnet axis. The direct analytical definition
of the magnetic field at all places allow for a very efficient calculation of the
magnetic field.
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Figure 1.8: Error in the magnetic dipole approximation for a 170 GHz gyrotron for (a) the axial
magnetic field B, and (b) the radial magnetic field B;.

However, the simplified form of a cylindrical solenoid as a magnetic dipole
limits the accuracy. The error of the magnetic field dipole approximation of a
170 GHz gyrotron magnet is shown in Fig. 1.8 for the axial and radial magnetic
field components. The error of each component is calculated with the absolute
value of the difference between the exact calculation of the magnetic field and
the approximation. The maximum magnetic field in the figures is set to roughly
the earth’s magnetic field in Central Europe which is about 44 nT (5,) in the
vertical and about 20 uT (B,) in the horizontal component [57]. The error of
the magnetic dipole approximation is less than half the earth’s magnetic field
for distances larger than 2.5 m. That distance is approximately 10 times the
radial dimension of the main coil of the gyrotron magnet.

For the DEMO tokamak SMF approximation, the minimum distance required
to achieve the same error limit is approximately 110 m. In the current DEMO
ECRH building design [58], the distances from the gyrotron to the tokamak
(160 m) and between gyrotrons (7 m) exceed this limit, allowing the magnetic
field calculation to be simplified using the magnetic dipole approximation.

The computational effort to simulate the influence of ferromagnetic SMF
sources to the operation of the gyrotron is significantly higher compared to
the SMF of the tokamak or neighboring gyrotrons. In most cases, where the
distances to active SMF sources are large enough. Hence, it is sufficient to use
the dipole approximation to represent the tokamak and neighboring gyrotrons
in ECRH assemblies for a simple analytical definition of the SMF. However,
the magnetic field of a passive SMF source like ferromagnetic structures must
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be calculated by using 3-D software such as COMSOL. The challenge in those
calculations is to include the ferromagnetic structure and also the magnetic
field sources in its proximity. The structure size and with that the number of
mesh cells significantly increases, if compared to a 3-D simulation setup of a
gyrotron magnet.

Measurement of Stray Magnetic Fields

The alternative option to get information of the SMF at the position of the
gyrotron is a measurement. This approach is especially useful for ferromagnetic
structures nearby the gyrotron and to identify existing objects that are not
taken into account yet. It is useful, when gyrotrons are added to existing
operation sites that are grown over time and not specifically designed for
gyrotron operation, or in ECRH installations with many gyrotrons at different
states of operation. The challenging part in the SMF measurement is that the
superconducting magnet of the device under test must be excited with current
to attain a magnetization of the disturbing ferromagnetic material to produce
the SMF. However, given the typical field strength in the range of 100 mT
in the collector region of the gyrotron magnet, the measurement of small
disturbances in the range of several tens to hundreds of 1T requires special care
in the selection of the measurement sensor.

In frame of this thesis a Printed Circuit Board (PCB) is designed and built with
eight 3-D Hall effect sensors [59], a socket for a microcontroller board and a
multiplexer to increase the number of possible Hall sensors. The PCB is shown
in Fig. 1.9a. The master PCB can be expanded with multiple identical slave
PCBs for an increased number of sensors on the measurement axis. The PCBs
are mounted on a moving table to change the x and y coordinate in the horizontal
plane as shown in Fig. 1.9b. The position of the PCBs in axial direction is not
modified due to the multitude of Hall sensors that measure the magnetic field
at different axial positions simultaneously. The measurement data is collected
by the microcontroller, averaged over a small time frame of a few milliseconds
and send to a computer running MATrix LABoratory (MATLAB) software.
Multiple measurements are taken at each coordinate and combined in post-
processing on the computer. The presented measurement system could be
used as a basis for a future intelligent SMF compensation system for gyrotron
collectors in closely packed ECRH installations.
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(a) PCB (b) Measurement system

Figure 1.9: (a) PCB of the measurement system with eight 3-D Hall effect sensors and (b) mea-
surement assembly for controlled movement in the horizontal plane and two PCBs.

Sensitivity of Collectors in Environments of Stray Magnetic Fields

The SMF sensitivity is directly related to the nominal magnetic field, which is
weak in the collector region. The shape of the electron beam is more influenced
when the relative SMF is high and when the disturbance is accumulated over a
long path. However, the strength of the magnetic field is also connected to the
electron beam radius as shown by modification of the Bush theorem according
to equation 1.10 and conversion to

2 2
Bz,col Tgc,col = Bz,cvt Tgc,cvt (116)

Here rgc cvt and rgc co1 are the guiding center radii of the electron beam in the
cavity and the collector, respectively, instead of the beam thicknesses A7, cyt
and A7y, co1 at both positions. In order to collect the electron beam at the
collector wall instead of the top plate, it is required that the collector radius
is equal t0 7gc col at the position where the beam should be collected (not
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Figure 1.10: Collector wall loading under the influence of a neighboring gyrotron in (a) 4 m and
(b) 5 m distance.

1.6

considering the beam thickness). The right side of equation 1.16 is constant
if the gyrotron is kept identical and only the collector is modified. It can be
seen that an increase of the collector radius by V2 will reduce B, co1 to half
and in consequence increasing the relative SMF of the surrounding sources by
a factor of two. The opposite applies for a decrease of the collector size by the
same factor. However, a large collector is required for high-power applications
due to the limited power loading density at the collector wall introduced with
the cooling and sweeping method.

The most predictable source of SMF in an ECRH assembly are neighboring
gyrotrons due to the static operation of their magnets, compared to the variable
characteristics of the fusion plasma inside the tokamak. As an example for the
sensitivity of SDCs in SMF, the ITER 170 GHz 1 MW CW gyrotron with it’s
225 mm inner collector radius is used as a reference scenario. The reference
without SMF is already shown in Fig. 1.7c. In this example, the effect on the
collector wall loading is analyzed with a second gyrotron placed in 4 m distance
and 5 m distance, respectively. The result is shown in Fig. 1.10a and Fig. 1.10b.
It can be seen that the operation of two gyrotrons in 5 m distance from each
other without other sources of SMF is still acceptable, as no electrons are
collected at the top plate at the axial position of 2.6 m. For a distance of only
4m, some electrons are collected at the top plate and could cause damage to
the welded connection between the cylindrical collector wall and the top plate.
The effect is caused by the radial magnetic field component of the neighboring
gyrotron magnet, which is mostly present in the region of the collector and
electron gun. In the cavity, only an axial component of SMF is present, due to
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the identical axial position of both magnets. But, it is possible to compensate
the radial SMF in the collector region either by a constant current in the coils
of the TMFS or by dedicated compensation coils [60].

However, a detailed description of such a system is beyond the scope of this
work. The SMF of the tokamak can be approximated as constant in the area
of a single gyrotron, due to the relatively large distance between the two. The
limit for radial SMF is considered to approximately 200 pT before electrons
hit the top plate of the collector in the same configuration as before [52]. At
this level, the collector wall load is comparable to the case with a neighboring
gyrotron in 5 m distance.

1.5 Multistage Depressed Collectors

Multistage Depressed Collectors are widely used in different kind of vacuum
electron tubes like TWTs or klystrons to increase the overall tube efficiency
and decrease the thermal load in the collector [61-63]. Both of these aspects
are important in applications where high output power is required, or where it
is difficult to dissipate heat, and the tube is operating on a limited power supply,
such as in space satellites.

In the past, it was believed that MDCs for gyrotrons would not work with
the challenges discussed in the next subsections, and consequently research
on this topic was reduced to a minimum. In recent years, a rise in new
fusion machines with increasing ECRH power has supported research into
a new class of efficient gyrotrons equipped with MDCs. The fundamental
principle of MDC:s is presented in section 1.5.1 on the example of a gyrotron
spent electron beam. The method of electron beam separation as used in
other vacuum electron tubes is shortly discussed in section 1.5.2 whereas a
promising concept for electron separation based on Ex B drift is discussed in
section 1.5.3.
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Figure 1.11: Schematic view of an MDC with the electric potential connection to the PSU (a) and
energy distribution of the spent electron beam before and after deceleration in the
MDC (b).

1.5.1 Fundamental Principle of the Energy Recuperation
in MDCs

Theoretically, the spent beam electrons in an MDC are sorted according to
their initial kinetic energy increasing the collector efficiency. The schematic
view of a gyrotron with an MDC is shown in Fig. 1.11a. A 2-stage collector
is selected as a representation of the method. The use of an additional PSU or
an additional module in a Modular Power Supply (MPS) is assumed for every
stage, increasing the complexity of the system. The beam energy distribution
of the KIT 2MW 170 GHz coaxial-cavity gyrotron [33] before and after de-
celeration in a 2-stage collector is shown in Fig. 1.11b. The slow electrons are
decelerated by 35 kV whereas the faster electrons are decelerated by additional
15kV in this example. In consequence of the additional deceleration in the
MDC, the remaining energy of the electron beam is reduced thus increasing
the collector efficiency.

The maximum theoretical collector efficiency with two stages is at 86.6 % with
depression potentials of 42.35kV and 51.6kV for the first and second stage,
respectively. No reflected current is allowed in the simple investigation, space
charge effects are ignored and all spent beam electrons have to be distributed
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optimal onto both stages. In comparison, the theoretical maximum collector
efficiency of an SDC with the same energy distribution is at 75.4 % and the
same depression potential as the first stage of the MDC. However, due to space
charges it is not possible to achieve such high depression potentials on the first
collector stage. The limit for the depression potential of this gyrotron with an
SDC is at 35kV [64, 65], while the calculated theoretical collector efficiency
is reduced to 62.3 %. In an MDC, only the potential of the first electrode is
limited by the space charge effect and a higher depression potential can be
applied to the second stage. A maximum theoretical efficiency of 83.5 % could
be achieved with the limited potential on the first stage of 35 kV and a potential
of 49.7kV at the second stage. The remaining kinetic energy of the decelerated
spent electron beam would be reduced to less than half.

1.5.2 Non-Adiabatic Separation of Electrons

The presence of a high magnetic field at the collector region of a gyrotron
confines the electrons of the spent beam. Therefore, the electrostatic approach
used in TWTs and kystrons for the separation of the electron trajectories ac-
cording to their initial energy is not applicable in gyrotrons. In non—adiabatic
electron separation, the beam electrons are separated by a dominant electric
field in the collector region for the axisymmetric concept as proposed in 1998
[66]. The magnetic field must be smaller than 1 mT in order to achieve a strong
demagnetization at the collector entrance using extra coils or ferromagnetic
material. A design of such a collector system was shown fora | MW 110 GHz
gyrotron [67, 68]. An increase in the gyrotron frequency would result in an
increase in the SMF of the superconducting gyrotron magnet in the collector
region. The length and radius of such a type of collector have to be increased
to maintain the small magnetic field in the collector region. The major disad-
vantage of this approach is the influence of secondary electrons. It has been
shown [69] that the secondary electrons emitted from one stage are traveling
to the neighboring electrodes. This significantly decreases the efficiency of
such a system. Despite the limitations of the design, a prototype was manu-
factured with all subassemblies. Unfortunately, due to a lack of experimental
equipment, the collector was never tested.
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1.5.3 Fundamental Concept of an MDC using Ex B Drift

The ExB concept, proposed in 2008 [70], is based on the Ex B drift for the
separation of the electron trajectories according to their kinetic energy. In this
frame, several design approaches have been studied for the annular gyrotron
beam such as:

e Transformation to sheet beam [71, 72].
e Azimuthal magnetic field [73, 74].

e Azimuthal electric field. The concept with an azimuthal electric field
is divided into the coaxial approach with an outer and inner structure,
where half of the electron beam is collected by the inner part and the other
half by the outer part [70, 75] and the cylindrical approach, where the
majority of the spent electron beam is collected at the outside [18, 76, 77].

The Ex B drift concept is considered as the most promising method for sepa-
ration of the spent beam electrons in a high-power gyrotron MDC [69, 78, 79]

The electrons inside a gyrotron are confined by the strong magnetic field of
the gyrotron magnet. Hence, their trajectories follow the magnetic field lines
in axial direction. An additional electric field component EII parallel to the
magnetic field would slow down the spent electron beam. This field component
is also generated at the entrance of the SDC by the depression potential applied
to the collector wall. The spent beam electrons would be decelerated until their
kinetic energy is zero, if EH is present in the entire collector region, and then
reflected backward. The position of the reflection depends on the initial kinetic
energy of the electron. If an additional component of an electric field E.,
perpendicular to the magnetic field, is applied, then it is possible to separate
the trajectories of the spent beam electrons as shown schematically in Fig. 1.12.
The transverse electric field E | causes a drift velocity v in the orthogonal
direction to the movement of the electrons. The drift velocity is given by the
equation [70]

(1.17)
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Figure 1.12: Beam electron separation based on their initial kinetic energy.

where E and B are the electric and magnetic field vectors in the collector region,
respectively. As an example Fig. 1.12 includes three different electrodes. The
electrodes are placed at positions where the kinetic energies of the electrons
are at their minimum. Electrons with kinetic energies between two electrodes
will be collected by the electrode with the lower potential.

The main advantage of this idea is that the secondary electrons generated by
the spent beam electrons are exposed to the Ex B drift in the same direction as
the primary beam electrons and are pushed deeper into the region between the
electrodes. Therefore, it is unlikely that those electrons move either backward
to electrodes with lower voltage, reducing the collector efficiency, or toward
the cavity, affecting the electronic efficiency. Only electrons that hit the side
of an electrode are likely to generate secondary electrons that can go to stages
with a lower depression potential, thus reducing the collector efficiency.

1.6 Outline

In this chapter an overview of gyrotrons with the key aspects for efficiency
relevant parameters is presented. The motivation to design and build the first
MDC for a high-power fusion relevant gyrotron is highlighted and the basic
principle of MDC operation is introduced. In the following chapters, the
fundamental design decisions for the MDC prototype are discussed and the
most promising design is presented in detail. It starts with chapter 2 where
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the fundamental considerations in the development of the MDC are presented.
This includes the requirements on the high voltage PSU in section 2.1, and the
application to gyrotron designs at KIT in section 2.2. Different ExB MDC
designs are presented in section 2.3 and concrete design concepts which are
relevant for the development of the MDC prototype are presented in section 2.4.

In chapter 3, a systematic step-by-step approach of the development of the
MDC prototype is illustrated. The fundamental electromagnetic configuration
is shown in section 3.1. The final design for manufacturing and assembly is
described in section 3.2 with the modular mechanical design, the fabrication
of individual parts and assembly of the prototype. At the end of that chapter,
a short summary is given in section 3.3 to evaluate the development of the
prototype.

The following chapters 4 and 5 provide an outline future collector concepts
based on the E x B drift. The first is a CW compatible MDC design approach
which is based on the SP MDC prototype. The second is a new concept of
electron beam sweeping for SDCs with electric instead of magnetic field to
eliminate the cyclic fatigue of the collector. Finally, the conclusion of the
entire study is presented in chapter 6.
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2 Fundamental Considerations in
the Development of Multistage
Depressed Collectors

The development of an initial MDC prototype for a high-power gyrotron must
be adapted to existing equipment, to limit the engineering and financial effort.
Related key aspects of the MDC development are discussed in the following
sections starting with the requirements on the high voltage PSU in section 2.1,
the possible Ex B collector geometries in section 2.3, the application at KIT
in section 2.2 and concrete design concepts in section 2.4.

2.1  Requirements on the High Voltage Power
Supply

A gyrotron can be represented as a constant current to time varying current con-
verter and therefore requires a constant voltage and current source to generate
the electron beam. However, there are two important points to note:

* The power grids typically operate with time varying current.

* The constant voltage for the gyrotron must be properly controlled to
ensure safe startup and reliable operation.

Therefore, a Power Supply Unit (PSU) is needed that converts time varying
current to a precisely controlled constant current. In addition, the PSU should
operate as efficiently as possible, using the recovered power from a depressed
collector to save power instead of wasting it.

It is important to understand the applied voltages and currents in different
gyrotron configurations to understand the power saving in a PSU with recovered
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Figure 2.1: Schematic views of different PSU configurations. Operation with a non-depressed
collector and single PSU (a), operation with an SDC and two PSUs and operation with
an MDC with 2-stages and three PSUs.

power. The classical scheme of the PSU potential setup of a gyrotron with SDC
operation, where the collector potential is set to GND, is briefly mentioned in
section 1.4.1. For an MDC only one collector electrode or the body of the
gyrotron can be connected to GND potential. However, the potential reference
point of the PSU is less important than the voltages and currents as shown in
Fig. 2.1.

In all examples, the most negative potential is connected to the cathode or
electron gun, where the electrons are emitted, accelerated and formed to an
electron beam. All electrons are accelerated by an acceleration voltage U,
between the cathode and the gyrotron body, hence the energy of all accelerated
electrons is very similar. In all examples, the body potential is the most positive
potential. The current of the complete electron beam is defined to I, defining
the power of the accelerated electron beam (without space charge effect) to

Pace = Uacc Igun 2.1)

After interaction with the microwave, electrons are collected at the anode.
The remaining power of the spent electron beam is converted into heat at the
collector surface.
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The non-depressed collector represents the simplest case for gyrotron operation
and is shown in Fig. 2.1a. This configuration involves the utilization of a single
PSU and allows for the description of the gyrotron with a single circuit. The
gyrotron body and anode are electrically connected to the same potential.
Hence, the voltage of the single PSU U, , is identical to the acceleration
voltage U,.. and the current of the anode I, is identical to the beam current
Igun. The PSU delivers the full power to the accelerated electron beam P, .

In an SDC configuration, the gyrotron body and anode are electrically isolated
to apply a deceleration voltage Uge. before the electrons hit the single collector
stage as shown in Fig. 2.1b. Ideally, all electrons are collected at the anode to
obtain the two approximations for the body current I}, = 0 A and the collector
current Ioo) =~ Igun. The PSU for the SDC configuration is divided into
two modules that together provide the acceleration voltage for the electron
gun Uyee = Uy, + Uz . The deceleration voltage at the collector entrance
Udec = Ui, is limited by the slowest electron as discussed in section 1.4.1.
The power Pspc of the PSU of a gyrotron with an SDC is reduced to

PSDC = Ul,b Ib + U2,b (Ib + Icol) ~ U2,b Igun < Pacc (22)

and is always smaller than P, under the condition that U; ;, > 0V.

An additional deceleration voltage Ugeco and an additional PSU are introduced
in the example of the 2-stage MDC as shown in Fig. 2.1c. The collector
is split into two individual anodes with different potentials to achieve two
different deceleration voltages. Only the smaller deceleration voltage Ugec is
limited by the slowest electron and the second deceleration voltage Ugeco can
be increased. The body current in the MDC configuration is identical to the
SDC configuration and approximated to /. = 0 A, whereas the beam current is
split due to the two anodes Igun = Icol1 + Ieor2 - For simplicity, it is assumed
that Ugec1, Udecs Ut,c and Uy p, are identical and Ugec1 < Udec2 = Ui o + Uz e
for a simple power analysis. However, in section 2.3.3 it is shown that the
deceleration voltages have a higher degree of freedom in the design of MDCs
compared to SDCs. The acceleration voltage is again the sum of all PSU
modules Uyoe = Uy ¢ + Usc + Us . The required power that the PSU has to
deliver to the gyrotron is reduced to
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PMDC = Ul,c Ic + U2,c (Ic + Icoll) + U3,c (Ic + Icoll + 10012)
~ U2,c (Igun - 10012) + U3,C Igun (23)
= (U2,c + UB,C) Igun - U2,c IcolQ < PSDC

and is always smaller than Pspc under the conditions that Uy o > 0V, Io10 >
OAand Us )y, = Uz e +Usc.

It can be concluded that a gyrotron equipped with an SDC will always con-
sume less power than a gyrotron without a depressed collector, and that a
gyrotron equipped with an MDC will always consume less power than a gy-
rotron equipped with an SDC, if the first deceleration voltage is identical. The
complexity of PSU modules is dependent on voltage and current. It is more
obvious when the first collector stage, the one with the lower deceleration volt-
age, is set to GND as reference potential. The PSU module(s) responsible for
the potential of the gyrotron body are only required to deliver a voltage with no
or only a very small current, whereas only the module(s) for the cathode and
second collector stage potential deliver a voltage and significant current.

2.2 Application to Gyrotron Designs at KIT

For experimental verification of the MDC it is required to mount the collector
on an existing gyrotron and place it in an available magnet in the appropriate
teststand at KIT. In the next paragraphs, the available hardware at KIT that can
be used for the first MDC experiments is listed and analyzed for its compatibility
with the current collector design.

