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Foreword of the Editor

Nuclear fusion is considered as a possible option for generating sustainable,
safe, CO,-free, baseload energy in the future. The magnetically confined fusion
requires auxiliary heating, in order to reach and sustain a high plasma tempera-
ture. The toroidal plasma current, which is indispensable in a tokamak reactor,
can be driven non-inductively by external sources for a continuous operation
of the tokamak. The heating and current drive of the plasma can take place
at the electron cyclotron resonance with high-power microwaves. In addition,
the electron cyclotron resonance heating and current drive (ECRH & CD) is
the only known system today, that is able to stabilize a very localized plasma.
Based on that, the DEMOnstration fusion power plant (DEMO) will need an
ECRH & CD system delivering at least 50 MW of microwave power at frequen-
cies up to 240 GHz. Hence, the final plug-in efficiency of that ECRH & CD
system is vital for the fusion power gain. Gyrotrons are the only known micro-
wave sources that are capable of efficiently generating continuous-wave (CW)
power at multi-megawatt levels. As the gyrotron is the RF source, its efficiency
dominates the total efficiency of the ECRH & CD system. Today, the achievable
efficiency of a fusion gyrotron is approximately 50 % as known from ITER. To
achieve a sufficient power gain for DEMO, the gyrotron efficiency will have to
be increased to significantly higher than 60 %.

Recuperation of the energy of the spent electrons is the method of choice to in-
crease the efficiency of any vacuum tube. Today’s gyrotrons employ a single-stage
depressed collector. A multistage depressed collector (MDC) would increase
the overall efficiency significantly. Today, MDCs are widely used in traveling-
wave tubes (TWT). However, the TWT MDC principle does not work for
high-frequency gyrotrons, mainly due to the high magnetic field enclosed in
the gyrotron hollow electron beam and the spread of the kinetic energy of the
electrons after the interaction with the RF wave. Hence, it is non-trivial to find an
appropriate MDC concept for gyrotrons. To approach the first gyrotron MDC
in the world, a series of innovations are required.



Foreword of the Editor

For the first time, this work provides a systematical classification of possible
MDC concepts for gyrotrons and includes a comprehensive study on all these
concepts. It shows that an MDC, that is using axisymmetric E- and B-fields,
is not appropriate for fusion gyrotrons. In opposite to that, this present work
demonstrates different concepts of MDCs with non-axisymmetric E- and B-fields
that will fulfil the requirements of an MDC for DEMO gyrotrons. In this frame,
Chuanren Wu presents a systematical investigation on the possibilities to create
and to use the ExB drift in gyrotron collectors. The most appropriate MDC
type for DEMO gyrotrons and the basic ideas for the mechanical realization of
a gyrotron ExB MDC are proposed for the first time.
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Zusammenfassung

Die auf magnetischem Einschluss basierende Kernfusion stellt eine vielver-
sprechende Methode zur nachhaltigen, emissionsfreien Energiegewinnung dar.
Die Elektron-Zyklotron-Resonanz-Heizung (ECRH) und der entsprechende
nicht-induktive Stromtrieb (ECCD) koppeln die Leistung einer hochfrequenten
(HF) elektromagnetischen Welle in eine gezielte Position im Fusionsplasma
ein, um das Plasma zu heizen und zu stabilisieren. Fiir das EC-System eines
Demonstrationskraftwerks (DEMO) ist eine Ausgangsleistung von mindestens
50 MW geplant. Aulerdem kann durch ECCD Plasmastrom getrieben werden.
Soll der gesamte DEMO-Plasmastrom durch ECCD getrieben werden, wird
eine HF-Leistung von deutlich mehr als 100 MW ben6étigt. Um einen Netto-
Leistungsgewinn des Kraftwerks zu demonstrieren, ist die elektrische Eingangs-
leistung des Plasmaheizungs- und Stromtriebsystems fiir die Leistungsbilanz
kritisch. Das Gyrotron ist die HF-Quelle fiir ECRH und ECCD. Der Wirkungs-
grad eines Gyrotrons ist daher wesentlich fiir DEMO. Unter Beriicksichtigung
der Verluste im HF-Ubertragungs-System, sowie in den anderen Komponenten
des EC-Systems, sollte die Effizienz eines Gyrotrons deutlich hoher als 60 % sein,
um einen 60-prozentigen Wirkungsgrad des DEMO-EC-Systems zu erreichen.

Heutzutage werden in Gyrotrons einstufige Kollektoren mit Gegenspannung
zur Energiertickgewinnung (,Depressed Collector) eingesetzt. Ein modernes
Gyrotron dieser Art hat einen gesamten Wirkungsgrad von circa 50 %. Um den
Wirkungsgrad noch deutlich zu erh6hen, benétigt man Kollektoren mit mehr-
stufiger Energieriickgewinnung (sogenannte MDCs). Entsprechend besitzen
diese Kollektoren mehrstufige Steigerungen der Gegenspannung, um mehr ki-
netische Energien aus den Elektronen zuriickzugewinnen. MDCs werden seit
vielen Jahren erfolgreich in Wanderfeldréhren eingesetzt. Jedoch ist es bis heute
nicht gelungen, einen mehrstufigen Kollektor fiir Gyrotrons zu testen. Allerdings
hat es bereits intensive Bemithungen gegeben, so kénnen einige Entwiirfe fiir
MDC:s in der Literatur gefunden werden. Die grofite Herausforderung fiir einen
mehrstufigen Kollektor besteht darin, dass die Elektronen im Gyrotronkollektor
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Zusammenfassung

immer noch durch ein starkes Magnetfeld gefithrt werden. Dies bedeutet, dass
der gesamte Hohlstrahl einen hohen magnetischen Fluss umschliefit. Die zweite
Herausforderung besteht darin, dass die Elektronen nach der Wechselwirkung
eine grofle Streuung der kinetischen Energien besitzen. Daher ist es nicht mog-
lich, das Prinzip des mehrstufigen Kollektors fiir eine Wanderfeldréhre auf das
Gyrotron zu {ibertragen. Aufgrund des hohen magnetischen Flusses wiirde dies
unmittelbar zu einer unrealistisch grofien Kollektorgeometrie fithren. Genau
dies zeichnet alle bisher bekannten Entwiirfe von MDCs fiir Gyrotrons aus.
Infolgedessen sollen neuartige Konzepte untersucht werden, die auf alternativen
physikalischen Prinzipien basieren.

Das vorrangige Ziel dieser Arbeit ist die systematische Untersuchung physikali-
scher Prinzipien fiir mehrstufige Kollektoren fiir Gyrotrons. Dabei zeigt sich,
dass diese in zwei Klassen unterteilt werden kénnen. Die erste Klasse beinhaltet
diejenigen Kollektoren, fiir die das elektrische Potential und das magnetische
Vektorpotential axialsymmetrisch sind. Die zweite Klasse enthélt diejenigen
Kollektorarten, bei denen die Elektronen anhand der sogenannten ExB Drift
sortiert werden.

Alle aus der Literatur bekannten Entwiirfe gehoren zur ersten Klasse von MDCs.
Wie bereits erwdhnt, sind diese Entwiirfe ungeeignet fiir Gyrotrons, die bei
hohen Frequenzen, also bei entsprechend hohen magnetischen Feldern betrie-
ben werden. Beziiglich MDCs mit axialsymmetrischen Feldern konzentriert sich
diese Arbeit daher auf einen spezifischen nicht-adiabatischen Ubergang des Ma-
gnetfelds im Kollektor. Die Elektronen werden entsprechend ihrer kinetischen
Energie den verschiedenen Kollektorstufen zugeordnet. Dabei ist die Anderung
des axialen Magnetfelds mehr nicht-adiabatisch als in allen bisher bekannten
Entwiirfen. Dies fiihrt dazu, dass der in dieser Arbeit vorgeschlagene axialsym-
metrische Kollektorentwurf zum ersten Mal eine realisierbare geometrische
Grof8e haben kann. Allerdings besitzt auch dieses Konzept Einschrankungen.
Sie werden in dieser Arbeit mittels realistischer 3D PIC- sowie Laufbahnsi-
mulationen demonstriert. Ein zweistufiger axialsymmetrischer Kollektor wird
hochstwahrscheinlich das Ziel eines Gesamtwirkungsgrads von 60 % fiir das
Gyrotron nicht erreichen. Eine Erweiterung zu mehr als zwei Kollektorstufen ist
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Zusammenfassung

ebenfalls unrealistisch. Der Grund dafiir ist die Erhaltung des Impulsmoments,
so dass die Elektronenlaufbahnen nach diesem Konzept nicht trennbar sind.

Die zweite Klasse von MDCs, die auf nicht-axialsymmetrischen elektrischen und
magnetischen Feldern beruht und das Prinzip der ExB Drift fiir die Sortierung
der Elektronen nutzt, kann dagegen die Elektronen, deren kinetische Energie zu
unterschiedlichen Energieintervallen gehoren, eindeutig trennen. Obwohl die
ExB Dirift allgemein einfach verstandlich ist, ist die Umsetzung dieses Prinzips
nicht selbsterkldrend. Realistische Moglichkeiten zur Umsetzung in Gyrotrons
existieren nach dem Wissen des Autors nicht. In dieser Arbeit werden deshalb
vier bisher unbekannte und daher innovative Entwiirfe vorgestellt. Die jewei-
ligen Vor- und Nachteile werden anhand realistischer Simulationen diskutiert.
Ein erfolgversprechender Entwurf zeichnet sich dabei nicht nur durch hohen
Wirkungsgrad aus, sondern es wird ebenfalls eine geniigende Unempfindlichkeit
gegentiber Storfeldern bzw. mechanischem Versatz erwartet. AufSerdem weist ein
derartiger Entwurf die niedrigsten Anforderungen an die notwendigen Kollektor-
spulen auf und ist ausreichend kompakt gebaut. Eine Idee fiir die mechanische
Implementierung wird zum ersten Mal in dieser Arbeit préasentiert.






Abstract

The Electron Cyclotron Resonance Heating and Current Drive (ECRH and
ECCD) system can deposit the Radio-Frequency (RF) heating power at localized
positions desired by the nuclear fusion plasma. For the DEMOnstration fusion
power plant, an ECRH power of 50 MW is planned. If the DEMO plasma current
should be driven by ECCD, an RF power of higher than 100 MW is expected
due to the large DEMO plasma volume. In order to demonstrate a net power
gain of the DEMO plant, the input power consumed in the heating and current
drive is critical. Gyrotron is the RF source of the ECRH and ECCD system. The
efficiency of a gyrotron is therefore vital for the DEMO power plant. Taking
into account the losses in the RF transmission as well as other parts of the EC
system, a gyrotron should have an efficiency of significantly higher than 60 %, in
order to achieve an EC system efficiency of 60 % for DEMO.

Nowadays the gyrotrons with single-stage depressed collectors have approxi-
mately a total efficiency of 50 %. In order to significantly raise that efficiency, a
Multistage Depressed Collector (MDC) should be applied. MDCs have been
successfully applied in Traveling-Wave-Tubes (TWTs). However, no MDC for
gyrotrons exists in the world. There were a few researches and design proposals
of gyrotron MDCs prior to this work, but none of them has been successfully
operated. The main challenge of a gyrotron MDC comes from the moderate
magnetic field in the gyrotron collector region and the high magnetic flux en-
closed in the annular spent electron beam, which has a broad kinetic energy
distribution. Adapting the MDC concepts from TWTs requires an additional
huge volume in order to scale down the magnetic flux density in the collector
of a gyrotron. That is unpractical. The conventional gyrotron MDC proposals
in the existing researches will also have the same issue for a high-frequency
gyrotron. Hence, new MDC concepts based on other physical principles should
be investigated, which will be more applicable in the fusion gyrotrons.
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Abstract

This work presents a systematic investigation on two possible fundamentally
different MDC types for gyrotrons: in the first type, the electric potential and the
magnetic vector potential are axisymmetric, while the other non-axisymmetric
type makes use of the ExB drift to sort electrons according to their kinetic energy.

The conventional proposals in the previous researches belong to the axisym-
metric type. As mentioned before, those design proposals were not practical to
be up-scaled for high-frequency (high magnetic flux) gyrotrons. A new variant
of axisymmetric MDC will be conceptually designed and investigated in this
work. This new concept requires a special non-adiabatic transition of magnetic
field to sort the local phases of the electron cyclotron motions. The magnetic
field is much more non-adiabatic than in the existing proposals. Therefore, the
expected size of such a collector is smaller than the one up-scaled from the
existing proposals. The limitations of this new axisymmetric MDC proposal
will be demonstrated with simulations. A two-stage axisymmetric collector may
not achieve the goal of a 60 % total gyrotron efficiency, while upgrading to more
than two stages for a higher efficiency is especially challenging, because there
is no separation of electron orbits due to the conservation of canonical angular
momentum.

The MDC type based on the ExB drift has a distinct sorting mechanism, where
the electrons belonging to different energy intervals can be totally separated.
Therefore, it is considered to be more advantageous than its axisymmetric coun-
terpart. Although the physical principle is straightforward, the conversion of
the physical principle to a conceptual collector design is non-trivial and was not
explored prior to this work. In the presented work, four innovative designs will
be proposed. Their advantages and disadvantages will be discussed based on the
systematic investigations. The most promising design is expected to be efficient,
insensitive to the operation environment, can be built under a reasonable con-
straint of size, and has a low requirement on additional electromagnetic coils. A
mechanical design proposal of that will be presented at the end of this work.

The finally proposed MDC design is the most promising one among all gyrotron
MDC proposals up to now. The principle and concept should be experimentally
verified in the next step for the future DEMO gyrotrons.
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1 Introduction

1.1 Motivation

Gyrotrons are high-power microwave sources delivering Radio Frequency (RF)
powers at megawatt (MW ) level and at Continuous-Waves (CW). The possible
operating frequency starts at around 30 GHz and ranges up to the terahertz
(THz) frequency range.

High-power fusion gyrotrons are the only RF sources capable to deliver the re-
quired RF output power for the Electron Cyclotron Resonance Heating (ECRH)
and Current Drive (ECCD) [1] in today’s fusion experiments, e.g. Wendelstein
7-X (W7-X) stellarator [2], ITER tokamak [3] as well as in a future DEMOn-
stration fusion power plant. It is expected that DEMO will require a minimum
injecting power of 50 MW for its ECRH and ECCD, hence it will require the
simultaneous operation of numerous gyrotrons, each of which has to efficiently
deliver an RF output power of higher than 1 MW at frequencies around or even
above 200 GHz.

The fusion energy gain factor (often expressed as Q-factor [4]) depends directly
on the efficiency of the plasma heating system. For the ECRH and ECCD
systems, the efficiency is determined by the gyrotron efficiency. ITER is asking for
a gyrotron overall (total) efficiency of 1,,,,; & 50 %. That will not be sufficient
for the DEMO EC system of a 50 MW RF output power. Even an improvement
of a1 from 50 % to 63 % would save 20 MW input electricity. Therefore, to
meet the requirement of the future DEMO power plant, gyrotrons should have
an overall efficiency which will be significantly higher than 60 %.

In order to improve the overall efficiency of a gyrotron, in the first place, the
energy transfer (interaction) between the electron beam and the RF has to be
optimized. But the increase of the interaction efficiency is very limited (e.g. an
absolute increase of 3.2 % is shown in [5]). The gyrotron overall efficiency can
be tens of percent points higher, if the energy recuperation mechanism at the
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collector (the collector has a so-called collector efficiency 7)) is able to regain
more energy in the spent electron beam than with today’s technology.

Today, only Single-stage Depressed Collectors (SDC) are used in gyrotron opera-
tions. However, applying an SDC and considering a typical interaction efficiency
between 30 % and 35 % will limit the gyrotron overall efficiency below 60 %. The
strong magnetic field in gyrotron collector causes the application of Multistage
Depressed Collector (MDC) concepts to be challenging. All kind of existing
research towards an effective MDC concept [6-12] could not be successfully
validated until today. Hence, the investigation of advanced MDC concepts is
the target of this work.

To find an effective MDC concept, a systematic study of all kinds of theoretical
possibilities is performed. The two fundamental types of MDC concepts includ-
ing their variants are systematically investigated. They are assessed according
to a certain set of criteria. The most promising MDC design approach is pro-
posed during this work [13-15]. This design can achieve the expected efficiency,
while further optimizations allow it to be even several times compacter than
the others. The mechanical design and assembling steps are given at the end
of this monograph. With this MDC proposal, a gyrotron overall efficiency of
above 60 % will be hoped for.

1.2 Gyrotrons for Nuclear Fusion

1.2.1 Principle of Nuclear Fusion

Nuclear fusion is a reaction in which two or more atomic nuclei form one or more
different nuclei and subatomic particles. For example, the fusion of deuterium
(D) and tritium (T) produces one neutron (n) and one non-radioactive helium:

D + JT — jHe (3.5MeV) + !n (14.1MeV) . (1.1)

The total rest mass of the matters decreases, while the reduction of the mass
releases a large amount of energy. This new kind of energy source is very promis-
ing for the future, since fusion power plants will be capable of providing the
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grid base-load without polluting the environment nor causing global warming.
A base-load power plant should be sufficiently efficient. This should also be
shown in the first DEMOnstration fusion plant.

In order to activate fusion reactions, the positively charged nuclei should be
brought so close, that the attractive nuclear force could be higher than the
repulsive Coulomb force. However, it is not trivial to do that. One criterion is the
temperature, which has to be at the order of 10 to 100 keV (~ 108 to 10° K) [16]. At
this energy, atoms cannot be formed, such that nuclei and unbounded electrons
are in a plasma. An energy break-even for the D-T fusion has to fulfill the
criterion [16, 17]

n,Tt>3x 102! m~>keVs , (1.2)

where n, and T are the ion density and temperature in the plasma, and 7 is the
energy confinement time. There are two approaches to achieve this break-even
criterion. The first approach is called inertial confinement, where compressed
pellets are heated by lasers and further compressed by the counterforce of explo-
sions. The other approach is the magnetic confinement, where plasma species
rotates around magnetic field lines. Tokamak and stellarator are the typical

devices for the magnetically confined fusion.

The magnetically confined plasma should be heated to such a high temperature,
that the nuclei in their random encounters would have enough kinetic energy
to overcome the repulsion force. Heating the plasma to that temperature takes
considerable energy. Highly efficient generation of this heating energy is a big
challenge, which has to be solved for the DEMO power plant. As the ohmic
heating is ineffective for the fusion plasma due to its low resistance at high plasma
temperature, the heating power is injected either by the Neutral Beam (NB)
or the RF heating system.

As one of the RF heating systems, the ECRH is successfully used as the main
heating method in the Wy—X stellarator. On the other hand, ECCD can drive
the plasma current in a tokamak. In addition to the plasma heating and current
drive, the EC system is able to deposit megawatts of power inside a localized
volume. Therefore, it has been successfully applied in the stability control for
the plasma breakdown, saw-teeth and neoclassic tearing modes [18]. The ECRH
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and ECCD are based on the electron cyclotron resonance in the magnetic field.
Electrons rotate in a (locally homogeneous) magnetic field with the so-called
electron cyclotron frequency

Je

_®W._eB  B-28 GHz
2r 2mym, ~ y T

(1.3)

where B is the magnetic flux density, e is the elementary charge, m, is the rest
mass of an electron and

Y= (1 - vz/cz)_% (1.4)

is the Lorentz factor [19]. In eq. (1.4), v is the speed of the electron and c is the
speed of light in vacuum. Depending on the magnetic field and the y of electrons
(as well as a Doppler shift of the resonance frequency) at the target position, one
can determine the required RF frequencies for ECRH and ECCD. For instance,
the EC system of W7-X stellarator are operating at 140 GHz, the ITER tokamak
requires a frequency of 170 GHz, while for the future DEMO fusion power plant,
frequencies up to 240 GHz are foreseen [20].

The RF power is transmitted via either a Quasi-Optical (QO) system (e.g. W7-X)
or transmission lines (e.g. ASDEX Upgrade [21]) to the plasma. Figure 1.1 shows
the schematic of a general EC system for ITER using transmission lines (TL).
The quasi-optical output RF beam from gyrotron is converted to a hybrid mode
(HE,,) by the Matching Optics Unit (MOU) then fed to the TL. The TLs are
evacuated corrugated waveguides such that the hybrid mode can propagate.
Along TLs there are miter bends which turns the RF propagation direction, and
polarizers which rotates the beam polarization. On the tokamak side of the TL
there is a window (so-called torus window) separating the vacuum inside the
TL and the tokamak. The RF beam is finally injected into the plasma through
the EC launcher.

Technically, one can improve the efficiency of the total EC system by optimizing
the efficiency of the RF generation and transmission. Increasing the EC efficiency
by 10 % would save approximately 20 MW of input power for a 50 MW EC
system like in DEMO, which would save millions of Euros each year for the
cost of electricity, relax the cooling system and also reduce the total power
supply costs [23].
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Fig. 1.1: Schematic of a general EC system for ITER [22]

The EC transmission system usually has an efficiency of 90 % to 92 % [22],
whereas the gyrotrons using SDCs have approximately 50 % overall efficiency.
Hence, a large margin in the efficiency of an EC system can be filled up by
increasing the efficiency of the individual gyrotrons.

1.2.2 Fundamentals of Fusion Gyrotrons

The gyrotron converts the kinetic energy involved in the electron transverse
gyration to the RF field. In gyrotron, electrons rotate in a magnetic field with a
frequency given by eq. (1.3). If the magnetic flux density B is locally constant
and homogeneous, the cyclotron frequency w, is constant in a non-relativistic
scenario. However, if the Lorentz factor y is taken into account, w_ should
depend on the Lorentz factor, which depends indirectly on the kinetic energy
of a special electron. High-energetic electrons have high y, thus low w_, while
low-energetic electrons have low y and high w..

The gyration radius (so-called Larmor radius ry) is

Vi

r, = w_ , (15)
c
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where v, is the transverse velocity of the particle (electron). Another parameter
related to the cyclotron motion is the pitch factor a,,, which is defined as

o, = N , (1.6)

Vi

where v is the longitudinal velocity of the particle. For example, a, is larger
than 1.2 in the cavity (where the interaction takes place) of the 170 GHz 1 MW
gyrotron [24] and approximately 1.3 in the 170 GHz 2 MW coaxial cavity gyro-
tron [25].

Any RF wave propagating in a (cylindrical) waveguide can be decomposed to
a series of Transverse Electric (TE) and Transverse Magnetic (TM) modes. In
a TE-mode, the electric field only has transverse components. This transverse
RF electric field can accelerate or decelerate electrons transversely, while the
influence of the RF magnetic field on the electrons is negligible in TE-modes.
It follows an energy exchange (interaction) between RF field and the electron
gyration motion. Considering an ideal initial electron beam, where all electrons
have the same kinetic energy, while the same portion of the total energy are in
the transverse motion of each electron; those electrons which gained energy
from the RF field become faster and “heavier”, therefore, they have larger r; and
smaller w_ (lagging in the gyration phase); whereas electrons who transferred
energy to the RF field have higher w_ (coming up in the gyration phase) and
smaller 7. In this way, electrons are gradually bunched. If the RF field and the
electron gyration have the same frequency, there will be no net energy exchange.
If the angular frequency of RF field is slightly higher than the initial w_, the
electrons are gradually decelerated by the electric field. As the velocity v, (and y)
is decreasing, the gyration frequency becomes higher. In this case there is a net
energy transfer from the electrons to the RF field. This interaction takes place in
the gyrotron cavity. The cavity has a series of resonant modes, each of which
has a different eigen frequency. In the operation, the desired mode is selected by
accurately placing the electron beam on the appropriate global radius.