2.2.1 KIT Gyrotron Teststand

There are two gyrotron teststands with a total of three places for gyrotron
operation at the Institute for Pulsed Power and Microwave Technology (IHM)
KIT. The older teststand has two places with a 5.6 T and another 6.87 T SC
magnet. Both places share one thyristor based PSU with up to 90kV and 80 A
[80]. The PSU is suited for gyrotron operation with output powers of 0.5 MW
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Figure 2.2: Operation modes of the modular FULGOR PSU in SP operation with pulsed power
supply (a) and LP operation without pulsed power supply but with body power supply
(deviated from [81]).

in CW, 1 MW for up to 3min and 2 MW for up to 10s. The cathode power
supply is combined with a low current body PSU to operate gyrotrons with an
SDC. The gyrotron collector potential must be at GND potential since no other
potential in the PSU is designed to accept current. Consequently, operation
with an MDC on this PSU is not possible without using another PSU as a sink.

The third gyrotron teststand at IHM KIT is the new Fusion Long Pulse
Gyrotron Laboratory (FULGOR) teststand with a modular 10 MW PSU [82—
84]. The maximum current is at 120 A, while the maximum voltage at the
cathode is at 90kV in CW and up to 130kV in SP operation. An additional
body PSU is installed with a voltage of up to 40kV for the operation of
conventional SDCs. Two schematics of pulsed non-depressed and depressed
CW operation modes are shown in Fig. 2.2a and Fig. 2.2b, respectively. The
high-power components of the modular PSU, capable of 90kV during CW
operation, are built from 80 individual modules and are represented by a few
modules in Fig. 2.2. Each module is equipped with an intermediate connection
point to provide potential to individual MDC electrodes. This PSU is the only
available option to use for the first MDC experiments at KIT.
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2.2.2 Available Gyrotron Magnets at KIT

The FULGOR teststand is prepared for the use of cryogen free superconducting
magnets in mind, and it is not compatible with magnets that need supply lines
for liquid helium and nitrogen. Both the 5.6 T and 6.87 T magnets at [HM
KIT are not compatible with FULGOR due to the need for liquid helium and
nitrogen. A high-voltage connection from the FULGOR PSU to one of these
magnets is considered, however, the idea is rejected due to significant cost and
limitations in available human resources. The remaining option is to place a
cryogen free superconducting magnet in the FULGOR teststand. A new 10.5T
SC magnet will complete the teststand by 2025.

The maximum magnetic field strength is one of the differences between the
magnets listed. Other variations include the geometry and number of solenoids
inside the magnet housing, additional coils to adjust the magnetic field profile,
and different dimensions of the magnet housing itself. From a mechanical point
of view, the most important parameters for operating a gyrotron in a specific
magnet are the diameter of the bore and the axial position of the gyrotron cavity
at the maximum magnetic field. Once the mechanical conditions are fulfilled,
the magnetic field profile at the MIG has to be adjusted to obtain the correct
beam radius in the cavity and the correct electron pitch factor. As a result, it
is not possible to operate every gyrotron in every magnet. The replacement
of single components, such as the anode of the MIG, is used to adapt an
individual gyrotron to a different magnet. Nevertheless, such adaptations are
not universally applicable.

2.2.3 Available Gyrotrons at KIT

The gyrotrons available at KIT for MDC experiments are SP pre-prototype
devices that can be opened and where individual parts can be easily replaced
modularly. Those gyrotrons are the 140 GHz 1.5 MW W7-X Upgrade SP
gyrotron, the 170 GHz 1 MW ITER SP gyrotron and the KIT 2MW 170 GHz
coaxial-cavity gyrotron. Since MDC technology is most relevant for future
fusion machines like DEMO, it is decided to optimize the MDC for operation
for the 2 MW coaxial-cavity gyrotron as shown in Fig. 2.3a. This gyrotron is
compatible to the new 10.5 T SC magnet by applying a slightly modified anode
for the MIG and a modified coaxial insert.

38



2.3 Concepts of MDCs Based on EXB Drift

il

-
-
=
=
X

(a) SP pre-prototye (b) LP prototype
Figure 2.3: Comparison between (a) SP and (b) LP 2 MW coaxial-cavity gyrotron [65].

In SP gyrotrons, only a simple cooling is implemented for some parts of the
tube, which is in contrast to LP and CW gyrotrons. Even in SP gyrotrons,
the MIG is always oil cooled due to the heated emitter to achieve controlled
electron emission. Individual components of the gyrotron, particularly the
collector, are significantly increased in size with the pulse length due to the
high-power load. The increased size and complexity of a LP gyrotron is shown
in Fig. 2.3b with the larger collector and cooling pipes at the mirror box for the
LP prototype of the 2 MW coaxial-cavity gyrotron taken as an example.

2.3 Concepts of MDCs Based on ExB Drift

All design concepts presented in this section did exist at the beginning of the
research presented here and are used as a basis for the following designs. All
designs presented after this section are developed and optimized in frame of
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this work. The created concepts, which have already been published, have been
referenced accordingly at the beginning of each section.

In this work, the concept of electron beam separation based on the ExB
drift is deployed for all MDC designs to achieve a spacial separation of their
trajectories based on the kinetic energy. Two different approaches exist that use
the E x B drift as mentioned in section 1.5.3. In this work, both approaches
are presented in the form of three distinct realizations, as outlined in table 2.1
with the axial electric, coaxial and cylindrical design. The approach with an
axial electric field E, can be implemented with an azimuthal magnetic field
By in both rotation directions.

The approach with an azimuthal electric field Ejy is separated in the coaxial
design where the azimuthal electric field must be implemented with both rota-
tion directions and the cylindrical design where the majority of the azimuthal
electric field must be implemented with one rotation direction. The limitation
in the basic designs with azimuthal electric field is due to Faraday’s law [56]
which is defined as

7{ Edl = — a—BdA (2.4)
)y y Ot

where E and B are the electric and magnetic fields, X is an arbitrary surface
with the boundary curve 9% and A and [ are the corresponding infinitesimal
element vectors, respectively. The right side of equation 2.4 is zero as a result
of the magnetostatic field. The sign of the azimuthal electric field in a cross-
section of the collector must flip to satisfy the physical limitation of Faraday’s
law. A reversal of the azimuthal electric field will automatically lead to the

Table 2.1: Concepts of MDCs based on ExB drift.

. Axial | Azimuthal | Azimuthal
Section Name
Field Field Direction
2.3.1 |axial electric | £, and B, By Gor O
232 coaxial B, FEy OGand O
233 cylindrical B, FEy GorO

40



2.3 Concepts of MDCs Based on EXB Drift

Figure 2.4: Schematic representation of an MDC with azimuthal magnetic field [88].

presence of electrons that drift in and out in radial direction. In consequence,
half of the electrons are deliberately intended to drift inward for the coaxial
design, while the amount of electrons that drift inward is kept to a minimum for
the cylindrical design. As the names of the two principles suggest, the coaxial
design requires an internal structure to collect part of the spent electron beam
where this is not necessary in the cylindrical design.

2.3.1 Application of an Axial Electric Field

A collector with an axial electric field and an azimuthal magnetic field is
developed, built and verified in parallel to the work presented here by Peter the
Great St. Petersburg Polytechnic University for a 74.2 GHz, 100 kW gyrotron
[73, 74, 85-89]. A schematic representation of the MDC developed is shown
in Fig. 2.4. The collector design uses the axisymmetric electrodes marked
with “S1” to “S4”, which only have to produce an axial electric field as the
electrodes in MDCs of TWTs and klystrons. The axial symmetry provides a
proper scalability of the number of collector stages as presented in the schematic
with a four stage design. However, the simple electrode layout for the axial
electric field must be complemented with a complex magnetic coil layout to
generate an azimuthal magnetic field By.

Two different set of coils are used in the MDC: (i) traditional cylindrical coils
marked with “C1” to “C7” to shape the electron beam radius, and (ii) the
toroidal solenoid marked with “2” to produce the azimuthal magnetic field By.
According to Ampeére’s law, a current must be enclosed by the electron beam,

41



2 Fundamental Considerations in the Development of Multistage Depressed Collectors

which requires the toroidal solenoid to run through the center of the collector
and radially outward with bundles marked with “3”. A segmented electron gun
must ensure that the electron beam does not intersect with the toroidal solenoid
bundles at the collector entrance. In addition to the azimuthal magnetic field
By, an axial magnetic field B, is present in the collector region due to the stray
field of the gyrotron magnet. The addition of B, results in a decreased angle
between the electric and magnetic field, decreasing the efficiency of the ExB
drift. For a CW compatible MDC design for a fusion gyrotron, two critical
aspects are introduced:

e The magnetic flux enclosed by the electron beam is increased in the
collector region, due to an increased beam radius, which is required for
higher gyrotron power levels and an increased magnetic field, which is
required for increased operation frequency of the gyrotron. To keep
a high ExB drift efficiency, the azimuthal magnetic field By has to
increase to keep the angle between the electric and magnetic field similar.
The toroidal solenoid bundles must increase in size to create a high By.

» Radial electric fields between the electrodes and the vacuum housing,
in combination with the axial magnetic field B,, create an azimuthal
electron drift. This effect is also present in a configuration where the
electrodes are on the exterior and the coil bundle is on the interior
[86]. The azimuthal electron drift may be considered uncritical due to
the axisymmetric design; however, it must be taken into account when
considering reflected electrons as it might lead to electron collisions with
the coil bundle at the collector entrance.

2.3.2 Approach Using a Discrete Electrode Design

This section is a summary of the results published in Ref. [75] which have been
derived in frame of this doctoral research.

The idea of a coaxial MDC for gyrotrons is first presented in 2008 [70] with a
design featuring an analytically defined potential distribution on the collector
surface. A design with infinite number of electrodes is chosen for the demon-
stration of the E'x B concept. In this section, the transition from an analytically
defined potential distribution to a variety of coaxial MDC designs with discrete
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Figure 2.5: Electric potentials at the boundaries of the coaxial cylindrical MDC with (a) smoothly
varied electric potential on an unrolled cylindrical surface, (b) four equipotential lines,
(c) discrete electrodes with three different potentials, (d) and a three-dimensional
representation [75].

stages is presented. The variations include different numbers of stages, wall
geometries, and design optimization progress. The electric field in the ExB
drift region of the coaxial MDC design is applied by two sets of electrodes,
the inner and outer structure. The outer structure is placed around the electron
beam, stacked from bottom to top and collects the outwards drifting electrons.
The inner structure is hanging from the top inside the hollow electron beam
and collects the inwards drifting electrons.

The electric field of the original design, with infinite number of electrodes,
is produced by a Dirichlet type boundary condition. It defines the electrical
potentials of the inner and the outer cylindrical surface of the coaxial collector.
The values of the potential on those two surfaces is defined as functions of
the axial position z and the azimuthal angle 6, as shown in Fig. 2.5a. The
steps, which are followed to define the MDC geometry with a small number
of electrodes from the theoretical design with an infinite number of electrodes,
are shown in Fig. 2.5b-d. First, four equipotential lines separate the boundary
condition of the electric potential into five segments, as shown in Fig. 2.5b.
Then, two segments in between are removed, and constant potentials are defined
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[ inner structure
shielding

(b) vertical cross-section

Figure 2.6: Basic shape of the coaxial two-stage depressed collector. (a) 3D model in CST and
(b) vertical cross-section.

on the remaining three segments, as shown in Fig. 2.5c. Finally, the potentials
are mapped to the inner and outer collector surfaces, as shown in Fig. 2.5d.

The replacement of the smoothly varied boundary condition with discrete
electrodes has a significant influence on the electric field. The smooth variation
of the electric field along the electron trajectories is replaced by a stronger
electric field in the gap between neighboring electrodes. However, as discussed
in Ref. [71], the electron drift due to E x B drift depends only on the potential
and not how the electric field is varied. The electron drift distance is not
changed with the transition between smooth potential distribution and discrete
and finite number of electrodes.
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Figure 2.7: Horizontal cross-section of the coaxial two-stage depressed collector.

A common characteristic of the coaxial design using an infinite number of
stages and the coaxial design using a finite number of stages is that they aim
for an equal split of the electron beam to the inner structure and outer structure.
The division of the electron beam to the inside and outside is achieved in all
designs presented here with a finite number of electrodes. Those electrodes
are further simplified in their geometry to feature a constant slope which has
a helical shape in 3-D and linear on the unrolled cylindrical surface. In the
most simple case, the helical surfaces of the electrodes are defined in Cartesian
coordinates with two surface variables u = [0, 00) and v = [—1, 1] as follows:

z(u,v) = u sin(mv)
y(u,v) = u cos(mwv) (2.5)

z(v) = ||

The commercial simulation tool CST Studio Suite (CST) is used to design and
optimize the MDC. In the simulation, the geometry of the complex shape of
the collector electrodes is defined by a combination of Boolean operations on
cylindrical, conical, and hexahedral structures. A graphical representation of
the two-stage depressed collector is shown in Fig. 2.6(a), whereas a vertical
cross-section of the coaxial collector is shown in Fig. 2.6(b). As shown with
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(a) Three-stage (b) Four-stage

Figure 2.8: Coaxial three- and four-stage depressed collectors.

the horizontal cross-section in Fig. 2.7, indentations are applied on the inner
and outer walls at the two azimuthal angles where the helices discontinue to
minimize the probability of reflected electrons similar to Ref. [70]. In order
to achieve a realistic simulation of the electron beam, the gyrotron mirror-box
and the launcher are also modeled.

Initially, the material used in CST for the definition of the electrodes is a perfect
electrical conductor. The spent electron beam is imported at the launcher
entrance via the particle interface. A number of 100000 electrons represent
the spent electron beam. The initial kinetic energies and positions of these

Table 2.2: Results for different numbers of collector stages [75].

Collector stages 2 3 4
Theoretical maximum collector efficiency | 83.5% | 87.3% | 90.7%
Collector efficiency 81.9% | 83.2% | 87.4%
Reflected current 45.5mA [41.5mA |38.8 mA
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Figure 2.9: Two-stage depressed collectors with a folded helical structure.

electrons are calculated with the proprietary tool Ariadne [55] based on the
gyrotron cavity interaction. The static magnetic field in the simulation region
is also calculated by the Ariadne code and imported to CST [90]. The influence
of the most important operating and geometrical parameters on the operation
of the MDC system is investigated for the two-stage depressed collector. The
electrode potentials are optimized for the spent electron beam to accomplish
the desired behavior of the collector.

The collector efficiency increases with the number of depressed stages, which
in turn increases the complexity of the mechanical construction. An additional
layer of insulation (a helical gap) and high voltage and cooling feeds are nec-
essary for every increment in the number of depressed stages. The geometries
of MDCs with three- and four-stages are shown in Fig. 2.8, while the efficien-
cies achieved in simulation are listed in table 2.2. The efficiency of the MDC
is increased with the number of stages as expected if comparing with values
close to the theoretical maximum collector efficiencies. The calculation of the
theoretical maximum collector efficiency is based on the spent electron beam

Table 2.3: Axial dimensions of different types [75].

Number of helix folds 0 1 2
Length of the ExB drift region | 805 mm | 464 mm | 286 mm
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energy distribution. On the other hand, the reflected current is not significantly
influenced by the number of stages.

The size of the collector can be significantly decreased by a folded helical gap
as proposed in Ref. [77]. The regions of inward and outward drifts are split
into more regions with a smaller azimuthal section for each fragment. As an
example, the design with a one-time folded spiral is shown in Fig. 2.9a, while
the design with a two times folded spiral is shown in Fig. 2.9b. A collector
with a single folded helix is defined to have twice the number of inward and
outward drift regions as a collector with an unfolded helix. This number is
again doubled for a collector with two-times folded helix. The initial axial
position of the helical gap is given by the magnetic field constraints and the
desired beam radius. The length of the Ex B drift region is shown in table 2.3.
The achieved performance of the designs with a folded helical structure is
similar to the unfolded collector.

It should be mentioned that a variety of designs could be made by using the
proposed approach. In particular, there is the possibility to place an insulator
between the gyrotron mirror-box and the collector to reduce the number of
helical gaps by one. Another option is to replace the cylindrical shape of the
electrodes by a conical shape. In this way, the additional collector coil system,
necessary for the generation of the required magnetic field, is simplified.

2.3.3 Approach Using a Simplified Azimuthal Electric
Field Concept

The second design concept of a gyrotron MDC using the azimuthal electric
field approach is the cylindrical design without a coaxial insert. The removal
of the coaxial insert is possible by changing the distribution of the electron
beam drift directions to a design with an electron drift only towards the outer
collector wall. The two design concepts based on the cylindrical concept are
divided into the basic design and its improved version.

48



2.3 Concepts of MDCs Based on EXB Drift

(a) Back view (b) Front view

Figure 2.10: Basic design of the cylindrical design approach with back and front view.

Basic cylindrical design

The layout of the cylindrical MDC design bases on a single helical separation
of both electrodes. Both ends of the helix are connected with a straight cut
[76]. In the simplest case, this helical surface is defined as the helical surface
of the discrete electrode design shown by equation 2.5 in section 2.3.2. The
only difference is the limitation of the surface parameter in the second direction
to positive values v = [0, 1]. The first stage is positioned at the bottom of the
collector and the second stage at the top with a cylindrical top section, as shown
in Fig. 2.10.

The electrons at the azimuthal position of the helix will drift to the outside and
are collected at the helical surface of the bottom electrode. A small amount of
electrons, at the azimuthal position of the straight cut, will drift to the inside
of the collector, where no electrode is placed. The guiding center radius of
the faster electrons is only slightly influenced by the Ex B drift before the

49



2 Fundamental Considerations in the Development of Multistage Depressed Collectors

collection on the second stage, due to the significantly higher axial velocity
compared to the drift velocity. The basic cylindrical design is shown in Fig. 2.10
with a back and front view. This design bases on two electrodes separated by
the aforementioned helical and straight gap and insulated from the mirror-box
by a ceramic ring at the bottom. The conical shape of the electrodes follows
the magnetic field lines and significantly simplifies the requirements for the
additional collector coils.

The collector is axially divided into three sections:

* Lower section at the entrance of the collector with adaption to the
gyrotron. The spent electron beam radius is widened to the desired
radius for electron separation in the ExB drift region. The electron
beam is decelerated at the end of the initial section by the potential of
the first electrode.

* Center section of the £'x B drift region with electron separation. Re-
gion where both stages overlap in axial direction and an azimuthal electric
field Ey is created. Slow spent beam electrons are collected in the helical
gap on top of the first stage while fast electrons are decelerated by the
potential of the second stage.

» Upper section at the top of the collector. Fast spent beam electrons are
collected at the cylindrical surface of the second stage.

Improved cylindrical design

The improved cylindrical design is based on the fundamental cylindrical MDC
design presented earlier. It is improved to be smaller while the reflected current
is decreased. The improved design is presented as the final design in Ref. [18]
and as upgraded design in Ref. [77].

The three improved and upgraded key areas compared to the basic cylindrical
design are:

e Multiple helical repetitions for reduced length as best shown in the back
view of the MDC in Fig. 2.11a. The helical separation between both
electrodes is modified from the single helix and straight cut of the basic
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(a) Back view (b) Front view (c¢) Cut view

Figure 2.11: Improved version of the cylindrical design approach with back (a), front (b) and cut

view(c).

design to multiple helices, in this example to a three-fold structure. The
slope of the helix is increased with the number of repetitions, allowing
for a reduced length on the E'x B drift region.

Increased angular range of the helical gap as best shown in the front
view of the MDC in Fig. 2.11b. In a design without helical overlap,
the angular range of a single helix is approximately 360° divided by the
number of multiple helices (minus the angle of the straight cut). The
increased angular range is larger and the straight cut is split in a short part
at the bottom and a larger part at the top. Slow electrons at the azimuthal
positions of the short straight cut are only slightly influenced by it and
collected by the first electrode at a higher axial position. The slow
electrons at the azimuthal positions of the long straight cut are collected
before they reach it. The result of this modification is a reduced reflected
current.

Coaxial disk to collect reflected electrons, as shown in the cut view of the
MDC in Fig. 2.11c. Slow electrons, which are intended to be collected by
the first electrode, experience an inward drift at the azimuthal positions
of the straight cuts. Those electrons are subsequently collected by the
coaxial disk instead of reflected back to the cavity, thus the reflected
current is reduced.
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Figure 2.12: A representative cross-section showing the principle in the center of the Ex B drift
region of a simplified MDC design [91].