Figure 1.2 shows the schematic of a gyrotron with a conventional hollow cavity.
The gyrotron main Super-Conducting (SC) magnet creates a strong magnetic
field (e.g. higher than 6 T in the 170 GHz 1 MW gyrotrons) to achieve the desired
EC frequency w,.
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Electrons are emitted by the emitter ring. They form an annular electron beam.
The cross section of the annular electron beam is shown in fig. 1.3. In fusion
gyrotrons, the Larmor radius 7; is much smaller than the radius of any electron
guiding center r,.. Therefore, this electron beam is called a small-orbit beam.
The emitted electrons are accelerated by a voltage in tens of kV (e.g. up to 80kV
in the 170 GHz 1 MW gyrotron [26]), to achieve the target y and transverse
velocity v,. More than half of their kinetic energy will be in the transverse
gyration when they reach the cavity. The electron trajectories follow magnetic
field lines (to be accurate, they follow the magnetic flux surfaces). On the path
to the gyrotron cavity, the orbits and guiding center radii of the electrons are
compressed as the magnetic field becomes higher, due to the conservation of
magnetic moment and canonical angular momentum, respectively (see later in
section 1.3.1). The cavity is located at the maximum of the magnetic field, where
the local magnetic field varies only slightly. In the cavity, the electron beam
transfers energy to the RF field as described in the previous paragraph.

Next to the cavity, the quasi-optical launcher converts the TE-mode to a quasi-
optical mode, then the quasi-optical RF beam is output horizontally through the
RF window, as shown in fig. 1.2. On the other hand, the spent electron beam
leaves the cavity and enters the region of a decaying magnetic field.

Fig. 1.3: Cross section of the annular electron beam in a small-orbit gyrotron
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Even in the decaying magnetic field, the electron beam still follows the magnetic
field lines. The beam cross section keeps the small-orbit shape as qualitatively
shown in fig. 1.3. However, the electron guiding center radii and the beam
thickness are expanded in the decaying field. The spent beam electrons are
collected at the collector eventually. The remained kinetic energy of electrons
is converted to heat and unwanted electromagnetic waves (including X-rays),
or carried out by the emitted secondary electrons.

1.2.3 Theoretical Estimation of the Gyrotron Efficiency

The overall efficiency of a gyrotron is the ratio between the output power of
the quasi-optical RF beam and the total DC input power. It is determined by
the efficiencies of three sub-systems.

In the interaction, most electrons donate their kinetic energy of the cyclotron
motion partly to the RF field. There is still a significant energy remained in the
cyclotron motion. Moreover, the energy in the electron longitudinal motion
is untouched. These correspond to a remained beam power of higher than
2 MW in the case of the 170 GHz 1 MW gyrotron. Besides, there can be a small
amount of electrons, which gain energy from the RF field, because they did not
enter the field in proper phases. The interaction efficiency (also called electron
efficiency) 7, is the ratio between the generated RF power and the power of the
accelerated electron beam. Fusion gyrotrons have a typical interaction efficiency
between 30 % and 35 % [27].

The RF efficiency 7y is the ratio between the output RF power and the generated
one. The assumption of 7z = 90 % (can be found e.g. in [s5, 28]) includes
different kinds of RF losses of the quasi-optical launcher, mirrors and the window.

When the spent electron beam is collected at the collector, the energy carried
by the electrons is considered as loss in the electric circuit. With the technique
explained in section 1.4.1, a part of the spent beam energy can be recuperated.
The collector efficiency

rec
Neol = 5 (17)
© Pbeam
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is the ratio between the recuperated (recovered) electronic energy (P,..) and the
energy of spent electron beam (P, ,,,). It is zero, if no recuperation is applied.

Nowadays gyrotrons can have 7., up to 60 % using SDCs.

Generated RE
RF power —» Output RF power

Power Ofthe PaCC 77inl Poutput = Pacc nint 77RF

accelerated

electron beam . .
Power in the spent  "col
p
ace electron beam ——> Recovered beam power

Pbeam = Pacc (1 - nim) Prec = Pacc(1 - nint) 77(:01

Fig. 1.4: Relation between power and efficiencies in a gyrotron

The relation between powers and efficiencies in a gyrotron is presented in fig. 1.4.
The expression of the overall gyrotron efficiency

Poutput _ Nint "IRF (1.8)

acc Prec 1- (1 - nint) Mol

is derived from that diagram. Equation (1.8) is visualized in fig. 1.5a. Increasing
any of the three efficiencies will raise the gyrotron total efficiency. The interaction
efficiency could be further increased up to 43 % when the gyrotron works in
a “hard-self-excitation” region [5]. However, there is only little margin for the
increment of the interaction efficiency, whereas the collector efficiency can
be improved by tens of percent points with advanced multistage collectors.
Furthermore, the first and second derivative of 7., to 7

Mtotal = P

0 otal (1_ in) in
thlanF[ Mint) Mint >0, (1.92)

2
1- (1 - ﬂint) ﬂcol]

azrltotal =7 2 (]' - 7’]int)z Mint
— 'IRF
anCOIZ [l -(1- 7’}int) 77(:01]3

are both positive. The positive derivatives mean that as 7 increases, it will
have a higher contribution to the gyrotron total efficiency. This is shown in
fig. 1.5b. With a relatively low 7, e.g. on the white curve labeled with 1 : 2,
increasing 2 % of 7, (absolutely) will cause 7 to be increased by only 1 %

>0, (1.9b)

10
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(absolutely); whereas with a higher 7, like on the red “1 : 1”7 curve, 1%
increment of 7_; corresponds to 1 % increment of 7., In the extreme case,

if there would be a collector with 1., = 100 %, it would totally compensate
the lack of interaction efficiency.
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(a) Visualization of eq. (1.8)
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(b) Visualization of eq. (1.92)

Fig. 1.5: Relation of 7, 701 and 740101 fOr g = 90 %
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Additionally, it can be read from fig. 1.5a that to achieve the goal of 7,,,,; > 60 %
(assuming 7,,, = 35 %), 7]..; has to be greater than 74 %. Such a high #_; exceeds
the capability of the existing gyrotron collectors. Thus, the goal of this work is
to deliver an advanced collector concept, which is capable to have an 7 higher
than 74 %. None of the existing collector proposals for gyrotrons could even
theoretically achieve this high efficiency.

1.3 Basic Physical Principles

1.3.1 Electron Motion in Electrostatic
and Magnetostatic Fields

Lorentz Force and ExB Drift
The Lorentz force
F =qg(E+vxB) (1.10)

arises from the space-time averaged forces acting on material charges and cur-
rent [29]. Equations of the electron motion in gyrotrons can be derived from the
Lorentz force. There are three important phenomena from the motion equations:
ExB drift, adiabatic invariant and Busch’s theorem. They are the basics for the
gyrotron collector design and thus will be introduced in this section.

Equation (1.10) can be decomposed to the projection on the direction of B and
the one perpendicular to the B-field. The electric field component E parallel
to B causes a force of straight acceleration or deceleration

1
-F, =E, (1.11)
q

whereas the force on the plane perpendicular to B is
lFl=El+vL><B. (1.12)
q

Let v, be the sum of two velocities v, and v;:

v, =v.+vy, (1.13)

12
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then eq. (1.12) can be written as
1
aFlvaXB+(El+vdXB)' (1.14)

It will be shown in this section that v, is the linear velocity of the electron
cyclotron motion, while the Ansatz of the drift velocity v, is

ExB
ve= (1.15)
Substituting eq. (1.15) into the parenthesis of eq. (1.14), one gets
ExB)xB E, xB)xB
El+vde=El+ﬂ—E +¥=0. (1.16)

B2 ot B2
Equation (1.16) vanishes since these two cross products actually mean that the
E, vector is rotated around B by 90°, twice, which cancels the former E | term.

As (E| + v4 x B) vanishes, eq. (1.14) becomes
1
—F =v.xB. (1.17)
q

This is the periodic cyclotron motion perpendicular to the magnetic field. It
has the Larmor radius
mv,

C
_ ) 18
"L qB (1.18)

Equation (1.15) is the so-called ExB drift. The drift velocity v is independent
of the mass and (even the direction of) the velocity v of a particle. This is
an important phenomenon for the design of advanced collectors and will be
applied in chapter 3.

Adiabatic Invariant

According to classical mechanics, if there is a periodic motion, the action

9§pds

13
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is constant under certain circumstances, where p is a momentum and ds is a piece
of motion path in the projected plane of the periodic motion. This constant
action is called adiabatic invariant.

There are three adiabatic invariants for free electron motions. The most impor-
tant one for the collector design is the conservation of the magnetic moment.
The integral of the angular momentum is

95pds= 9vac r,dOp =2mr mv, =4n%pmm , (1.19)
where X
b = 32 (1.20)

is the magnetic moment. The magnetic moment p should be constant, if the
magnetic field varies inconspicuous (both in time and space) within an electron
cyclotron period, and the ratio m/q does not change. Inserting eq. (1.18) into
eq. (1.20) there is

—Bri=——y (1.21)

as far as wy < w, [30], where y; is the magnetic flux (non-strictly) enclosed
in the electron orbit and wy is the frequency of the magnetic field as seen by
the (moving) particle.

The magnetic field has a maximum at the center of the gyrotron cavity. After the
center of the cavity, the electrons travel into a decaying magnetic field. According
to eq. (1.20), reducing B means that the cyclotron velocity v, [as the major part
of v, see eq. (1.13)] is decreasing. The kinetic energy in the original transverse
motion is converted to the longitudinal motion in the adiabatic decaying mag-
netic field. In a conventional collector, one can calculate v, and r of an electron
at different axial positions according to the adiabatic invariant.

The adiabatic decaying of magnetic field has a beneficial effect in the design of a
collector. As the energy of the transverse motion is converted to the longitudinal
motion, this part of energy becomes also possible to be recuperated. However,
the adiabatically decaying of magnetic field requires a long axial distance and
it leads to a large collector.

14
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Busch’s Theorem

In an axisymmetric system, the Lagrangian of a charged particle is [31]

£ =—myc? l—ﬁ— (U-A-v) (
=—-m, 5 q v), 1.22)

where v = (7, 10, z) is the particle velocity, A is the magnetic vector potential and
U is the electric potential. If A and U are symmetric around the axis (where A
only has the azimuthal component) i.e. 9A/06 and 90U /96 are zero, the azimuthal
(6) part of the Lagrangian equation [32]

d [(ac oL
(=)-==0 .
dt (ag> 36 (1:23)
remains
3—; =py=ymy1r’ 0+ qray =ym,r 0+ %1{/ = const. , (1.24)

where ¥ is the enclosed flux in the axisymmetric cross section with the radius r.
Equation (1.24) indicates the conservation of the canonical angular momentum
po- This is Busch’s theorem [33].

A special case of eq. (1.24) is the conservation of the magnetic flux at the specific
moments of each cyclotron period when the angular velocity § vanishes, that is

¥ =const. when®=0. (1.25)

Figure 1.6 visualizes this equation. The cyclotron motions of two electrons,
which have the same guiding center radius r,., are shown in this figure. The
cyclotron motions enclose different magnetic fluxes v o and y; . Their values
will not change, if the adiabatic condition is fulfilled. On the other hand, the
electrons have zero azimuthal velocity at those phases marked by the red dots.
The edge of the yellow circle passes through the zero-v, points of the electron @.
The magnetic flux enclosed in that yellow circle is always constant, due to Busch’s
theorem in eq. (1.24). Since r, is typically one hundred times of r; , the Larmor
radius compared to 7, is so small such that it can be approximately treated as:

15
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Cyclotron motion of electron @

Cyclotron motion of electron @

The y, of each electron is const.,

II Te \ if the magnetic field is adiabatic.
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Iy at the radius |
3 .
when 6 = 0 for Z  The position ¥ of each electron is constant
electron ® when 6 =0 A according to Busch's theorem.

Fig. 1.6: Schematic of the electron beam cross section showing the magnetic fluxes
in egs. (1.21) and (1.25)

No matter how the electric and magnetic fields are, as far as the axisymmetric
conditions for Busch’s theorem (0A/00 = 0 and 0U/96 = 0) are fulfilled, all
electron orbits will have very close guiding center radii, such that it is challenging
to rearrange or separate electron orbits radially.

Even though both eqs. (1.21) and (1.25) show the properties about the con-
servation of magnetic fluxes, their prerequisites are different. The flux y; of
each electron orbit (see fig. 1.6) is constant only when the magnetic field varies
adiabatically, whereas the conservation of flux ¥ in the gyrotron hollow electron
beam requires only the symmetry. The latter is even valid for a non-adiabatic
magnetic field e.g. with a large VB,, or B = 0 locally in a cusp electron gun [34].

1.3.2 Emission and Suppression of Secondary Electrons

When an electron with sufficient energy hits the surface of a solid, the surface
emits electrons. The emitted electrons are called secondary electrons, while that
original one is called primary electron. There are different kinds of secondary
electrons and multiple sets of terminologies for categorization of secondary
electrons in the literature. The most commonly referred categorization [35]
classifies secondary electrons in three types:

16
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Fig. 1.7: Model of secondary electron energy distribution by a perpendicular hit of a 1 keV
primary electron

« True secondary electrons are the slow ones with energies in the order
of 10 eV. Their energies are nearly independent of the primary electron

energy.

« An elastically reflected electron has only one collision with the atom. It is
scattered elastically without energy loss.

Inelastically reflected electrons have energies between the true secondaries
and the elastically reflected ones. They arise from one or more inelastic

collisions.

The investigation of secondary electrons in a gyrotron collector will be based
on this categorization. The term secondary electrons in the following text also
includes the elastically reflected ones. An example of the secondary electron
energy distribution is shown fig. 1.7. This distribution is calculated from the
secondary emission model [36, 37] for the case, when a primary electron with
1 keV energy impacts on a copper surface. This model is implemented in the
simulation software Esray [38] and CST StubpIo [39, 40].

The ratio between the emitted current of total secondary electrons (I,) and the
impacting current of primary electrons (,):
I
5, == (1.26)
L,

is called Secondary Electron Yield (SEY). The SEY increases with the flatness
of the primary electron impacting angle, while it is also related to the energy
of the primary electron.

17
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Fig. 1.8: SEY curve for perpendicularly impacted electrons

Figure 1.8 shows an example of the SEY and its compositions for different primary
electron energies. In fig. 1.8 the maximum SEY can be higher than a factor of
two for the primary electron energy of approximately 300 eV. Both SEY of the
true secondaries and the total SEY decrease notably when the energy of primary
electron increases. Starting from 3 keV, the total SEY in this example drops below
unity, which means that the secondary electron current will be lower than the
primary current. However, fig. 1.8 is only for a single generation of secondary
electrons. In gyrotron collectors, trajectories of emitted secondary electrons
may be affected by the magnetic field and the local electric field, such that some
secondary electrons turn back to the surface where they were emitted. The
surface under the bombardment again emits another generation of secondary
electrons. Then, the second generation causes the third generation and so on.
Finally, if one counts the total emitted current of all generations of the secondary
electrons, there is no doubt that the gross emitted current is higher than the
single-impacting SEY in fig. 1.8. Therefore, in the numerical simulation of
secondary electrons, multiple generations of emission have to be taken into
account. Besides, the sampling of the curve in fig. 1.7 will need numerical
emissions of multiple macro electrons (see section 1.6) in random energy and
angles according to the energetic and angular distribution, respectively. Hence,
a very large number of secondary electron samples has to be taken into account
in the numerical simulations, as will be discussed later.

Although, there has been a lot of researches since the beginning of the 20th
century e.g. [41, 42], where the properties of secondary electron have been
measured, the check of secondary electron influences in vacuum tubes was ex-
clusively based on numerical simulations. In principle, numerous secondary
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electrons should be sampled (emitted) for each bombarding electron in each
generation, and an infinite number of generations should be considered, until
the simulation reaches a steady state. However, this process would lead to an
exponential growth on the number of total macro electrons in the simulation,
which is still impossible for today’s high-performance computers. Therefore,
only limited number of secondary electrons per bombardment is considered in
realistic simulations. In addition, the maximum generation is limited for a rea-
sonable approximation. As a compromise between accuracy and computational
resource, the work in the 1990s e.g. [10] considered only a selected fraction of
the secondary electrons due to the computer performance at that time. At the
time of writing, the default secondary electron model in CST Stup1o samples
maximally ten secondary electrons per bombardment and it has by default no
limitation on the maximum generation [39], whereas the optimal secondary
electron emission settings for the two-dimensional axisymmetric simulations in
Esray [38] are still under investigation. Since secondary electrons are generated
in the simulation randomly according to their angular and energetic distribution,
the randomness introduces a certain noise to the system. The steady state is
considered as achieved, when the noise between simulation iterations is typically
below —30 dB (see the figure of convergence in [14]).

Secondary electrons are harmful for the gyrotron operation for two reasons:

1. They could form a current between different potentials. Such an inter-
potential current usually flows in the opposite direction to the primary
current and causes power loss. This loss decreases the gyrotron efficiency.

2. Secondary electrons may be accelerated backwards from the collector.
They will probably participate in the interaction again and could cause a
reduction of the RF power.

In both cases, the secondary electrons may impact some places, where there was
no electron bombardment expected. This could also be critical for the design.

The effective SEY can be reduced in two ways. The first option is related to
the secondary emission coeflicient of the material. The second one is to create
textures on the material surface. Both technologies can be combined to further
reduce the effective SEY.
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From the aspect of material properties, copper is the common material used as
electrode for its electrical and thermal conductivity. But copper has a higher
secondary emission coefficient than a lot of materials, such as beryllium, py-
rolytic graphite, soot, titanium carbide, and tantalum [43]. Moreover, copper
used for the construction can have oxide and contaminant, they will cause a
higher coefficient than with the ideal pure copper. Well baked-out copper has
a lower SEY than a non-baked one [44]. The SEY of electrode surfaces can be
reduced by a superposition layer of small particles [35]. Besides, a high dose of
impacting electrons can also reduce the SEY, as far as the surface is kept inside
a vacuum environment [44].

Both micro and macroscopic textures can trap secondary electrons. Oxidizing
the copper at elevated temperature in air produces often cracks on the surface,
such that the surface roughness increases [44]. Alternatively, ion sputtering
can bring rough textures on the surface, too [43]. A rough surface has a lower
SEY than a smooth one. Grooving the surface macroscopically also reduces the
effective SEY significantly [35, 45, 46]. The latter will be applied in sections 2.5.2
and 3.5 as the only technique to reduce the effective SEY of copper surfaces.

In spite of reducing the SEY, there are other ways to suppress secondary electrons.
In other particle beam collection devices like Faraday Cups (FC), emissions
of secondary electrons are also unwanted. However, solutions which involve
transverse electric fields in FCs [47] are not directly adoptable in gyrotrons
because of existence of a strong magnetic field in the gyrotron collector. On the
other hand, the magnetic field can be used to create an ExB drift, which is useful
for the re-collection of the secondary electrons, this will be presented in chapter 3.

In this work, the simulations with secondary electrons are based on the assump-
tion of the emission model for copper [36, 37]. The exact parameters of secondary
emissions depend also on many other properties like the composition of the
material, purity of the surface, smoothness, etc. Hence, the applied model should
be calibrated by experiments. No experiment has been done to calibrate the
secondary emission model, in particular, within a moderated magnetic field
(of 10-100 mT). In this work, the assumed “standard copper” model can at
least provide a qualitative estimation for the influence of secondary electrons
in gyrotron collectors.
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Fig. 1.9: Spent electron beam spectra of the 140 GHz gyrotron for W7-X and the 170 GHz 1 MW
gyrotron for ITER

1.4 Technical Principles of Energy
Recuperation in Vacuum Tubes

1.4.1 Basic Principle of Depressed Collectors
Spent Electron Beam

It has been explained in section 1.2.2, that during the interaction in the gyrotron
cavity some electrons transfer energy to the RF field, while a minor part of beam
electrons may gain kinetic energy from RF wave. The resulting spent electron
beam after the interaction has a broad energy spectrum. For the W7-X and
ITER gyrotrons developed at KIT, which have up to 80 kV accelerating voltage
and 45 A beam current, their spent electrons could have kinetic energies in the
range from 38 keV up to 130 keV. The integral (area) of the Probability Density
Function (PDF) f(E,;,) over the E,;, axis is unity. To assign the PDF a physical
meaning, it can be interpreted as a relative current, such that the expectation of
f(Ey,) is proportional to the beam power. The energy spectra of two different
gyrotron spent beams are shown in fig. 1.9. This realistic spent beam information
is calculated from the self-consistent interaction code EURIDICE [48] and is one
of the input parameters for the collector design. The beam power is

I oo
Pbeam = zb /0‘ Ekinf(Ekin) dEkin s (1'27)
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where I, is the total beam current and the integral is the expectation of the
spectrum. If no action is taken, all power in eq. (1.27) will be finally absorbed at
the collector, producing megawatts of power load at the collector wall. Depressed
collectors can recuperate a part of the power and reduce the power load.

Single-Stage Depressed Collectors

Physically, a depressed collector decelerates the electrons before collecting them.
In this way, the kinetic energy of each electron is partly converted back to the
potential energy delivered by the high-voltage power supply. Technically, it
means that the high-voltage power supply (the one provides the cathode voltage
in fig. 1.2) delivers less power to the circuit without reducing the output RF power.

A Single-stage Depressed Collector (SDC) decelerates the entire electron beam
by only one voltage. An ideal deceleration scheme for the spent beam spectrum
of the 170 GHz 1 MW (ITER) gyrotron is presented in fig. 1.10. The power
recovered from the deceleration of the electron beam is

P. . =U;I (1.28)
rec d*b

where Uj is the depression (deceleration) voltage, namely the difference between
the electric potential of collector body Uyog, and collector Uy
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Fig. 1.10: Deceleration of the electron beam in an ideal SDC
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Assuming that electrons only have longitudinal velocities, such that they move
exactly parallel against the electric field, the ideal depression voltage should just
totally decelerate the slowest electron in the electron beam (e - Uy = min{E,;, }).
However, the ideal depression voltage (approximately 38 kV in the example of
fig. 1.10) cannot be achieved in practice. There are two important reasons
for that:

1. According to eq. (1.20), the energy in the transverse motion is converted
to the longitudinal motion as the magnetic field decays after the cavity.
Although the maximal pitch factor of electrons is very low in the collector
(typically, @, < 0.2), there is still energy in electron transverse motion and
v, # 0. The depressed collector cannot recuperate this energy. If the ideal
depression voltage, which corresponds to the total kinetic energy of an
electron, was applied, the electron would be reflected due to the lack of
longitudinal velocity to overcome the deceleration.

2. An electron induces positive charges on the geometrical boundaries, thus,
there is also an attractive force between them. This separation of charges
causes an additional potential energy to the electron in vacuum. If an
electron comes closer to the metal wall, the attractive force yields a positive
work, which means that this kind of potential energy is converted to
the electron kinetic energy. When an electron beam leaves the gyrotron
launcher into the mirror box, the distance from beam to the wall suddenly
increases. Therefore, the beam electrons temporarily lose kinetic energy
(up to 10 keV) and gain the same amount of the potential energy (if the
radiations are neglected). The electrons will gradually gain the kinetic
energy back, when they approach the collector electrodes.

In practice, less than 30 kV depression voltage [49] is applied to the spent beams
in fig. 1.9. Recently in the experiment of a beam re-accelerating technique [49]
(however, for another energy spectrum than fig. 1.9), the depression voltage
can be even 38 kV. Nevertheless, to have a common base for the performance
comparisons, Uy = 30KV (of the first stage, if there are multiple stages) is chosen
in the simulations of the concepts presented in this work.