The drift directions and field components in the axial center of the ExB
drift region of a simplified geometry, without helical extensions, are shown in
Fig. 2.12 for a three-fold helical structure. Though the sectors with clockwise
Ly are unwanted, they are unavoidable due to Faraday’s law. Fortunately,
these sectors can be kept small in the design. The majority of the spent
beam electrons is influenced by the counterclockwise Ey in the larger part
of the cross—section and is accelerated by a radial drift to the outside of the
collector. The length of the ExB drift region is reduced by the number of
helical repetitions, while the number of sectors with clockwise Ej is increased.
The increase of sectors with clockwise EFy will increase the reflected current
from the collector back to the cavity. The benefit in reduced collector size
in axial direction for a collector system with a three-fold helical structure is
promising while the reflected current is still within an acceptable limit, when
the increased angular range of the helical gap, and optionally the coaxial disk,
are implemented.
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2.4 Design Concepts of Cylindrical MDCs

The first MDC prototype at KIT for verification of the ExB principle requires
a decision on a design concept for optimization and manufacturing. The
cylindrical design presented in section 2.3.3 is chosen due to its mechanical
simplicity compared to the coaxial design with double the number of electrodes,
and its simplicity of the magnetic field setup compared to the axial electric
concept with the coils inside the vacuum housing. However, both cylindrical
MDC designs presented, with the basic and improved design, are limited in
some points that are addressed in this section.

The basic cylindrical design may seem simple at first glance however, there
are significant drawbacks to this design. First, this collector is developed for
a 170 GHz 1 MW hollow cavity gyrotron, which is operated in the 6.87T
gyrotron magnet at KIT. In this work, the goal is the development of an MDC
for the KIT 2 MW 170 GHz coaxial-cavity gyrotron operated in the new 10T
magnet as described in section 2.2. The collector design is simplified with
the lower output power and the faster diverging magnetic field of the 6.87 T
magnet, due to the smaller magnet coils. Still, the physical dimensions of the
collector are large with a length of 1.6 m, an inner radius at the bottom of the
spiral of 135 mm and an inner radius at the top of 300 mm, not considering a
vacuum housing which is required for operation. Second, even at this size, the
collector is still a SP design as the power loading density is too high for CW
operation. Third, the reflected current, the electrons which are not collected
at the first electrode and have too little kinetic energy to be collected by the
second electrode, is too high with around 700 mA for the 45 A electron beam
of the 170 GHz 1 MW hollow cavity gyrotron [76].

The improved design offers a similar collector efficiency, while the reflected
current is significantly reduced from 700 mA to around 40 mA and the size
is considerably smaller [77]. However, the design still has drawbacks that
had to be addressed. First, it is still optimized for the 170 GHz 1 MW hollow
cavity gyrotron operated in the 6.87 T magnet at KIT. Second, the cylindrical
top section of the second stage is too small to collect the remaining spent
electron beam. Third, the coaxial disk is a difficult part to install and isolate.
Fourth, the conical shape will be too large for a 2 MW gyrotron. An upscaled
collector for a 2 MW gyrotron in the 6.87 T magnet with this design will be
approximately 900 mm tall with an inner radius at the bottom of the spiral of
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120 mm and 220 mm at the top, again without a vacuum housing. Lastly, the
electron beam is positioned close to the inner collector wall making it sensitive
to misalignment’s and SMFs. A larger distance of the electron beam to the
collector wall is required to increase the length of the collector.

Two new design concepts based on the cylindrical concept are developed in
frame of this work. The efficiency optimized design is optimized to the most
efficient depression potentials for the KIT 2 MW 170 GHz coaxial-cavity gy-
rotron based on the energy spectrum of the spent electron beam. The size
optimized design is made as a compromise to still achieve a high collector
efficiency with less optimal depression potentials, while the size is much better
manageable for production of a first prototype. For both designs, an internal
structure is not required due to the small fraction of spent beam electrons drift-
ing inward. The majority of those electrons are also affected by an azimuthal
electron drift, reflected by the magnetic field and collected at a different posi-
tion at the collector. Only a fraction of the inward drifting electrons are finally
observed as a reflected current.

2.4.1 Efficiency Optimized Design

The majority of the drawbacks for the previous designs are addressed by an
efficiency optimized version of the cylindrical design approach with straight
walls, which is shown in Fig. 2.13. This version is optimized for the KIT
2 MW 170 GHz coaxial-cavity gyrotron however, it is still developed with the
6.87 T magnet in mind. To achieve an optimized efficiency it is decided to
apply the nominal SDC depression potential of 35kV [65] to the first stage
of the MDC. Higher depression potential at the first electrode would result in
reflections of slow electrons, while the efficiency would be decreased for lower
depression potentials. The theoretical optimum depression potential for the
second stage is calculated based on the spent electron beam energy spectrum
to 49.6kV, giving a potential difference of 14.6 kV and up to 83.5 % collector
efficiency [92]. The most complicated component of the improved design is the
coaxial disk, as shown in Fig. 2.11c. It is mounted from the top and electrically
insulated to the second electrode, while the potential of the first electrode is
applied. The angular range of the helical gap is extended for the efficiency
optimized design, to avoid the implementation of a coaxial disk. The reflected
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(a) Side view (b) Cut view

Figure 2.13: Efficiency optimized version of cylindrical design approach with straight walls.

current is kept at similar values, while the mechanical setup is significantly
improved.

In consequence of the rather low potential difference between both collector
electrodes, it is necessary to increase the length of the ExB drift region to
achieve a strong E x B driftdue to the steep helical incline with a high azimuthal
electric field component. A length of 1 m is chosen for the E'x B drift region
resulting in a collector length of 1.6 m excluding the vacuum housing.

Collector walls with a conical shape are not reasonable at such a length due
to the massive size in the radial dimension. For the basic design presented
previously the inner collector radius is at 300 mm and would be similar for this
collector design, which is too large for a SP collector. Straight collector walls
have the disadvantage of the need for additional collector coils however, the
mechanical design of the collector is significantly simplified combined with a
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more manageable smaller radial dimension. The additional collector coils can
be normal conducting and have a simple axisymmetric geometry, thus are easy
to built and operate.

In the straight wall design, the challenging factor with additional collector coils
is the strength of the magnetic field that has to be produced to keep a constant
beam radius in the E x B drift region. In the first prototype, normal conducting
coils should be used, which are increased in weight with the magnetic field
strength. In the efficiency optimized collector design, a beam radius of 130 mm
is chosen as compromise between the collector coil demands and the size of
the collector electrodes. An inner collector radius of 152 mm is possible. The
bottom position of the ExB drift region is placed at an elevated position due
to the confinement of the electron beam by the gyrotron magnet. The spent
electron beam is slowly increased in its radial dimension while a fast increase
by an additional coil or ferromagnetic structure would result in a non-adiabatic
transition of the electrons. A non-adiabatic transition is observed when the
slow electrons manage to further follow the magnetic field lines, while the
fast electrons continue their previous trajectory with only little disturbance.
The result is an increased beam thickness in the ExB drift region which
complicates the optimization of the collector design.

Mechanical Optimization

The collector designs with azimuthal electric field shown so far are only elec-
trically optimized and mechanical design considerations are not done. From
the electrical point of view, it is important to keep the correct inner radius at
the electrode and depth of the helical gap. The simplest idea is a cylindrical
pipe with a thick wall, that is separated with the desired shape. In Ref. [18],
a mechanical design for the cylindrical design with conical wall for a 1 MW
170 GHz is presented that is planed with a construction of metal sheets. How-
ever, the fabrication tolerances of a welded sheet metal structure are difficult
to estimate and would require a great effort in the construction process, not
speaking about the increased size of a collector for a 2 MW gyrotron. The
efficiency optimized version shown in Fig. 2.13 is based on a thick wall pipe
with hollowed recesses to reduce the weight of the electrodes. The downside of
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(a) Side view (b) Cut view

Figure 2.14: Mechanical design considerations of the efficiency optimized version.

this method is a high waste in material and processing time on the Computer-
ized Numerical Control (CNC) machine which contributes to an unnecessary
increase of the cost of the prototype.

The mechanical design consideration shown in Fig. 2.14 is based on a much
thinner wall for the electrode pipe where helical extensions are screwed on to
achieve the desired depth of the helical gap. The same applies for the flanges at
the bottom, middle and top. The waste in material is significantly reduced by
this solution. A vacuum housing is included in the design with an inner radius
of 260 mm which is double the beam radius in the Ex B drift region. The
outer radius of the vacuum housing is set to 330 mm however, an outer radius
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of 325 mm as the top flange of the mirror-box is sufficient to use the identical
bolt-hole circle and vacuum seal as for the top of the mirror-box.

The inner radius for the additional collector coil core is set to 350 mm. It shall
fit over the vacuum flanges at the top with their winding body. The height of
each coil is set to 100 mm, while the thickness is not optimized. The total
current of 35.5kA-t (ampere-turn, current in single wire times the windings
of the coil) is required to achieve the desired shape of the electron beam in
the Ex B drift region. At this point, an important parameter of the collector
design is the weight of the additional collector coils. It is proportional to the
volume of the copper coil core. The volume of the copper coil core V. is
calculated to

Vrcoil =mh dcoil(2 Tin + dcoil) (26)

where the copper coil core has a height of & with an inner radius 7, and a
radial thickness of d.ij. The thickness of the coil d..; is directly proportional
to the ampere-turns of each coil if the current density is kept constant and is
much smaller than the factor of 2 ry,.

2.4.2 Size Optimized Design

The collector size of the efficiency optimized design in the axial dimension
is required, due to the voltage operation point of the collector with relatively
small potential difference between both electrodes. The radial dimension of the
collector is a consequence of the limitation of the normal conducting collector
coils which would increase in size for a smaller beam radius and identical axial
dimensions. The priority for the size optimized collector design, presented
in this section, is a reduction of the radial dimensions in combination with
a different voltage operation point to reduce both the weight of the collector
electrodes and the additional collector coils. The fundamental designs for the
mechanical design of the efficiency optimized design are also implemented for
the size optimized design.

The electron drift velocity is increased with both, the potential difference
between the electrodes and with the slope of the helical cut, thus with the
length of the E x B driftregion. An increase in the potential difference between
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Figure 2.15: (a) Kinetic energy spectrum of the spent electron beam of the KIT 2 MW 170 GHz
coaxial-cavity gyrotron. (b) Theoretical maximum collector efficiency for different
voltage operation points of a two-stage MDC based on the kinetic energy distribution.

both electrodes is compensated by a decrease in length of the ExB drift
region, hence with a reduction in size of the overall collector. The maximum
collector efficiency is calculated based on the kinetic energy spectrum of the
spent electron beam as shown in Fig. 2.15a for an ideal two-stage MDC and
is independent on a specific separation principle or collector geometry. It
is shown in Fig. 2.15b over the applied potentials of the two stages. The
voltage operation point of the efficiency optimized MDC is represented with
the point on the right with depression voltages of 35kV and 49.6kV, giving a
potential difference of 14.6 kV with a maximum theoretical collector efficiency
of 83.5 %. On the other hand, for a size optimized collector design, a voltage
of 11kV at the first stage and 46.9kV at the second stage would result in a
potential difference of 35.9kV and close to 80.0 % collector efficiency and
is represented by the point on the left in Fig. 2.15a. This operation point is
chosen to keep the maximum theoretical collector efficiency at around 80.0 %.
The mechanical design considerations of the size optimized MDC are shown
in Fig. 2.16 with a side and cut view. This version is optimized for the KIT
2 MW 170 GHz coaxial-cavity gyrotron operated in the 6.87 T magnet at KIT.

The length of the ExB drift region is significantly reduced for the second
operating point with a potential difference of 35.9kV down to approximately
0.6m. For the efficiency optimized design with the first operation point,
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(a) Side view (b) Cut view
Figure 2.16: Mechanical design considerations of the size optimized version.

the length of the ExB drift region is at 1 m and the potential difference is
at 14.6kV, while the strength of the electron drift is in the same order of
magnitude. The ratio of the electron beam radius to the inner radius of the
collector wall is kept constant in both the efficiency and size optimized designs
to avoid affecting the strength of the Ex B drift. The strength of the Ex B drift
varies with distance from the electrodes due to changes in the electric field,
being strongest in the helical gap and decreasing towards the axial center of the
collector. The sensitivities against SMF and misalignment are also influenced
by the ratio between electron beam radius and inner collector wall radius.

On one hand, the reduction in length of 40 % of the Ex B drift region provides
the possibility to increase the magnetic field strength in the MDC prototype
without exceeding limits for the normal conducting coils. The result is a
decreased beam radius and electrode radius. On the other hand, with the
reduced beam radius, the start of the Ex B drift region can be placed at a
lower axial position, due to the fact that the beam radius is reached earlier in
the diverging magnetic field of the gyrotron magnet. The result is a decreased
axial length of the collector as the lower section is significantly reduced in size.

As a result of the decreased length of the collector from the efficiency to the
size optimized design, it is possible to reduce the number of the additional
collector coils from 4 to 3. The homogeneity of the magnetic field in the £ x B
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drift region is not sacrificed, despite the smaller number of coils, due to the
reduced length. The additional collector coils are also reduced in their radial
dimensions from an inner radius of 350 mm to 250 mm, while the total current
is only slightly reduced from 35.5 kA-tto 31.9 kA-t. The result are significantly
lighter coils for the size optimized design as less material is required according
to equation 2.6.

The insulator for the second electrode is placed around the cylindrical top
section of the second collector electrode, while it is on the top for the efficiency
optimized design. This change is possible due to the smaller electrode radius of
the size optimized design. This design uses a single, larger insulator, which is
more expensive. However, the cost is still acceptable, and the design is smaller
and more robust. The total length of the size-optimized MDC with the single
insulator is reduced to 0.9 m.

2.5 Summary

In this chapter, investigations on the requirements for the PSU configuration
and design candidates for the first SP MDC prototype for high-power gyrotrons
are presented. The size-optimized MDC is identified as the most promis-
ing concept for development and experimental validation. The size-optimized
MDC offers a strategic balance between efficiency and practical design require-
ments, with a reduced collector size that allows easier fabrication and assembly
compared to its efficiency-optimized counterpart.

The size reduction is achieved by optimizing the voltage operating point from
previously a potential difference of 14.6 kV to now 35.9 kV. While maintaining
a strong Ex B drift, significant reductions in both axial and radial dimensions
are achieved. The length of the ExB drift region is reduced from 1 m down
to 0.6 m which is combined with a lower axial position of the ExB drift
region to a reduced overall collector length of less than 1 m from over 1.6 m
before. The reduced radial dimensions allow for a reduction of the inner coil
radius from 350 mm down to 250 mm. The size-optimized design maintains
a collector efficiency close to 80 %, which is comparable to the efficiency-
optimized design. The choice of the size-optimized design is further justified
by its lower requirement for additional collector coils and the reduced weight
of the coils.
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The focus on a size-optimized approach aligns with the experimental goals
of KIT by providing a highly adaptable, less complex, and robust gyrotron
MDC prototype. This orientation promises improved ease of implementation
and cost-effectiveness, making it a viable and strategic choice for advancing
gyrotron technology within existing infrastructure constraints.
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3 A First Short-Pulse Multistage
Depressed Collector Prototype

Experimental validation of the MDC concept in gyrotron operation is of ut-
most importance to provide a basis for the further development of improved
MDCs. The physical principle of different designs with an azimuthal electric
field is presented in chapter 2, while the design for the first MDC prototype is
presented in this chapter. The complexity of the MDC is strongly dependent
on the size of the electrodes, the manufacturability of individual parts, and the
electric fields inside the collector. Considering all those factors, an MDC sys-
tem is optimized in order to significantly reduce the manufacturing complexity
of the first prototype. The theoretical design is discussed in section 3.1 starting
with a breakdown of the individual design decisions for the electromagnetic
configuration. It is followed by the magnetic field setup for MDC operation
in section 3.1.1. The performance optimization of the electrodes is presented
in section 3.1.2 with the power loading on the electrodes as a performance
indicator for the optimization in section 3.1.3. The design of the thermal man-
agement is presented in section 3.1.4. The final step for the theoretical MDC
design is the demonstration of the flexibility with the presentation of operation
with different gyrotrons and frequency operation points in section 3.1.5.

The design for manufacturing and assembly is presented in section 3.2 with
the modular mechanical design in section 3.2.1. The fabrication of the proto-
type is shown in section 3.2.2, followed by the assembly of the prototype in
section 3.2.3. In the end of this chapter a summary is presented to conclude
the design of the SP MDC prototype in section 3.3.
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3.1 Electromagnetic Design

The fundamental physical design of a collector that is making use of an az-
imuthal electric field to separate electrons is presented in section 2.3.2 and
2.3.3 for the coaxial and cylindrical approach, respectively. It is concluded that
the coaxial design has significant advantages from a physical point of view.
However, for the realization of a first prototype the design is far more complex
compared to the cylindrical approach. The fundamental characteristic of the
coaxial approach is that half of the beam electrons drift inward and must there-
fore be collected in the inner structure. Hence, the design and construction of
the inner structure must consider a substantial current and power delivered in
combination with electrical insulation under vacuum condition. Therefore, the
simpler cylindrical design is preferred for the first prototype to demonstrate the
electron beam separation.

For the coaxial design in section 2.3.2, it is shown that multiple collector
stages can be implemented in an MDC design with azimuthal electric field.
However, in the course of simplifying the first SP MDC prototype, the number
of depressed stages is also reduced to a minimum in order to keep the me-
chanical complexity within a reasonable limit. With each additional stage, the
additional theoretical gain in collector efficiency is reduced as shown in the
theoretical investigation in table 3.1. In result, the largest efficiency gains are
achieved for the steps from non-depressed to one- and two-stage collectors.
Collectors with three or more stages may provide benefits for a CW MDC due

Table 3.1: Theoretical maximum collector efficiency over the number of collector stages, based
on the spent electron beam of the KIT 2 MW 170 GHz coaxial-cavity gyrotron.

Collector stages 1 2 3 4

Max. collector efficiency | 62.3% | 83.5% | 88.6% | 91.3%
Potential stage 1 35.0kV |35.0kV|35.0kV |35.0kV
Potential stage 2 - 49.6kV [46.9kV |46.9kV
Potential stage 3 - - 54.0kV|52.1kV
Potential stage 4 - - - 61.1kV
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3.1 Electromagnetic Design

to reduced cooling requirements with the increased efficiency. The most chal-
lenging part in the design of an Ex B MDC with, for example 3, or 4 stages,
can be seen in the differences of the theoretical optimum potentials. Those
potential differences are decreasing, reducing the Ex B drift, and are irregular
between the different stages. A variation in the helical slope in between the
electrodes would be required to achieve a constant Ex B drift for all collector
electrodes.

Another fundamental simplification concerns the shape of the electrodes. As
mentioned in the previous chapter, the shape of the electrodes depends on the
chosen magnetic field in the collector region in order to achieve a constant
relative distance between the electron beam and the collector wall. For com-
pactness in the radial direction, a cylindrical electrode shape is preferable if
compared to a conical shape. The collector size in the axial direction depends
on the minimum electrode radius, since the spent electron beam must first be ex-
panded to the appropriate radius in order to achieve the desired relative distance
from the collector wall. Therefore, a conical collector can be more compact
in the axial direction than a cylindrical collector with the average radius of the
conical collector. A mixture of a conical lower part and a cylindrical upper part
is also possible and would be a promising concept for a CW MDC. The inner
radius of an SP collector is usually rather compact, therefore the difference
in axial size from a cylindrical to a conical collector is not significant. Since
simplification is the primary concern for the SP MDC, radial compactness is
preferred and a pure cylindrical electrode design is chosen. An appropriate
candidate for the basic collector design is already presented in section 2.3.3
with the size optimized design. However, as mentioned it is optimized for
the KIT 2MW 170 GHz coaxial-cavity gyrotronin the 6.87 T magnet. As
presented in section 2.2 a new cryogen free superconducting magnet must be
used for experiments in the FULGOR test-stand at KIT. In this section, the
collector design is adapted and optimized for the magnetic field profile of the
10 T magnet.

3.1.1 Collector Coil Design

Normal conducting coils are used on gyrotron collectors for modification of the
stray magnetic field of the superconducting magnet. In most cases, those coils
are operated with time varying current to modify the position of intersection
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Figure 3.1: Magnetic field line of the beam center for nominal magnetic field without collector
coils and for adjusted magnetic field with collector coils starting at the emitter.

of the spent electron beam with the collector wall over time (electron beam
sweeping presented in section 1.4.2).

A constant beam radius in the £ x B drift region is required for operation. It is
achieved by applying a constant magnetic field. However, the stray magnetic
field of the gyrotron magnet is reduced as the axial distance to the cavity
increases. The reduced magnetic field results in an increase of the beam radius
as it is calculated by applying the Bush theorem in equation 1.16. For the
SP MDC prototype, three normal conducting homogeneous cylindrical coils
around the collector provide a homogeneous magnetic field in the collector
region. The freedom of the magnetic field profile is quite limited with a set
of just three coils, and thus the coils are manually optimized based on the
magnetic field line of the beam center starting at the emitter. The nominal
magnetic field line and the adjusted magnetic field line are shown in Fig. 3.1.

The initial axial position of the Ex B drift region is increased with the desired
beam radius as long as no strong compensation coils and no magnetic shielding
are implemented, due to the increasing radial position of the magnetic field
line in axial direction. In section 2.3.3 in which the transition of the efficiency
optimized design to the size optimized design is described, this effect is briefly
mentioned as a result of the reduction in beam radius from 130 mm to 98 mm.
The beam radius of 98 mm is chosen arbitrarily, however with increased beam
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3.1 Electromagnetic Design

radius all radial dimensions of the collector are increased. For all three coils,
the inner coil radius is set to 250 mm for compatibility to the remaining MDC
components while the coil height is set to approximately 107 mm and the coil
thickness to 18 mm to 31 mm. The adjusted beam center line is achieved with
a total current in the collector coils of 30.0 kA-t as shown in Fig. 3.1, which is
the combination of 7.4 kAt in the two smaller lower coils and 15.2 kA-t in the
larger upper coil. The current density in the two lower and thinner collector
coils is at 3.84 Amm 2 while for the thicker upper coil it is at 4.55 A mm 2
if a solid rectangular copper block is assumed for the cross-section. Such
current densities are too high for continuous operation of an uncooled normal
conducting coil. This is addressed in the thermal management in section 3.1.4.

3.1.2 Tolerance Analysis of the Parametric
Collector Electrodes

The tolerance analysis of the SP MDC prototype geometry is divided into (i)
the parametric definition of the geometry, (ii) the tolerance analysis, and (iii)
the optimization of the voltage operation point.

The content of this section has already been published in Ref. [93].

Parametric Definition of the Collector Electrodes

Equation 2.5 describes the helical surface of the basic MDC design in Cartesian
coordinates. The first step in the tolerance analysis of the SP MDC prototype
is a parametric representation of the helical surface with a few additional
parameters. The helical surface of the first electrode is defined as

2(u,v) = (R + dnelix ©) sin(v Operix)
y(u,v) = (R + duelix ) cos(v Opelix) (3.1)

2(v) = zpxB + (hExB — hhelix) v

in a Cartesian coordinate system with the basis vectors z, ¢y and z. Parameters
under investigation are the inner electrode radius R, the depth of the helical
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(a) 2D view

(b) 3D view
Figure 3.2: Graphical representation of the parametric definition [93].
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surface in radial dimension djejix and the azimuthal coverage angle of the
helical surface 0y,¢);x. The initial axial position of the ExB drift region zgxB,
the height of the Ex B drift region hgyp and the height of the helical gap hyelix
are required for the parameterization of the axial z coordinate of the helical
surface. The axial distance between the helical surface of the first and second
electrode is equal to hyejix. The range for the surface parameters u and v is set
to [0, 1]. The azimuthal coverage angle of the helical surface is defined as

2T

ohelix = ? + oover - astraight (32)

with the azimuthal overlap angle of the helical surface 6., defines the exten-
sion of the helix and the azimuthal coverage angle of the straight cut Ot aight.-
The division of the complete circular angle of 27 by 3 is done for a collector
design with a three-fold helix as it is described in the references [76, 77, 91, 94]
and in section 2.3.3. The initial electron beam radius in the £ x B drift region
is set to 98 mm, primarily as a compromise in the required magnetic field,
and an acceptable size of the collector electrodes and coils. It is discussed in
section 3.1.1. The magnetic field profile in the Ex B drift region is, according
to the desired electron beam radius, constant for the design optimization of the
prototype. The electron beam radius at the entrance of the ExB drift region
must be at the nominal design value. Hence, zgxp is constant for a constant
magnetic field profile. The helical depth d,};x is not important for electrical
performance. However, it must be ensured that the slow electrons are collected
on it and do not escape the helical gap. This is discussed in section 3.1.3. The
last parameter for the parametric definition of the SP MDC prototype, which is
not included in equation 3.1, is the height of the bottom straight cut Agtraight-
All parameters of the geometric study are shown graphical in Fig. 3.2.

Tolerance Analysis

The design of the SP MDC prototype is achieved with empirical optimization
due to the high degree of freedom. However, a systematic parametric inves-
tigation of the geometry based on equation 3.1 is performed for validation
of the design decisions and tolerance analysis of individual parameters. For
simplification of the analysis, only a single parameter is changed at a time with
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all other parameters at their nominal value. The voltage operating point of the
collector is considered constant for the parametric analysis and is based on a
theoretical analysis of the spent electron beam. The goal is a maximum ExB
drift, thus potential difference between the electrodes, while the theoretical
collector efficiency is at approximately 80 %, based on the kinetic energy spec-
trum of the spent electron beam. The closest voltage tabs of the PSU at the
KIT FULGOR test-stand [82] to meet those requirements, while the gyrotron
body is at ground potential, are 11.25kV and 46.125 kV for the first and second
electrode, respectively. A depression potential of the first electrode close to
the kinetic energy of the slowest electron could introduce two limitations, one
related to the voltage depression of the electron beam and the other related to
a reduced potential difference between both electrodes.

The results of the parametric investigation are shown in Fig. 3.3 with values
for the collector efficiency and the reflected current. The collector efficiency
Neol 18 defined in equation 1.7. The reflected current is a result of the parasitic
behavior of the straight connection of the two helical ends and should be kept
to a minimum. Reflected electrons are most likely to return to the cavity where
they could gain energy from the electromagnetic wave [35], are reflected again,
and are collected at a collector electrode. However, the interaction might be
disturbed or parts of the gyrotron might be bombarded for which they are not
intended. The reflected current presented in this paper is recorded in the lower
launcher region at the boundary of the simulation, as the simulations do not
include cavity interactions.

In case of the height of the ExB drift region hgpxp as shown in Fig. 3.3a,
both, the collector efficiency and the reflected current are increased with re-
duced height of the Ex B drift region. For hgyxp a compromise is chosen for
which the reflected current is acceptable, and the collector efficiency is at an
optimum level. This last parameter depends on the voltage operating point of
the collector, more specifically, on the difference in the voltages between both
electrodes. However, the voltage operating point is considered constant and is
investigated in section 3.1.2 for the final design.

In case of the inner electrode radius R, as shown in Fig. 3.3b, the reflected
current increases quickly for a radius larger than the nominal value. For
smaller electrode radii, the collector efficiency is decreased, and the sensitivity
to misalignment and SMF is increased. This parameter is strongly influenced
by the electron beam radius in the Ex B drift region.
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In case of the height of the helical gap hpeix as shown in Fig. 3.3c, the
opposite behavior as for hgyp is observed. A compromise is chosen to limit
the reflected current and still achieve an acceptable collector efficiency. On
one hand, a minimum distance between both electrodes is required to limit
the electric field and to prevent arcing during operation. On the other hand,
sufficient strength of the electric field is desired to collect the electrons at fixed
positions and prevent escaping of (secondary) electrons to the outside.

The height of the bottom straight cut Agraight is one of two parameters presented
here which are introduced together with the helical extension. The influence of
Nstraight on the performance of the MDC is shown in Fig. 3.3d. It can be seen
that the reflected current is minimized without a significant influence to the
collector efficiency. The azimuthal overlap angle of the helical surface 6., as
shown in Fig. 3.3e is the second parameter which is introduced together with
the helical extension. Here, a minimization of the reflected current is observed.
However, a larger influence on the collector efficiency exists. The influence to
the collector efficiency and rising reflected current with increased azimuthal
overlap angle is a result of the single parameter observation. With increased
overlap, the overall helical slope is decreased, resulting in a similar behavior
as a reduced height of the Ex B drift region.

In case of the azimuthal coverage angle of the straight cut g aigne as shown
in Fig. 3.3f, a compromise between a low reflected current and high collec-
tor efficiency is chosen. In summary, all geometrical parameters are set to a
compromise and show a wide resilience against geometrical tolerances. Man-
ufacturing tolerances in the range of mm are uncritical. It can be concluded
that all parameters studied are not sensitive to the collector performance and
a variation of mm up to cm is acceptable for prototype operation. The most
sensitive parameter is the inner electrode radius R which can be compensated
with the electron beam radius in the £ x B drift region by modification of the
magnetic field in the collector.

Optimization of the Operation Point

After parametric analysis of the MDC prototype, an investigation of the differ-
ent voltage operating points for the fixed geometry is performed. The expected
collector efficiency and reflected current are subject to change if the depression
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Figure 3.4: Analysis of voltage operating point of the OPIIleed MDC prototype geometry. (a)

Magnetic field line of the beam center in the £ X B driftregion. (b) Simulated collector
efficiency with nominal voltage operating point [93].

potentials are varied. The collector potentials and magnetic field in the collec-
tor can be changed during experiments. The magnetic field line of the beam
center in the Ex B drift region as shown in Fig. 3.4a is used for the analysis
of the collector potentials with the results shown in Fig. 3.4b. The range of
the axial position of the bottom helix is between O mm to 580 mm, while it is
between 40 mm to 620 mm for the upper helix. The collector efficiency is rep-
resented by iso-efficiency-lines while the reflected current is represented with
an overlay of a few iso-reflected-current-lines and shadows. The region below
a reflected current of 50 mA is considered safe for operation, while a reflected
current above 200 mA should be avoided. The nominal voltage operating point
with depression potentials of 11.25kV and 46.125kV is not optimal. A slight
adjustment of the potentials to 13.5kV and 45kV could be considered to in-
crease the collector efficiency to 78.8 % and decrease the reflected current to
51 mA. However, it should be noted that the difference in the voltages between
both electrodes and with it the strength of the E x B drift is decreased by around
10 % by using the more optimal voltage operating point.
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3.1.3 Thermal Loading of the Electrodes

At first glance, the power density of the collected electron beam on the surface
of a SP collector seems to be irrelevant since a significant temperature change
will not occur during SP operation. However, the power loading densities on the
electrodes of an MDC with an azimuthal electric field can be used for a visual
representation of the optimization of a collector design to different gyrotron
operation scenarios. It is also important to ensure that the electron beam is not
concentrated and that the peak power loading of the wall is within the limits
of current SDCs. For a later comparison, the maximum power loading density
of the verified SP SDC for the KIT 2 MW 170 GHz coaxial-cavity gyrotron is
at 6kW/cm? with a depression potential of —35kV and a maximal acceptable
pulse length of 50 ms [91].

While the power loading of the electrodes of classic collectors can be easily
calculated by 2D tools due to the symmetry condition, it is more complicated
for an MDC considering the complex 3D structure. In the past [75], a built-in
function of CST was used to import the result of the trajectory simulation into
a heat transfer simulation. However, this method depends on the mesh size of
the trajectory simulation which limits the resolution of the power loading at
the collector surface. A MATLAB tool is developed which extracts the raw
trajectory data from CST and is used to calculate the power loading on both
stages. In this way it is possible to achieve stable results, independent of the
mesh of the tracking solver.

The power loading density on the first stage of the SP MDC prototype is
generated on three identical helical surfaces, which are projected to one 2D
plane as shown in Fig. 3.5a. The thermal loading is concentrated on a thin line
with a thickness of only a few millimeters from bottom to top of the helical
surface. The radial position of the electrons hitting point on the electrodes
depends on the strength of the ExB drift. The long line with constant radial
position is a good indication of a well optimized design as the electron drift
and beam radius must be constant in the E'x B drift region. The thickness of
the line, is the result of the geometric optimization of the MDC design to the
voltage between the two electrodes. The radial position of the power loading
on the helical surface proofs that a sufficient depth of the helical surface dj,ix
is required. In the case that the helical depth is excessively wide, the outer
radial dimension of the electrodes increases, thereby increasing the dimensions
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Representation of the power loading on a 3D model for first (c) and second stage (d).
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of the vacuum housing and collector coils. Conversely, in the event of a helical
depth that is excessively narrow, the electrons would be unable to be collected
in the helical gap, while in a less extreme case, this would only affect secondary
electrons. Fortunately, the most critical slow secondary electrons are collected
close to the origin point due to the high electric field in the helical gap. For
dnelix Of the final design, a value of 55 mm is chosen for a compromise in
compact dimensions and a safety margin for secondary electrons.

The power loading density on the cylindrical surface of the second stage is
shown in Fig. 3.5b. A 120° segment is shown due to the symmetry condition
of the triple helix design. The axial position of the thermal loading varies
azimuthally due to the different directions of the radial electron drift caused
by the azimuthal electric field component Fy of the helical and straight cut
as well as the helical extension at the bottom of the E x B drift region. The
power loading at both collector electrodes are projected onto the corresponding
surfaces of a 3D model to provide a direct visual interpretation of the results
and are shown in Fig. 3.5c and Fig. 3.5d. The maximum power loading density
on the first and second stage is below 6 kW/cm? and 4 kW/cm?, respectively.
In comparison, the power loading density of the SP SDC for the KIT 2MW
170 GHz coaxial-cavity gyrotron is also at 6 kW/cm?. The MDC power loading
density is in a safe range for SP experimental verification.

3.1.4 Thermal Management of the SP MDC

Usually, the thermal management of SP gyrotron components is not a concern
in operation. On the other hand, the MDC SP prototype is more restricted in the
thermal capabilities despite the fact of a significantly increased efficiency and
thus lower thermal losses at the electrodes. The restrictions are caused by the
simplification of the design considering the separated vacuum housing to ensure
vacuum tightness and cost saving measures to avoid increasing costs. The first
point is addressed by the thermal management of the collector electrodes while
the second point is addressed by the thermal management of the additional
collector coils.
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Collector Electrodes

Even though the planned maximum SP operation time of the MDC prototype is
only in the range of 3 ms, some energy is deposited in the collector electrodes in
the form of heat. In contrast to today’s SDCs, where the outside of the collector
electrode is exposed to the surrounding air, the electrodes of the MDC prototype
are either completely or for the majority surrounded by vacuum. It is inevitable
that the energy deposited in the collector electrodes had to be considered in
the design of the MDC and in the future experiments. During operation at the
optimal operating point with the KIT 2 MW 170 GHz coaxial-cavity gyrotron,
at depression potentials of —11kV and —46kV for the first and second stage,
the power at the first stage is at 110kW, while at the second stage it is at
750 kW. Taking 3 ms as target for the maximum pulse length, the total energy
that is deposited in the first stage and second stage of the MDC are 0.33 kJ
and 2.25kJ, respectively. Simplifications are made for the estimation of the
temperature increase of the electrodes during the experiments:

* Homogeneously temperature rise of the electrodes, due to the low pulse
repetition rate.

 Perfect thermal contact between copper parts.

* Thermal isolation of copper from stainless steel, due to the low thermal
conductivity of the steel.

* Negligible thermal radiation and convection.

According to the 3D model of the MDC prototype, of all copper parts of the first
electrode have a volume of 6.7x10° cm?®, while all copper parts of the second
electrode have a volume of 1.4x10%*cm?®. The weight of both electrodes is
calculated with the density of CuCr1Zr of 8.91 g/cm? [30] to 60 kg and 125 kg
for the first and second electrode, respectively. The temperature increase of
the electrodes depends on the repetition rate of the pulses and the specific heat
capacity of the material. The specific heat capacity of CuCr1Zr is 0.37 kJ/kgK
at 20°C. It increases with temperature. At 20°C, the temperatures after
a single 3 ms shot are increased by 0.015K on the first and 0.049K on the
second electrode. The temperature increase is accumulated after 10 min of
operation with a 1 Hz pulse repetition rate to approximately 8.9 K on the first
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and 29 K on the second electrode, which is far from any critical limit. However,
it is crucial to ensure a thermal contact with the surrounding air.

Collector Coils

The collector coils are considered to be normal conducting multi-turn coils
made from copper. Thermal losses of these collector coils have to be considered
for a cost-effective and practical design due to the high current density of the
coils. Thermal simulations of the multi-turn coils are performed in COMSOL
to get the limiting factor in the coil design. The model of the coil is assumed
to be rotational symmetric, which results in a single rectangular torus for each
turn. Given the coil geometry, a 2D setup would be the choice for a significant
reduction of the computational effort. However, due to the boundary conditions
in COMSOL, a 3D geometry is required, although a small angular segment is
sufficient and extended with the periodic boundary condition. A segment of 1°
is chosen for an optimized mesh size. A larger angular segment would result
in additional mesh cells, while a smaller segment would result in a smaller
minimum mesh cell. The electrical insulation around a copper wire has a
thickness of 60 pm to 85 pm on each side. For a wire with a thickness of a
few millimeters, this results in a noticeable difference in cross sectional area
and is included in the model. The electrical insulation is usually done with
polyesterimide and/or polyamide-imide [95], with a thermal conductivity in the
range of 0.24 W/(mK) to 0.54 W/(mK) [96]. For the worst case consideration,
the thermal conductivity of the insulation is set to 0.24 W/(mK). The multi-
physics Joule Heating is used in COMSOL which automatically includes the
physics of electric currents and heat transfer in solids. The resistance in the wire
is calculated by a linearized resistivity model based on the material properties.
A current terminal is applied to one cutting surface of the coil segment and a
ground boundary to the other cutting surface. This way it is possible to define
a specific current of the complete coil. The heat source of the heat transfer
physics is a volumetric loss density based on the result of the electromagnetic
simulation.

The coil model for the Ex B MDC SP prototype is inspired by the transverse
sweeping coil of the W7-X gyrotron [38]. The sweeping coil is used for a
simulation setup in order to get realistic values for the heat transfer coefficients.
A rectangular wire is used with a cross-section of 2.24 mm times 3.55 mm
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Figure 3.6: Temperature distribution in the transverse sweeping coil with one segment in the
center of the coil marked in blue.

including the electrical insulation resulting in a copper cross-sectional area of
7.4 mm?. This coil is built with 200 turns in 10 layers and is water cooled from
the outer radial surface.

In the simulation, the elliptical coil is simplified to a round coil with an inner
radius of 110 mm (average of the two radii of the ellipse) to obtain azimuthal
symmetry in the simulation setup. The total resistance of the built coil is
0.36€2 at 20°C. The total resistance of the simplified coil is 0.3745 Q2 at the
initial temperature of 20 °C and increases to 0.459 2 in stable cooled operation.
The ohmic losses at 20 °C of the measured and simplified coils are 162 W and
164 W, respectively. In the model, the water-cooled and other outer bound-
aries are represented by two heat flux boundaries. The maximum operating
temperature of the coil is 80 °C in the cooled configuration and 200 °C in the
uncooled configuration. The two different heat transfer coefficients are tuned
in the simulation to achieve the results of the experiments. The stable uncooled
operation at 200 °C is achieved with a heat flux coefficient of 11 W/(m?K) at all
boundaries and an external temperature of 20 °C. The heat flux boundary at the
cooled surface is changed to 50 W/(m2K) to achieve a maximum temperature
of 80 °C in cooled operation. These values are consistent with convective heat
transfer and the heat transfer of simple water cooling [45].

The temperature distribution in the simplified transverse sweeping coil is shown
in Fig. 3.6. The temperature in the cross-section of each winding is nearly
constant, as it can be expected due to the high thermal conductivity of copper
385 W/(mK) [28]. The thermal gradient in the coil is concentrated in the
thin layers of the electrical insulator. The maximum temperature in the stable
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operation is 80.5 °C whereas the minimum temperature is 69.1 °C, resulting in
a temperature difference of 11.4 K.

The limiting factor in the operation of a normal conducting coil is its maximum
allowed operating temperature. The electrical insulator is most of the time the
limiting material with a maximum acceptable temperature of 200 °C. The
maximum temperature of the coil is in the mid-plane of the axis of symmetry
at one of the inner layers of the coil. The temperature is slowly decreasing
towards lower and higher axial positions.

The additional collector coils for the MDC SP prototype are designed to operate
at a significantly higher current density than the transverse sweep coils of the
W7-X gyrotron. The advantage is material savings with reduced weight and
cost. The disadvantages are higher power consumption, lower thermal capacity
and therefore shorter operating life time for similar cooling capabilities. The
additional collector coils are considered only for pulsed operation and not
for continuous operation as the transverse sweep coil. An air-cooled coil
would also be possible, since the temperature rise during operation is more
dependent on the thermal capacity than the relatively primitive water cooling.
However, even simple water cooling can significantly reduce the cool down
time and increase the duty cycle. The same principle of water cooling as for
the transverse sweeping coil is considered for the additional collector coils.

All three additional collector coils are planned with the same inner radius
of 250 mm and the same height of 106.5 mm, given by 30 windings times
3.55mm. The three coils base on one thicker coil and two identical smaller
coils, which only differ in the number of layers. This study will concentrate on
the largest coil with the higher thermal loss and the reduced cooling capabilities
due to the increased thickness. This coil will be operated between 13.0 kA-t
to 17.0kA-t depending on the gyrotron magnet and gyrotron operation point.
The maximum and minimum temperatures after 15 min of operation in the coil
with 13.0kA-t and different number of layers are shown in Fig. 3.7a. A coil
with 13 layers (390 turns) would be not sufficient for 15 min of operation at a
starting temperature of 20 °C, due to the maximum acceptable temperature of
the electrical insulator of 200 °C. Therefore, it is reasonable to set the minimum
number of layers to 14 (420 turns) in order to achieve a 15 min operation time
of the coils.
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Figure 3.7: Minimum and maximum temperature in different coils for (a) variation of the number
of layers and (b) for a coil with 14 layers over time (b).