Since the coaxial-cavity DEMO gyrotron is still under development, the investi-
gations are based on the existing 170 GHz 1 MW gyrotron. Whether the cavity is
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coaxial or conventional does not affect the principle of the collectors. Figure 1.11
shows the two-dimensional axisymmetric model of the SDC for the 170 GHz
1 MW gyrotron. It is the reference depressed collector in this work. The max-
imal radius of the inner wall and the length of the other collector designs for
the 170 GHz 1 MW gyrotron will be based on the parameters of this SDC. Since
the electron beam is confined by the magnetic field, the impacting area on the
collector wall is small, such that the beam causes a local power load of higher
than 2.55 kW/cm?. The final effective power load will be averaged in time, when
the impacting position of the electron beam on the collector is swept on a larger
area via the sweeping coils. The temporally averaged power load should be less
than 500 W/cm? [50]. In reality, the mirrors are not axisymmetric, but they are
simplified in this two-dimensional modeling. The mirror box and the collector
are grounded, while the launcher and the first mirror are at Uy,,q, = 30kV. A
realistic spent electron beam calculated from EURIDICE is injected at the axial
position of the launcher. As the beam approaches the collector, the magnetic
field is weaker, and the annular beam becomes thicker.

As mentioned earlier, the depression voltage of an SDC cannot even fully deceler-
ate the slowest electron in the spent electron beam, while the energy recuperation
of the initially fast electrons is even less effective under such a depression voltage
limited by the slow electrons. Hence, the collector efficiency (7.;) of an SDC is
typically below 60 % (e.g. 57.4 % for the given energy spectrum of the 170 GHz
1 MW gyrotron), which renders a gyrotron overall efficiency (7),.,;) of approxi-
mately 50 %. To recover more power from the spent electron beam, an upgrade
from single depression stage to multiple depressed stages is required.

Multistage Depressed Collectors

A Multistage Depressed Collector (MDC) splits the electron beam and sorts
the electrons into multiple energy intervals according to their energy. Electrons
which belong to different energy intervals will be decelerated by different depres-
sion voltages. In this way, the energy in the spent electron beam can be optimally
recovered. This technique is especially useful for the spent beams like in fig. 1.9
with a broad spectrum from 38 keV to higher than 130 keV.
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Fig. 1.12: Deceleration scheme for an ideal two-stage depressed collector

Analog to the ideal SDC deceleration scheme in fig. 1.10, fig. 1.12 shows the
ideal deceleration scheme of the same spent electron beam using two depression
voltages Uy, and Uy, with

Uy, > Uy, - (1.29)

The low-energetic (slow) electrons with less than 45 keV energy form a beam
current of I ; (the cyan area), while the high-energetic electrons have a current
of I, (the magenta area). Compared to the recovered electron energy of an SDC

Precspc = Uar = Iy = Uar ~ Iy + Uay - Iy (1.30)
the ideally recoverable energy with a two-stage MDC is
Prec,MDC = Udl ' Ibl + Ud2 : Ib2 > Prec,SDC (1'31)

for the same beam energy spectrum. The reason that an MDC can have a higher
efficiency than an SDC, is given in egs. (1.29) to (1.31). If more than two stages
can be applied, the collector efficiency can be even higher.

For example, let us consider a five-stage collector for the 170 GHz 1 MW gyrotron.
Electrons in the spent electron beam have the initial kinetic energies varying
from 38 keV to 130 keV. The depression voltage of the first stage should be fixed
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at 30 kV for the reason explained before. If the voltage increment AU, between
two adjacent stages is constant, the depression voltage will be

Uy, =30kV +n- AUy (1.32)

at the n’th stage. The theoretical collector efficiencies for AU = 5, 10 and 20 kV
is shown in table 1.1. The collector efficiencies are higher than the one of an SDC
(57.4 %). However, this is not the optimum. To achieve the optimal collector
efficiency, a proper choice of the depression voltages is important.

Table 1.1: Theoretical collector efficiencies of a five-stage depressed collector using equidistant
depression voltages for the realistic spent beam of the 170 GHz 1 MW gyrotron

AUy (kV) Depression voltages (kV) Neol (%)
5 30.0 350 40.0 450 50.0 87.8
10 30.0 40.0 50.0 60.0 70.0 86.5
20 30.0 50.0 70.0 90.0 110.0 73.4

The maximal achievable efficiency and the optimal depression voltages of an
MDC can be calculated for a given energy spectrum via a dynamic programming
algorithm [51]. That is, in order to estimate the maximal efficiency and optimal
depression voltages of an N-stage depressed collector, one has to solve the max-
imal efficiencies and the depression voltages for all possible U;-combinations
of N — 1 stages; then, each MDC scenario of N — 1 stages is calculated in the
same way recursively based on the solutions of N — 2 stages, so on and so forth
until the case of an SDC, see appendix A.1. The estimated depression voltages
will be the primitive input for the MDC principle designs.

The theoretical optimal depression voltages and the maximal collector efficien-
cies for the spent electron beam of the 170 GHz 1 MW gyrotron are given in
table 1.2. The table shows that the optimal efficiency for a five-stage collector is
much higher than using a set of non-optimal depression voltages (table 1.1). In
case of a two-stage depressed collector, the sorted electron beam should be split
at the kinetic energy slightly lower than the most probably electron energy. In
this example the second depression voltage is 45.5 keV, while the highest peak
in the spectrum is at approximately 50 keV, as visualized in fig. 1.12.
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Table 1.2: Optimal depression voltages and collector efficiencies for the realistic spent beam of the
170 GHz 1 MW gyrotron

Stages Depression voltages (kV) Neol (%)
1 30.0 57.4
2 30.0 455 82.4
3 30.0 454 56.6 86.9
4 30.0 41.0 475 591 90.7
5 30.0 41.0 474 553 66.5 92.5
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Fig. 1.13: Relation between efficiencies and number of stages assuming 7;,, = 35 % and ngg = 90 %

Figure 1.13 shows the relation between the maximal achievable efficiencies and
the number of collector stages. Both collector and gyrotron overall efficiencies
increase with the number of stages. However, the contribution of an additional
collector stage to the collector (and thus the overall) efficiency is no more sig-
nificant when the number of collector stages is high. A two-stage depressed
collector could theoretically raise the collector efficiency above 74 %, which
means an overall efficiency higher than 60 %. A similar efficiency of a two-stage
collector is estimated for the 140 GHz gyrotron for the W7-X stellarator and is
also foreseen for the DEMO gyrotrons. However, all analyses here are based
on the assumptions of an ideal energy sorting and an ideal recovering of the
electron kinetic energy. Both assumptions are not achievable in reality. More
than two stages might be required in the future. Therefore, the investigations
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on the MDC concepts should not exclude the possibility to upgrade the designs
to more than two stages.

1.4.2 Multistage Depressed Collectors
for Linear Beam Tubes

The idea of an MDC was reported even at the time when klystron was in-
vented [52]. Today, MDCs can be found in many kinds of vacuum tubes, espe-
cially, they are applied in the Traveling Wave Tubes (TWT). Typical concepts
and experimental behaviors of MDCs for these tubes are summarized in [53, 54].
Unlike the gyrotron beam shown in fig. 1.3, those devices have linear electron
beams. That is, compared to the gyrotron hollow beam, a “filled” beam with
a small outer radius r,. There is only a very weak (in the order of 0.1 mT) lon-
gitudinal magnetic field affecting the beam electrons. The MDCs (for TWTs)
have been systematically classified into 25 categories [54], as shown in fig. 1.14,
where a circle means zero field, dashed and solid lines stand for the electric and
magnetic field lines, respectively.

The most MDCs have symmetric fields, because the analysis and design of a
symmetric MDC is usually simpler than an asymmetric one. All symmetric cases
are enumerated in the top left corner of fig. 1.14. The effect of the magnetic field
can be determined by universal beam-spread curves [55]. An MDC without
or with a weak magnetic field can use an electrostatic lens to sort the beam
electrons. Moreover, the potential and shape of electrodes can be analytically
solved [56]. Figure 1.15 is an example of a “dispersive lens collector” calculated
from equations. In such an MDC, the kinetic energy of the beam electrons cannot
be totally recovered, because the space-charge force and the slant electrodes
accelerate electrons radially. Ideally, such MDCs have the best performances
if the stages have the smallest opening, through which all trajectories can just
penetrate without impinging the far side of the electrodes, as shown by the upper
trajectory in fig. 1.15, which touches the “0.6” electrode. On the other hand, if
the electrons are collected on the far side, secondary electrons emitted from the
far side can be pushed by the electric field back to the surface without causing
a reduction of the efficiency.
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Fig. 1.14: Classification chart of TWT MDC:s, reconstructed from [54]
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Fig. 1.15: Axisymmetric dispersive lens collector [53] (for TWT)

The asymmetric MDCs have also been studied in the history. The concept of an
asymmetric MDC using a hyperbolic field is presented in [57]. Another example
is the four-stage asymmetric MDC built for the Free Electron Laser (FEL) in [58],
the scheme of which is shown in fig. 1.16a. The electrons will be accelerated
and sorted by a transverse electric field to the “upper” electrodes in the figure. It
has been noticed [59] that the introduction of a perpendicular magnetic field
as shown in fig. 1.16b may significantly improve the collector performance for
two reasons. First, the Lorentz force from the magnetic field compensates the
transverse electric force, especially for the fast electrons. The electron trajectories
are straighter than the ones without magnetic field in fig. 1.16a and the decel-
eration of the longitudinal velocities is more effective. Second, another effect
which was not mentioned in [59] is the ExB drift. The drift also contributes
to the sorting of electrons. However, in that study, the repulsion force between
the electrons was so strong [60], that the introduction of an additional crossed
magnetic field did not work as expected.
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() only electric field (b) with a transverse magnetic field

Fig. 1.16: Trajectories in the asymmetric MDC scheme for FEL [59], the repulsion of space charges
is ignored

The so-called Tilted Electric Field (TEF) Soft-Landing collector [61] was devel-
oped for TWTs in the 1970s. Figure 1.17 shows its structure. An additional axial
magnetic field (28 mT in [61]) have to be maintained in the collector. Repulsion
by the space charges, which was fatal in the concept of [60], is due to this axial
magnetic field not an issue anymore. The linear beam passes through the off-
center holes on each stage. During the traveling, electrons are sorted and steered
by the drift towards electrode surface. Secondary electrons are driven by the
same non-reciprocal drift and can be bounced maximally one stage backwards
in the worst case, when the bombardment takes place on the near side of an
electrode. The low-perveance experiment [61] of a five-stage collector has shown
a very sharp sorting of electrons. According to [53], the collector efficiency in
the experiment of a TWT was estimated to be 86 %. It was concluded in the
study [54] over various MDC concepts that the TEF MDC is capable for an excel-
lent efficiency, while it also avoids the issues with space charges and secondary
electrons. The MDC study [54] claimed that “TEF collector has been selected as
the best practical collector for future development”. Nonetheless, investigations
on TEF MDCs discontinued for nearly four decades. There could be multiple
reasons that the TEF MDC was not commonly applied in TWTs:

« It requires an additional axial magnetic field [61], which is stronger than
the usual axial guiding field. Providing this magnetic field increases the
complexity of the system.
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« Albeit the complexity, the TEF MDC is not more efficient than the best
axisymmetric designs [53].

« Another challenge is the collector cooling in high power scenarios [61].
The cooling system seems to be more challenging than the axisymmetric

MDC.

This concept is not directly usable in gyrotrons. The obvious reason is the
difference of beam types.

There are some other concepts which rely on the crossed fields for the sorting
of electrons. One of them is presented in [62]. It has the principle like a Wien
filter [63]. The Lorentz force from a transverse magnetic field points to the oppo-
site direction of the electric field. In this way, the fast electrons are steered mainly
by the Lorentz force and can be collected on one side; while the electric force
pushes the slow electrons to the opposite side. Electrons injected with moderate
initial velocity experience the equilibrium between electric and magnetic forces,
thus they can pass through this crossed-field region and are collected at the end
stage with a moderate depression voltage. This concept is also not admissible
for gyrotrons because of the magnetic confinement in a gyrotron collector.

Fig. 1.17: Schematic of the tilted electric field collector [61]
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1.4.3 State-of-the-Art for Gyrotron
Multistage Depressed Collectors

Even though MDCs have been successfully applied in many other devices, there
is yet no MDC developed for gyrotrons in use. Not only the construction and
experiment of an MDC is more sophisticated than of an SDC, but it is also
difficult to invent a proper concept, which can deal with the high magnetic field
in gyrotrons. A fundamental harmonic gyrotron requires a strong (typically
6-10T) magnetic field in the cavity according to eq. (1.3). After cavity, the
magnetic field decays, however the flux density is still notable (typically 100 mT)
at the entrance of the gyrotron collector.

Aside from the moderated magnetic field in the collector, the other challenge
comes from the small-orbit electron beam. This small-orbit beam causes two
effects:

1. As explained with fig. 1.6, it is hard to sort and separate the orbits radially.

2. To reduce (dilute) the magnetic flux density enclosed in the hollow beam,
a large area of cross section is required. If the reduction of the magnetic
field should be adiabatic, the transition needs a long distance. The large
area and long length mean a huge volume for the collector.

The well-developed MDC technologies for klystrons and (TW'Ts) [53, 54] are
not directly applicable because of the moderated magnetic field. There was an
MDC designed and built for an X-band gyrotron Backward-Wave-Oscillator
(BWO) [64, 65]. However, the magnetic flux enclosed in the electron beam of a
fusion gyrotron is approximately 30 times higher than the one in that gyro-BWO.
The size of that MDC-type will also be unacceptable in a fusion gyrotron.

There are several theoretical proposals of MDC concepts for the fusion gyrotrons.
They can be classified into two categories:

1. the axisymmetric concept,

2. the non-axisymmetric concept, which uses ExB drift.
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The state-of-the-art of both proposals are presented in the following paragraphs.
Advances beyond the state-of-the-art in both concepts will be presented in
chapters 2 and 3, respectively.

Axisymmetric Proposals

Axisymmetric MDC involves only axisymmetric electric and magnetic fields,
which implies that all coils are centered around the collector axis. It is possible
to describe such an MDC model and its fields in a two-dimensional system.
Therefore, the geometrical definition and simulation of such an axisymmetric
MDC requires only a relatively small effort.

As mentioned before, there were some investigations on the MDC for large-orbit
gyrodevices [6, 64-66]. However, those proposals should operate in a weak
(much lower than 10mT) magnetic field. For example, the scheme in [6] has
6 mT field in the collector, compared to a fusion gyrotron, which has a magnetic
field up to 100 mT in the collector. In the low magnetic field, the energy sorting
of the large-orbit electron beam is performed partly by the applied electrostatic
field and partly by the repulsion force of space charges.

In small-orbit gyrotrons the situation is different. Electrons in a small-orbit
gyrotron SDC rotate within a Larmor radius of less than 3 mm, while their
guiding centers can be further than 200 mm (in the collector) away from the
center axis. The existing axisymmetric MDC proposals for small-orbit gyrotrons
require a magnetic field lower than 10 mT. The demagnetization from several
Tesla’s in the cavity down to the magnitude less than 10 mT in the collector
is preferred to be adiabatic, since an adiabatic transition can convert v, to Y
according to eq. (1.20). If electrons in such a low magnetic field have mainly v,
they can be sorted and collected like in the MDCs for other tubes.

The disadvantage of the adiabatic demagnetization is a huge collector size, as
discussed on page 34. In order to limit the collector length, the demagnetization
should be slightly non-adiabatic [7-10]. To reduce the radius, coils or pole shoes
like in fig. 1.18 are inserted coaxially inside the electron beam [10, 11], so that
the magnetic flux enclosed by the annular electron beam is condensed within
the inner coils or pole shoes around the axis.
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Fig. 1.18: The first sub-type of axisymmetric MDCs for a 110 GHz, 1 MW gyrotron [10]
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Fig. 1.19: The second sub-type of axisymmetric MDCs using a so-called “magnetic separator” [12]

There are two sub-types of axisymmetric gyrotron MDC:s in literature. In the
first sub-type, the electrostatic force dominates the sorting of electron trajecto-
ries [10]. Accordingly, the magnetic field should be weak (less than 10 mT), and
the demagnetization is relatively adiabatic. Figure 1.18 shows the simulation
model of a gyrotron MDC of this kind. This two-stage collector for a 110 GHz

(Bay = 4.3 T) gyrotron [67] has a maximum radius of approximately 350 mm.
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According to Fig. 4 of its preceding publication [9], the magnetic flux density at
the place where the beam starts to diverge (z &~ 220 mesh units) is approximately
(24000 — 18000) - 0.1 mT - cm?

= > > ~1mT .
n [(37 m.u. x o.sﬁ) - (25 m.u. x o.5ﬁ) ]

In such a weak magnetic field, the electric force marked in fig. 1.18 pushes the
slow electrons towards the first stage, while the trajectories of fast electrons
are less affected.

The maximal radius of this design is 350 mm. It already meets the constraint
of the expected MDC radius. Up-scaling the gyrotron frequency by 1.55 times
(from 110 GHz to 170 GHz), the magnetic field strength and flux also increase
approximately by 55 %, hence, an even larger collector radius will be required.
The difference between the magnetic field in the cavity and in the collector
also becomes larger when the concept is up-scaled. Therefore, the adiabatic
demagnetization will require an even longer transition length. In case of a future
DEMO gyrotron operating at 204 GHz, it will be impossible to up-scale this
concept considering a reasonable collector size.

The second sub-type of axisymmetric gyrotron MDC is depicted in fig. 1.19.
A ferromagnetic object affects the magnetic field locally. There, slow electrons
follow the local magnetic field lines strictly such that they are collected at the
stage beneath the ferromagnet, while the trajectories of fast electrons are less
affected by the local alteration of magnetic field, and they continue to move to
the next stage. In the literature [12], this scheme is called a “magnetic separator”.
However, it should follow Busch’s theorem, thus the electron orbits cannot be
really separated, if the slow electrons could not be captured in time. Moreover,
the creation of such a precise magnetic field is tricky. There is no example of
any principle design proposed in the literature.

Non-Axisymmetric Proposals Using ExB Drift

The idea of a gyrotron MDC, which uses the ExB drift to sort electrons, was
proposed for the first time in [68]. There was no other discussion about this
kind of gyrotron MDC until the presented work.
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Fig. 1.20: Scheme of an ExB MDC using E |

The principle of a gyrotron ExB MDC is shown in fig. 1.20. There, the elec-
tron beam is confined and guided by a longitudinal magnetic field By. Ideally,
the axisymmetric magnetic field in the collector would be homogeneous and
would never decay. There is a longitudinal component of electric field E|, which
decelerates the electrons. The electrons have longitudinal velocities v, parallel
to the axis. Due to E|, the further electrons longitudinally reach, the higher is
the recovered kinetic energy. Aside from the deceleration field, there is another
component of electric field E, perpendicular to the plane. This is the main dif-
ference to the axisymmetric concepts before, where the electric field was only in
the projected (r, z)-plane. The perpendicular component of electric field causes
an ExB drift given by eq. (1.15), which is here equivalent to

E,

L (133)
By "3

Yd
All electrons have the same drift velocity, which is independent of mass, charge
and (even the direction of) initial velocity; however, the exposure time of each
electron in the drift field is related to its initial longitudinal velocity v, (which
is close to its total velocity when o, is low). When a slow and a fast electron
move forward and travel the same longitudinal distance, the slow electron has
been exposed in the drift for a longer time than the fast one. Accordingly, the
slow electron had a longer drift distance, which is sufficient to let the electron be
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collected at one of the first stages near the entrance. The next stages decelerate
the originally fast electrons further, so that they have sufficient time to drift
to one of the stages with a higher depression voltage. In this way, electrons
are sorted by their initial (longitudinal) velocities, which are related to their
initial kinetic energies.

Secondary electrons emitted from the far side of an electrode suffer from the
same drift velocity as the primary ones. The drift velocity is independent of the
emission angle. At the same time, the deceleration field E pushes secondary
electrons back to the electrode surface where they were emitted. Those secondary
electrons emitted from the near side of electrode 2, 3, 4... can bounce maximally
only one stage back in the existence of the drift. In the worst case, they will
be collected on the far side of the previous electrode. This would decrease the
collector efficiency, but it prevents secondary electrons from bouncing more
than one stage backwards.

In fig. 1.20, the key is to create the electric field component E, perpendicular to
the initial direction of electron guiding centers. However, Faraday’s law

oH

VXE=—u— .

= (1.34)
prevents the electric field from building a closed loop in any azimuthal cross
section; otherwise the magnetic flux should quickly vary with time, which is not
possible in a gyrotron collector. Therefore, the radial drift should change its sign
along a closed integral path of electric field. Hence, the axisymmetry is broken,
if the integral path is on an azimuth circle. The break of axisymmetric becomes
the first challenge for the conceptual design of such an MDC.

Figure 1.21 shows the first idea of the gyrotron ExB collector originally from [68].
There, the electron beam moves between two cylindrical layers of electrodes.
These electrodes are supposed to be helical (cooling) pipes. Adjacent pipes have
different electric potentials and the depression voltage changes gradually from
one pipe to another. The torsion of the pipe around the center axis creates a
transverse as well as a longitudinal electric field component. At any transverse
cross section, there is a clockwise rotating azimuthal electric field E; = E, on
half of the circle, and a counter-clockwise electric field E; = —E, on the other
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half. There is a uniform longitudinal magnetic field. The azimuthal electric field
component Egy and the longitudinal magnetic field produce a radial inward drift
vq4,; and an outward drift v4 ,, depending on the sign of Ej, i.e. on which half
side of the cross section the electron is located. If an infinite number of stages
(electrodes) is assumed, simulations using the electron-optics code ARIADNE [69]

show a collector efficiency up to 7.,; = 92 %.

Outer and inner
helical cooling
pipes as electrodes

Perspective view

Pipe-form electrodes with
different electric potentials __.-|- -y,
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Fig. 1.21: The original idea of gyrotron ExB MDC with an infinite number of stages [68]
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1.5 Critical Parameters and Constraints
of the Multistage Depressed Collector
Designs in this Work

The goal is to find the most proper MDC concept for the future 2 MW coax-
ial DEMO gyrotron operating at frequencies of 170 GHz and 204 GHz. As
the DEMO gyrotron is in the early stage of development [70], the 170 GHz
1 MW gyrotron with conventional hollow cavity will be taken as the reference
gyrotron for the MDC designs. Those MDC designs will take the size and
depression voltage of the reference SDC (fig. 1.11) as the starting design parame-
ters, because 170 GHz is also a target frequency of the DEMO gyrotron. Two
fundamental-harmonic gyrotrons having the same frequency means that their
maximal magnetic fields are similar. The difficulty of energy sorting in the MDC
is related to the maximal magnetic field at the cavity for a given collector size.
Therefore, the final MDC design should be able to operate with the 170 GHz
DEMO gyrotron and should be able to up-scale to the 204 GHz operation point.
Moreover, the DEMO gyrotron will deliver 2 MW RF power, whereas the ref-
erence gyrotron only has 1 MW. Both will have a similar acceleration voltage.
A first approximation for the collector design is to double the beam current.
Hence, the power of the spent electron beam is also approximately doubled in
the case of a 2 MW gyrotron.

Several MDC conceptual designs for the reference gyrotron will be proposed
and investigated in chapters 2 and 3. These designs will be assessed mainly
from four aspects:

1. Achievable collector size and mechanical complexity

2. Expected collector efficiency

3. Unwanted back-stream current

4. Maximal expected power load density of the critical parts

Secondary electrons cause two effects: the reduction of the collector efficiency
and a back-stream current. They are considered separately in the second and
third points, respectively.
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Achievable Collector Size and Mechanical Complexity

Since the most significant difference of a gyrotron collector to the collectors for
other tubes is the magnetic field, reducing the magnetic field might be a solution.
In order to reduce the field in the collector, the conventional collector proposals
(e.g. [6, 8, 11]) require a large collector size, especially for the high frequency
fusion gyrotrons. Hence, the collector size is the first parameter to be considered.