The minimum and maximum temperatures in a coil with 14 layers over an
operation time of 15 min and a cool down time of 75 min are shown in Fig. 3.7b.
The temperature is increased nearly linearly during the operation due to the
setup of the cooling. The power loss inside the coil linearly increases with the
temperature starting with 3.3 kW at the initial 20 °C and going up to 5.5kW
after 15 min of operation at a maximum temperature of 196 °C. The cooling
capabilities are dependent on the temperature difference AT between the coil
and the outer boundaries (20 °C). The temperature decrease during the cool
down is therefore faster for a large AT (directly after operation) and slower for
asmall AT.

3.1.5 Adaption of the SP MDC to Different Gyrotrons

The content of this section has already been published in Ref. [93].

The modular structure of the SP MDC prototype is a promising concept for
future modifications of individual subcomponents without the need for re-
production of the complete MDC. Another benefit of the modular design is
the adaptability of the MDC to a variety of different gyrotrons that are oper-
ated at various frequencies. With increased flexibility of the MDC, an earlier
experimental campaign is feasible in case of unavailability of the optimized
equipment as other non-optimized components like gyrotrons or magnets can
be used for an enlargement of the possible experimental setups.
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Table 3.2: Operation possibilities of the SP MDC prototype on different gyrotrons [93].

Gyrotron with Magnet | Magnet | Collector | Total Lower Middle Upper
Operation Operation
Nominal Nominal | Applied | Beam Coil Coil Coil Coil
Scenario Frequency
Frequency Field Field Radius | Current | Current | Current | Current
2MW 1 H
#1 c< qu. “ 1 170GHz 10T 69T 98mm | 30kA:t | 74kAt | 74kAt | 152kAt
coaxial-cavity
1.5 MW 140 GH: 98 mm 24kA-t | 5.6kA-t | 6.7kAt | 11.4kAt
#2 21 105GHz 42T 42T
W7-X 100mm | 22kAt | 5.1kAt | 5.8kAt | 11.4kAt
SMW
#3 ! mZiq_Mwo GHz 140 GHz 56T 56T 100mm | 22kAt | 3.5kAt | 6.0kAt | 12.2kA-t
#4 NZ/& :oQ.EN 136 GHz 10T 55T 98mm | 27kA-t | 7.5kAt | 6.2kAt | 13.4kAt
coaxial-cavity
2MW 170 GH:
#5 . oﬂ 2| 204GHz 10T 83T 98mm | 34kA-t | 7.8kA-t | 8.6kA't | 17.5kAt
coaxial-cavity
2MW 1 H
#6 W 170 GHz 170 GHz 6.87T 35T 9mm | 17kA-t | 5.1kAt | 3.0kAt | 93KkAt

coaxial-cavity
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The flexibility and robustness of the MDC is demonstrated through its adap-
tation from the KIT 2 MW 170 GHz coaxial-cavity gyrotron to the W7-X Up-
grade SP gyrotron for 140 GHz operation in the designated 5.6 T SC magnet.
However, it is also compatible with 105 GHz operation of the W7-X Upgrade
SP gyrotron in a 4.2 T SC magnet, and multi-frequency operation as well as at
different harmonics with the KIT 2 MW 170 GHz coaxial-cavity gyrotron. All
operation scenarios which are investigated in this work are listed in table 3.2
and are described in detail in the following subsections.

Operation of the W7-X SP Pre-Prototype at 105 GHz

One possibility of SP MDC prototype operation is the adaptation to the 1.5 MW
140 GHz W7-X SP pre-prototype gyrotron operated in a 4.2 T SC magnet at
a frequency of 105 GHz. The mechanical adaption is possible with a second
version of the lower assembly with matching dimensions to the mirror-box,
as shown in section 3.2.2. Due to the availability of other suitable magnets,
it is decided to use this non-optimized mode because it is the first possibility
at KIT for MDC verification with a MW-class gyrotron. The operation of
the W7-X gyrotron in the 4.2 T magnet is possible however, the operation
mode is limited to co-rotating modes with a magnetic field in the positive z-
direction. Counter-rotating modes (against the electron rotation) with the same
direction of the magnetic field are not possible due to the launcher design of
the W7-X gyrotron, while a magnetic field in the negative z-direction is not
possible due to the Ex B drift. According to the Ex B drift principle, the same
collector geometry cannot be utilized for both magnetic field directions due to
the change of drift direction. The majority of electrons would then drift to the
inside with exception to the electrons at azimuthal position of the straight gap.
An operating point with a less optimized co-rotating mode is chosen therefore
to achieve a spread in the kinetic energy distribution of the spent electron beam
for MDC experiments, which is shown in Fig. 3.8a.

Based on the kinetic energy distribution an analytic investigation is carried out
to calculate the maximum collector efficiency at a range of depression potentials
applied to both electrodes. The resultis shown in Fig. 3.8b. In the investigation,
reflected currents are neglected, and all electrons are collected with the least
kinetic energy remaining. In the regime of a low depression potential of the
second electrode, where no electrons are collected at the first electrode, the
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Figure 3.8: Adaption of the SP MDC to the W7-X Upgrade SP gyrotron operated in a 4.2T
magnet. (a) Kinetic energy spectrum of the spent electron beam. (b) Theoretical
collector efficiency based on the kinetic energy distribution. (c) Magnetic field line
of the beam center in the E x BB drift region. (d) Simulated collector efficiency [93].
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Figure 3.9: Optimization of the SP MDC operation with the W7-X Upgrade gyrotron at 105 GHz.
(a) Magnetic field line of the beam center in the X B drift region. (b) Simulated
collector efficiency [93].

collector efficiency is not influenced by the potential of the first electrode. As
the potential of the second electrode increases, a larger number of electrons is
collected at the first electrode. Consequently, the collector efficiency is also
influenced by the depression potential of the first stage.

A beam radius in the E x B drift region of 98 mm is considered for operation
with the W7-X pre-prototype, which is identical to the KIT 2 MW 170 GHz
coaxial-cavity gyrotron. The adjusted center line of the beam is shown in
Fig. 3.8c and is achieved with the coil currents listed in table 3.2. It should
be mentioned that a flat beam line as for the nominal case is not achievable
with the fixed coil geometry and magnetic field profile of the 4.2 T SC magnet.
The simulated results with a 98 mm beam radius are shown in Fig. 3.8d. Un-
fortunately, the majority of collector voltage operating points show a reflected
current above 50 mA and a significant amount reach a reflected current above
200 mA. The expected collector efficiency is limited, as the most promising
voltage operating points are probably not achievable in operation. Hence, the
operation of the SP MDC with this magnetic field profile is not beneficial and
must be optimized.

In order to optimize the magnetic field profile in the collector, it is essential
to identify the limiting factor of the previous profile. A fixed potential of

85



3 A First Short-Pulse Multistage Depressed Collector Prototype

the second electrode at a level where the potential of the first electrode does
influence the collector efficiency, as indicated by the value of 34 kV, results in an
increase in reflected current with the depression potential on the first electrode.
In other words, the reflected current is reduced with an increased potential
difference between both electrodes. For the case of mechanical optimization, a
few options are possible to counteract the weak performance with an increase
in the strength of the Ex B drift. However, for electromagnetic optimization,
a simple increase in the beam radius solves the issue. The improved magnetic
field profile is adjusted to a beam radius of 100 mm, an increase of 2 mm to the
nominal operation. The adjusted beam center line from Fig. 3.9a is achieved
with the coil currents listed in table 3.2. The results with significantly reduced
reflected current are shown in Fig. 3.9b. Collector efficiencies of 70 % to
71.5 % are achievable with maximum reflected currents between 50 mA up to
100 mA.

Operation of the W7-X SP Pre-Prototype at 140 GHz

The operation of the SP MDC in the W7-X Upgrade SP gyrotron at the nominal
frequency of 140 GHz [49, 97, 98] is another possibility for MDC experiments
at KIT. The gyrotron offers a microwave output power of 1.5 MW with a hollow
cavity design and dense kinetic energy spectrum of the spent electron beam
as shown in Fig. 3.10a. The theoretically calculated collector efficiency based
on the kinetic energy spectrum is at high levels for a two stage MDC design
as shown in Fig. 3.10b. The mechanical adaption of the MDC is identical to
section 3.1.5.

The critical aspect of adaption of the MDC prototype to the W7-X Upgrade SP
gyrotron is the magnetic field profile in the Ex B drift region due to the faster
diverging magnetic field lines of the different magnet and fixed positions of the
additional collector coils. A beam center radius of 100 mm is chosen for this
investigation as the reflected current of the collector is increased with a beam
radius of 98 mm, similar to the operation at 105 GHz. The adjusted beam center
line from Fig. 3.10c is achieved with the coil currents listed in table 3.2. The
simulated collector efficiencies for a variety of collector potentials are shown
in Fig. 3.10d. A collector efficiency of up to 77 % is achievable with a reflected
current below 50 mA, while a collector efficiency of 80 % is achievable with a
reflected current under 150 mA.
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Figure 3.10: Adaption of the SP MDC to the W7-X Upgrade SP gyrotron operated at the nominal
frequency of 140 GHz. (a) Kinetic energy spectrum of the spent electron beam.
(b) Theoretical collector efficiency based on the kinetic energy distribution. (c)
Magnetic field line of the beam center in the ExB drift region. (d) Simulated
collector efficiency [93].
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Operation in a Coaxial-Cavity Setup at 136 GHz

The KIT 2MW 170 GHz coaxial-cavity gyrotron was studied in the past for
extension to multi-frequency operation [99]. One of the considered frequencies
is 136 GHz with the TEg 15 mode which is co-rotating with the magnetic field
in the positive axial direction. A switch to counter-rotating modes with a
magnetic field in the negative axial direction is not possible with the fixed
geometry of the SP MDC as described earlier and counter-rotating modes with
a magnetic field in the positive axial direction would require a new launcher
geometry. The advantages of a multi-frequency gyrotron is on one hand the
universal application to different kinds of fusion machines and on the other
hand, a possibility to modify the heating position in the plasma without moving
parts.

Operation of the multi-frequency coaxial-cavity gyrotron at 136 GHz is fore-
seen in the 10 T SC magnet at KIT in the FULGOR test-stand. No mechanical
adaption of the MDC is required due to operation with the nominal gyrotron
and magnet. The kinetic energy distribution of the spent electron beam is
shown in Fig. 3.11a and the theoretical maximum collector efficiency is shown
in Fig. 3.11b. The spread in the kinetic energy distribution is higher compared
to the nominal operation at 170 GHz and is a limiting factor in the maximum
achievable collector efficiency. The identical beam radius of 98 mm as for the
nominal operation is chosen for operation at 136 GHz with the beam center line
shown in Fig. 3.11c. A close match of the beam line to the nominal operation
is achieved due to the identical gyrotron magnet which is just operated with
different currents. The coil currents are listed in table 3.2.

The simulated collector efficiencies for a variety of collector potentials are
shown in Fig. 3.11d. A collector efficiency of up to 73 % is achievable with
a reflected current below 50 mA, while a collector efficiency over 77 % is
achievable with a reflected current below 150 mA.
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Figure 3.11: Adaption of the SP MDC to the 136 GHz coaxial cavity multi-frequency gyrotron
operated in the 10 T magnet at KIT. (a) Kinetic energy spectrum of the spent electron
beam. (b) Theoretical collector efficiency based on the kinetic energy distribution.
(c) Magnetic field line of the beam center in the Ex B drift region. (d) Simulated
collector efficiency [93].
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Operation in a Coaxial-Cavity Setup at 204 GHz

Similar to the operation of the KIT 2MW 170 GHz coaxial-cavity gyrotron
at 136 GHz multi-frequency operation was studied with extension to 204 GHz
[99]. The co-rotating TE40 23 mode was chosen as prime candidate for the
coaxial-cavity gyrotron due to similar relative caustic radius of the mode com-
pared to the nominal TE34 19 mode. Operation is also foreseen in the 10T
SC magnet at KIT in the FULGOR test-stand, which eliminates the need for
mechanical adaptation. A major difference of this operation point compared to
the other cases are the characteristics of the spent electron beam kinetic energy
spectrum as shown in Fig. 3.12a. The spectrum is widely spread and has a
high probability of the slowest electrons in contrast to the reduced probability
of the slowest electrons in other gyrotrons. Such an energy spectrum would
require high collector depression potentials in order to achieve a high collector
efficiency as shown in Fig. 3.12b. However, when both collector potentials of
a two-stage collector are close to each other, the strength of the ExB drift is
reduced.

A close match of the beam center line to the nominal operation is achieved
due to the identical gyrotron magnet as shown in Fig. 3.12c. However, due to
the increased magnetic field in the cavity, a higher magnetic field must be also
applied in the Ex B drift region to achieve the desired beam radius of 98 mm,
again reducing the strength of the Ex B drift. The coil currents are listed in
table 3.2 and are significantly higher compared to the other gyrotrons presented
in this work.

Despite the limitations of the kinetic energy spectrum and the increased mag-
netic field in the E x B drift region, a collector efficiency of 77 % is achievable
with a reflected current below 50 mA and is not significantly improved if a
higher reflected current is acceptable. All simulated voltage operating points
are shown in Fig. 3.12d. It can be seen that the most optimum operation points
can not be used with the existing MDC design, due to not strong enough ExB
drift as expected from the theoretical investigation. The electron beam radius in
the E'x B drift region could be increased to increase the depression potential of
the first electrode without affecting the reflected current, however, the expected
improvement is not high when the theoretical maximum collector efficiency in
Fig. 3.12b is considered.
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Figure 3.12: Adaption of the SP MDC to the 204 GHz coaxial cavity multi-frequency gyrotron
operated in the 10 T magnet at KIT. (a) Kinetic energy spectrum of the spent electron
beam. (b) Theoretical collector efficiency based on the kinetic energy distribution.
(c) Magnetic field line of the beam center in the Ex B drift region. (d) Simulated

collector efficiency [93].
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3.1.6 Adaption of the SP MDC to Higher
Cyclotron Harmonics

Operation of a vacuum electron tube at the second harmonic of the electron
cyclotron resonance frequency is a possibility for reduction of the required
magnetic field in the cavity. Until now, high-power MW-class gyrotrons are
operated at a fundamental mode however, investigations are currently ongoing
for a gyrotron operated at the second harmonic with at least | MW output power
at a frequency above 100 GHz [100-102]. The most significant disadvantage
of gyrotron operation at a harmonic mode is a decreased interaction efficiency
between the electron beam and the microwave. In order to compensate for
this disadvantage, the utilization of an MDC is key to boost the overall tube
efficiency to competitive values in comparison to gyrotrons operated at the fun-
damental frequency. As an example, based on equation 1.8 with an efficiency
of the Quasi-Optical (QO) system of nrr = 90 % and a collector efficiency of
Mol = 80 %, a total gyrotron efficiency of 7¢ta1 = 50 % is achieved with an
interaction efficiency of only 7, = 20 %. Considering an increased interac-
tion efficiency close to 7ine = 25 %, the total gyrotron efficiency would be at
Mtotal = 56 %.

At KIT it is currently studied to operate the 2 MW 170 GHz coaxial-cavity
SP pre-prototype with slight modifications in the 6.87 T SC magnet at half
magnetic field at 170 GHz. Gyrotron operation in the 6.87 T SC magnet is
at the moment not foreseen in the FULGOR test-stand due to the cryogenic
operation, which would be required for MDC implementation. However, from
a physical point of view, there is no limitation, this operation point is the most
up-to-date and most promising so far, and no mechanical adaptation of the
MDC is required.

The kinetic energy distribution of the spent electron beam is shown in Fig. 3.13a
and the theoretical maximum collector efficiency is shown in Fig. 3.13b. The
minimum kinetic energy is much higher compared to the other gyrotrons
shown in this work due to an increased acceleration potential and decreased
interaction efficiency which results in increased collector efficiencies compared
to fundamental gyrotrons. A beam radius of 99 mm is chosen for the first
investigation with the beam line shown in Fig. 3.13c. The adjusted beam
center line is achieved with the coil currents listed in table 3.2.
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Figure 3.13: Adaption of the SP MDC to the 170 GHz coaxial cavity gyrotron operated in the
6.87T magnet at KIT at the 2nd harmonic. (a) Kinetic energy spectrum of the
spent electron beam. (b) Theoretical collector efficiency based on the kinetic energy
distribution. (c) Magnetic field line of the beam center in the ExB drift region.
(d) Simulated collector efficiency for different voltage operating points with different
limits for reflected current [93].
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In simulation, collector efficiencies of up to 85 % are achieved with low re-
flected currents below 50 mA which is close to the theoretical maximum. The
results are shown in Fig. 3.13d. With reduced magnetic field in harmonic
gyrotron operation a different MDC behavior is observed at high potential dif-
ferences between both electrodes above 30kV. At such operation points, the
Ex B drift is too strong and fast electrons (with kinetic energies above the de-
celeration potential of the second electrode) are collected at the first electrode
with significant remaining energy, thus reducing the collector efficiency and
significantly increasing the current collected by the first electrode. In order to
operate the SP MDC prototype at such voltage operating points a decreased
beam radius could be used with the disadvantage of increased levels of reflected
current for the high efficiency operation points.

3.1.7 Stray Magnetic Field

Sources of SMFs in the proximity of gyrotrons in operation are avoided but not
totally eliminated as already mentioned in section 1.4.3. In the operation with
SDCs, a simple investigation of the magnetic field lines during a sweeping cycle
is sufficient for a prediction of the influence of SMF to avoid electron collision
at the top plate. The investigation of SMF in MDC operation is different, since
the trajectories of the electrons are also influenced by the electric field in the
ExB drift region. Electrons could be allowed to hit the top plate of the SP
MDC, due to SP operation, however, the influence to the reflected current and
collector efficiency must be studied. The influence on both parameters is not
existent for an SDC in first assumption of primary electrons without space
charge and is unavoidable in an MDC with azimuthal electric field based on
the geometry.

The simulated collector performance of the SP MDC prototype is shown in
Fig. 3.14 for constant radial magnetic field in the complete simulation volume.
This approach is taken as worst-case approximation and is relevant for consid-
erations of gyrotron placement nearby a tokamak. On one hand, the collector
efficiency is only slightly influenced with the SMF in z- and y-direction of up
to 500 nT. On the other hand, the reflected current is much more influenced
by the SMF and exceeds the safe limit of 200 mA for radial magnetic field over
500 nT. In comparison, the limit of radial magnetic field for the EU CW ITER
gyrotron is considered to approximately 200 pT [52]. If necessary, a different
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Figure 3.14: Simulated MDC prototype performance under the influence of a radial stray magnetic
field.

voltage operation point of the collector could be used to further reduce the
reflected current. It should be noted that even at a SMF of 500 T in z- and
y-direction no electrons where collected at the top plate.

Another source of SMF are neighboring gyrotrons in ECRH installations with a
few to many tens of gyrotrons. The minimum distance between two gyrotrons
is crucial for the efficient placement of the tubes, while the operation must
not be influenced. A few key results of the MDC prototype operation with a
second gyrotron at identical magnetic field profile placed in 3m, 4 m and Sm
distance are shown in table 3.3. The safe limit of a reflected current of 200 mA
is exceeded for a neighboring gyrotron in 3m and the collector efficiency
is slightly reduced, however even at this level, no electrons are collected at

Table 3.3: Simulated MDC prototype performance with the SMF of neighboring gyrotrons at
different distances.

Distance 3m 4m S5m
Collector efficiency | 75.3% | 76.5% |77.2%
Reflected current |386mA | 104 mA | 56 mA
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the top plate. A gyrotron placed in 4 m could be operated and the option
of a different collector voltage operation point with reduced reflected current
also exists. The magnetic field of the neighboring gyrotrons is approximated
as a single magnetic dipole according to section 1.4.3. The 10T magnet is
operated at reduced field for operation of the KIT 2MW 170 GHz coaxial-
cavity gyrotron and is modeled as a magnetic dipole with a magnetic moment
of 410kA m?.

3.2 Design for Manufacturing and Assembly

Design for manufacturing and assembly represents a unified approach to prod-
uct design that integrates two distinct methodologies: Design For Manufactur-
ing (DFM) and Design For Assembly (DFA). DFM is the design of parts for
ease of manufacture [103], while DFA is the design of a product for simple
assembly [104]. Both approaches had to be considered for the mechanical
design of the first ExB SPMDC prototype with helical electrodes due to the
complex electrode geometry to ensure a reliable and robust prototype to make
experiments.