After the gyrotron is assembled, the whole tube should be baked out in an oven
for a good vacuum condition inside. The gyrotron, including the collector,
should be able to fit into the oven. At KIT, the oven is more than 4 m long and
has the maximal width of 0.8 m. Derived from the size of the oven, the collector
should not be longer than 2 m (doable). The inner radius of the collector can
maximal be around 300 to 350 mm (challenging). The reference SDCis 1.3 m
long, with an inner radius of 225 mm. However, that SDC is just a simple hollow
cylinder, while an MDC will have more complicated structure (e.g. isolated
electrodes). To contain the additional components of the structure, an MDC
will be wider than an SDC. Another reason for a larger size of an MDC is that a
specific magnetic field should be applied, whereas the gyrotron magnetic field
cannot directly be used and is usually too strong for the multistage collection. A
large cross section is needed to dilute the magnetic field from the gyrotron coil.
Hence, the radius of an MDC is more critical than the length.

The complexity of an MDC consists of the complexity of electrodes and the one
of coils. An MDC involves multiple stages, the shapes of electrodes at each stage
and their topology are preferred to be simple. Additional coils are also necessary
in a gyrotron MDC to shape and tune the collector magnetic field. These coils
should not be super conducting. The MDC design should also take the number
and complexity of these coils into account.

Expected Collector Efficiency

An MDC should have a collector efficiency higher than 74 % in order to raise the
overall gyrotron efficiency above 60 %. The efficiencies of the MDC designs with
the same stage number and similar size will be compared for the same spent beam.
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The precision of the energy sorting will be checked with mono-energetic beams
in the simulations of the representative designs. In addition, the sensitivities
of collector efficiency against the space charge effect (via varying the beam
current), the perturbation magnetic field and the electron beam displacement
will be assessed for the representative designs.

An MDC might have more than two stages in order to achieve an even higher
efficiency. The possibility to extend the number of depression stages will also
be assessed for the MDC concepts.

Secondary electrons may cause inter-stage currents, which work like a resistor
(or even a short-circuit) connecting the stages. These currents reduce the MDC
efficiency. To check this effect, the efficiencies of collector designs with and
without considerations of secondary electrons will be compared.

Unwanted Back-Stream Current

In case there is a beam current streaming back to the cavity, the energy carried by
the back-streamed (reflected) electrons are considered to be lost in the calculation
of collector efficiency. In addition, the back-streamed electron current might
affect the interaction, which would not only cause the reduction of the interaction
efficiency and the RF power, but could also exceed the capability of the power
supply, if too much of this current is collected by the gyrotron body (the current
body power supply at KIT only allows 200 mA of body current). Therefore, the
back stream of beam current should be suppressed.

There are two sources for the back-streamed beam current. A part of the primary
beam electrons may not be appropriately decelerated, such that they could
be reflected by the depression voltage from the electrodes or from the space
charges. The other source is the secondary electrons emitted at each stage. The
decelerating electric field for the primary electrons becomes an accelerating
electric field for the secondary electrons towards the entrance of the collector. If
these secondary electrons cannot be intercepted before they leave the collector,
they will be a part of the back-stream current. The back-stream current of the
MDC designs in chapters 2 and 3 will be checked.
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Maximal Expected Power Load Density on the Critical Parts

Single-stage depressed collectors of CW gyrotrons should have a mechanism
to sweep the impacting position of the high-energy spent electron beam, such
that the power load density at the collector is averaged during the operation
time. In the reference SDC, the maximum at any phase of the sweeping is higher
than 2.5 kW/cm?. When the electrons impact the electrodes, their energy raises
the local temperature on electrodes, thus the material deforms. With the beam
sweeping, there is a periodic thermal deformation which causes stresses of the
material. The stress is associated with the material fatigue, which limits the
collector lifetime. The current limitation of the temporally averaged load density
is 500 W/cm? given by THALES [50].

If the load is static, there is no periodic stress in the material caused by the
sweeping and the acceptable static power load density might be higher than the
swept average value. There is no specification considered in this work for such
static loads, but some studies can be found in the literature. For example, the
nominal MDC load density in [6] is 1 kW/cm?. The thermal analysis in [23] has
shown that a power density of 900 W/cm? at the second stage of that gyrotron
MDC is acceptable for a 500 ms operation.

The maximal expected power load of the MDC proposals in chapters 2 and 3
will be given for the 170 GHz 1 MW gyrotron electron beam. For a DEMO
170 GHz 2 MW gyrotron, the load density is expected to be doubled. In order
to reduce the power load density, a local sweeping mechanism might also be
considered in the design of gyrotron MDCs.

1.6 Collector Simulation Techniques
and Codes Used in this Work

The geometry and field of a gyrotron SDC [71, 72] as well as the conventional
gyrotron MDCs [10-12, 64, 73] are axisymmetric. Two-dimensional axisym-
metric particle-beam-optics codes for the Magnetron Injection Guns (MIG) can
also be applied for symmetric collectors. At KIT, ARIADNE [69] and Esray [38]
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are the beam optics codes for the simulations of axisymmetric single or multi-
stage collectors.

Typically, the codes simulate the collector system with the so-called trajectory
TRacKing (TRK) method. Structured high-order meshes are generated via
domain mapping for an axisymmetric collector geometry. The static magnetic
field is calculated by methods derived from the Biot-Savart integration, which
can be highly parallelized. ARIADNE and Esray solve firstly the electrostatic
problem i.e. the Poisson equation

Pq

Vip = - (135)

by finite element and finite difference methods, respectively. ¢ is the electric
potential, p, is the charge density and ¢ is the permittivity. Then the electron
beam is tracked in the electrostatic and magnetostatic fields. As the simulation
of each single physical electron is not possible due to the number of involved
electrons, the electron beam is represented by a set of macro electrons. A macro
electron presents a packet of numerous physical electrons together and it is
driven by the Lorentz force. The beam electrons are not directly aware of the
existence of each other, when they are driven by the Lorentz Force. The motion
of electrons is only affected by the static electric and magnetic field from the
mesh grids. Therefore, the tracking of each particle trajectory can be highly
parallelized. Once the trajectories of all beam electrons have been tracked, the
Poisson equation is recalculated. The recalculation takes the space charges within
the trajectories from the last tracking iteration into account. Depending on the
simulation settings, the magnetic field may also be updated. (Nevertheless, the
induced magnetic field from the gyrotron electron beam is negligible compared
to the existing magnetic field in a gyrotron.) In the next step, the electron
trajectories are tracked once again. So far and so forth, until the system eventually
reaches a stationary state after 10-20 iterations.

The Particle-In-Cell method (PIC) [74] is used to crosscheck the results from the
TRK method. The PIC is a transient method, where the currents and charges of
the particles are aggregated in cells to save the computational complexity caused
by the direct interaction of plenty macro electrons. The PIC verification of a
gyrotron collector takes weeks of simulation time on a today’s PC to evolve to a
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stationary state. For a typical gyrotron collector, the stationary state occurs after
several hundreds of nanoseconds physical time, while the pulse lengths in the
short-pulse experiments [24, 26] are usually in millisecond range.

There are several methods to describe geometries in a three-dimensional space,
for example, using explicit or implicit (in-) equations, voxels, Constructive Solid
Geometry (CSG), surface meshes, Boundary REPresentation (BREP) in partic-
ular using Non-Uniform Rational B-Splines (NURBS), etc. It is non-trivial to
implement a robust geometry core for the simulation tools even only including
basic geometric features, such as Boolean operation of objects, surface inter-
action, loft and rail operation, etc. Fortunately, handling such three-dimensional
geometries was not necessary in axisymmetric gyrotron simulations. However,
if one would like to investigate the collector types which break the axisymmetry
for various reasons, the full three-dimensional description of geometries and
mesh generation are unavoidable. CST Studio Suite® is used in this work for
the simulation of asymmetric MDCs. Both TRK and PIC are implemented in
CST, where the PIC involves the full electromagnetism, rather than electrostatic.
Although CST supports unstructured tetrahedral meshes, hexahedral meshes are
mainly used in the MDC simulations due to the lack of the possibility for field
importation at the time of writing. As the magnetostatic solver in CST needs
some efforts and notable computational resources to deliver accurate results, in
the most cases, the collector magnetic field is calculated via the Biot-Savart law
externally, see appendix A.2. More details of the three-dimensional simulations
will be given in chapter 3.

The computational resource required by a gyrotron collector simulation often
exceeds the capability of a today’s PC. The high requirement of resources is
mainly due to the large geometry and large number of (macro) electrons:

« The size of an SDC is large, due to the high magnetic flux and the dis-
sipation of the high power. For example, the 170 GHz 1 MW gyrotron
has 2.4-2.6 MW power in the spent electron beam. Its SDC has an inner
radius of 225 mm and a length of 1.33 m. For a future 2 MW DEMO gyro-
tron, the spent beam power will be 4.7 MW (estimated from [75]). The
collector will also be larger in that case. Huge geometry requires numerous
mesh cells, especially in the three-dimensional case. A three-dimensional
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geometric and field representation is necessary for the ExB drift concept
(see section 1.4.3) and for the investigations of the asymmetric effects on
the symmetric concept (e.g. transverse sweeping of the electron beam,
beam misalignment, perturbation field, etc.) On the other hand, an MDC
involve more complicated geometry, to resolve that, even more mesh cells
are needed. The large number of mesh cells slows down the simulation.

The injected electron beam has to be sampled with plenty macro electrons
in order to have a good statistic representation. What makes the situation
even worse is that the electrons should be decelerated in the collector,
such that each electron stays in the simulation region for a long time. In
the PIC simulations, the motions of all electrons have to be evaluated at
each time step; therefore, the effort for the calculation of these numerous
electrons at each time step is huge. Additionally, the emission of secondary
electrons introduces even more electrons into the system. The extremely
large number of primary and secondary electrons needs a large amount
of computational resources, both in time and memory, for the updating
and storage of the particle status.
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2 Proposal for an Advanced
Axisymmetric Collector Concept
Allowing a High Magnetic Flux
within the Electron Beam

2.1 Advances to the State-of-the-Art in Brief

The first sub-type of the axisymmetric MDC concepts relies on two features [10]:

(1) demagnification so as to transform energy from gyrating motion
to longitudinal motion as far as possible and (2) to make the force
from the electrostatic field dominate that from the magnetic field
for effective energy sorting.

This kind of MDC is suitable for a gyrotron with an electron beam enclosing a rel-
atively low magnetic flux (low B or small r,,.). Even though, a large collector size
is necessary. The MDC design proposal in fig. 1.18 for a 110 GHz gyrotron [67]
with B, = 4.3 T in the cavity already requires a radius of 350 mm. This design
is not practical for the 170 GHz or 204 GHz DEMO gyrotron. First, the expan-
sion of the beam radius in order to dilute the magnetic flux will be significant
(related to ). Second, the transition (related to B,,,,) from the high magnetic
field at the entrance of the collector to a low field (approximately 1 mT) in the
collector will take a longer distance than in the case of the 110 GHz gyrotron.

To overcome the expansion of collector size by the up-scaling to a high-flux
gyrotron, a new sub-type of axisymmetric MDC is introduced in this chapter.
A significantly stronger non-adiabatic magnetic field transition is necessary,
because only with that, the size of an axisymmetric MDC can be controlled in
the acceptable range. This new kind of axisymmetric MDC breaks both rules
quoted above, that means:

49



2 Axisymmetric Collector Concept

1. The transition of magnetic field is strongly non-adiabatic.

2. The sorting of electron beam is dominated by the magnetic field instead
of the electric field. The phase of gyrating motion is used to sort electrons.

The details of this advanced axisymmetric MDC proposal will be presented
in the next sections.

2.2 New Principle for the Sorting of Electron
Energies in an Axisymmetric System

With a certain type of non-adiabatic transition, the gyrations of beam electrons
can be spatially modulated — the non-adiabatic transition “amplifies” the trans-
verse motion of electrons and brings the trajectories oscillating radially. The
kinetic energies of electrons are modulated on the amplitude (radius) and period
length of these oscillations. This spatial modulation is demonstrated in fig. 2.1.
For a clear demonstration, an ideal (but still valid for the Maxwell equations)
analytical magnetic field is used. The idea behind this analytical magnetic field is
to create a transition from a homogeneous field B, = 2B, at z < —z, to another
homogeneous field B, = £B, at z > z,, as shown in eq. (2.1). A brief explanation
for eq. (2.1) is given in appendix A.3.

B, z < =z,
11 5 5 21 3 3
B(2) =3B+ |- @ +20) - s =@ +27) + (2 +29) | z]<z,
52, 3z
B, z>z,
(2.12)
z\*]?
o [T =
B.(z,1) = —Ezi’ : 2o (2.1b)
0 otherwise
where 15 )
¢= E(B2 —B))- — - (2.1¢)

0
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In this particular example, following parameters are considered:
B, =100mT, B,=10mI, and z,=80mm.

For a simplified mathematical modeling, the transition of the magnetic field
is the only object to be examined. There is yet no electric force applied. This
model will already be capable of explaining several properties of such an MDC
system, those can also be observed in the simulations considering electric forces
and non-ideal fields.

Electrons are injected from the left-hand side (z < —z;) to the system. Initially,
the electrons only have longitudinal components of velocities for a clear demon-
stration. Of course, the modulation still exists even if the injected electrons have
initial transverse velocities, as will be proven in section 2.3. Instead of trying
to “separate” trajectories like fig. 1.19, this principle manages the local phases
of the cyclotron motions.

After an electron passes through the transition region (z > 80 mm in fig. 2.1),
two parameters are modulated on the trajectories:

1. the maximally reachable radius r,
2. the longitudinal period A of the cyclotron motion.

Both parameters increase with the initial kinetic energy of the electron. If the
electron beam has a spread of initial transverse velocities, the tendency of this
observation is still valid, however, an error interval should be considered (see
the analysis in section 2.3). In this way, the phases of the electron cyclotron
motions are sorted at their second half period after the non-adiabatic transition.
In fig. 2.1 this happens between 220 mm < z < 400 mm. With properly placed
electrodes it is possible to design an MDC based on this effect.

2.3 Analysis of the Electron Energy Sorting Model

2.3.1 Introduction of the Theoretical Model

A theoretical model can be abstracted from the demonstration in fig. 2.1. As no
electric field will be considered in this model, the kinetic energy of a particle does
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not change, and the relativity is ignored. The formulation begins at the right-
hand-side boundary of the transition (z = z,), where the electrons are leaving the
non-adiabatic transition and traveling into a homogeneous field B = zB, with
velocity components V, V,, V. These components are capitalized, because
they are treated as the initial states, which might have random spreads even for
the electrons with the same kinetic energy. V, and V, are positive real numbers.
The lowercase variants v,, v,, v are the components of the time-dependent
velocity, which are evolved from the initial states. All electrons are approximately
at the initial radius R, when they leave the transition region. For example, in
fig. 2.1 Ry = 350 mm. (This is just an example using some arbitrary parameters
to demonstrate the non-adiabatic transition. A size-optimized MDC design may
have a different set of parameters.)

The cyclotron motion of an electron is depicted in fig. 2.2. The y-axis of the
system is aligned to the vector R;, which means

R, = (1(;0) . (2.2)

The initial transverse velocity V, consists of the azimuthal and radial compo-
nents, where the initial radial speed is aligned to R, (therefore, also to the y-axis):

w-(l) »

Coordinate | B, (®
center

Fig. 2.2: Projection of the cyclotron motion in a homogeneous magnetic field

53



2 Axisymmetric Collector Concept

The cyclotron frequency w_ does not change its sign in the process, therefore,
it is free to let w_ be positive. The cyclotron frequency is

_ W

= , (2.4)
|7o]

[

where r is the vector of the initial Larmor radius. As shown in fig. 2.2, r is
perpendicular to the initial transverse velocity V| :

v
ro = G(—90°)w—l : (2.5)

C

where the matrix G(¢) is the affine rotation by angle ¢, which is in a two-
dimensional Cartesian coordinate

cos¢ —sin ¢) ‘ (2.6)

sing cos¢

G(¢) = (

These are the initial invariables for the trajectory of an individual electron.

For an electron gyrating in the homogeneous magnetic field, its Larmor radius
does not vary, however, the direction of the Larmor radius vector r; rotates with
the cyclotron frequency w.. The initial state is | = r, at ¢ = 0, then, this vector
is rotated by an angle of w_t at time ¢:

r,=Glwb)r, . (2.7)

As an outcome of this formulation, the global radius R of an electron, which
is graphically presented in fig. 2.2, yields

R=R,—ry+r1]
0 cosw.t—1 —sinw.t
= + r()
Ry sin w t cosw.t—1
0 1 [cosw t—1 —sinwct 0 1
= +— v,
R, We \  sinwt cosw t—1/\=1 0
where those two transformations before V| can be merged:
0 sin w_t cosw.t—1\ (v
R= ( ) s ‘ ‘ ). (2.8)
R, We \1 — cos w_t sin w_t v,
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As a consequence of the Cauchy-Schwarz inequality, the maximal reachable
radius is

Rmax = |R0 - 1'0| + |rL|

:<\/|V|2+2wRV+w2R2+|V|)/|w| (29)
1 0’6 c 0 1 cl -

Corresponding to fig. 2.2, the term |R, — ry| in eq. (2.9) is the guiding center
radius, while the second term adds the length of the Larmor radius.

2.3.2 Maximal Reachable Radius as
a Function of Electron Velocity

In order to find out how R, is related to the electron kinetic energy (which can
be expressed using the total speed V), eq. (2.9) has to be reformulated using the
velocity V' as the parameter rather than its components. The initial azimuthal
speed is a part of the total speed, their ratio is

Ve
=— e(-11), .
o v ( ) (2.10)

a, is the angle of the transition, fig. 2.1. For convenience, let

1%
a, i=tana, = Vr € (0,), (2.11)
z

then, every component of the initial velocity can be expressed using V.

1-o¢2
1+“r2

[1—g?
V, =a, = an , (2.12b)
t

o2 +a}
V| =4/VZ+V}= V. (2.12¢)
1+aq

An example for the relative values of V5, V, and V,, from a realistic MDC design
is shown in fig. 2.3. (The design will be presented in section 2.4.)

V. =

z

v, (2.12a)
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Fig. 2.3: Relative values of the initial velocity components in a realistic axisymmetric MDC design,
taken at z = 1.9 m of the design in fig. 2.7

From fig. 2.3 one can see that a realistic average value of ¢ is approximately 0.09,
which has a spread of £0.1. The value of ¢ is such low that it will be ideal for
the demonstration of an axisymmetric MDC.

To shorten the final formulation, let

\%4
u:i=—>0, (2.13)
wC
which is related to the electron kinetic energy and takes the relativistic mass
(in w_) into account. Equation (2.9) can be formulated as a function of u:

o2 +a} 02 +a}
R = —u* +2Ryou + Ry? + U (2.14)
1+a; 1+a;
rgc n

To investigate under which condition a faster electron will have a higher maximal
radius in the region of the homogeneous B field, the two terms (r,. and ;) of
eq. (2.14) will be checked separately.
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2.3 Analysis of the Electron Energy Sorting Model

2.3.3 Sorting of Guiding Centers

The r, term of eq. (2.14) has a quadratic polynomial under a square root:

o2 +a;
Toe = S ur + 2Ry u+ Ry? .
1+gq

This parabola under the square root has a negative discriminant

al (6> - 1) .

A = 4R?
0 1+at2

0, (2.15)

which means that the polynomial under the square root is always positive, as
graphically shown in fig. 2.4 (which implies that . cannot be zero or imaginary).
The parabola has a turning point (minimum) at

1+a’

Uy = —Ro0 (2.16)

2 +a
If the minimum of u (minimal electron kinetic energy) is on the right-hand
side of this turning point, the guiding center increases monotonic with v, i.e. the
guiding centers are modulated. The condition u > u,,,, can be written as

2

my 1 . a
— — min {Vy} > R,|0]| . (2.17)
q B, v oty al

A

47> Region where
Toc grows with u

>

u
turn u=V/w.

Fig. 2.4: Visualization of the ry. term in eq. (2.14)
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Here, |o| indicates the worst case. Hence, one finds the interval of B, for the
homogeneous magnetic field, which can cause a modulation of electron kinetic

energy on r:

2
" X o] + r‘*|
|B,| < — min {(Vy})——. (2.18)
] Ry 1+ at2
Since
2
lo|+ — >2a, and |o|<1,
|o] '

the conservative choice of the magnetic field should be in the range

my 1 2 %<
|B,| < ER_ min {Vy} -3 1+4a; . (2.19)

However, the magnetic field according to eq. (2.19) should be weak (B, ~ 1 mT
for Ry = 300 mm and 8 keV minimum initial energy) and the non-adiabatic tran-
sition converts the small-orbit beam to a misaligned large-orbit one. Therefore,
the sorting of guiding centers is not practical.

2.3.4 Sorting of Larmor Radii

Although the guiding centers may not be sorted nor separated, the second term
of eq. (2.14) — the Larmor radius ry is proportional to u for a given . Therefore,
if the Larmor radii can be modulated by the electron kinetic energy, then, the
maximal reachable radii are also modulated. However, there is a spread of o,
so that two electrons with the same kinetic energy (i.e. the same total speed V)
may have different Larmor radii. The effects of the o-spread will be discussed
later in this section.
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2.3 Analysis of the Electron Energy Sorting Model

As shown in fig. 2.3, 0 is usually low at the considered non-adiabatic transition,
but a, can be especially large. In the ideal case of a rapidly diverging magnetic
flux (e, approaching 90°), a, is such large that the coeflicient converges to unity

) o2 +a;
lim SuU=u. (2.20)
a0 1+ a;

In this extreme case, the Larmor radius only depends on the kinetic energy. This
effect is good, but not realistic.

For a realistic o, (for example, o, = 45° thus a, = tan &, = 1), the upper and lower
boundaries of the Larmor radius can be calculated by assuming the minimal and
maximal o. Both boundaries increase with the electron velocity monotonically.
Figure 2.5 shows the relation between the electron kinetic energy and the Larmor
radius. Two instances of the magnetic field transitions:

« a, = 45° (the reference value)
« o, = 63.8° (the o, in fig. 2.1)

are presented. The sorting of electrons is conditionally possible. For example,
the lower boundary of the Larmor radius for a 60 keV electron is higher than
the upper boundary of a 40keV one. That means a 60 keV electron cannot
have the same Larmor radius as a 40 keV one, independent of their azimuthal
speeds at the end of the non-adiabatic transition. These electrons can be sorted.
On the other hand, electrons with 40 and 50 keV kinetic energy do not have
distinguishable maximal Larmor radii when o, = 45°. They cannot be well
sorted by Larmor radius. But if the transition angle was increased to 63.8°, they
would have different Larmor radii and are possible to be sorted.

Hence, it can be concluded from eq. (2.20) that a steeper transition angle
(larger a,) results in a sharper (better) modulation, as visualized by the thickness
of both “bands” in fig. 2.5.
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Fig. 2.5: Larmor radii after a non-adiabatic transition with the magnetic field in eq. (2.1) and electrons

with |o| < 0.5. Although there is a spread of the parameters (thickness of the bands), both
upper and lower boundaries increase monotonically.
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Fig. 2.6: Cyclotron longitudinal periods after a non-adiabatic transition with the magnetic field in
eq. (2.1) and electrons assuming |o| < 0.5
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2.3 Analysis of the Electron Energy Sorting Model

2.3.5 Sorting of Longitudinal Cyclotron Periods
The other modulated variable is the longitudinal period of the gyration, which is

A= Z—nVZ (2.21)
w,

C

Substituting V, with eq. (2.12a) results in

1-0?
Su
1+ a;

A=2n (2.22)
The relation between the longitudinal period and the electron kinetic energy
is depicted in fig. 2.6. Opposite to the modulation of the Larmor radii, here, a
smaller transition angle creates a larger longitudinal range in the same interval
(abscissa) of electron kinetic energy, however, a larger angle results in a sharper
energy sorting.

2.3.6 Properties of the Non-Adiabatic Transition
Learned from this Analysis

In conclusion, the model abstracted from this kind of non-adiabatic magnetic
transitions can provide the modulation (sorting) of the maximal reachable
radius and longitudinal period length according to the electron kinetic energy.
Following rules can be derived from the analysis

1. In order to clearly sort electron guiding centers within the homogeneous
field, the magnetic field has to be low (typically 1 mT), such that it is not
practical for a DEMO gyrotron.

2. In a more reasonable magnetic field of B ~ 10 mT, the spread of guiding
centers can be neglected compared to the Larmor radii after the non-
adiabatic transition. Therefore, the modulation of the maximal radius is
equivalent to the modulation of Larmor radius.

3. For a particular ¢, the upper and lower boundaries of the post-transition
Larmor radius increase monotonically with the electron kinetic energy. A
steeper o, causes a stronger modulation.
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4. The upper and lower boundaries of longitudinal period length A are also
modulated with electron kinetic energy. To reduce the thermal load on
electrodes, a wide region of longitudinal impaction is preferred, which
however corresponds to a small g, (this will be the case for the design later
in section 2.4).

5. The spread of the azimuthal velocities causes an uncertainty in the modu-
lation. Due to this reason, the resolution of the electron sorting cannot
be so high as one would wish. This means that some electrons, which
should be collected at the optimal stage, will be collected at the previous
stages as well. Therefore, the ideal efficiency (fig. 1.13), which assumes a
perfect collection, is hard to achieve. The resolution can be improved by
increasing a.

2.4 Conceptual Collector Design
and Basic Examinations

2.4.1 An Optimized Axisymmetric Collector Design
for a170 GHz 1 MW Gyrotron

The conceptual design and simulation of an axisymmetric MDC based on this
principle for a 140 GHz gyrotrons was presented in [73]. To check the applicabil-
ity of this principle for gyrotrons with a higher frequency, and to have the same
reference gyrotron as well as the same reference SDC with the other design pro-
posals presented in this work, an axisymmetric MDC proposal for the 170 GHz
1 MW gyrotron will be optimized and studied. The scaling of this concept to a
DEMO gyrotron (170 GHz / 204 GHz 2 MW) will be discussed.

The magnetic field after the non-adiabatic transition is the most important
parameter for the control of the Larmor radius. Electrons in the modulation
region should have a sufficient dynamic of the Larmor radius (the difference
between the largest r; and the smallest r; ), in order to clearly distinguish their
kinetic energies. Otherwise, if the radii of two electrons are close, the size and
shape of an electrode should be very precise in order just to pick one packet of the
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electrons out of the sorted electron beam. According to eq. (1.18), if the magnetic
field is too strong, the (absolute) dynamic range of trajectory oscillations is
limited. On the other hand, if the magnetic field is chosen too weak, the collector
will have a huge geometry or will require strong electromagnetic coils. From
the examples in section 2.3, 10 mT can be a proper magnitude for the magnetic
field. The dynamic range of the Larmor radii in section 2.3 can be 40 mm for
an energy range of 60 keV. The magnetic field of the 170 GHz 1 MW gyrotron
should be decreased to approximately 10 mT. A 204 GHz DEMO gyrotron will
have a higher cavity magnetic field, therefore, a larger collector size or more
complicated coils might be required for a 204 GHz gyrotron.

Additional solenoid coils (the green ones in fig. 2.7a) are placed around the
collector to defocus the field. They pull those magnetic surfaces, which are
outside of the electron beam, outwards. To further demagnetize the gyrotron
static magnetic field without dramatically expanding the collector size, solenoid
coils are inserted coaxially close to the collector center axis. These coils pull the
magnetic flux surfaces, which are enclosed within the electron beam, inwards.
As a result of the pulling and pushing from opposite sides, the flux density at the
annular electron beam can be quickly reduced to approximately 10 mT. Such a
transition of magnetic field might take place within a relatively short distance
and the maximal radius of the electron beam (thus, the radius of the collector)
could be acceptable.

The outside coils can be normal-conducting and are driven by Direct Current
(DC). They replace the normal-conducting sweeping coils. As will be shown
later, the sweeping of the electron beam is not necessary for the 1 MW gyrotron
(the 2 MW case will be discussed later), because the non-adiabatic transition
already spreads the electron beam so widely that the maximal static power load
density is already below the time-averaged limitation (500 W/cm?). The inner
coils can be enhanced or replaced by ferromagnetic pole shoes [10, 11, 23].
In [23] it was shown that the system can be realized.

However, the solution of the magnetic field is not straightforward. The param-
eters of collector coils are not inversely solvable from an arbitrarily given flux
profile. Therefore, the size, position and current of additional coils are optimized
empirically. This is a drawback of the axisymmetric MDC design.
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Fig. 2.7: Axisymmetric MDC design proposal for the 170 GHz 1 MW gyrotron
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The optimized MDC design proposal is 10 cm shorter than reference SDC. The
MDC design has an inner radius of 260 mm, which is larger than the 225 mm
inner radius of the reference SDC. The reasons for the larger radius are

« to insert the center coils,
« to have enough space for the non-adiabatic transition,
« to enclose the larger Larmor radii after the transition.

The control of the trajectory is similar to the scheme shown in fig. 2.1. The
magnetic field should modulate and sort electrons in absence of the electric field,
whereas the electric field further decelerates the trajectories, which will impact
the second stage. The difference to fig. 2.1 is that, due to the existence of the
electric field, the angle of magnetic field is better to be adjusted to produce a
higher radial component after the slow electrons gyrate approximately a half
period (at z ~ 2.05 m). This part of the magnetic field steers the electron beam
to electrodes at the second half period of the trajectories, in order to keep the
shape of electrodes to be cylindrical.

The sorted electron beam impacts a large area of the collector wall. The gap
between two stages locates exactly at the longitudinal position, where the sorted
electron beam should be separated (see the depression voltages in table 1.2).
At a first approximation, influences of secondary electrons are ignored. The
simulation with depression voltages of 30kV and 46 kV predicts a collector
efficiency of approximately 73 % for this particular spent beam of the 170 GHz
1 MW gyrotron. (The simulated collector efficiency for the 140 GHz gyrotron
is similar [73] to this one, while further studies are needed for the 204 GHz
DEMO gyrotron.) The collector efficiency of 73 % can almost fulfill the goal
of 9.1 > 74 % for a 7, > 60 %.

2.4.2 Examination of the Effective Potential

The definition of the so-called “effective potential” can be found in the textbooks
of plasma physics e.g. chapter 2.6 of [76]. It was mentioned in [9] that the effective
potential would be a useful tool to assist the design of axisymmetric collectors,
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which include [7-12, 23, 73, 77, 78]. A brief description of its application is
given in the following paragraphs.

The effective potential can be derived from the total energy (Hamiltonian () of
a charged particle in a non-relativistic axisymmetric system:

_ P +P_3+L<P0—‘NA0
2m 2m 2m r

)2 +qU, (2.23)

where the effective potential ® is the sum of the last two terms in eq. (2.23): the
energy in the azimuthal motion (therefore, only for a non-relativistic system)
plus the electric potential energy of the particle:

— An\2
b = L(M) +qU’ (2_24)
2m r

Pi..rp) are the components of the canonical momentum. Busch’s theorem in
eq. (1.24) points out, that the canonical angular momentum pj, of each individual
electron is constant, as far as the electric potential and magnetic vector potential
axisymmetric. In this way the term for the “azimuthal energy” can be calculated
for the known r and Ay(z, r) at any position in the system. An electron can be
maximally decelerated until both z and r components of its velocity vanish, i.e. at
the moment when # = ®; then, the electron cannot move forward and would
turn back. This is the boundary, where an electron with a total energy of e
may reach in the z-r projection.

Figure 2.8 shows the effective potential of this MDC design. The value of effective
potential is individual for each electron, but for the application of such an MDC,
the effective potentials of electrons are similar. Therefore, a random electron is
chosen from the beam for the evaluation of ®. Equipotential lines with 40, 50
and 60 kV are marked in the diagram. For example, only electrons with higher
than 40 keV initial energy can move beyond the 40kV equipotential line.

Comparing fig. 2.8 and fig. 2.7b side by side, one recognizes, that the potential
model is not deterministic. It only indicates the theoretical farthest reachable
location of electrons with that initial energy; however, the electrons do not
reach every point on potential boundary; i.e. it is a sufficient but not a necessary
condition for the electron trajectory control. Therefore, the effective potential is
only an auxiliary parameter for the design of an axisymmetric MDC.

66



2.4 Conceptual Collector Design and Basic Examinations

Equipotential lines: 60 50 40 kV

300f 120 >

I 25

£ 200¢ 60 T3
= [ oS
: 1007 E §
- o

0 1.0 1.5 2.0 25 0 2

z in m

Fig. 2.8: Effective potential

2.4.3 Examination of the Energy Sorting Quality
Using Mono-Energetic Electron Beams

A set of simulations using mono-energetic, low-perveance electron beams can
examine how well and how sharp an MDC theoretically sort the beam electrons.
To simplify the beam sampling, the injected macro electrons do not have initial
transverse velocities. The electrons will gain transverse velocities during the
demagnetization process.

Since the conceptual design in fig. 2.7 was optimized considering the space
charges, to reproduce the same situation as with a realistic electron beam (having
the correct current and a realistic energy spectrum), the electric field in each
examination is imported from the simulation of the 45 A electron beam with
a realistic energy distribution. The final electric field consists of the statically
applied electric field and the contribution from the space charges of the 45A
realistic beam, whereas the space charges of an injected mono-energetic electron
beam are not considered.

Figure 2.9 shows the relative current on each stage as a function of the electron
initial kinetic energy. Since the examination includes the space charges from the
realistic beam, the mono-energetic electrons also have the same initial potential
energy as in that assumed one. Therefore, the second stage at a depression
voltage 46 kV in this example can even collect those electrons, which only have
40 keV initial kinetic energy. From fig. 2.9 one can see that electrons with less
than 39 keV energy are collected only at the first stage, while the ones between 44
and 70 keV are collected only at the second stage. The sorting is ambiguous in the
intermediate interval from 39 to 44 keV. Those electrons are spread to both stages.
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Fig. 2.9: Examination of the sorting quality using mono-energetic electron beams for the
axisymmetric MDC design

The intermediate interval should be as narrow as possible, as a sharp sorting
can cause a high collector efficiency. However, the energy sorting cannot be
done precisely according to the theory in section 2.3. Hence, it is not trivial to
shrink the intermediate region in this kind of MDC.

Electrons with an initial energy above 70 keV are partly collected at the first stage.
The reason can be explained from fig. 2.1, that for an electron with a much higher
energy, its periodic length can be so long that it may impact the first stage already
within the first half period of its cyclotron motion. Fortunately, the number of
electrons with very high energy is not large in a realistic spent electron beam.
Collecting them at the first stage does not decrease the collector efficiency too
much. Even if the cavity mode collapses or could not start up, the electrons have
a high kinetic energy and would be in the worst case totally collected at the first
electrode with a non-optimal depression voltage like an SDC.

2.5 Assessment of the Critical Parameters

In this section, the parameters of this axisymmetric MDC design will be checked
according to the expectations and constraints given in section 1.5.
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2.5.1 Achievable Collector Size and Mechanical Complexity

This axisymmetric MDC design for the 170 GHz 1 MW gyrotron is 1.23 m long,
which is similar to the reference SDC with beam sweeping. It has an inner
radius of approximately 250 mm. Considering the isolation between two stages,
the outer radius of the MDC is expected to be larger than 300 mm. Due to the
strong non-adiabatic transition of the magnetic field, this MDC design should be
much compacter than an up-scaled version of the axisymmetric MDC variant in
fig. 1.18, where the electrostatic field dominates the energy sorting. (That design
for the 110 GHz gyrotron has already a larger radius than this one.)

The electrodes in this design are regular cylinders. However, in order to weaken
the magnetic field, there are in total six additional coils, which are not only
outside the collector but also inserted coaxially. Like [10, 11], the inner coils
might be replaced or enhanced by pole shoes.

2.5.2 Expected Collector Efficiency and
Unwanted Back-Stream Current

If the influence of secondary electrons is ignored, the simulation of the two-stage
depressed collector shows a collector efficiency of 1., = 73 %, which almost
reaches the goal of 74 % in order to have an 7,,,; > 60 %. There is no back-
streamed primary electron observed in the simulation. (However, if secondary
electrons are considered in the simulation, 22.5 mA are back streamed to the
cavity.) As there is no separation of electron orbits, this concept cannot be
extended to have more than two stages for a higher efficiency, at least not for this
170 GHz 1 MW reference gyrotron within the assumed size limitation.

In the operation environment of a fusion gyrotron, the stray magnetic fields
from the tokamak and from the neighboring gyrotrons overlap with the gyrotron
magnetic field itself. This perturbation field may affect the operation of the
gyrotron collector [79, 80]. The longitudinal component of the magnetic field
can be compensated by the collector solenoid coils, while the transverse field
component can tilt the electron beam. If the electron beam is tilted away from
the assumed position, the collector would not operate as it was expected from
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the design. The influence of the transverse field component will be presented
the next paragraph.

Figure 2.10 shows the efficiency 7| and the back-streamed current I versus
the magnitude of a transverse perturbation magnetic field B, . In such an axisym-
metric system, any direction of the global perturbation field produces the same
effect. The simulation takes the space charge effect into account, whereas sec-
ondary electrons are ignored. According to [79, 80], a flux density up to 0.5 mT
should be considered for this study. (For a comparison, the Earth magnetic
field at the Earth surface is circa 25-65 pT [81].) A field of 0.5 mT causes 5.4 mA
back-stream current, that is less than the order of the back-stream current caused
by secondary electrons. However, the collector efficiency is reduced to 65 %.
For a higher field strength, the MDC performance falls to the level of an SDC.
Hence, the sensitivity of external perturbation magnetic field can be a weakness
of such axisymmetric MDC systems.

Due to the misalignment in the experiments, the electron beam might have up to
0.5 mm displacement in the cavity [82]. After the magnetic decompression, the
displacement in the collector is of several orders larger than in the cavity. Here,
the collector efficiency and reflected current are examined by simulations with a
variable beam displacement. Results are shown in fig. 2.11. In these simulations,
only the beam position is transversely shifted by 0.1-0.9 mm distances, while the
magnetic field and the collector structure are assumed to be correctly aligned. It
is found that a displacement of 0.5 mm in reduces the collector efficiency by 3 %,
which is minor compared to the other effects. Additionally, the misalignment
introduces up to 8 mA of back-streamed current, which is also less than the one
caused by secondary electrons.

As mentioned before, that there is a magnetic flux density of approximately
10 mT in this MDC design. The electric force from the charges in the electron
beam can influence the trajectories in such a flux density. Therefore, the design
and optimization of an axisymmetric MDC should take into account the space
charges of the electron beam. The space charge effect is related to the current of
the electron beam. To investigate the sensitivity of the beam current, simulations
with a variable beam current are performed.
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Figure 2.12 shows the simulated collector efficiency as a function of the beam
current. The power and current in fig. 2.12 are normalized to the 45 A beam.
Although the MDC performance depends on the space charge, at least for a small
current range of 20 %, the collected power at the stages increases almost linearly
with the beam current. Using the same depression voltages in all simulations, 7
varies £2 % absolutely. No primary electrons are reflected due to the variation
of the beam current.

The effect of secondary electrons is the last point to be checked in this section.
The reduction of 7, by secondary electrons are unavoidable especially in this
type of MDC concept, for following reasons:

1. There is no real separation of electron trajectories according to Busch’s
theorem. The electron beam is spread by the magnetic field continuously
over a certain area at the collector wall.

2. As the beam spread is spatially continuous, the two electrodes are close
to each other, thus, the secondary electrons can easily form a (negative)
current flowing from the second stage to the first one.
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3. For an MDC consisting of two stages, the optimal depression voltage of
the second stage should be close to the peak in the energy spectrum, as
shown in fig. 1.12. Since the electron beam is approximately energy-sorted
on the collector wall, the gap for the separation of the stages (shown in
fig. 2.7) is just at the position in front of the peak of the beam current
distribution. Hence, the beam current, which impacts the front part of
the second stage is particularly high (this can also be seen later from the
estimation of the power load). A higher impacting current of the primary
beam causes a higher current of emitted secondary electrons. They are the
secondary electrons, which form the main part of the inter-stage current.

4. The magnetic field has a flat angle to the electrodes, in order to spread
the primary beam over a large area. The direction of the magnetic field
allows the “path” of the inter-stage current to be relatively straight and
short. This also increases the chance of forming the unwanted secondary
electron current.

Figure 2.13a shows the inter-stage current, which consists only of secondary
electrons. This current reduces the collector efficiency by 7.7 % and will finally
render the gyrotron overall efficiency (#),,,) to be only 55 %. Such an efficiency
reduction of 6 % to 10 % is typical for an axisymmetric gyrotron MDC. For
instance, the collector efficiency in [10] is reduced by from 68 % to 60 %, while
in [65] from 90.4 % to 82.9 %.

Various methods to suppress the secondary electrons are introduced in sec-
tion 1.3.2. The method to groove the electrode surface macroscopically, which
does not require any unknown surface parameters of other materials, will be
checked. (A similar study was also reported in [78].) Based on the original
design, grooving the front part of the second stage can gain 2.5 points of the
efficiency loss at minimum. The grooves are 5 mm wide and 5 mm deep. The
distance between two grooves is also 5 mm. (These parameters are arbitrary and
may not be the optimum.) Theoretically, a larger ratio between the depth and
the width has a better suppression effect [45]. Figure 2.13b shows graphically
that the inter-stage current is reduced when the surface is grooved. As given in
table 2.1, the inter-stage current in this case is reduced by 3.7 A.
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Fig. 2.13: Trajectories of secondary electrons

Table 2.1: Influence of secondary electrons on efficiency and currents

Straight*  Grooved* Without secondary

electrode electrode electrons
Nl 655%  68.0% 73.3%
L;(mA) 225 13.5 0
L, (A)  17.78 14.03 6.25
L, (A) 2720 30.96 38.75

* The simulation of the secondary electron emission involves random
numbers for the emitted electron energy and angle. These are the repre-
sentative values when the same random seed is applied.
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2.5 Assessment of the Critical Parameters

The simulations considering secondary electrons only terminate when the last
electron in the simulation region is collected, in order to obtain a balance of the
beam current and to make sure that there is no trapped electron. To terminate
the simulation within a reasonable simulation time, maximal 10 generations of
secondary electrons are emitted in the simulation. The back-stream current only
consists of secondary electrons. The grooves can also reduce the back-stream
current, see table 2.1 for a comparison.

2.5.3 Maximal Expected Power Load Density
on the Critical Parts

Figure 2.14 shows the results from the Esray [38] simulation for the power load
density on the collector wall. The thick border is the axisymmetric profile of the
collector inner surface. The line segments perpendicular to the border stand for
the power density of the electron bombardment. A longer segment means that
the power density is higher at that location. In brief, the power load density is in
the acceptable range, i.e. everywhere on the electrodes are below 500 W/ cm?.
Trajectory sweeping is not necessary.

425 W\/ cm? <370 W/ cm?® Maximum: 498 W / cm?
o @ \

r
{7 Iststage il of the MDC”

2nd stage

Fig. 2.14: Power load density on the wall of the axisymmetric MDC proposal for the 170 GHz
1 MW gyrotron

A non-adiabatic transition does not always sort electrons in the expected way, but
it can spread the electron beam spatially, in particular when the final magnetic
field allows a large Larmor radius like in this conceptual design. With a proper
impinging angle, the beam electrons are spread over a large area on the collector
wall. For example, the electron beam in this simulation is spread over a cylindri-
cal area of 6500 cm* according to fig. 2.7c. Aside from the extremely large spread,
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2 Axisymmetric Collector Concept

the second stage has a more negative potential than the first one. The depression
voltage between two stages further decelerates electrons and reduces the load
at the second stage. Due to these reasons, the power load of this axisymmetric
MDC design is within the currently allowed limit of 500 W/ cm?, if the influence
of secondary electrons is not considered. The three highest loadings are:

« The maximal power load density of 498 W/ cm” appears at the end. Since
the geometry of this MDC model is truncated at a length similar to the ref-
erence SDC (100 mm shorter than the SDC), the high-energetic electrons
impact the “cap” of the second stage perpendicularly, as fig. 2.7c shows.

« The second highest spot with 425 W/ cm? is located at the first stage inside
the gap. Electrons entering the gap have higher energy than those collected
at the lowest z due to the energy sorting. The electric field pushes almost
all electrons, which enter the gap, toward the first stage. Therefore, a high
power load density exists at the side of the first stage inside the gap.

« The third highest power load density appears at the front part of the
second stage, since the peak (i.e. high current) of the energy spectrum is
at approximately 50 keV, as shown in fig. 1.12.

The energy carried by the secondary electrons will be redistributed, when those
electrons are re-collected. Therefore, the power load density differs from the pre-
dicted value by the ideal simulation without secondary electrons. The maximal
power load densities, which also take into account the power redistribution by
the secondary electrons, are given in table 2.2. The inter-stage current formed
by the secondary electrons increases the maximal power load density at the
first stage. The one at the second stage is also increased due to the bouncing
of secondary electrons.

Grooving the second electrode changes the maximal load densities at both stages.
At the second stage, the load is further increased, since some electrons impact the
edges of grooves with almost perpendicular angles. The maximal load density at
the first stage is lower than with a straight second stage, because the inter-stage
current is lower. In addition, the secondary electrons redistribute the power.
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Table 2.2: Influence of secondary electrons on the power load density

Straight ~ Grooved Without secondary

electrode electrode electrons
Maximal load at
axima oac? 521 342 425
stage 1 (W/cm?)
Maximal load at 660 719% 498

stage 2 (W/cm?)

* can be further optimized by tuning the angle of fields and angle of impacting.

2.5.4 Summary

Axisymmetric MDC is the classical approach to start with. The existing de-
signs [7-11, 23, 77, 78] permitting only a low magnetic field can be hardly
up-scaled to the gyrotrons, in which the electron beam encloses a higher flux.
The new sub-type of axisymmetric MDC presented in this chapter sorts elec-
trons by their cyclotron phase, therefore, it is more suitable for the future fusion
gyrotrons with higher frequencies. To demonstrate the properties of this concept,
an axisymmetric MDC designed for the 170 GHz 1 MW gyrotron is presented.

The major advantages of the axisymmetric MDC are the simplicity of the sym-
metry and a large impacting area of the electron beam. Like the designs of the
other axisymmetric MDCs, coils or pole shoes are inserted inside the beam, in
order to control the collector size. This increases the complexity.