3.2.1 Modular Mechanical Design

Basic ideas for the mechanical design of the SP MDC prototype are considered
during the theoretical electrode design and optimization phase. One of those
ideas is the implementation of a standardized ultra-high vacuum seal system
for the modular subcomponents of the MDC. Standardized seals are a cost-
effective and robust way to provide a stable vacuum for prototype components,
which is on the highest priority for gyrotron operation. Due to the size of
the collector, the ConFlat (CF) flange system is chosen in the size DN400 for
the majority of the vacuum housing. The pipe sections for this flange size are
possible with up to 400 mm inner diameter, while the outer diameter of the
flange is at 469.9 mm. At those dimensions it is possible to insert the collector
electrodes with an inner radius of 115 mm and an outer radius of 170 mm as
well as to mount the external collector coils with an inner radius of the coil
core of 250 mm minus the winding body to keep the coil wire in shape. For
an example, the next smaller CF flange size of DN350 would result in a flange
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Figure 3.15: Schematic representation of the Short-Pulse MDC prototype (deviated from [105]).

diameter of 419.1 mm, an inner pipe diameter of 350 mm, an estimated outer
electrode radius of 145 mm and an estimated inner electrode radius of 90 mm.
The estimated beam radius would be at 77 mm if the same relative distance to
the collector electrodes is considered. According to equation 1.16 this would
result in an increase of the magnetic field in the Ex B drift region by roughly
60 %, which could be simply achieved for the KIT 2 MW 170 GHz coaxial-
cavity gyrotron in the 10 T magnet with a reduced axial position of the ExB
drift region. However, adaption of the MDC to a different gyrotron with a
faster diverging magnet profile would be significantly complicated with higher
demands on the additional collector coils, while the outer dimensions of the
vacuum housing would only be reduced by 11 %.
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Figure 3.16: Schematic representation of the cooling system for the first electrode [105].

A scale accurate schematic representation of the final design for the SP MDC
prototype is shown in Fig. 3.15. The key factors of the modular vacuum housing
are the top plate to close the collector from above, the modular insulator with CF
DN400 flanges on top and bottom, the middle section of the vacuum housing
with a CF DN500 flange on the bottom for increased space in radial direction
for assembly of the collector and the lower assembly with the sealing surface
to the gyrotron mirror-box.

The lower assembly is located in the initial section and mainly responsible for
the axial position of the ExB drift region. Since the height adjustment and
mechanical adaption to the gyroton is done with the lower assembly, it is the
only component of the modular MDC that is needed to be replaced when the
collector is mounted on different gyrotrons. A second version of the lower
assembly is produced for adaption to the 140 GHz 1.5 MW W7-X Upgrade
SP gyrotron which is reduced in the axial size dimension from 370 mm to
170 mm and is equipped with a smaller flange to the mirror-box. The first
electrode is mounted on top of small standard insulators that are mounted on
an intermediate floor of the lower assembly, while the bottom section of the
helical gap is defined as the transition from the initial section to the middle
section or in other words the E x B drift region of the collector. Another task
for the lower assembly are the high-voltage and cooling feedthroughs for the
first electrode.

The cooling system for the first electrode is schematically shown in Fig. 3.16 and
consists of a single pipe pressed on the outer cylindrical wall of the electrode
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at three major positions with one shown in the figure. The only purpose of the
cooling system is to establish a thermal contact from the first electrode to the
outside for dissipation of the heat between gyrotron pulses. The performance
of the cooling system is not prioritized in the mechanical design and is kept
as simple as possible. The two most important simplifications of the cooling
system are the implementation of standard ceramics and stainless steel as
material for the pipe due to the easier and more robust welded connection.

The middle section of the vacuum housing is a closed cylindrical structure from
the inside, while support brackets are welded on the outside for mechanical
support of the three additional collector coils. The three coils are fixed to each
other to form a single assembly and are mounted in one part to the collector.
In addition to ensuring vacuum tightness and supporting the coil assembly, the
middle section is also responsible for mechanical support of the parts above,
including the modular ceramic and the second electrode. The modular ceramic
is custom-made and symmetric for top and bottom. Mounting positions are
place internally at the flanges for anti-corona-rings for reduction of the electric
field at the brazed metal sheets connected to the ceramic. Based on the current
implementation of the modular insulator, a single anti-corona-ring at the lower
metal sheet is sufficient as the upper one is at the same potential as the second
electrode. The second electrode is internally mounted on the vacuum sealing
top plate and hanging through the large cylindrical ceramic from the top for
electrical insulation to the vacuum housing. The insulator and the cylindrical
top section of the second electrode above the helical gap are part of the final
section of the MDC.

The two electrodes are constructed out of a single thick walled pipe with flanges
at the top and bottom for the mechanical connection to the vacuum housing. The
helical gap between the electrodes is extended in radial direction with additional
helical extensions that are screwed on the side of the thick walled pipe. The
height of the helical gap is adjustable to smaller values with spacers below the
first electrode. An advantage of the modular construction with the electrodes
completely enclosed inside the vacuum housing, is the possibility to exchange
those parts for different geometries for future experimental campaigns.
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Figure 3.17: 3D printed model of the prototype for verification of assembly.

3D Printed Test Assembly

A 3D printed mockup of the mechanical MDC prototype design is fabri-
cated to visualize the assembly process of the final prototype. The model is
scaled down by a factor of 2 to fit all components into a printing volume of
300 mm x 300 mm x 400 mm and to save time in the printing process. The
cylindrical sections of the lower assembly, the middle assembly and the top
plate are ordered in acrylic glass for visibility of the electrodes in the assembled
configuration. All remaining parts (except the feedthroughs) are 3D printed
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and screwed in place with size accurate bolts. The finished 3D printed mockup
is shown in Fig. 3.17. No challenges appeared during the test assembly and
the fabrication of the final prototype proceeded as foreseen in the mechanical
design.

3.2.2 Fabrication of Individual Parts

The content of this section has already been published in Ref. [94].

In this subsection, the fabrication of the individual collector parts is presented
divided in the fabrication of the inner electrodes, the vacuum housing and the
external magnet coils.

Fabrication of the Inner Electrodes

The two electrodes of the MDC are the most important components in the
design as their inner surfaces are the only ones represented by the theoretical
design which is used for the simulation of electron separation. Other surfaces
in the collector are flexible and do not affect the separation of the spent electron
beam. CuCrl1Zr is used for the electrodes due to the higher mechanical strength
in comparison to pure copper. The raw CuCrlZr of the pre-cut tube for the
electrodes, rings for top and bottom of the electrodes and the top plate which
connects the second stage with the modular ceramic are shown in Fig. 3.18a.

In the first step, the rings were fully machined, heated and put on the pre-
machined tube with an interference fit. The rings are additionally secured by
screws to the cylinder of the electrodes.

In the second step, a dedicated tool is attached to the top, bottom and inside
of the flanged tube for mounting to a CNC machine and stabilization. Then
the screw holes for the helical extensions and cooling pipes are machined,
followed by the gap, separating the first and second electrode. A few bridges
in the gap were kept in place until the end of the machining and were removed
with hand tools after the complete gap was cut. The machined flanged tube
with machined separation gap is shown in Fig. 3.18b.
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(d) Second electrode

(e) Helical extension

Figure 3.18: Raw CuCrlZr pipe and flanges for the electrodes (a), machined pipe (b), finished
machined electrodes for the first electrode (c¢), second electrode (d) and one helical
extension (e).
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In the third step, after the electrodes were separated, the surface in the gap at
the positions of the bridges was smoothed out with hand tools. The inner edge
of the gap after machining was a sharp 90° edge, as a radius at this position
would have required huge effort in programming of the CNC machine and
would not have been possible at the positions of the bridges. Fortunately, the
separation of the spent electron beam is not sensitive to a specific roundness of
the inner edge. However, it is important to reduce the maximum electric field
in order to avoid arcing in between the electrodes. The softening of the inner
edge was done with hand tools. The finished machined electrodes of the first
and second stage are shown in Fig. 3.18c and Fig. 3.18d, respectively.

In the fourth step, the modules for extension of the helical surface are pre-cut
out of a solid CuCr1Zr block. The pre-cut module is then machined at the
surface which mounts to the cylinder of the electrodes together with the holes
for mounting. It is then mounted on a dedicated tool to machine the remaining
surfaces on a 5-axis CNC machine. The finished module is shown in Fig. 3.18e.
The MDC SP prototype is a triple helix design with two stages, giving in total
six helices. These six helices are divided for the extensions into five modules
each, for a total of 30 identical modules. The modules at top and bottom
of a helix are afterwards cut and machined to fit the shape of the cylindrical
electrode.

Fabrication of the Vacuum Housing

The vacuum housing of the MDC SP prototype consists of four parts:

* The lower assembly which is mounted on top of the mirror-box and sup-
ports the first stage of the collector. All cooling and voltage feedthroughs
for the first stage are also located in this assembly.

* The middle assembly, which is mounted on top of the lower assembly
and on which the external coils are mounted.

* The modular ceramic, which is mounted on top of the middle assembly
to provide electrical isolation between the gyrotron mirror-box and the
second collector stage.
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(b) Machined vacuum housing (¢) Lower assembly W7-X

Figure 3.19: Pre-machined stainless steel material for lower and middle assembly, machined
lower assembly for KIT 2 MW 170 GHz coaxial-cavity gyrotron(foreground) middle
assembly (background) and lower assembly for W7-X gyrotron.
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(a) Coil (b) Cooling jacket

Figure 3.20: One of three external coils and cooling jacket for increased operation time.

* The top plate, which is mounted on top of the modular ceramic and
connected to the cylindrical part of the second stage.

The lower assembly described here is the version for the KIT 2MW 170 GHz
coaxial-cavity gyrotronfor demonstration of the more complicated fabrication
process. The lower assembly for the W7-X upgrade SP gyrotron is much
smaller and milled out of a solid block of stainless steel. Majority of the
material for the lower and middle assembly are shown in Fig. 3.19a. Both
cylindrical parts are produced by rolled and welded sheets of stainless steel,
which is machined on a lathe to achieve the desired accuracy.

In the first step, the pre-machined flanges are welded on the ends of both
cylinders. In the second step, the sealing edges and screw holes of the flanges
are machined to ensure correct planar alignment between top and bottom of
the cylinder. In the third step, additional feedthroughs, mounting blocks and
the finished machined intermediate floor of the lower assembly are welded in
place. Both versions of the finalized lower assemblies and the finalized middle
assembly are shown in Fig. 3.19b and Fig. 3.19c.

Fabrication of the Coil Assembly

Three additional external magnet coils are required for the MDC SP prototype
to modify the spent electron beam inside the Ex B drift region to a constant
beam radius. The coils will be operated with a constant current, hence no
eddy currents are induced in the winding body of the coil during operation. A
non-slotted aluminum winding body is chosen for all coils. On the outer side
of the winding body are screw holes to mount brackets for fixation of the coils
to each other and to the middle assembly as well as lifting brackets for easier
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handling during assembly. The electrical connection of the coils is realized
with commercially available ceramic clamps on the side of the coils. Winding
of the coils was done on a dedicated winding machine for a dense packaging
of the rectangular copper wire. A summary of the coil winding processes with
the correct number of turns per layer is given in Tab. 3.4. The maximum
operation temperature of the coils is at 200 °C, due to the insulation coating
on the individual wires. Additional cooling jackets have been produced to
increase the operation time of the coils. A finished coil is shown in Fig. 3.20a
and a cooling jacket is shown in Fig. 3.20b.

3.2.3 Assembly of the MDC SP Prototype

The content of this section has already been published in Ref. [94].

Two different assemblies of the MDC SP prototype have been done until end
of 2023 and are presented in the next two sections. The first assembly of the
vacuum housing is in a configuration for the KIT 2MW 170 GHz coaxial-
cavity gyrotron, while the second assembly of the complete collector is in a
configuration for the W7-X upgrade SP gyrotron.

Table 3.4: Number of turns per layer and total number of turns for each coil.

Layer | 1 2 3 4 5 6 7 8 total
Coil A | 28.25|28.25(28.31|28.31|28.50|28.00|28.04|28.00| —

Coil B | 28.25[28.00 |28.19|28.19 | 28.00 | 28.19 | 28.00 | 28.50 | 225.33
Coil C|28.75|27.50|28.75|28.50|28.50 | 28.75|28.75 | 28.25 | 227.75

Layer — 9 10 11 12 13 14 | total
Coil A — 128.0028.00 |28.00 |28.00 | 28.00 | 29.00 | 394.65
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(b)
Figure 3.21: Assembly of the vacuum housing in 2 MW coaxial-cavity gyrotron configuration.

Assembly of the Vacuum Housing in 2 MW Coaxial-Cavity Gyrotron
Configuration

The first assembly was done after all components for the vacuum housing
and the external coils were fabricated. This includes a cover flange for the
bottom to seal the collector and pump vacuum without a gyrotron attached to
it, the lower assembly for the KIT 2MW 170 GHz coaxial-cavity gyrotron,
the middle assembly, the modular ceramic, the top plate and the coils. The
electrodes and the lower assembly for the W7-X upgrade SP gyrotron were
not finished at this stage and therefore not included in the first assembly. No
internal components were mounted in the housing, significantly simplifying
the process. The individual components were installed from bottom to top,
starting with cover flanges to the bottom and feedthrough flanges of the lower
assembly. Next, the middle assembly was mounted on the lower assembly as
shown in Fig. 3.21a, followed by the modular ceramic and the top plate to close
the vacuum housing as shown in Fig. 3.21b. The assembly of the external
parts started with mounting the lifting brackets to the coils and combining
them with the mounting brackets to a single assembly. The coil assembly was
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then lifted over the vacuum housing and lowered to the support mounts on
the middle assembly. In the final step, the transport protection was put on
the ceramic and the lifting brackets for the complete collector were mounted
on the bottom flange of the modular ceramic. It is important to note that the
lifting of the collector is only supported by these lifting brackets and not from
any point above the ceramic to avoid damage to the ceramic. The process of
assembly of the vacuum housing and external parts proceeded as planed without
interruptions due to incorrectly produced parts. The partly assembled collector
achieved an excellent vacuum leaking rate of between 1.0x10~ > mbarLs~!
to 1.0x10~ ' mbar L s~ at a pressure of 1.1x10~7 mbar after pumping, which
was limited by the Fluorine rubber (german: Fluorine Kautschuk Material)
(FKM) seal to the bottom plate. The closed vacuum housing is shown in
Fig. 3.21c.

Assembly of the Complete MDC in W7-X Upgrade SP Gyrotron
Configuration

The second assembly of the MDC SP prototype was done after all parts were
fabricated. This time the second version of the lower assembly was used to
make the collector compatible with the W7-X upgrade SP gyrotron at KIT. It
is currently planned to make the world’s first MDC experiments with a fusion
relevant gyrotron with this tube due to the availability of equipment. The
MDC can only be operated with the modular power supply from AMPEGON
in the new FULGOR test stand at KIT. Experiments at the old KIT gyrotron
test stand are currently not possible, as no high voltage connection between
both test stand exist. The FULGOR test stand is designed with cryogen free
magnets in mind, limiting the available experimental equipment further. The
next available cryogen free magnet at the FULGOR test stand is a 4.2T SC
magnet from Commissariat a 1’énergie atomique et aux énergies alternatives
(CEA) Tungsten (chemical symbol "W") Environment in Steady-state Tokamak
(WEST) and it is possible to operate the W7-X upgrade SP gyrotron in this
magnet at 105 GHz.

The second assembly started with the lower assembly and the ceramic insulators
of the first stage which are screwed onto the intermediate floor. Then the
cylindrical part of the first electrode is lowered on the insulators and fixed with
screws. In the next step, the cooling pipe is mounted on the outside of the
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(©) (d)
Figure 3.22: Assembly of the first electrode in W7-X upgrade configuration.

first electrode and the mount for the high voltage connection is mounted on the
bottom flange of the electrode. Snapshots of the assembly progress are shown
in Fig. 3.22a and Fig. 3.22b. Finally, the feedthroughs, as shown in Fig. 3.22c,
and helical extensions are mounted to the first electrode, finalizing this part of
the MDC. The completed first electrode is shown in Fig. 3.22d.

Assembly of the second electrode started with mounting the top plate to the
cylindrical part of the second electrode, as shown in Fig. 3.23a. In the next
step, the anti-corona ring was mounted inside at the lower flange of the modular
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Figure 3.23: Assembly of the second electrode.

ceramic to avoid increased electric field at the welded metal which connects
the ceramic to the metal flanges. Then the cylindrical part of the second
electrode was lowered through the modular ceramic and the top flanges were
bolted together. In the final step of assembly of the second electrode, the
helical extensions are mounted on the outside of the cylinder. The final step
was performed in this order to allow a smaller ceramic to be made to provide
potential isolation for the second collector stage. The finished assembly of the
second electrode is shown in Fig. 3.23b.

The final step in assembly of the MDC electrodes is the combination of both
electrode assemblies as shown in Fig. 3.22d and Fig. 3.23b with the middle
assembly of the vacuum housing. To demonstrate the fit of both electrodes
and to train for the final and most complicated assembly step, an assembly test
without the vacuum housing was performed. Note that due to the extension
of the helical gap in axial direction, the second electrode must be rotated as it
is lowered to avoid collision with the first electrode and potential damage. A
view of the MDC electrodes without the vacuum housing is shown in Fig. 3.24.
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Figure 3.24: Assembly demonstration of both electrodes without vacuum housing.

The assembly test and the process of simultaneous lowering and rotation of the
second electrode was successfully practised.

The easiest approach to continue with the last step in the assembly process is
to mount the middle assembly on the lower flange of the modular ceramic and
lower the part onto the assembly with the first electrode. The process of rotation
as the upper part of the MDC is lowered to the lower part is documented in a
few time steps in Fig. 3.25a, Fig. 3.25b and Fig. 3.25c. The assembly process
was considered during the mechanical design of the MDC SP prototype and
the middle assembly of the vacuum housing was deliberately made shorter
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(d) Bottom view

Figure 3.25: Closing of the vacuum housing with electrodes (a), (b) and (c). Few from the bottom
of the assembled MDC prototype (d).

112



3.3 Summary

than the second electrode to allow it to be viewed from the side when lowered.
The lower tip of the second electrode is best visible in Fig. 3.25a for two
different azimuthal positions. A view from the bottom of the assembled MDC
SP prototype is shown in Fig. 3.25d. The collector bottom was closed with a
flange at the bottom to pump vacuum and keep the internal parts of the collector
clean while waiting for the experimental equipment to become available.

3.3 Summary

The development of the first SP MDC prototype for high-power gyrotrons
represents a significant advancement in the field of high-power microwave
devices, with the potential to enhance efficiency and performance. In this
chapter, a comprehensive overview of the design, optimization, manufacturing
and assembly processes is provided, emphasizing on the importance of sim-
plifying the prototype while maintaining its functionality and effectiveness.
The magnetic setup is defined at the start of the electromagnetic design for the
foundation of the further optimization of the prototype. The utilization of only
three normal conducting coils is achieved to modify the magnetic field of the
superconducting magnet. Homogeneous cylindrical multi-turn coils are used
in the design to maintain a consistent magnetic field. The optimization of these
coils ensures a constant beam radius in the Ex B drift region for stable and
efficient MDC operation with the straight cylindrical design concept.

After the empirical optimization of the electromagnetic triple helix design, the
tolerances are studied well beyond the manufacturing accuracy for a validation
of the design and for ensuring the MDC operation despite potential imperfec-
tions of millimeters up to centimeters. A systematic investigation of various
geometrical parameters is carried out, including the height of the ExB drift
region, the inner electrode radius, the helical gap height, the bottom straight cut
height, the azimuthal overlap angle, and the distance between both electrodes.
For all parameters, the correct compromise is chosen to limit the reflected cur-
rent to a low value of around 50 mA, while achieving a high collector efficiency
of 78.8 %. This result ensured that the prototype can be operated within safe
and efficient parameters, while accounting for manufacturing tolerances and
potential misalignment. The design goal of a robust electromagnetic MDC
design which is simple and small is achieved.
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Although thermal management is not a primary concern for SP gyrotron com-
ponents, it is addressed to ensure that the MDC prototype remains within safe
operating temperatures. The analysis of the power loading density on the inner
collector wall surface demonstrated that it is within the acceptable limit for
short-pulse operation. The maximum power loading densities of 6 kW/cm?
and 4 kW/cm? for the first and second stages, respectively, in combination with
the shape of the profile, indicate that the design is well optimized. A thermal
analysis is also performed for the additional collector coils to guide future
experimental campaigns and to safely reduce the coil dimensions without risk
of damage due to overheating.

The SP MDC prototype is designed to be modular with flexibility in mind,
allowing it to operate with different gyrotrons and frequency points. This
adaptability is of importance for the purpose of experimental verification and
future developments. The design’s capacity to operate in varying magnetic field
profiles and depression potentials without a significant decline in performance
demonstrates its robustness. A detailed analysis of voltage operation points
serves to enhance this flexibility, thereby providing a clear roadmap for the
optimization of the prototype under different operational scenarios and towards
experimental validation of the SP MDC prototype. The operation scenarios
include 4 different magnets and 2 gyrotrons operated at frequencies of 105 GHz,
136 GHz, 140 GHz, 170 GHz (in first and second harmonic), and 204 GHz.

The modular mechanical design is presented with details on the component
choices and dimensions. A cooling system for the first electrode is designed and
included in the setup to achieve a thermal contact to the outside of the vacuum
housing. The assembly feasibility is checked with a 3-D printed mock-up and
successfully completed and followed by the fabrication of individual collector
parts. After realization of all prototype components, the assembly of the MDC
is successfully accomplished in two configurations, one for the KIT 2 MW
170 GHz coaxial-cavity gyrotron and one for the W7-X upgrade SP gyrotron.
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4 Toward Operation at Continuous
Waves

The validation of the SP MDC is the first step towards Introduction of the
ExB drift principle in a high-power gyrotron to increase the efficiency of
the complete tube. However, in SP operation with a few milliseconds, the
increased efficiency is not that significant. In CW operation with a large
number of gyrotrons, each small increment in the efficiency will save a lot of
power. As an example, if the efficiency of a 2 MW tube is increased from the
current 50 % with an SDC to over 60 % with an MDC, the power consumption
during operation is reduced by almost 700kW. In future ECRH plants, not
only one but many tens to one hundred gyrotrons will be installed, yielding
potential power savings in the high tens of megawatts. In addition, less heat
is generated in an individual tube, reducing the size of the electrodes and the
demand on the cooling system.

The following content of this chapter has already been published in Ref. [91],
whereas the outlook for a mechanical CW MDC design in section 4.4 and the
sensitivity to SMF in section 4.5 are added.

4.1 Up-scaled Short-Pulse Prototype Geometry

The most characteristic changes between a SP SDC and a CW SDC [39] is
a larger size in radial and axial direction for a reduced overall power loading
density as well as the implementation of a sweeping system for a reduced
time averaged power loading density [38]. The main limitation of gyrotron
collectors for LP or CW operation are the cooling capabilities. Up to now,
one of the most sophisticated and established cooling techniques for large
objects like a high-power gyrotron collector is the HV cooling which is already
presented in section 1.4.2. The collector size is significantly increased with
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300 mm

MDC: inner radius electrode = 150 mm

MDC: electrode length = 1127 mm

MDC: helical surface of first stage
MDC: total length = 1454 mm

SDC: total length = 1506 mm
SDC: electrode length = 1152 mm
SDC: inner radius electrode

Figure 4.1: Size comparison between the CW SDC and the CW MDC. The fast spent electrons in
the MDC are collected at the upper cylindrical section of the second stage. The slow
spent electrons are collected at the three helical surfaces of the first stage (one marked
in green) (deviated from [91]).

the gyrotron output power, making it the largest component in a high-power
gyrotron.

The same principle of an increased size of the collector stages is applied for the
CW compatible MDC design approach [106]. The inner radius of the collector
stages is increased from 115 mm of the SP MDC to 150 mm and the electron
beam radius in the collector is raised from 98 mm to 127 mm. The initial axial
position of the Ex B drift region is moved to a higher axial position due to the
increased beam radius and the identical magnetic field profile of the gyrotron
magnet. The stages of an MDC system can be significantly reduced in size in
comparison to a conventional SDC due to the reduced absolute power loading
at the collector surface. A size comparison between the 2MW CW SDC and
CW MDC is shown in Fig. 4.1 including some of the key dimensions. The
preliminary MDC design as shown here is an up—scaled version of the SP MDC.
The design of the cooling system is not implemented at this state however, it
is important to note that both cooling circuits must be set up independently
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4.2 Methods for Electron Beam Sweeping

of each other to avoid insulators of the cooling pipes inside the vacuum. It
is planned to implement a HV cooling for the cylindrical top section of the
second stage and water—cooling channels under the helical surface of the first
stage.

Additional collector coils are required for the homogenization of the magnetic
field in the £ x B drift region of the MDC system to achieve a constant electron
beam radius. A summarized constant coil current of 37.8 kA-t is applied for the
first conceptual design of a CW MDC. In addition, a summarized alternating
current with a peak value of 10.5kA-t is applied to the two upper coils for the
magnetic field sweeping. The summarized alternating peak current of the six
sweeping coils of the CW SDC is 10.8 kA-t. The axial length of the sweeping
area is close to 500 mm for both collector designs.

4.2 Methods for Electron Beam Sweeping

The increased size in radial dimension is not sufficient for an acceptable power
loading density at the first stage. A further decrease of the power loading
density on the helical surface is possible by either a decreased absolute power
on the first stage, or a sweeping system for the first stage. A combination of
both approaches is also possible.

The only possibility for a sweeping system on the first stage is a variation of
the radial position of the spent beam electrons on the helical surface. The final
radial position is the sum of the beam radius in the collector plus the drift
distance D4, when no beam thickness is considered. A variation of the beam
radius is not planned, due to the increased sensitivity to stray magnetic fields
for a beam radius closer to the collector stage and a higher reflected current for
a beam radius further away from the collector stage. A variation of the drift
distance Dy is therefore the preferred option for a sweeping system on the first
stage. The drift distance Dy is defined as:

Dy = 2me Vg

tan v 4.1

€ by
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Figure 4.2: Theoretical power loading on the first stage versus depression potentials of both
collector stages [91].

for the simplified case of a planar electron drift [18]. The mass of the electron
me, the (positive) charge of the electron e and the magnetic field parallel to the
axis B, are constant. The angle 1) between the electric and magnetic field in the
collector is dependent on the geometry of the MDC and is therefore constant for
a realistic system without moving parts. The velocity vy of the spent electrons
at the moment when they reach the Ex B drift region is the only variable which
can be swept. It can be increased reducing the deceleration potential at the
collector entrance, or vice versa; while the potential of the second stage should
not be changed to keep a high collector efficiency.

Table 4.1: Simulation results for different operation points. The total gyrotron efficiency is cal-
culated under the consideration of 35 % interaction efficiency and 10 % losses in the
electromagnetic wave.

potential difference (AU)| 40kV 30kV 20kV 12kV
Potential first stage —4.8kV | —152kV|—-25.7kV| —35kV
Potential second stage —44.8kV | —45.2kV | —45.7kV | —46.8kV
Power loading first stage | 67kW 44 kW 46 kW 46 kW
Reflected current 68 mA 107mA | 231 mA | 518 mA
Collector efficiency 78.2% 79.4 % 80.0 % 81.6%
Total gyrotron efficiency | 64.1% 65.1% 65.6 % 67.1%
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Figure 4.3: Power loading density on the first stage of the CW MDC with ExB sweeping for
different operation points. The helical surfaces are projected to a 2D plane with their
radial an axial position [91].

A variation of the absolute power collected at the first stage is the most critical
factor when the collector potentials are varied in an MDC. The theoretical
power fraction of the spent electron beam collected at the first stage without
a reflected current versus the depression potentials as function of the applied
potentials of the two collector stages is shown in Fig. 4.2. The voltage operation
points with constant potential difference AU between both stages are repre-
sented by straight lines. The radial position at which the spent electron beam
is collected at the first stage is directly related to the potential difference, as it
is proportional to the electron drift. A strong change of the potential difference
is required to sweep the electron beam. The absolute power loading on the first
stage is reduced compared to the SP MDC. Four different operation points are
chosen along the line of 40 kW of power on the first stage to present the idea of
an ExB sweeping system. The highest depression potential on the first stage
is limited to 35kV as applied in the conventional SDC to avoid reflections at
the collector entrance. The simulation results of the different operation points
are summarized in Tab. 4.1. It should be mentioned that the absolute power
loading on the first stage is in all cases higher than the theoretical value due
to the collection of some electrons with higher initial kinetic energies. The
absolute power loading on the second stage is only slightly influenced and is
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Figure 4.4: Power loading density on the second stage of the CW MDC with ExB sweeping for
different operation points [91].

in a non-critical range. The collector efficiency is varied over time due to the
change in the voltage operation point.

The power loadings on the first stage for different operation points are shown
in Fig. 4.3. The power loadings are pushed to a larger radial position with
increased potential difference between both stages due to the increased ExB
drift. The reason for the increased reflected current for a potential difference of
12kV is clearly visible by the close proximity of the power loading to the inner
edge of the helical surface. The higher reflected current could be prevented
by a higher minimal potential difference or a steeper helical cut between both
stages. The power loadings on the second stage are varied in axial direction for
different operation points and are shown in Fig. 4.4. The power loading at the
azimuthal location of the helical cut is pushed to a lower axial position with
increased potential difference and to a higher axial position at the azimuthal
location of the straight cut. The power loading at the intermediate locations
is not significantly influenced by the ExB sweeping. The power loadings of
the first and second stage with identical voltage operation points are calculated
together in the same simulation.

The time averaged power loadings on the first and second stage are shown in
the top of Fig. 4.5 and Fig. 4.6, respectively. The power loading is distributed
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Figure 4.5: Time averaged power loading density on the first stage of the CW MDC with ExB
sweeping (top) and magnetic field sweeping (bottom). The helical surfaces are pro-
jected to a 2D plane with their radial an axial position [91].

effectively on the helical surface and significantly improved on most of the
cylindrical surface of the second stage.

Traditional magnetic field sweeping systems are limited in the sweeping fre-
quency due to high eddy currents which are induced in the collector wall. The
ExB sweeping is not limited to such low sweeping frequencies, as it is not
based on alternating magnetic fields. The cyclic fatigue in the collector could
be decreased by a higher sweeping frequency which could significantly improve
the maximum acceptable power loading density. However, those expectations
are exceeded in this design with the maximum power loading density of up to
3kW/cm? at some points of the second stage in case of a pure ExB sweeping.

Another possibility for the operation of a CW MDC is a fixed voltage operation
point with a small absolute power loading on the first stage and an axial
magnetic field sweeping system for the second stage. Depression potentials
of —25KkV for the first stage and —44 kV for the second stage are chosen. A
collector efficiency of 78.1 %, a total gyrotron efficiency of 64.0 %, a reflected
current below 65mA and a power loading of 11 kW on the first stage are
achieved in simulation, independent of the phase of the sweeping cycle. The
trajectory simulations are performed in steady state for different time steps
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Figure 4.6: Time averaged power loading density on the second stage of the CW MDC for the
E'x B sweeping (top) and magnetic field sweeping (bottom) [91].

and combined in post—processing. Eddy currents are not considered in the
system and an advanced sweeping function is chosen. The time averaged
power loadings on the first and second stage are shown in the bottom of Fig. 4.5
and Fig. 4.6, respectively. The thermal loading on the helical surface of the first
stage is not influenced by the magnetic field sweeping system of the second
stage. The goal of a maximum power loading density of under 500 W/cm?
without secondary electron emission is achieved for this design. The following
parts of this chapter will be concentrated on the CW MDC with only magnetic
field sweeping due to the acceptable loading densities on both stages and the
lower demands on the gyrotron power supply compared to the CW MDC with
ExB sweeping system.

The instantaneous maximum power loading density of the CW SDC and CW
MDC with magnetic field sweeping is at 3.7 kW/cm? at the lower turning point
of the sweep cycle [107]. The high instantaneous power loading density in the
MDC is limited to in total six small areas at the azimuthal position of the tran-
sition between the straight and helical cut. It is reduced to less than 3.0 kW/cm?
at the azimuthal position of the helical cut and to less than 1.3kW/cm? at the
azimuthal position of the straight cut. The power loading density in the CW
SDC is independent on the azimuthal position. The maximum power loading
density in the MDC is varied in azimuthal direction due to different beam
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Figure 4.7: Angular power loading density for an SDC, the SP MDC and CW MDC with magnetic
field sweeping [91].

thickness caused by the Ex B drift and variations in the angular line density.
The line density of the thermal loading in azimuthal direction is in direct cor-
relation to the absolute power that is absorbed in an angular segment of the
cylindrical collector wall and is shown in Fig. 4.7. The azimuthal variation
of the thermal loading is created by an azimuthal electron drift due to radial
electric field components FE. near the edges of the cut between the collector
stages. The azimuthal electron drift is strongest in the area of the straight cut
(between 100° to 120° for the CW MDC) and is most noticeable due to a drift
direction away from the cut and therefore a reduced thermal loading at this
position. The angular line-density for an SDC is constant due to the symmetry
condition and is independent on the collector geometry. The average angular
line density is correlated with the efficiency of the collector and is different for
all three collector systems.

4.3 Thermal Expansion for CW MDC

The thermal expansion in general is dependent on the temperature and temper-
ature differences in a material. The temperature profile on the inner collector
wall is in direct correlation to the thermal loading. In this section, the influence
of the azimuthally varied thermal loading in the CW MDC to the thermal ex-
pansion of the second collector stage with a complex geometry is studied. The
thermal simulations for a representation of a water cooling are performed in
Ansys with an imported power loading profile, a 3D geometry, a heat transfer
coefficient of 8 kW/m?K and an ambient temperature of 19 °C. The utilized
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Figure 4.8: Temperature (a) and thermal expansion in radial (b), axial (c) and azimuthal (d)
direction of the CW MDC [91].

heat transfer coefficient is in the range for a cooling with water—forced con-
vection [45] and is a preliminary investigation for a worst—case scenario. The
heat transfer coefficient for a HV cooling is in the range of 8.5kW/m?K to
23 kW/m?K in combination with a larger surface [48]. The second collector
stage is fixed at the top plate as shown in Fig. 4.1. The steady state tempera-
ture at the inner collector wall is shown in Fig. 4.8 (a) and is in correlation to
the power loading as expected. The thermal expansion in radial direction is
shown in Fig. 4.8 (b) and the deformation at the cylindrical top section is only
slightly varied. The absolute value of deformation at the cylindrical top section
should be uncritical as it is proportional to the collector size. The maximum
power load density and thus the temperature and relative deformation should
be identical to the validated CW SDC. However, the deformation at the lower
part of the helical section is more critical, as a correct placement for a constant
gap between both electrodes is required to achieve a well defined ExB drift.
The same arguments also apply to the axial and azimuthal thermal expansion
as shown in Fig. 4.8 (c) and (d), respectively.

The thermal deformation at the lower part of the second collector stage could be
significantly improved by a different mounting method as the fixation at the top
plate is not ideal. A mount directly above the Ex B drift region should be more
optimal since the lower part of the second collector stage is not heated. The
thermal expansion has to be considered for future more realistic mechanical
designs of an Ex B drift CW MDC.

124
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4.4 Improved Mechanical Design with Cooling
System

The thermal behavior of the CW MDC is of most importance for the process
toward a mechanical design that can be built and operated. As mentioned at
the end of the last section, the thermal deformation of the second collector
electrode can be improved by a different mounting method. Another advantage
of the mechanical support directly above the ExB drift region is the cooling
possibility of the second electrode. The cylindrical top part can be exposed to
the outside and the same HV cooling as in traditional SDCs could be utilized in
the design. The improved preliminary mechanical design of the CW MDC is
shown in Fig. 4.9a with the mechanical support position of the second electrode
marked with a red line. Cooling of the first electrode is foreseen at the helical
surface, where the slow electrons are collected. Cooling channels are integrated
in each of the three helices with individual feedthroughs, two for each helix
for the inlet and outlet of the cooling water. The insulator for the second stage
is moved to the bottom of the collector and the first electrode is internally
isolated to the second depression potential. A shield on the ceramic is added to
protect the ceramic from stray radiation and to shield the electron beam from
the second depression potential. From a physical point of view, the design is
identical to the previous design as the internal shape of the electrodes is not
changed. The power loading and temperature distribution are also identical
due to the unchanged physical design.

However, the thermal deformation is significantly improved by the novel me-
chanical design idea, especially in the lower part of the second electrode, which
is more sensitive than the cylindrical upper part. The radial displacement in the
Ex B drift region is reduced from 1.6 mm to 0.3 mm and is shown in Fig. 4.9b,
while the axial displacement in the Ex B drift region is reduced from 2.5 mm
to 0.1 mm and is shown in Fig. 4.9c. The azimuthal displacement in the same
area is reduced from 1.9 mm to 0.4 mm and is shown in Fig. 4.9d. In summary,
it can be concluded that the thermal deformation in the E'x B drift region has
been reduced to 21 % or less in comparison to the first draft with the improved
mechanical design idea.
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Figure 4.9: Updated preliminary mechanical design with mechanical support of the second elec-
trode marked in red (a). Thermal expansion in radial (b), axial (c) and azimuthal (d)
direction of the CW MDC.

4.5 Stray Magnetic Field with CW MDC

The demonstration of an increased SMF sensitivity of the SP MDC prototype
in section 3.1.7 in comparison to the operation of conventional SDCs in sec-
tion 1.4.3 is primarily for scientific purposes, due to the usual absence of SMF
sources in the proximity of SP gyrotron test-stands. For CW MDC:s it will be
different, since these will be installed in large ECRH installations with many
gyrotrons and a tokamak in proximity. The same investigation for study of
SMF influence on the collector operation is performed as in section 3.1.7 with
constant radial magnetic field in the complete simulation volume to represent
the SMF of a tokamak and with a single neighboring gyrotron approximated
with a magnetic dipole. The simulated performance under the influence of a
radial stray magnetic field is shown in Fig. 4.10. The collector efficiency is
only slightly influenced with radial magnetic field and the reflected current is
between 46 mA to 77 mA and therefore not included in the figure. The collector
symmetry of 120° is also visible in the variation of collector efficiency and
suggests that the collector has a slight azimuthal dependence for sensitivity
against SMF.
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Figure 4.10: Simulated CW MDC performance under the influence of a radial stray magnetic
field.

The results for collector operation in proximity to neighboring gyrotrons is
summarized in table 4.2 with an increased influence to SMF for a gyrotron
distance of only 3m. For distances of 4 m or larger, the influence of SMF is
negligible to the collector performance. However, since the collector should
be operated in CW, electrons are not allowed to hit the collector top plate. In
the current design, with magnetic field sweeping at the second electrode, this is
not the case for all time steps in the sweeping cycle. An increase of the upper
cylindrical section could simply solve this challenge for future designs due to
the fast diverging magnetic field lines in this section.

Table 4.2: Simulated CW MDC performance with the SMF of neighboring gyrotrons at different
distances.

Distance 3m 4m Sm
Collector efficiency | 72.1 % | 78.0 % | 78.1 %
Reflected current |85 mA |55mA |54 mA

127



4 Toward Operation at Continuous Waves

46 Summary

The SP MDC prototype design for the KIT 2MW 170 GHz coaxial-cavity
gyrotron is presented in chapter 3 with promising results in its versatility and
robustness. The main limitation in the maximum pulse length of a SP collector
is a high-power loading density at the inner surface of the collector stage. The
same principle is used to develop an upscaled CW compatible MDC, however,
a pure increase in size is not sufficient for an acceptable maximum power
loading density of 500 W/cm?. In addition, two different sweeping concepts
are presented to distribute the power loading to a larger surface and decrease
the power loading density on the inner collector wall. Those include a variation
of the voltage operation point to modify the electron collision point with the
Ex B drift and an LMFS as it is used in SDCs. The importance of the voltage
operation point of the collector electrodes is mentioned in order to modify the
power which is collected by each electrode. The power collected on the first
electrode is particularly relevant due to the limited area on the helical surfaces
and should not exceed an average power of S0kW for the sweeping with the
electrode potentials and 11 kW for the LMFS.

A comparison in size, sweeping system and maximum power loading density
of the up-scaled CW MDC to a CW SDC of a 2 MW gyrotron is given. All
three components are comparable between the SDC and MDC, despite the
smaller electrode size of the MDC. The outer dimensions of both collectors
have lengths of approximately 1.5 m and outer radii close to 300 mm without
the coils of the sweeping system. The LMFES as used in SDCs can be imple-
mented in an MDC to achieve an identical average power loading density of
500 W/cm? to apply the same kind of validated cooling system. The influence
of the thermal expansion in a CW MDC is discussed, and the limitation is
clarified. An updated mechanical design approach with modified mounting
locations is presented and offers a significant reduction of the thermal defor-
mation which should be considered for future design iterations. The updated
mechanical design approach also simplifies the cooling of the cylindrical part
of the second electrode, as it is identical to the implementation in an SDC. No
principle showstoppers are found for the CW MDC in power loading density
or mechanical deformation.

The sensitivity against SMF is at a high level with a compatibility of a pure
radial magnetic field of up to 500 pT, or a neighboring gyrotron in 4 m distance
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4.6 Summary

to operate without SMF compensation. Such values are improved even in
comparison to a smaller SDC of a 1 MW gyrotron, which is limited to a
pure radial magnetic field of around 200 nT and a neighboring gyrotron in
5 m distance to operate without SMF compensation [52]. The compatibility
against SMF and the increased collector efficiency making the CW MDC a
prime candidate for large ECRH installations in the future.
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5 Enhancements in Thermal
Loading and Lifetime with ExB
Drift

The content of this chapter has already been published in Ref. [108].