The main limitation of such an axisymmetric MDC is that there is no real
separation of electron orbits, according to Busch’s theorem. Without a real
separation of the orbits, the energy-sorting is theoretically imperfect and thus
it limits the achievable 7, for a two-stage collector. Extending to an MDC
with more than two stages is challenging without a real orbit separation. Also,
secondary electrons can easily move between stages, which causes a reduction
of the collector efficiency.
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2 Axisymmetric Collector Concept

For a 2 MW DEMO gyrotron with doubled current (up to 90A) of that in
the 170 GHz 1 MW gyrotron, it can be foreseen that such an MDC will have
1 kW/cm? power load density for the same maximal radius. As the beam sweep-
ing is not possible and the concept is not able to be extended to three or more
stages, the collector radius (thus the area of beam impaction) should be doubled
in order to achieve the target of 500 W/cm?, which requires a collector inner
radius of approximately 0.6 m.
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3 Proposals for Non-Axisymmetric
Collector Concepts Based on
ExB Drift

3.1 Advances to the State-of-the-Art in Brief

The first gyrotron MDC design proposal based on the ExB drift was invented in
2008 by Pagonakis et al. [68]. That conceptual investigation was limited due to
the lack of a three-dimensional simulation tool. As a result, an infinite number
of collector stages was considered in that proposal. Today, more convenient
tools for the particle simulation, such as the CST Particle Studio, are available.
With the modern simulation tools, those conceptual designs, which require a
full three-dimensional modeling, are able to be investigated in addition to the
conventional axisymmetric concept.

The first design proposal for the ExB type of gyrotron collector [68] was one of
the numerous possibilities to use the ExB drift for the energy-sorting of electrons.
Prior to the presented work, it was unknown, what kind of possibilities there
would be. In the presented work, various MDC concepts based on the ExB drift
are invented. They are numerically evaluated and categorized for the first time.
Exploring a proper way to collect the gyrotron small-orbits annular electron
beam using the ExB drift is non-trivial. Hence, there is a systematic study of the
possibilities for the application of the ExB drift. In this chapter, the conceptual
proposals for the implementation of an ExB MDC are presented.

Via the analysis and simulation of each proposal, one can have a deep under-
standing of the properties of the operation principle, in order to further optimize
the designs. For example,

« The theory of the relation between the configuration of coils and the shape
of magnetic flux surfaces (field lines) is developed, in order to find the
simplest configuration of coils for the sheet-beam transformation.
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3 Non-Axisymmetric Collector Concepts Based on ExB Drift

« From the analysis one can estimate the minimal collector size limited by
the electron sorting mechanism.

+ The back-streaming beam current can be minimized according to the
properties of the reflected electrons.

Based on the understanding of the operation principles and the simulated per-
formance of the MDC design proposals, the most promising MDC proposal is
further improved and its design for the mechanical engineering is presented.

3.2 Possibilities to Use the ExB Drift
in a Gyrotron Collector

There are several possibilities to create an ExB drift. Generally, the drift velocity
can be planar (Cartesian coordinates) or radial (cylindrical coordinates). Both
types can be further subdivided as shown in fig. 3.1.

In this section the basic properties of each scheme are presented. The maxi-
mal drift distance D (see fig. 1.20) is estimated for the ideal cases, where the
components of electric and magnetic field are assumed to be constant.

[ Concepts based on the ExB drift J

Radial drift
(annular electron beam)

(sheet electron beam)

[ Planar drift ]

Regular Generalized Azimuthal Azimuthal
sheet beam sheet beam electric field magnetic field
[83-85] [86] [13-15, 68, 87, 88] (89-92]

Investigated during this work and presented in this chapter

Fig. 3.1: Category of MDC schemes based on the ExB drift
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3.2 Possibilities to Use the ExB Drift in a Gyrotron Collector

3.2.1 Using a Planar Drift

A straightforward idea to collect a sheet electron beam by ExB drift is to extrude
the electrodes in fig. 1.20 (on page 38) by an angle 9. The scheme is depicted
in fig. 3.2. This idea introduces an E, . Another possibility is to introduce a B,
instead of E, . Actually, both cases are identical, as the coordinates of one case
can be rotated to become the other. Therefore, it is sufficient to analyze only the
former case for the understanding of the planar drift properties.

Electrodes
tan 9 = —
E,
Injecting a sheet
electronbeam Yo

E; = E cosd .

Fig. 3.2: Scheme of an MDC for a sheet electron beam

An electron needs time ¢ to be longitudinally decelerated from v = v, to v = 0:

t
Vo = f iE|| dt . (3.1)
o m

Here, the sign of gE is unimportant, thus it can be safely assumed to be positive.
In a non-relativistic system with a constant E, that integral is

E
1y

V
0 m

(3.2)

The definition of the drift distance is given as follows. If there was no obstacle
(e.g. an electrode) on the path of an electron to capture (collect) that electron, the
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3 Non-Axisymmetric Collector Concepts Based on ExB Drift

electron would be decelerated until v, = 0 and then accelerated backwards by
the electric field. At the moment when it returns back to the initial longitudinal
position where it started, the electron has been exposed in the ExB drift for
time duration ¢;. This t; includes the time of the deceleration and the backward
acceleration (therefore, it has a coefficient of two):

tg=2——. (3.3)

The drift distance D, as marked in fig. 1.20, is defined as the final transverse
displacement of an electron. Itis the product of the drift velocity v, from eq. (1.33)
and the drift time ¢, from eq. (3.3):

2mvyE,  2my,
qB, E;  qB

D =vy|t; = tanJ, (3.4)
where 3 < 90° (because a positive B, is chosen in the gyrotron) is the angle
between the electric field and the magnetic field, as graphically presented in
fig. 3.2. An interesting property of the drift distance D in eq. (3.4) is that this
distance is independent of the magnitude of the electric field, as far as the field
is homogeneous like in this assumption. The independence of the electric field
strength means that the distance between two collector stages can be theoretically
arbitrary. The stages do not need to be placed such close to each other as in the
axisymmetric concept in chapter 2. This is a significant advantage, since

1. The orbits of electrons can be separated over a large distance. If there
would be any secondary electrons, which could not be properly re-
collected by the drift (especially at the last stage), the electric field at
that position can be tuned locally such that the inter-stage current of
secondary electrons can be minimized.

2. As the electrodes are not necessary to be placed very close to each other
as in chapter 2, a collector based on the ExB drift can have more than two
stages to achieve a higher efficiency.

3. The independence of electrode distances can allow a certain tolerance in
the design and fabrication.
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3.2 Possibilities to Use the ExB Drift in a Gyrotron Collector

In principle, a large D is preferred in the design to make the drift effective.
D depends on three parameters, as shown in eq. (3.4), thus, there are three
possibilities to achieve a large D:

1. to increase the initial electron velocity v,
2. to decrease the magnetic field B,
3. to increase the angle 9.

They have the following side effects:

1. There are two options to increase v, without changing other parameters.
The first option is to apply lower depression voltages, which would reduce
the MDC efficiency. The second option is to adiabatically unwind more
v, to v, , which requires a larger space. As the remained v, in an ExB
MDOC is already low; a further reduction of v, might not be practical.

2. The magnetic field can be reduced in the ways either to place the collector
further away from the gyrotron main coils, or to use collector coils. Both
can increase the collector size and complexity. Furthermore, a too-weak
magnetic field does not have enough confinement of the electrons, such
that the overall performance of the ExB collector may decrease. Therefore,
a compromise has to be made on the choice of B;.

3. Increasing the angle 3 between the electric field and the magnetic field
means to place electrodes more parallel to the B-field as shown in fig. 3.3.
However, that will also increase the length of the collector.

Hence, the choice of D has to balance the effectiveness of the drift, the collec-
tor size and its complexity. A design proposal to obtain a high drift without
significant increase of the collector size will be presented in section 3.7.2.

3.2.2 Using a Radial Drift
In a gyrotron depressed collector, there should be always a longitudinal (axial)

component of magnetic field B, from the gyrotron main SC magnet and a lon-
gitudinal component of the electric field E, for the deceleration of the beam
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3 Non-Axisymmetric Collector Concepts Based on ExB Drift

electrons. Generally, there are two approaches to create a radial drift: either to
apply an azimuthal electric field E, or to apply an azimuthal magnetic field B,.
Both approaches are depicted in figs. 3.4a and 3.4b, respectively.

Length of the electrodes
with an angle of 3,

»|
»|

=
hs
z
]
g
8
Q
<
=
The drift distance D « tan ¢
(a) Small angle % = 9,

The electrodes with an angle of 3, are longer than the
__ones with 9,, although the drift here is more effective
<€ >

=
psi
z
Q
g
8
]
<
[_‘

(b) Large angle ¢ = 9,

Fig. 3.3: Increasing the angle 3 between the electric field and the magnetic field will also increase
the collector length
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(a) Azimuthal (b) Azimuthal
electric field magnetic field

Fig. 3.4: Cross sections of two possibilities to produce radial ExB drifts

Azimuthal Electric Field

The azimuthal electric field E, and the longitudinal magnetic field B, result in
an ExB drift of the beam electrons, as shown in fig. 3.4a.

As pointed out in section 1.4.3, that Ey in a closed azimuthal path cannot always
be in one direction due to Faraday’s law. Wherever E, changes its sign, the drift
velocity also turns to the opposite direction. The turning of the drift direction
is unwanted and has to be specially handled. In fig. 3.4a, the direction of the
drift is flipped at the right-bottom corner, while in other configurations, this
angle can be as large as a half circle [68] or may repeat many times azimuthally
(will be presented in section 3.7.2).

The drift distance D for this type of drift can be calculated using eq. (3.4), where
in that equation E;, = Ep, E; = E, and B| = B,.
Azimuthal Magnetic Field

Figure 3.4b shows the schematic for the case, where the ExB drift is created
from the azimuthal component of the magnetic field By and the longitudinal
component of the electric field E,.
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3 Non-Axisymmetric Collector Concepts Based on ExB Drift

In order to create a By, there should be an axial current enclosed within the
electron beam. For example, to create an azimuthal magnetic field of By = 10 mT
at the beam radius of Toe = 200 mm, an axial current of

2nrB
I= o
Ho

= 10KkA (- turns) (3.5)

is required. Equation (3.5) is the solution of the Biot-Savart integral of an axial
long wire. If this current loops back from the outside of the collector (see the
coil configuration in appendix B.1), a current in the order 5kA - turns is still
required. This current is several orders higher than the electron beam current.
Such an MDC was proposed by Louksha et al. [92].

The radial drift distance using the azimuthal magnetic field (under the assump-
tion of a locally constant By) is

2mv, By 2mv, By
q B +B} 4B B’

D=yt = (3.6)
Equation (3.6) is also independent of the electric field strength. However, D
depends indirectly on the ratio between By and B,. Comparing eq. (3.4) and
eq. (3.6) it is found that

(3.7)

’2mv039
qB B

‘vao
qB

‘vao
9B,

It means that the drift produced by the B, can be less effective than the drift
produced by an E,.

The best-case scenario of this type of drift can be calculated as follows. Since
the B, field in a gyrotron collector practically exists due to the gyrotron main
SC magnet, this field component is inconvenient to vary for the whole collector
length. Therefore, it is assumed here that a fixed B, is given. On the other hand,
the By field is externally applied and is variable by changing the coil current of
eq. (3.5). The drift distance in eq. (3.6) has a maximum when

2
dD 1 B 2B9 —0 (3.8)
dB, BRB24R? 2 2\2 3

] gt Bz (By+B)
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3.3 Proposal I: Planar Drift Applied to Sheet Electron Beams

which has the solution By = £B,. Choosing these values results in the maximum
of the curve in fig. 3.5. Hence, in order to create an effective drift using a By field,
the choice of B, can be critical and is related to the value of B,.

To summary, the MDC concept using B, has the following drawbacks:
1. Itis challenging to insert a current inside the electron beam.
2. The drift may not be as effective as the drift produced by an Ej,.

Therefore, the investigation of an MDC based on this type of drift is excluded
from this work.

1.00

0.75

0.50

D / Dinax

0.25 4

0.00 T T T T

By /B,

Fig. 3.5: Relation of the drift distance D and By in the ExB drift concept using a transverse magnetic
field with a fixed B,

3.3 Proposal l: Planar Drift Applied
to Sheet Electron Beams

3.3.1 Creation of Sheet Electron Beams

The planar drift is the first concept to be considered in this chapter, because the
creation of a planar (even uniform) E-field and B-field required for this drift is
in principle more feasible compared to the radial drift. Such an MDC requires
a special “sheet beam injector”, as shown in fig. 3.2, which is the component to
transform the spent annular electron beam to one or more sheet electron beams.
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Currents|inside the flux surface T

x in a.u.

The field lines haye
a sheet profile

Current Ioo
A constant B, bs

1S assumed

Fig. 3.6: Example for the transformation of the magnetic field lines from an annular cross-section
profile to a profile of two sheets

Such a beam-shape transformation is nontrivial. No similar device was found
in the literature prior to this work. Pagonakis and the author proposed an idea
in [83] to “extract” sheet electron beams from the sides of an annular spent
electron beam, as shown in the following example.

Electrons moving in a magnetostatic field should follow the magnetic field lines
in the absence of any drift or collision. Therefore, the transformation of the
electron beam shape is equivalent to the transformation of the magnetic field
lines on the flux surface, where the electron trajectories are located.

An example for the creation of such a magnetic field is given in fig. 3.6. In this
example, a uniform magnetic field B, is assumed for the whole region. The
carefully designed coils are simplified as loops of currents for a fast numerical
evaluation of the magnetic field (see the evaluation of current segments in ap-
pendix A.2). These coils create a transverse component B, of magnetic field,
which gradually “drains” the field lines from the ring sideward. The total mag-
netic field is the superposition of the transverse field B, and the background

88



3.3 Proposal I: Planar Drift Applied to Sheet Electron Beams

field B,. Beam electrons are expected to follow the field lines to be transformed
to two sheet beams.

3.3.2 Conceptual Collector Design and Basic Examinations

To numerically verify the principle, a conceptual design is created and investi-
gated using CST Particle Studio with the particle-tracking method. Realistic coil
models are used to replace the ideal current segments. The coils are shown in
fig. 3.7a. A homogeneous background magnetic field of about 22 mT is extended
from the gyrotron magnet by the solenoids. The “rectangular” coils on both
sides add a transverse component of about 10 mT to each direction. There is a
pair of coaxially inserted coils, like in fig. 3.6 (invisible in fig. 3.7 as it is covered
by the other structures). An annular electron beam is injected at the end of the
cavity with a beam radius of 10 mm. The beam travels through a conic region
(see figs. 3.7a and 3.7b). That conic region has the same length as a real mirror
box; however, the diameter and details of a real mirror box are not modeled in
order to reduce the complexity of the structure. In this fake “mirror box’, the
transition of magnetic field should be adiabatic. Otherwise, the electrons would
gain large transverse velocities and the beam before the transformation would
be thicker than via an adiabatic demagnetization. A thick annular beam is not
optimal for the beam-shape transformation in the next step.

The transformed sheet electron beams enter the “box” on each side. In the box
there are electrodes parallel to the gyrotron axis. To check the trajectories of
the primary electrons, the simulations do not involve secondary electrons, yet.
The primary electrons exposed in the drift are collected on the far side (defined
in fig. 1.20) of each electrode, except at the last stage. A projected view of the
trajectories is shown in fig. 3.7c. When an electron approaches the electrode,
whose depression voltage matches the initial energy of that electron, the velocity
of the electron diminishes significantly (the color in the figure becomes dark
blue). Then, the drift velocity takes over the control of the trajectory. This is
a sign for the proper operation of such an MDC design.

A collector efficiency of 86 % is given by the CST simulations for this non-
optimized conceptual seven-stage collector design.
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Coils to form a homogeneous axial magnetic field B,

Same length as the
mirror-box of the
170 GHz 1MW gyrotron

Gyrotron
super-conducting

Coils for the transverse mangnetic field B,
(a) Collector coils

Straight electrodes

Electron trajectories

(b) Perspective view of the electron trajectories

H«cmm—»ﬁ H

Trajectories

Electrodes

—n—

() Electron trajectories projected in a cross-section view

Fig. 3.7: CST simulation to verify the concept of sheet beam transformation [85]
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3.3.3 Optimization of Electromagnetic Coils
Based on the Magnetic Flux Coordinates

The thickness of the sheet beam is an important parameter for the sorting using
the planar ExB drift. An ultra-thin sheet electron beam is ideal for the analysis
and will be optimally collected [83]. The beam thickness is determined by
two factors:

1. the original thickness of the annular electron beam before the transforma-
tion;

2. the magnetic field applied for the beam-shape transformation, which is
given by the coil parameters (shape, position, current turns, etc.).

To target the first point, demagnetization before the collector should be adia-
batic, as discussed before. For the second point, increasing (compressing) the
transverse magnetic field in the box region can reduce the thickness of the sheet
electron beam. However, this is not a good option, since the increase of the (total)
magnetic field will reduce the effectiveness of the drift, as shown in egs. (1.15)
and (3.4). A general method will be developed in the following paragraphs, in
order to facilitate the optimization of the coil parameters.

Green’s Function for the Sheet-Beam Transformation System Based on
the Clebsch Representation of the Transverse Magnetic Field

To understand the relation between the magnetic lines (flux surfaces) and the
current distribution in a cross section of the beam-shape transformation in order
to automatically optimize the coil parameters without numerically tracking
of the field lines, one has to use the Clebsch representation of the magnetic
field. The Clebsch transformation is a mathematical tool originally invented for
the hydrodynamics [93]. In the Clebsch transformation of the hydrodynamic
equations, two position-dependent scalars a and 8 form the coordinates of the
vortex-lines [94]. This principle was later introduced by Kruskal et al. [95]
to describe the coordinates of magnetic field lines in a magnetically confined
plasma, which is known as the Clebsch representation of magnetic field:

B=vaxVp. (3.9)
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A brief derivation [96] of the Clebsch representation is given as follows. The
magnetic vector potential A can be expressed using two scalars (not compatible
with the Coulomb gauge):

A=aVp. (3.10)
The magnetic flux density is

B=VxA=Vx(aVB)=WVaxVph)+alVxVp)
=0
which results in eq. (3.9). The positions in the space with the same value of «
(or fB) are on the same iso-a (or iso-f8) surface. A fluxline is the intersection of two
surfaces, which means that both & and f3 are constant along a magnetic field line.

Above is a general introduction for the Clebsch representation of the magnetic
field. The following paragraphs present the application of that tool in the sheet-
beam transformation.

The axial field component B, is firstly excluded in the analysis of the coils for
the transformation, as B, can be later linearly superposed to the B, field. Since
the coils shown in figs. 3.6 and 3.7 are elongated in z direction, for a simplified
model it can be assumed that the coils span infinitely in z direction such that
all coils include only the currents, which are parallel to z, i.e. J, = J, = 0 (it will
be proven later, that there should also be 9//3z = 0 as a consequence of the
assumption). Under this assumption, every cross section perpendicular to the
z-axis has the identical distribution of the coil current density and thus the
identical transverse magnetic field. Such a magnetic field for the sheet-beam
transformation has the iso-a and iso-f surfaces depicted in fig. 3.8, which will
be quantitatively modeled in the following derivation.

There is more than one possibility to specify o and f in this transformation. One
can let f independent of x and y so that

9 9
—ﬁ = —ﬁ =0 (3.11)
ox oy
In order to have iso-a surfaces like in fig. 3.8, it is sufficient to assume for « that
2 2
e _ Oa _ 0. (3.12)
0xdz 0yodz
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A magnetic field line with Iso-f surfaces
the coordinate (a,, ;)

Iso-a surfaces

Fig. 3.8: Schematic of the iso-& and iso-f3 surfaces for the modeling of the beam-shape transformation
(without B,)

In absence of displacement current

VxB=pJ, (3.13)
which is
£ 9 z 98 P y 2
o Ja o 8%/ agﬁ 9 9 Kl
W=Vx|3 35 3|= i = o ay 3z
o o * woe | lawos  _amas
0z dy 0z ox 9z
o 3B
0 az 2T o2
— — a 9 O /3
MI 0 Z oz +t3 9y 9z% ’ (3'14)
W) |z (az_a% " &%)
0x2 3z 9y? oz

The terms are canceled because of the assumption in eq. (3.12). The terms next
to the canceled ones should be zero

b _oudh
ox 9z2 9y 0z2

El

this happens only if their common term 9°8/9z* = 0. It means that 8 has the form

=K z+K,. (3.15)
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Both coeflicients K, and K; are free to choose. Let K; = —p and K, = 0, one gets

ﬁ = _IJLZ ) (3'16)
then eq. (3.14) remains
Pa  da
52 T 3y J (3.17)

This would be a two-dimensional Poisson equation, if one could constrain that
J is independent of z (only J, = 0 and J, = 0 are assumed). After applying the
derivative of z on both sides of eq. (3.17), the left-hand side of this equation van-
ishes because of eq. (3.12). In other words, as a consequence of the assumption,
the current density must be independent of z:

dJ

3z
Finally, the relation of the current density J and the so-called Euler potential [97]
a is the two-dimensional Poisson equation

Vig=]. (3.19)

The value of & at any position r of a cross section can be calculated via the integral
of the Green’s function for the two-dimensional Poisson equation, which is the
logarithm of the distance [98]

=0. (3.18)

a(r) = ﬁ / J(r') log|r — r'| dr' (3.20)

over the whole cross section. The values of a at the ring of the input electron
beam are known. Evaluating a only at the output positions (where the beam
should already be transformed to sheets) results in the thickness and the position
of the transformed sheet beams, as will be explained in the example later.

Developing a Coil System to Create Ultra-Thin Sheet Electron Beams

A set of ideal coils for a high-quality beam-shape transition is developed as
follows. To simplify the evaluation of a values, current segments with zero wire
radius like in fig. 3.6 will be used. In that case, the value of « is

o(r) = % Zn: I, loglr —r,|, (3.21)
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3.3 Proposal I: Planar Drift Applied to Sheet Electron Beams

where I, and r, are the current and the position of the n’th current segment,
respectively. In a realistic design, these ideal current segments will be replaced
with segments of realistic coils, which will have a reasonable thickness and a
finite length.

In the following analysis, the transverse projection of the magnetic field will be
presented. The projections of the iso-a surfaces shown in fig. 3.9 are equivalent
to the projected magnetic field lines. Therefore, they are also called iso-« lines
or just magnetic field lines in the following text. Scaling the currents of every
coil altogether means to scale the value of @ at every position, however, that does
not change the shapes of these iso-« lines. In addition, the coordinate system
can also be scaled without changing the shapes of the iso-« lines, therefore, the
x and y coordinates in fig. 3.9 are relative.

Figures 3.9a to 3.9d demonstrate the steps for the creation of an optimum mag-
netic field. In fig. 3.9a, four coils (eight current segments) are arranged as a
quadrupole. They have the same absolute value of current, whereas the signs
of currents are different as shown in fig. 3.9a. Electrons move in the forward
direction of the field lines, because the gyrotron super-conducting magnet cre-
ates a positive B,. Two field lines with « of a; and «, are marked in blue color.
They are the reference lines across all figures. The annular beam (the orange
ring in fig. 3.9a) will be squeezed by the magnetic field. The right half ring is
squeezed to a sheet beam moving rightwards, whereas the left half ring move to
the opposite direction. The resulted sheet beam can be analogized to a “sand-
wich™: the electrons originally started at position © will follow the blue field
lines to the middle layer of the “sandwich’, while those ones originally started
at @ will follow the next outer green line to become one of the outer “bread”
for this sandwich-like sheet beam.

Scaling the current of the quadrupole cannot change the shapes of these magnetic
field lines. To avoid that sandwich shape, two additional sets of coils are required.

1. Two pairs of coils are inserted coaxially inside the annular beam. The
effect of these inserted coils is shown in fig. 3.9b. These coils “push” the
blue field lines passing through ® away from the axis, such that those field
lines can be closer to the position @ than in fig. 3.9a.
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Fig. 3.9: Optimization of the sheet-beam transformation by manipulating the shapes of the
iso-a surfaces
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Fig. 3.9: Optimization of the sheet-beam transformation by manipulating the shapes of the
iso-a surfaces (continued)

97



3 Non-Axisymmetric Collector Concepts Based on ExB Drift

2. From the outer side there should be another pair of coils, which “pull” the
blue field lines away from the axis, as shown in fig. 3.9c.