The low sweeping frequencies of magnetic field sweeping systems as discussed
in section 1.4.2 are not sufficient for a homogeneous temperature distribution
at the inner collector wall due to the high instantaneous thermal power loading.
Each point in the intersection region of the inner collector wall with the spent
electron beam is rapidly heated when the electron beam is swept over and
quickly cooled when the electron beam is at a different position. A higher
sweeping frequency could significantly reduce the temperature variation at
the inner collector wall and eliminate cyclic fatigue. The reduced peaks of
temperature variations on the inner collector wall are no longer the limiting
factor for the size of the collector but rather the critical heat flux of the cooling
system. Cyclic thermal fatigue is the main limitation in the lifetime of high-
power gyrotron collectors and will cause cracks and plastic deformation over
time.

A sweeping system inside the gyrotron vacuum in close proximity to the elec-
tron beam is not limited in the sweeping frequency by eddy currents. However,
the operation of a normal conducting coil with significant power consumption
is not feasible inside the vacuum tube due to the thermal management of the
coil. The power consumption of a sweeping system based on an electric field
is reduced in comparison to a magnetic field sweeping system.

The spent electron beam in a high-power, high-frequency gyrotron is confined
by a strong magnetic field. A strong electric field perpendicular to the magnetic
field is required for modification of the electron trajectories as proposed with
the ExB drift concept [70]. Static magnetic and electric fields are used in
the initial idea to separate the spent beam electrons according to their kinetic
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energy for an improvement in the collector efficiency. In this chapter, a periodic
variation of the electric field and a constant magnetic field are applied for the
sweeping of the electron beam in radial direction, similar to the sweeping of the
spent electron beam on the first electrode of the CW MDC concept proposed
in section 4.2. The variation in radial direction directly correlates with an axial
variation of the intersection region of the electron beam with the cylindrical
collector wall. This novel idea of an electric field sweeping system is designed
for an SDC where a high collector efficiency is no priority. The main goal
of a collector with an electric field sweeping system is the elimination of
cyclic fatigue due to higher sweeping frequency and the possibility for smaller
collector sizes.

5.1 Basic Principle with Infinite Electrodes

For simplicity, an ideal 2D model is analyzed in this section to demonstrate
the principle. There is a constant axial magnetic field out of the plane of the
polar coordinate system. A circular boundary is placed at a radius r = R with
infinite number of electrodes. The electric potential ® on each electrode is a
function of the azimuthal angle ¢ and time ¢:

[®(0,1)],._r = Po sin (n9 +27 ;) (3.1

where the electric potential @ is the amplitude of this periodic setup, 7T is
the sweeping period and n is an arbitrary integer for the number of periods.
The electric potential in the complete cross—section is solved by the Laplace
equation to

O(r,0,1) = d (”)n in (n0+27 " (5.2)
r,0,t) =0 () sin|n T .
The relationship between the electric field £ and the electric potential ® is

= 8<I>_,18<I>é»
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Figure 5.1: Normalized radial electron drift distance in the sweeping region over the relative beam
radius for periodic factors of n between 1 to 6 [108].

The drift velocity vg from Eq. 1.17 of a non-relativistic electron in the axial
magnetic field B = B - Z and the perpendicular electric field from Eq. 5.2 is
calculated to

va(r,0,t) = —& n (%>n—1 .

. t ~ t )
(bln <n0+27TT) -+ cos <n0+27rT> ~9>

The maximum radial drift distance Ar of an electron within a short time
interval 7 — 0 is proportional to

(5.4)

Ar xTn (%)n_l (5.5)

Equation 5.5 shows that the effect of the drift becomes more significant with
a larger 7 and also when an electron beam is radially closer to the electrodes.
Eq. 5.5 is visualized in Fig. 5.1 where the number n is represented by different
curves. The radial drift distance is significantly increased for larger n in
combination with an electron beam close to the electrodes. However, the
relative beam radius is limited in a realistic design to a value not larger as
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Figure 5.2: Cross—sections of the electric equipotential lines (black) for periodic factors of
n = 1, 2,4, 8. Different electron beams are shown after the influence of the sweeping
region using 7 >> 0 with relative beam radii of 7o /R = 0.4,0.5,0.6,0.7 and 0.8.

The radial drift direction is represented with arrows in the center of each plot (red)
[108].

approximately 0.9 due to tolerances in the magnetic field and misalignments.
In this frame, the maximum reasonable number of repeated potentials in the
azimuthal direction is set to n = 9, as a larger number will not increase the
drift distance. Another limitation to n is the maximum electric field F\,ax,
which is limited to around 70 kV/cm to 80kV/cm to avoid breakdown. The
peak to peak potential is limited to the depression potential ®q.;, due to axial
electric field components of the sweeping structure.

The positions of the beam electrons after the influence of the electric field can
be integrated in small time steps. The cross—sections of the electric potential
lines (black lines) and electron beams with ro/R = 0.4,0.5,0.6,0.7 and 0.8
are shown in Fig. 5.2 for n = 1,2, 4 and 8, while the azimuthal positions of a
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maximum radial drift to the in— and outside are indicated with red arrows. The
constant radial position of the electrodes R is critical for larger initial radii of
the electron beams with increasing factor n due to the reduced distance between
the electrodes and the electron beam. This point is addressed in the realistic
conceptual design presented at a later point of this section. The electric fields
are not varied over time in these calculations due to the condition of a large
period length 7" > 7. Over a larger time frame with periodic variation of the
electric field, the electric fields and the shape of the swept electron beam are
rotated along the center point in case of an infinite number of electrodes.

5.2 Model with Finite Number of Electrodes

A design for an electrical sweeping system with an unlimited number of elec-
trodes is not feasible for a realistic design approach. The number of electrodes
m is defined as m = pn where n is the number of periods and p is the finite
number of unique potentials, in contrast to the ideal model from the previous
section corresponding to p = oo in which the influence of n is shown. The
maximum electron drift in the cross—section of the electric sweeping system is
constant over time for p = oo as the maximum potential difference is always
2 ®(. The influence of a realistic finite value for p is discussed in this section
for even numbers to achieve an average electric potential in the cross—section
equal to zero. The electric potentials of the electrodes are defined with eq. 5.1

at the azimuthal center position of each electrode 7 (1, ..., m) which is at an
angle of
21 (1 1
(i) = — | - — - 5.6
=22 (2-1) 56)

The electric field between the electrodes is dependent on the size and shape
of the electrodes however, the absolute electric potential in the center between
two neighboring electrodes 7 and j at the radius R is less than or equal to the
absolute average value of both potentials or
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Figure 5.3: Normalized minimal electron drift distance over the number of unique potentials p

[108].
o007 < [ 200+ 200.1) 5
:% ‘(sin <n9(i)+27r;> + sin <n0(j)+27r;)>‘ (5.8)
= ®q cos (;) sin <7r (Z_;j —;>+27r;>’ 5.9)

The maximum possible absolute electric potential ®,,,,, over the period T" at
the center position between two neighboring electrodes results to

|Prax| < @g cos (W) (5.10)
P

The maximum electron drift in the cross—section of the electric sweeping sys-
tem over the period 7" is minimized when the electric potential at the center
position between two neighboring electrodes is maximized. The normalized
maximum possible electron drift at the azimuthal position between two elec-
trodes over the number of unique potentials is shown in Fig. 5.3. Tt is increased
with p and converges to 1 for p = oo, as expected with Eq. 5.10. The minimal
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5.3 Demonstration of the Concept

Figure 5.4: 3D-geometry of a collector with an ExB sweeping structure. The periodic factor is
set to n = 5 and the number unique potentials to p = 8 for a total of 40 electrodes
[108].

value of p to achieve an electron drift in the complete cross—section of the
sweeping system is four. The difference between the maximum and minimum
drift distance in a sweeping cycle is reduced to less than 10 % for p > 8. The
complexity of a realistic design approach for an electric field sweeping sys-
tem is significantly increased with more unique potentials due to the increased
number of vacuum feedthroughs for every potential. The number of required
power supplies is also increased with p.

5.3 Demonstration of the Concept

The conceptual design approach of the electric field sweeping system is opti-
mized for the KIT 2 MW 170 GHz coaxial-cavity gyrotron[33]. The nominal
depression potential of ®q., = —35kV as applied in a traditional SDC is
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used in simulations for the collector with an electric field sweeping system. A
3D geometry of a collector with an electric field sweeping system is shown in
Fig. 5.4. The electrodes for the electric field are axially placed at the entrance
of the collector due to the reduced magnetic field for an increased electron
drift. The radial center position of the electrodes is set to achieve a relative
outside beam radius of 0.85. The maximum possible amplitude of the sweep-
ing potential of @y = Pgep/2 = 17.5kV is applied without exceeding the
limit of the breakdown electric field due to the increased radial dimensions at
the collector entrance. The magnetic field of the gyrotron magnet is diverged
with increasing distance to the cavity along the axis and the radial dimension
of the electrodes in axial direction is adapted to the diverging electron beam
along the sweeping region. Additional constant current collector coils are used
to modify the magnetic field in the collector above the electric field sweeping
area to reduce the incident angle of the magnetic field lines with the collector
wall. The effectiveness of the electric field sweeping system and the electron
beam width at the collector wall are increased with a shallower incidence angle.
Currents of approximately 5 kA-t and 2 kA-t are applied to the lower and upper
coil, respectively. The inner radius of the cylindrical copper collector surface
is set to 200 mm with a length of 700 mm. The number of repeated potentials
is set to n = 5 to achieve an optimal average radial drift distance for the beam
electrons with the largest and smallest initial radial position. The number of
unique potentials is set to p = 8 for a compromise in a high minimal drift
distance and an acceptable complexity with a phase difference of 45°. In total,
40 electrodes are used for the electric field sweeping system. Each electrode is
built out of a metallic rod with circular cross—section with a radial dimension
of 2mm. The commercially available voltage feedthroughs are located in 45°
angles at the upper end of the Ex B drift region and are each connected to a
single rod. Each group of 5 rods is electrically and mechanically connected
with metallic rings to distribute the electric potential in the complete structure.
The E x B structure is embedded in two ceramic rings at the top and bottom
of the rods for mechanical support. The large insulator with flanges and both
coils are modular gyrotron components at [HM/KIT and could be used for a
concept prototype.

The magnetic field line of the electron beam center as well as the electron
beam thickness in 2D are shown in Fig. 5.5 for the SDC with and without an
applied electric field sweeping potential. The magnetic field in the collector
region above the electric field sweeping area is tuned to achieve a non—adiabatic
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Figure 5.5: Schematic stretched view of the cut plane of the collector with a factor of 1 over
2 for the y— and x—axis. Magnetic field lines of the electron beam center (black),
the electron beam thickness without sweeping (medium gray) and the electron beam
thickness with sweeping (light gray) [108].

transition of the electron beam for an increased beam thickness, although it
should be noted that a non—adiabatic transition of the electron beam without
sweeping is not sufficient for an acceptable power loading density at the collec-
tor wall. The intersection area of the electron beam with the collector wall is
significantly increased with the electric field sweeping system, which is shown
with the momentary and time—averaged power loading densities at the collec-
tor surface without considering space charge or secondary electron emission
as shown in Fig. 5.6 and 5.7, respectively. The power loading distributions
are only shown in a 72° segment due to the symmetry condition of n = 5.
The maximum momentary power loading density is reduced from 6 kW/cm?
to 4kW/cm? in comparison to a traditional SDC with 200 mm inner radius for
the KIT 2 MW 170 GHz coaxial-cavity gyrotron, which is a result of the shal-
lower incident angle between the electron beam and the collector wall as well
as the increased beam thickness due to the £ x B drift and the non—adiabatic
transition. The maximum power loading density of the time—averaged wall
loading is 600 W/cm?, compared to the maximum acceptable averaged power
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Figure 5.6: Momentary power loading at the cylindrical collector at a 72° segment due to the
symmetry of the periodic factor of n = 5 [108].

loading density of conventional CW collectors with magnetic field sweeping
is considered to 500 W/cm?. Additional work must be done to verify that
the increased heat flux is compatible with existing gyrotron collector cooling
concepts.

An azimuthal density non—uniformity of the electron beam is a result of the
azimuthal electron drift due to radial electric field components of the sweeping
structure. An additional electric field is generated inside the electron beam with
an azimuthal density non—uniformity with a similar shape to the electric field
of the electric field sweeping electrodes [55]. Additional radial and azimuthal
drift movements of the electrons will be observed when the space charge
effect is included in the simulations. The momentary power loading density at
the collector surface is slightly increased and shifted in phase in the positive
azimuthal direction when the space charge effect is considered. The influence
of the space charge is best visible in the angular power loading density shown in
Fig. 5.8. The most challenging part of the electric field sweeping system is the
Secondary Electron Emission (SEE). At the current state, a current is collected
at the sweeping structure when SEE is considered. Future work must focus on
the reduction of this current, as increased cooling of the sweeping structure,
more than already necessary due to stray radiation inside the gyrotron, will
increase the system complexity significantly.
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Figure 5.7: Time average power loading density as a combination of 20 individual momentary
time simulations at different phases of the sweeping system [108].
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Figure 5.8: Angular power loading density for a momentary time step with space charge, a mo-
mentary time step without space charge and the time average power loading without
space charge [108].

5.4 Effects of Increased Sweeping Frequency

The goal of the electric field sweeping system is an increased sweeping fre-
quency for a reduced temperature variation at the inner collector surface. A
reduced temperature variation correlates with an increased life expectancy of
the collector due to reduced cyclic fatigue. Heat transfer simulations are per-
formed for different sweeping frequencies. The power loading distribution of
the spent electron beam, as shown in Fig. 5.6, is applied to the inner collector
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Figure 5.9: Temperature variations at the inner collector wall for different sweeping frequencies
[108].

wall with a thickness of 10 mm to 20 mm. The outer collector wall is corru-
gated with 10 mm squared grooves to represent a HV cooling structure as used
in CW gyrotrons with heat transfer coefficients at the outside set to 23 kW/m’K
and around the groove to 8.5 kW/m?K [109] with an external temperature of
20 °C. The average temperature obtained at a sample point near the maximum
power loading is between 370 °C to 380 °C for all sweeping frequencies. How-
ever, the average temperature depends strongly on the heat transfer coefficient,
which is not well-defined for HV cooling. The temperature variation at the
sample point is only slightly dependent on the correct heat transfer coefficient.
The influence of the sweeping frequency on the temperature variations is much
stronger due to the slow heat transfer through the collector wall material, which
depends on the heat capacity and thermal conductivity of copper. Simulation
results of the temperature variations at a sample point for different sweeping
frequencies are shown in Fig. 5.9. The reduction in the temperature variation
for a sweeping frequency over 10 kHz with a similar power loading distribution
is very small. The temperature variation of the hottest point in a collector with
LMFS and a 10Hz triangular waveform in the sweeping coil usually ranges
from 150 K to 200 K within one sweep cycle [110]. The temperature variation
of a sample point in a collector with TMFS and 50 Hz sweeping should be
slightly above the 23.2 K observed for the electric field sweeping due to an
increased instantaneous power loading density.

It should be noted that the electric field in the cross—section of the Ex B
drift region is very similar to a transverse electric field mode with the form
TE,,1 in a circular waveguide. However, the outer boundary in the electric
field sweeping system is not an electrical conductor thus the electric field lines
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are not orthogonal to the outer boundary. In theory, it should be possible to
increase the electric field sweeping frequency until the cutoff frequency of the
TE, 1 mode is reached. The lowest cutoff frequency in the collector region with
200 mm inner radius for a TE,, ; is forn = 1 at439 MHz. The cutoff frequency
for the TE5 ; as used in the conceptual design is at 1.53 GHz. However, the
characteristic time 7 of the electrons in the electric field region must be taken
into account for such high sweeping frequencies.

5.5 Summary

A different approach of the ExB drift in gyrotron collectors is presented
with the novel electron beam sweeping system. The mechanism, based on the
periodic variation of an electric field instead of a magnetic field, is presented
and analyzed. A conceptual design for a 2 MW 170 GHz CW fusion gyrotron
is presented as an example for this new type of electron beam sweeping system.
A strong Ex B drift is achieved in the radial direction to alternate the axial
position where the electron beam impinges the collector wall. To further
amplify the sweeping effect, the static magnetic field in the collector region is
optimized.

The sweeping frequency can be significantly increased for the variation of the
electric field, as it is not limited by eddy currents which attenuate the magnetic
field inside a collector with traditional magnetic field sweeping. The 2 magnetic
field sweeping systems are limited to sweeping frequencies of 10 Hz up to 50 Hz
which should result in temperature variations at the inner collector wall of 23 K
up to 73 K during a single sweeping cycle in a collector with an inner radius of
200 mm. With the increased sweeping frequency of the electric field sweeping,
the temperature variation at the inner collector wall is significantly reduced and
nearly eliminated for sweeping frequencies above 10 kHz. The lifetime of the
collector can be significantly increased with the decreased cyclic fatigue with
is caused by the periodic temperature variation.

143






6 Conclusion

In this work, the development, optimization and fabrication of the first SP
MDC prototype for a MW-class high-power gyrotron is performed. At first, the
requirements on the experimental equipment are discussed, which is followed
by the identification of the most preferred MDC design concept. This design
concept is further developed into a balanced prototype design which is focused
on simplicity and manufacturability while maintaining compact dimensions
and a promising electrical performance.

The developed SP MDC prototype represents a significant advance in an opti-
mized electromagnetic configuration, simplified thermal management, a modu-
lar mechanical design, and operational versatility. The magnetic configuration
of the SP MDC prototype is optimized to include only 3 dedicated collector
coils for a constant beam radius in the ExB drift region of 98 mm. The
electrode configuration, which is the key factor for the required electric field,
is based on a hollow cylindrical design and a systematic investigation of the
electrode geometry. These two elements are critical for an optimized ExB
drift and efficient electron beam collection, minimizing power losses in the col-
lector and limiting the reflected current. A high collector efficiency of 78.8 %
is achieved with a minor reflected current at around 50 mA.

The thermal management for SP operation is considered, due to the limitation
of the prototype, differently to traditional SP SDCs. It bases on the simplified
mechanical design with electrodes enclosed in a vacuum housing. This is done
as without the interface between the electrodes to the surroundings, the trans-
port of the generated heat is not guaranteed. The mechanical design of the SP
MDC prototype emphasizes modularity and ease of assembly, while maintain-
ing compact dimensions with a length of less than 1.2 m and an outer radius
of 235 mm without the additional coils. This approach not only facilitates
prototyping and testing but also paves the way for upgrading of components,
which is crucial for maintaining the long-term functionality of the prototype as
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a toolkit for experimental MDC verification. The various mechanical compo-
nents are described in detail, including their materials, fabrication processes,
and assembly techniques. The operational versatility of the SP MDC prototype
is theoretically investigated with different gyrotron configurations, proving its
robustness across various operational scenarios. The prototype’s ability to
function effectively under different conditions ensures that it can be integrated
into a wide range of systems, making it a versatile and robust solution.

The insights gained from the SP MDC prototype lay a solid foundation for the
major and most critical step of development: transitioning to CW operation. In
this work, it is indicated that the principles and design strategies applied in the
SP prototype can be effectively scaled to CW operation, promising significant
efficiency gains and power savings in long-duration applications. The CW
MDC requires an up-scaled version of the SP prototype electrodes to handle CW
power loads by decreased power loading densities. This includes larger radial
and axial dimensions, as well as an optimized voltage operation point of the
collector and an electron beam sweeping. Implementation of effective electron
beam sweeping methods is crucial for managing thermal loads and preventing
localized overheating by staying within the current technical limit of 500 W/cm?
for the heat load. Two different techniques for electron beam sweeping are
explored for the CW MDC, including longitudinal magnetic field sweeping
and variation of the depression potentials to distribute the electron beam across
the collector surface. Detailed analyses of the mechanical deformation under
thermal load that the collector will be subjected to during CW operation are
investigated during the CW MDC optimization. An outlook is provided in this
work for the design modifications needed to accommodate these stresses. The
novel idea of electron beam sweeping with electric fields is further expanded
to a possible design concept for implementation in an SDC to reduce the
temperature variations and thus thermal stresses.

In conclusion, the research presented in this work marks a significant step
forward in the development of efficient, high-power gyrotrons. The successful
prototyping and testing of the SP MDC will demonstrate the feasibility and
benefits of advanced collector designs. The transition to CW operation holds
the promise of even greater power gains in long-duration operation. The
continued evolution of MDC technology, driven by ongoing research, will play
a pivotal role in meeting the growing demands for high-power microwave and
millimeter-wave technologies in scientific, industrial, and energy applications.
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