The resulted magnetic field fits better to the annular profile of the beam than
only using the quadrupole, such that the thickness of the output sheet electron
beam can be significantly reduced.

In order to prevent the sheet beam from diverging, another set of coils around
both “boxes” should be placed far away from the center. These side coils extend
the magnetic field on the x direction such that there will be sufficient space
for the electrodes. The final coil system is shown in fig. 3.9d. There, realistic
coils are used to replace the ideal current segments. The center of the MDC
geometry is a cylinder (see fig. 3.7c), which has a larger radius than the input
spent electron beam. The cylindrical envelope should not intersect the coils,
therefore, the transverse current segments of some coils should be bent around
this cylinder, as visualized in fig. 3.9d.

3.3.4 Upgraded Designs of Coils and Electrodes

An upgraded design with optimized coils and improved electrodes is simulated
for the assessment of the critical parameters. The new magnetic field for the
sheet-beam transformation can theoretically produce a sheet electron beam
which is three to five times thinner than the one in fig. 3.7. Some special aspects
which are different from fig. 3.7 are present as follows.

The first unexpected issue in the coils design is that, as such bent coils from
fig. 3.9d are applied to the MDC, their transverse current (the arc segments) can
create an unwanted magnetic field. If those coils are close to the electron beam,
the magnetic field becomes non-adiabatic. This is similar to the principle in
chapter 2. The non-adiabatic magnetic field causes the electrons beam to have
a radial oscillation, such that the annular electron beam becomes thicker than
expected at the begin of the transformation. Hence, the quality of the sheet-beam
transformation decreases, and the output sheet beams become thicker, too. This
can be observed in simulations as shown in fig. 3.10a.
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Fig. 3.10: Upgraded transformation coils to avoid the unwanted non-adiabatic magnetic field
produced by the transverse current

The solution is to keep an enough distance between the transverse current
segments and the annular beam, as shown in fig. 3.10b. Since the magnetic
field is inversely proportional to the distance between the evaluated position
and the location of the current, the unwanted magnetic field becomes negligible
compared to the axial field B, if the problematic current segments are far away
from the beam.

There is no physical difficulty to extend the number of collector stages. Therefore,
MDC designs with two to five stages are investigated via simulations. The shapes
of electrodes are improved as shown in fig. 3.11. Every electrode except the last
one in this improved design has a pad at the end. The purpose of these pads is
to capture the secondary electrons, which otherwise may escape from the other
side of the electrodes due to the drift.
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Fig. 3.11: Upgraded electrodes for the sheet beam collector

3.3.5 Assessment of the Critical Parameters
Achievable Collector Size and Mechanical Complexity

The MDC design for the 170 GHz 1 MW gyrotron is investigated via simulations.
The length of the MDC is related to the quality of the beam transformation, and
the width is related to the energy sorting using ExB drift.

In order to properly transform the electron beam, the MDC should be at least
30 % (40 cm) longer than the reference SDC. The collector length consists of
two parts: the length (distance) for the adiabatic demagnetization and the one
for the sheet beam transformation.

« The distance for the adiabatic demagnetization before the transformation
depends on (1) the field profile of the gyrotron main SC magnet, (2) the
original beam radius after the interaction and (3) the input beam radius of
the beam-shape transformation. The demagnetization may need a longer
length than the length of the mirror box (approximately 0.5 m). In order to
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guarantee the adiabaticity and avoid the unnecessary increment of beam
thickness, this length can hardly be reduced.

« The length of the sheet-beam transformation can be varied by scaling
the current of the transformation coils. High currents produce a high
transverse magnetic field. The high magnetic field shrinks the distance
required for the transformation; however, the drift is reduced for two
reasons. First, as B, increases, the angle 3 between electric and magnetic
field becomes smaller. Second, if the magnitude of the total magnetic field
increases, both drift velocity v4 and distance D will decrease. Hence, it is
also not easy to shrink the distance of transformation.

Another possibility to shrink the length for the transformation is to increase the
number of “boxes” as shown in fig. 3.12. For instance, transforming the annular
beam to three sheet beams will shrink the length of the previous MDC design
proposal by one third. However, more coils and electrodes are required and
therefore, the MDC becomes more complicated.

The sheet-beam transformation requires a typical radius of 300 mm for the
quadrupole coils. Each “box” has a depth of 100 mm to 200 mm, depending
on the number of collector stages. Hence, the total width of an MDC with two
“boxes” exceeds 1 m, which is twice of the diameter of the reference SDC.

Fig. 3.12: Triple boxes make the collector shorter, however, more complex
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Totally 10 coils and up to 4 different numbers of current - turns (not including
the coils for the homogeneous B, field) are required for an optimized MDC of
this type. That is more complicated than the existing sweeping coil system (six
for the transverse sweeping [99] and one for the vertical sweeping) of an SDC.
In addition, the shapes of the coils here are different from the regular solenoids.
On the other hand, increasing the number of collector stages is theoretically
straightforward.

Expected Collector Efficiency and Unwanted Back-Stream Current

The spent electron beam of the 170 GHz 1 MW gyrotron with the energy spec-
trum shown in fig. 1.9 are considered in the simulations. A two-stage collector
with depression voltages of 30kV and 45 kV can achieve a collector efficiency
of 80.6 % in the simulation, if secondary electrons are not considered. This efhi-
ciency is very close to the theoretical optimum, which would be 82.4 % according
to table 1.2. The five-stage depressed collector shown in fig. 3.11 should have 86 %
collector efficiency for a realistic electron beam, also in the absence of secondary
electrons. A simulation with the CST built-in Furman emission model [36] of
copper shows that the collector efficiency of the five-stages collector is reduced
to 82 % if secondary electrons are taken into account. The simulations also show
that the most problematic secondary electrons are emitted from the last stage.
An optimization on the shapes of electrodes could further reduce the influence
of secondary electrons. It is observed in the simulation, that neither primary
nor secondary electrons are back-streamed.

Maximal Expected Power Load Density on the Critical Parts

Since the electrodes are straight stabs, the channels for the cooling liquid can be
straight, too. This could be an advantage for the engineering design. However,
the current of the transformed sheet electron beam is not uniformly distributed.
The density of the sampled magnetic field lines in fig. 3.6 clearly shows that
there are more beam electrons (thus higher current) transformed to the front
(mirror-box) end of the sheet beam than to the rear end. Hence, a hotspot can
be seen in fig. 3.13, where the load is higher than 1 kW/ cm? in the simulations
of a multistage collector design for the 170 GHz 1 MW gyrotron. The load at
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the other parts is lower than 400 W/cm?, i.e. in the acceptable range. For the
future 2 MW DEMO gyrotron, the power load density is approximately doubled,
such that except this hotspot, some other places could also exceed the given
500 W/cm? limitation.

There are several proposals to decrease the power density:
« optimizing the angle of the electrodes (adjusting the tilt in the x-y plane),
« tuning the depression voltages (but leaving the efficiency non-optimum),
« increasing the number of stages,

« increasing the number of “boxes” to split the total power.

500

\ ~
\ 4003 | 5
i _Hotspot; =
1200 ‘/V/cmz\A 300 R=i
200 =
;?:
- 100 <}
Electron =

beam

Mmoving directjop | ‘ O

Fig. 3.13: Typical thermal load at the last three stages of a sheet-beam MDC

Summary

The major advantages of this MDC proposal compared to other ExB MDCs,
which will be introduced in the next sections, are

- simple shapes of electrodes,

« good extendibility for the number of stages (a higher number of stages
results in a better efficiency and the lower power load density)

The drawbacks are obviously:
« large size (in both length and width),

« complicated additional coils.
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Therefore, this may not be the best MDC proposal for the 170 GHz 1 MW gyro-
tron, nor for the future DEMO gyrotron. The drawbacks are mainly caused by
the complexity of the sheet-beam transformation and the required size for that.
To target these drawbacks, extremely elongated elliptic beam and arc beams can
also be handled as generalized sheet beams. MDC proposals for the collecting
of the generalized sheet beams will presented in sections 3.4 and 3.5.

3.4 Proposalll: Planar Drift Applied to an
Elongated Elliptic Electron Beam

3.4.1 Creation of an Elongated Elliptic Electron Beam

An elliptic electron beam has a semi-major axis a and a semi-minor axis b as
shown in fig. 3.14. An extremely elongated electron beam (when a > b) can be
sorted and collected using the ExB drift as a (generalized) sheet electron beam,
which has been mentioned in section 3.3. The method to transform the gyrotron
spent electron beam to an elongated elliptic beam is presented in this section.

An elongated elliptic electron beam can be obtained from the annular beam
using the combination of two ideal coils shown in fig. 3.15. These coils are
arranged in a straight form of the Yin-Yang coil [100], the latter was proposed
for the magnetic confinement of the fusion plasmas. Here in fig. 3.15:

« the front (i.e. left) coil defocuses the injected beam in y-direction,

« the rear coil compresses the beam cross section in the other direction.

Electrons

Fig. 3.14: Cross section of an elongated elliptic electron beam
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Fig. 3.15: Transformation from annular electron beam to elongated elliptic beam using ideal coils [86]
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Fig. 3.16: Elongated elliptic beam transformation using more reasonable coils [86]
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The simulation of the electron trajectories in fig. 3.15 also takes into account the
stray magnetic field of the gyrotron main SC magnet.

The ideal coils can be realized as follows. The front coil is replaced by two coils,
so that the electron beam does not need to penetrate the coil loop, as visualized
in fig. 3.16. The rear coil is split into three rectangular coils. The rectangular
coils have a wide aperture, in order to place electrodes inside the loops. The
electrodes shown in fig. 3.16 can be constructed and isolated in a similar way
like the TEF collector [61], see fig. 1.17.

3.4.2 Estimation of the Minimal Electrode Length

In order to estimate the length of an elliptic-beam MDC, the axial length of an
electrode as a part of the total length, is estimated in this section. The basic
requirement for the collection of all electrons using a drift is that the drift distance
D (see fig. 1.20) should be longer than the thickness of the electron beam. The
elliptic electron beam has a thickness of 2b:

2>b.
2

Substituting D by eq. (3.4) there is

min{v,} m

Bq tand > b (3.22)

where v, is the axial velocity of an electron at the entrance of the ExB region.
Obviously, the elliptic electron beam should enclose the same magnetic flux y
as the original annular electron beam:

w=nB,r,>=nBab, (3.23)

where B, and r, are the initial magnetic flux density and beam radius of the
annular electron beam, respectively. In this way, the flux density B in eq. (3.22)
can be expressed as a function of the beam-enclosed magnetic flux y. The other
variable required in eq. (3.22) is the angle ¥ in fig. 3.17, which is

tan9 = L , (3.24)
2a
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where L is the longitudinal axial length of one electrode. Substituting eq. (3.23)
and eq. (3.24) into eq. (3.22) yields the minimal axial length of an electrode

2¥q

T am min{v,} (325)

The length of the ExB region is the axial length of a single electrode (L,;,,) plus
the total distance between the electrodes and the axial thickness of all electrodes.
The total collector length is the sum of the required length for the ExB region
and the axial length for the elliptic-beam transformation.

Electron with an

axial velocity of v,

Fig. 3.17: A side view of the electric field, magnetic field and the electrodes for an elliptic-beam MDC

3.4.3 Assessment of the Critical Parameters
Achievable Collector Size and Mechanical Complexity

Equation (3.25) shows that the axial length of an electrode L, ;, does not depend
on the ratio of the ellipse axes, but only on the magnetic flux enclosed inside the
elliptic beam. The enclosed flux is determined by two parameters: the cavity
flux density B,, which is related to the RF frequency, and the enclosed area at
the corresponding axial position. Here are some gyrotron examples for the
theoretical estimation of the minimal electrode length:

+ The 28 GHz, 10 kW second-harmonic gyrotron [101] corresponds to an
L in less than 6 cm. If the transformation also takes place in a short dis-
tance, then such an MDC for this gyrotron can be very compact.

107



3 Non-Axisymmetric Collector Concepts Based on ExB Drift

« According to the magnetic flux and the electron energy in [102], the
74.2 GHz, 100 kW gyrotron should have L ;, ~ 70 cm for min{v, }=7 keV.
The elliptic beam approach may still be applied.

« The Russian ITER gyrotron [103] has a smaller beam radius than the EU

variant. Hence, ithasL_. ~ 1.2m.

min
+ The EU ITER TE;, ¢ hollow-cavity gyrotron [24, 26] (i.e. the reference
170 GHz 1 MW gyrotron) has a large magnetic flux enclosed in the elec-

tron beam, therefore it would have L .~ 2m.

min
+ The 170 GHz 2 MW TEj,, 4 coaxial-cavity gyrotron [104] has a magnetic

flux, which is approximately 20 % higher than the TE;, 4 hollow-cavity
gyrotron. Its L, ;, should also be 20 % longer.

min
« For a DEMO gyrotron with a higher frequency, e.g. 204 GHz, an even

higher magnetic flux is possible and such an MDC might have a further
20% longer L ;..

This is only the axial length of one electrode. The total length of the MDC should
be even larger, since a sheet-to-elliptic beam transformation is required. For
the last three examples, this concept will result in a very large collector size,
which might be significantly longer than 3 m. Although L,_;, does not depend
on the beam thickness 2b, the collector efficiency indeed is related to the beam
thickness [83]. Any attempt to improve the collector efficiency or to increase
the drift distance will further increase the collector length.

Summary

This approach might be suitable for low-flux gyrotrons, however, it is not practi-
cal for the reference 170 GHz 1 MW gyrotron and also not for the future DEMO
gyrotron, because of the resulted large size. Therefore, no realistic design is
investigated. The fundamental reason for the large size is the conservation of
magnetic flux enclosed in the small-orbit electron beam.
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3.5 Proposallll: Planar Drift Applied
to Arc Electron Beams

3.5.1 Creation of Arc Electron Beams

As the applicability of proposal using elongated elliptic electron beam is limited
by the enclosed magnetic field, another proposal is presented in this section to
break the topology of the electron beam, in order to circumvent that limitation.

The idea can be explained with fig. 3.18. Based on the previous proposal, the first
simulation model for the demonstration of the principle also involves an elliptic-
beam transformation like in fig. 3.16. It is checked by the simulations, that the
transformed beam in this case can be less elliptic (has a larger b/a ratio) than the
one in section 3.4, which means that such a transformation could be easier to
achieve. Two baftles shown in fig. 3.18 collect the electrons at both ends of the
major axis of the elliptic beam cross section. This takes place before the electron
beam enters the drift region of the collector. In this way, the elliptic electron
beam is broken into two (elliptic) arc beams. Then, each arc beam is sorted and
collected as a curved sheet beam by a planar ExB drift. The difference to the
collection of a regular sheet beam is that, the shapes of the electrodes should
match the curvature of the arcs in order to collect these arc beams optimally. The
B-field in the drift region (right-hand side of fig. 3.18) has only a z-component,
whereas the electric field has a perpendicular component which will cause a
downward drift in this view.

Elongated elliptic beam 50
40 >
30|~
g
20 =
= 10—
Two baffles pre-collect the electrons
at the ends of the elliptic major axis Stage 1 0

Fig. 3.18: Breaking an elliptic electron beam into two curved sheet beams
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Fig. 3.19: Transverse projections of the (initial) arc electron beams and the electrodes [86]

The electrons collected by the baftle are decelerated by the depression voltage
of the first stage, no matter how much initial kinetic energy the electrons have.
Hence, they are not optimally decelerated. To minimize the number of these
electrons, the optimal baffles are not exactly aligned to the ellipse axis, instead,
they only need to pre-collect a part of the electron beam at the ends of the major
axis (see fig. 3.19a), such that the length of the resulted two arcs are not identical.
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To simplify the principle, it was found by simulations that the flattening or
ellipticity of the electron beam does not affect the collector efficiency. Therefore,
the annular beam can be directly broken into arcs, as shown in fig. 3.19b. That
avoids the increase of the collector length for the elliptic-beam transformation.
As the pre-collected electrons will not collide with any objects later, position ®
in fig. 3.19 can be used to hold and isolate the electrodes like in the construction
schematic of fig. 1.17.

Compared to the approach collecting the unbroken elongated elliptic beam in
section 3.4, this proposal has three advantages:

1. The beam thickness is reduced from 2b to the order of Larmor radius
(typically, ;. < 2mm). A thinner beam results in a better collector effi-
ciency [83].

2. The shapes of electrodes match the shapes of electron beams. A similar
drift distance is required for each electron. Such a drift can be achieved
within a reasonable geometric size even for a high-flux gyrotron.

3. The regular arc beams in fig. 3.19b do not need a special beam-shape
transformation. Therefore, the collector is shorter than the case using an
elliptic electron beam.

3.5.2 Estimation of the Total Collector Length

The analysis of the MDC length will be presented in the following paragraphs.
As the length is estimated, the other parameters such as the width, weight, and
drift distance are also known [86]. Here, the annular electron beam is considered
for the estimation, since it requires a shorter collector length than for an elliptic
beam. The total length L, ., of the ExB MDC for arc electron beams consists
of three parts:

Ltotal(B’ D) = Ltrans + Lelectrodes + z Lgap . (3-26)

It is a function of two variables: the magnetic flux density B and the desired
drift distance D.
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The first term L, on the right-hand side of eq. (3.26) is the length for the tran-
sition of the magnetic field prior to the ExB region. The axisymmetric magnetic
field should be smoothly reduced to the required magnitude (in the order of
20-80 mT) of the ExB collector. The transition should be adiabatic, in order
to minimize the expansion of the final beam thickness. The most convenient
approach is to include only the stray magnetic field B(z) of the gyrotron main
SC magnet without any additional modification to ensure a thin electron beam.

Li,ans 1s @ function of the final magnetic field B. The key to formulate L, (B) is
to find the inverse function of B(z). Since the coils are far away from the collector,
a proper simplification is to mathematically treat the set of coils in the gyrotron
main SC magnet as an ideal current loop. The axial magnetic field of an ideal
current loop (see fig. A.1 on page 159) according to the Biot-Savart law is

7.2

I
B, = H5—3 , (3-27)
\/ 12+ (2 — zp)?

where r is the loop radius and z; is the axial location of the loop center. For
|z — zy[>>1, i.e. in the far field of the loop, eq. (3.27) is approximately

K

N —, .28
|z — 2o (328)

z
which has the inverse function
K 1/3
z=|— +2z. 2
( Bz> 0 (3.29)

Fitting the field data of the 170 GHz 1 MW EU gyrotron to eq. (3.29), K is
found to be 0.069 T m”>. The fitted z, is the middle point of the main SC coil,
as expected. This equivalent current loop model with far-field approximation
only has 0.1 % modeling error in the transition region, and it is even accurate
enough for off-axis positions at a reasonable radius.

Finally, the transition length L, . is the distance from the end of the mirror box
z,,, to the begin of the ExB region where the field B = B, starts to be uniform

K\1/3
Ltrans = (E) t20— 2y - (330)
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The second term L, (o4
of one single electrode. Replacing 2a by 2r in fig. 3.17, the minimum L

on the right-hand side of eq. (3.26) is the axial length

electrode
is approximately

L =2rtand. (3.31)

electrode

The radius r of the annular beam is a function of the homogeneous magnetic flux
density B, regarding the conservation of magnetic flux (the one derived from
Busch’s theorem). The term tan 9 is the inverse function of eq. (3.4), which takes
B, and D as parameters. The axial length (height) of a single electrode is then

4D [By

Lelectrode(B’ D) =4 m, v, T

(3.32)

The last term of eq. (3.26) is the sum of the distances between electrodes. Each
distance can be an arbitrary value, as far as the electric field does not break down
(in this estimation, a distance of 10 cm between the adjacent stages is considered,
thus ideally there is an electric field of less than 2 kV/cm between two parallel

electrodes). This term is insignificant compared to L., and L

trans electrode*

Figure 3.20 is the relation between the drift distance D, the homogeneous collec-
tor magnetic field B = B, and the collector length of a three-stage collector. The
minimal initial velocity of the electrons entering the collector is approximately
v,28keV. Each iso-D curve has a minimum of L,..;, since

« The right side of the diagram has a high B,. That means a short distance
for the demagnetization. However, to keep the drift distance constant, the
tilting angle ¥ of the electrodes must be larger. Therefore, the total length
is longer.

+ On the left side of the diagram, although the tilting angle of electrodes
decreases as B, diminishes, the distance required for the demagnetization
increases non-linearly. Furthermore, the beam radius should also be larger
in order to enclose the same magnetic flux. Thus, the total collector length
increases dramatically.
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Fig. 3.20: Estimated total length of a three-stage arc-beam collector for a drift distance D from 5 mm
to 2.5cm [86]. The iso-D curves are in violet. The red dot is the operation point for a
conservative MDC design in section 3.5.3.

3.5.3 Conceptual Collector Design and Basic Examinations

A conceptual design of the arc-beam collector for the 170 GHz 1 MW gyrotron
is created and simulated with CST. It requires four additional collector coils to
sustain a homogeneous magnetic field of B, = 60 mT. The reason of choosing
this magnetic field is explained as follows. The drift distance D should be higher
than the beam thickness, while the latter is up to 5mm. In this design, D is
chosen to be approximately 17 mm. On the curve for D = 17 mm in fig. 3.20, the
magnetic field for the shortest collector length is about B, ~ 30 mT. However, a
more conservative operation point (the red dot in fig. 3.20) with a high magnetic
field at B, ~ 60 mT rather than at 30 mT is chosen for four reasons:

« The collector diameter with B, = 60 mT is smaller than that at the oper-
ation point of B, = 30 mT. (A smaller diameter does not mean a higher
power load density, since the beam impacting area depends also on 3.)

« The electron beam at B, = 60 mT is thinner than the one at B, = 30 mT.

« The electron beam has a stronger confinement at B, = 60 mT than at
30 mT; therefore, the MDC operation should be more stable against the
external perturbation magnetic field.
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(c) Transverse projections of the electrodes and the electron
trajectories. The tops of the disk-form electrodes are not
necessary for the creation of the electrode field. Therefore,
they are removed for a shorter collector length.

Fig. 3.21: Design of a three-stage arc-beam depressed collector with the simulated
electron trajectories [86]
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« Itis preferred to stay on the conservative side of fig. 3.20, where the collec-
tor length does not vary with the magnetic field dramatically.

A side view of the design is shown in fig. 3.21a. Before the ExB drift is applied,
the annular electron beam is split into two arcs by a pair of optimized baffles,
which are located at the optimum positions for the pre-collection of the electrons
at those azimuthal ranges, as shown in figs. 3.21b and 3.21c. The baffles have the
same depression voltage as the first stage. Therefore, they are able to recuperate
a part of the kinetic energy of those pre-collected electrons. There is a cylin-
drical wall shielding the electrons from the collector entrance to the first stage.
Otherwise there would be an unwanted electric field, which would distort the
electron beam before the beam enters the carefully designed ExB drift region.

To verify the principle, a two-stage variant and a three-stage variant are simulated.
Both have the same magnetic field and the same angle 3. The two-stage variant
should have an 7., = 74 % with Uy = 30 and 45 kV, according to the simulation,
while the three stages variant with U; = 30, 44 and 60kV should have an
Neol = 82 %. These simulations ignore secondary electrons, but they take into
account the space charges of the electron beams.

The transversely projected electrodes have the form as shown in fig. 3.21¢c. The
inner electrodes can be held and isolated at the azimuthal ranges, where the
sectors of electron beam are pre-collected. In order to keep the simulation model
simple, the inner electrodes of the first two stages are elongated disks instead
of curved strips depicted in fig. 3.19b.

3.5.4 Assessment of the Critical Parameters
Achievable Collector Size and Mechanical Complexity

The sample MDC design is 30 % longer than the reference SDC. The MDC
has a maximal electrode radius of 250 mm, which is 2.5 cm larger than the
reference SDC. Four coils are required to keep the magnetic field in the collector
homogeneous. They consume up to 800 W of power (assuming copper wires).
This type of MDC can be similarly constructed like the Tilted Electric Field
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(TEF) collector, which has been built and experimented in the TWT [61]. In
principle, adding more stages to the design is straightforward.

Compared to the designs of the sheet-beam approach and of the elliptic beam
approach, the design presented in this section is considered simpler:

« This approach results in a significantly smaller collector size than that of
the previous two ExB MDC proposals.

« The required collector coils are more regular than in the previous two
proposals.

Expected Collector Efficiency

Since the energy in the pre-collected electrons cannot be optimally recuperated,
the maximal achievable collector efficiency is mainly limited by this energy
loss. That means, even an ideal MDC using this approach has a lower collector
efficiency than the estimated value in table 1.2. Taking the optimized baftles in
fig. 3.21 for example, an ideal MDC using an infinite number of stages and an
ideal energy sorting would have 92 % collector efficiency rather than 100 %.

Without secondary electrons, the design of a two-stage collector assuming the
spent electron beam spectrum of the 170 GHz 1 MW gyrotron in fig. 1.9 has a
theoretical collector efficiency of 74 %. A three-stage collector has 7, = 82 %.
These values are evaluated without secondary electrons.

In the simulations considering secondary electrons, the Furman model for cop-
per [36, 37] implemented in CST is applied for the electrodes. A straightforward
activation of secondary electron model reduces the collector efficiency of the
three-stage collector from 82 % to 70 %. The major reasons for such a large
efficiency drop are identified. Two of them can be handled just with minor
modifications to the electrodes:

+ Secondary electrons emitted at both vertices of the inner electrodes have
less chance to be collected again at that stage. They bounce back to the
previous stage and reduce the collector efficiency. Rounding the edges like
fig. 3.22a can gain 3 % collector efficiency from the secondary electrons.
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(a) Rounding the inner electrode

—

(b) Grooves parallel to drift

(¢) Grooves perpendicular to drift

Fig. 3.22: Suppressing secondary electrons in the arc-beam MDC [86]
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Compared to a sharp edge, the rounding increases the area for the re-
collection of secondary electrons.

« Itis noticed that the most problematic secondary electrons are emitted at
the last stage, as they are backwards accelerated by the local electric field.
Grooving the surface of the last stage (introduced in section 2.5.2) can
affect the effective SEY. Different orientations of numerous 5 mm wide
by 5 mm deep grooves are compared in the simulations. In the first case
(fig. 3.22b) the grooves are parallel to the drift direction. The secondary
electrons are able to move along the grooves and even escape the electrode.
In the second case (fig. 3.22¢) the grooves are perpendicular to the drift
direction. Although the emission of secondary electrons cannot be fully
suppressed. The grooves reduce the effective emission ratio of secondary
electrons and raise the collector efficiency by additional 3 % points.

Applying these two improvements, the three-stage collector simulations show a
collector efficiency of 76.5 % considering secondary electrons. The most effective
solution for a further suppression of the secondary electrons is to have enough
space at the last stage in order to tune the local electric field and the angle of
the magnetic field to the electrode. However, that will increase the complexity
of the design.

In the simulations, no current of primary electrons is back-streamed, whereas
less than 10 mA of back-stream secondary electron current is observed. This
current is in the same order as the back-streamed secondary electron current of
the reference SDC and thus the back-streaming can be considered harmless.

Maximal Expected Power Load Density on the Critical Parts

The beam power distributed on the electrodes of this MDC is more uniform
than in the case of fig. 3.13. The load on the electrodes is controllable through
changing the beam radius and the tilting angle 3 of electrodes.

However, the baflles collect the beam electrons despite of their kinetic energy
with the same depression voltage. Hence, the baftles not only limit the maximally
achievable efficiency, but also cause a high power load on them. The critical
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power load is shown in fig. 3.23. The power load density on everywhere else is
below 500 W/cm? for the 170 GHz 1 MW gyrotron spent electron beam except
at both baffles, where the load can be higher than 3 kW/ cm?. (The most peak
value might be numerical artifacts, which is currently hard to process in CST.)
Although the power density on the baftles can be reduced by optimizing the
electron impacting angles or beam radius, the use of the baffles can result in an
unacceptable static power load density for a gyrotron with an output power of
1 MW. For a future DEMO gyrotron which will output 2 MW RF power, the
baftles will be more problematic.
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Fig. 3.23: Thermal load at the baffles
Summary

In this section, the annular electron beam is split into two arc beams. An arc
beam can be collected as a curved sheet beam. Therefore, this approach is
considered as another approach to apply the planar ExB drift for the energy
sorting of sheet electron beams.

The major advantage compared to the other two MDC types using planar ExB
drift in sections 3.3 and 3.4 is the smaller size, which is only 30 % longer than
the reference SDC and has a reasonable collector radius.

However, two baffles are needed to split the electron beam. There is a high
power load density on them and the energy recuperation at the baffles can never
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be optimal. Therefore, this kind of MDC might need three stages to achieve
the goal for an 7, > 60 %.

In order to realize this idea, better cooling technologies (e.g. the mini-channel
cooling [105]) for the local intensive power load on the baffles combining with a
larger beam radius might be applied. The possibility to scale this approach for a
2 MW DEMO gyrotron will also be limited by this critical power load.

3.6 Proposal IV: Radial Drift Applied
to the Annular Electron Beam

3.6.1 Creation of a Radial Drift

To create a radial ExB drift in the collector, either an E, or a By field component
is required. As discussed in section 3.2.2, the By-type of MDC is excluded from
this work, therefore, the key here is to create an Ej, field as shown in fig. 3.4a. In
the previous work of this MDC type [68], a model with an infinite number of
pipe-form electrodes was proposed. In this section, a more realistic two-stage
collector design will be conceptually proposed.

The shape of the MDC design is based on the one of an axisymmetric SDC. A
part of the SDC inner wall is a hollow cone as shown in the two-dimensional
diagram of fig. 3.24. The conic inner wall is for the purpose, that the coil currents
used to tune the magnetic field can be weak and the number of the tuning coils
can be low (e.g. not more than 3). The coils tune the magnetic field in the
SDC so, that the flux surfaces, where the electron beam is located, match the
shape of the conic inner wall. The strongest tuning coil in fig. 3.24 overlays an
additional field of 20 mT to the original collector magnetic field. Therefore, all
of them can be built using normal-conducting wires. If the SDC would have
everywhere an ordinary cylindrical inner wall (this case was also investigated
in the simulations), it would require a higher number of much stronger coils to
keep magnetic homogeneous, similar to the configuration in section 3.5.

The wall of the conic region is split by a helical gap into two segments as depicted
in the perspective images at the upper part of fig. 3.24. The helical gap creates
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both of the electric field component E, for the drift and E, for the deceleration.
On the backside of the view, there is a straight gap between two ends of the
helical gap. Beam electrons close to the helical gap drift radially outwards. The
slow electrons stay a longer time in the drift field; therefore, they suffer from
a larger drift distance and will be finally collected on the surface of the helical
gap at the first stage. Fast electrons are less influenced by the drift and will be
collected at the cylindrical top of the collector. However, the electrons at the
azimuthal range of the straight gap drift inwards. This inward drift is unwanted
and will be discussed later in the text.

As shown in fig. 3.24, the model of the electrodes has the base form of a thick
metallic hollow cone. In the simulations, the thickness of the wall is chosen
approximately between 5 mm and 10 mm depending on the range of D. The
reason is that such a structure can facilitate the mesh generator in CST. Otherwise,

a thin wall in the collector simulation would produce too many mesh cells for a
structured volume mesh. In reality, the conic wall should be built with metal
layers supported by frames, see the design in section 3.9.

Straight gap First stage  Helical gap  Second stage
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Fig. 3.24: Idea of an MDC with helical electrodes
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Fig. 3.25: The choice of design parameters based on eq. (3.34) [14]

3.6.2 Conceptual Collector Design and Basic Examinations
Choosing the Proper Design Parameters

The drift distance D of this proposal is similar to eq. (3.4). The difference is
that the total magnetic field B, instead of its component By, is considered in
the calculation:

2v,m, 2vyme V1 — cos? 9
= tan 9 = : (3-33)
Bgq Bg cos
According to appendix A.4, it is equivalent to
m,vy L mevyL myvy Lt
p= MeVor _ Mo Pl+ eYotTo (3.34)
qy qy qy

The newly involved variables (L, p and r,) are marked in fig. 3.24, where € [0, L]
is the axial displacement of a point on the helix. Equation (3.34) means that the
ExB drift distance increases linearly along the axis. Figure 3.25 is the diagram
created from eq. (3.34) for the choice of design parameters. The height of the
helix (L) is fixed at 0.9 m in order to have a comparable length as the reference
SDC from fig. 1.11. The steepness (p) of the cone is chosen in the way, that
the top radius of the helix (i.e. the maximal inner radius of the MDC) does not
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exceed 225 mm, which is the inner radius of the reference SDC. At the beginning
of the collector, the drift is the weakest due to the high magnetic field. The
minimum drift distance is set to be approximately 2 cm. Therefore, the distance
between the electron beam and the conic wall is also kept around 2 cm.

In principle, a large drift distance is preferred. Two parameters determine the
drift distance: the magnetic flux density B and the angle 3. Decreasing B or
increasing ¥ will increase the drift distance D. However, the former will increase
the collector radius; whereas the latter will decrease the torsion of the helix, thus
the collector length will increase.

Examination of the Collector Efficiency

This MDC model is simulated using realistic electron beam parameters in CST,
where the spent electron beam is imported from the interaction simulations with
EURIDICE [48]. Results from both trajectory and particle-in-cell solvers are in
very close agreement, where secondary electrons and space charges are taken into
account in both simulation methods. The MDC model can theoretically achieve
an 7)., of 78 % (if the effect of secondary electrons is ignored) for Uy; = 30 and
Uy, = 42kV. The secondary electrons decrease the 7, only by 1 %. Details of
the simulations and convergences are presented in [14].

Examination of the Cross Section to Understand
the Behaviors of the Electron Beam

Figure 3.26 shows the cross section of the electron beam from the CST steady-
state trajectory solver. The diagram demonstrates and verifies the principle of
the operation. All electrons with E,;, > 10keV are colored in red for a clear
presentation. There is the helical gap between (c) and (d). The azimuthal
location of this gap varies at different axial positions. The electrons at (f) are
moving axially to the helical gap at their azimuthal angles. These electrons are
not affected by the drift yet. Those electrons at (a) and (b) are the ones with high
initial energies. They have been exposed in the ExB drift shortly. Although the
drift has increased their radius, these electrons continue to move axially toward
the second stage. The outer electrons pointed by (a) are the relatively slow ones.
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They have been exposed in the drift for relatively longer time than the other ones
at that angle. Hence, the radii of those electrons are larger than of the ones at
(b). The electrons at position (c) start to be affected by the ExB drift. The ones
at (d) are the originally slow electrons, which are pushed by the drift out of the
main circular beam. They will be collected at the first stage.

The azimuthal position (g) is at the “backside” of the helical electrodes in fig. 3.24,
where the drift direction is inverted. The angular range of this vertical gap is §,,
whereas the sector of electron beam drifting inwards has an angular range of d,.
The angle of the latter range is larger than the former. The electrons with low
initial velocity at the angle 8, cannot overcome the potential barrier produced
by the depression voltage, thus they will be reflected. These electrons cause a
small back-stream beam current. A back-stream beam current of approximately
700 mA from the injected 45 A electron beam is observed in the simulations
of this conceptual design. The discussion of this back-stream current will be
given in section 3.6.3.
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Fig. 3.26: Beam cross section (taken at position @ of fig. 3.24) in a steady-state trajectory
simulation [14]
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In the steady-state simulation, the same electron may pass through a cross section
multiple times (even if it is not back streamed). For example, the slow electrons
at position (e) also appear at position (d), as the drift is radial.

Examination of the Collector Performance
Using Mono-Energetic Electron Beams

In addition to the simulations using the gyrotron spent electron beam with
realistic energy spectra, the examinations with mono-energetic electron beams
are also performed like in section 2.4.3. For this investigation, each simulation
involves such an electron beam, where all electrons have the same initial energy.
The thickness of the realistic electron beam is preserved. To compare fairly with
fig. 2.9, the initial potential energies of injected electrons have to be considered.

Figure 3.27 shows the normalized current for the collection and reflection (back-
stream). It proves that the ExB MDC performs the electron sorting very well.
Compared to fig. 2.9, the energy sorting by the ExB drift is impressively sharp.
That has two advantages:

o The sharp energy-sorting is a necessary condition for a high efficiency, as
in this case, the electrons are collected at the most appropriate stages.

+ Extending the number of collector stages for a sharp-sorting MDC can
reward more efficiency than for an unsharp one.
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Fig. 3.27: Examination with mono-energetic electron beam (in contrast to fig. 2.9)
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In contrast to fig. 2.9, this approach has no issue to sort the very high-energetic
electrons. Hence, this concept is better than the one in chapter 2, if the issue
of the back-stream current can be solved.

3.6.3 Assessment of the Critical Parameters
Achievable Collector Size and Mechanical Complexity

This MDC conceptual design is 10 % shorter than the reference SDC in fig. 1.11.
However, its maximum outer radius (vacuum envelope not included) is approxi-
mately 10 % larger than that of the reference SDC. One advantage compared to
any other MDC proposals is that, the required magnetic field in this proposal is
very simple. One challenge to build such a collector is to create and cool the elec-
trodes in helical strip form. This is feasible (see section 3.9) but need to be tested.

To have more than two stages, it is possible to stack the helical stages over each
other [88]. Nevertheless, a two-stage collector could already have a sufficient
efficiency for the first goal and should be considered for the construction and
experimental verification, before extending it to more stages.

Expected Collector Efficiency

Simulations show that the two-stage collector has a collector efficiency of 78 % if
secondary electrons are ignored, while #_; = 77 % is achieved in the simulation
considering the effect of secondary electrons.

The ExB MDC shows a certain robustness against manufacturing tolerances
and operation environments, because the moderate magnetic field (60 mT at
the entrance, while 15 mT at the end) can stabilize the electron beam. In the
following paragraphs, the sensitivities of the collector efficiency against

« beam current,
+ beam misalignment, and
« external magnetic field

are checked by simulations like in chapter 2.
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Fig. 3.28: Sensitivity of efficiency for +20 % beam current [14]

Figure 3.28 shows the collected beam power over a certain range of beam current.
The same kinetic energy spectrum is input in each simulation, whereas the beam
current is scaled in a range of £20 %. The curve is similar to the case of the
axisymmetric MDC shown in fig. 2.12. It is estimated that the collected power
varies with the beam current almost linearly, thus the collector efficiency is not
notably influenced.

The check for the sensitivity of the beam misalignment is different from the
check for the axisymmetric MDC in section 2.5.2. The difference is that, in this
proposal, the transverse displacement of the electron beam affects the collector
operation anisotropically (i.e. the effect of the beam misalignment depends on
its direction). Figure 3.29a are the collector efficiencies presented in a polar
coordinate. The “straight gap” is located at zero degree of the diagram, like in
fig. 3.26. The simulations do not consider secondary electrons in order to be
completed within reasonable time. Therefore, the reference simulation without
misalignment has a slightly higher efficiency than the simulation with secondary
electrons presented before. An electron beam displacement of 0.5 mm in the
cavity influences the collector efficiency by +1 %. When the beam misalignment
is increased to 0.8 mm, in the worst case, the collector efficiency is reduced by
4 %, which is much better than the axisymmetric MDC (presented in fig. 2.11).

The tolerance of an external perturbation magnetic field is also checked in the
simulations ignoring secondary electrons. The perturbation field includes the
stray field of tokamak coils and the magnetic field from neighboring gyrotrons.
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Since the axial component of the external field can be theoretically compensated
by the collector coils, only the influence of the planar transverse magnetic field
(magnetic flux density) B, is investigated. Depending on the direction of the
applied B, an anisotropic diagram is depicted in fig. 3.29b. In the worst case
with B, = 0.5mT, the collector efficiency is reduced by 5 %. In the best case (if
the collector is mounted with the optimal azimuthal direction), the B, = 0.5mT
will have no influence on the collector efficiency. Compared to the same study
for the axisymmetric MDC in fig. 2.10, which has 8 % efficiency reduction in
any direction, this ExB concept is advantageous.

As expected, the collector efficiency of this proposal has certain tolerances to
the manufacturing and operation environment. However, only the collector
efficiency was checked in this investigation. Impact of the back-stream beam
current and the changes of the power load density are also important and will
be considered in future.

Unwanted Back-Stream Beam Current

The major physical uncertainty of this MDC proposal is the impact of the back-
stream current. In this particular design, 1.5 % % 700 mA current of the input
spent electron beam is back-streamed. The diagnostic simulation in fig. 3.27
shows that the reflected electrons are a minor part (~ 10 %) of the slow elec-
trons which should be collected at the first stage. No electron, which should be
collected at the second stage is reflected. According to the energy spectrum of
the spent beam in fig. 1.9, the proportion of electrons which have relatively low
energy (30-42 keV) is very small. In other words, the reflected current is just a
minor part of another minor part of the primary electron beam.

A theoretical study on the impact of back-stream beam current is based on the
full-gyrotron simulation with a regular SDC of the 170 GHz 1 MW gyrotron
using ARIADNE. (ARIADNE is not yet capable of modeling this MDC shape at
the time of writing, therefore, an axisymmetric SDC, which produces the same
level of back-stream current, is applied in this study.) It is found that the back-
streamed electrons will re-participate in the interaction and will be eventually
accelerated by the RF field. They have less chance to move to the cathode due
to the low potential there. More probably, these electrons gain energy from the
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interaction, then they re-enter the collector at other azimuthal angles and will
be collected appropriately. Following are the details of this investigation.

In the full-gyrotron simulation, the depression voltage is intentionally set to
an exaggerated value. This causes a back-streaming current of 1.2 A from the
45 A primary beam current. The evolution of the RF output power towards
a steady state is shown in fig. 3.30. In this simulation setup, the first ten (an
arbitrary number as far as the first steady state is reached) iterations do not
consider the interaction with RF, in order to obtain an intermediate steady state
of the beam optics. For this intermediate steady state, a conservative depression
voltage is applied, so that no electron should be reflected from the collector.
Starting from the 11th iteration cycle, the interaction with RF is turned on. After
another 13 iterations, a new intermediate steady state is reached regarding the
self-consistent interaction simulation. Afterwards, the depression voltage is
switched to an exaggerated value, which forces the collector to back-stream a
beam current of 1.2 A. After a certain number of iterations, the RF power reaches
another steady state. The new power-level is marked by the red dashed line in
fig. 3.30. It is found that even with such a high back-stream current (70 % higher
than the value predicted for the MDC proposal), the reduction of the output
power is insignificant, and the reflected electrons are re-collected in the collector.

The Pyp with a back-stream current of 1.2 A is only
/ slightly lower than the Py without back-stream
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Fig. 3.30: Convergence of the RF power in the ARIADNE full-gyrotron simulation with 1.2 A of 45 A
back-stream current
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Experimentally, there are two particular verifications presented in the literature:

+ A back-stream current of 10 mA is measured in the experiment of the
110 GHz gyrotron [71]. However, 640 mA would be reflected from the
collector according to simulation. This could mean that the rest of the
back-stream electrons reenter the collector with a higher energy and are
collected eventually.

« For the 140 GHz gyrotron [72] with [, = 27 A and U, = 80KV, the
measured RF output power does not change, even when the measured
reflection of electrons reaches 3 A.

From both experiments one can expect that a back-stream current of the simu-
lated quantity does not affect the gyrotron operation. Nevertheless, to avoid any
unexpected effect of the back-stream current, solutions to suppress this current
will be found. There are two options to reduce the back-stream current without
changing the collector basic geometry too much:

« Decreasing the width of the straight gap can reduce the back-stream cur-
rent. The gap should be at least so wide that there is no breakdown of the
electric field.

« As shown by fig. 3.27, the relatively faster electrons of those slow electrons
(e.g. the ones with E,, = 40keV in fig. 3.27), which should go to the
first stage, are less probably to be reflected. Therefore, decreasing the
depression voltage at the first stage can also slightly reduce the reflection.
However, the price for that is a reduction of the collector efficiency and
an increment of the maximal power density at the first stage.

Instead of tuning the design parameters, there are advanced proposals which
suppress the back-stream current by their operation principles. Such proposals
will be introduced in section 3.7.

Maximal Expected Power Load Density on the Critical Parts

The power density information is given by CST simulations and can only be
processed inside this commercial software. That limits the flexibility of the result
evaluation, especially in the current CST implementation of the power load
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density function. Hence, the presented results in the following paragraphs are
preliminary estimations.

The power load density study is based on the 170 GHz 1 MW gyrotron as for
the other proposals presented in previous sections. At the first stage, where the
electrode is a helical surface, the power is concentrated on the inner side of the
helix, as shown in fig. 3.31. The edge lengths of the triangle mesh surfaces (of the
unstructured tetrahedral mesh cells) are approximately 1 cm. Most cells have
power density below 200 W/cm?, while the hot spots are below 300 W/cm?. On
the second stage shown in fig. 3.32, the load is higher. Hot spots are approximately
700 W/cm?, which exceed the limit. However, the 700 W/cm? here is the static
load, while the 500 W/cm? limitation is for the temporally averaged load with
a sweeping of a 2kW/cm? electron beam. Hence, how does the 700 W/cm?
static load affect the collector fatigue has to be further investigated. A thermal
analysis [23] shows that a power density of 900 W/cm? means a temperature of
282°C if the power can be removed within 0.5s.

There are a few possibilities to reduce the 700 W/cm? power load density at
the last stage:

« Increase the collector inner radius by 40 % to be approximately 320 mm.
« Upgrade the MDC to have a higher number of stages.

+ Alocal beam sweeping similar to the SDC can be additionally designed.
Since electrons experience more deceleration at the last stage of the MDC
than in an SDC, the requirement of the sweeping system in this case can
even be lower than that in the reference SDC.

In case of a future DEMO 2 MW gyrotron, the beam power is doubled. At the
first stage the power load may still be under the limitation. At the second stage,
the combination with a beam sweeping is necessary.

Above are preliminary studies. The values of load vary with the numerical settings
and the results presented in this study are quite limited by the existing software
implementations. Further analysis and thermal simulations should be performed
to have a better understanding of the issues and to propose better solutions.
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Fig. 3.31: Power load density at the first stage
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Fig. 3.32: Power load density at the second stage
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Summary

This MDC proposal requires the simplest collector coils among all existing gyro-
tron MDC proposals. It also leads to a most compact conceptual design of a
two-stage collector with a theoretically sufficient collector efficiency, which is
less sensitive to the beam misalignment and the perturbation magnetic field,
compared to a classical one. The power load study is limited by the implementa-
tion of the used commercial software. This power load might be controllable
for the future DEMO gyrotron, if a beam sweeping would be applied at the
last collector stage.

The conceptual weakness of this proposal is the existence of a back-stream from
the primary electron beam current. This weakness will be remedied in the
upgraded proposals of section 3.7.

3.7 Upgrades for Proposal IV

3.7.1 Upgraded Design Proposals to Suppress
the Back-Stream Current of Proposal IV

There are multiple reasons which can cause a part of the beam electron to be
back-streamed. The substantial back-streaming of beam current is caused by
the flip of drift direction at the azimuthal angle, where the straight gap (see
fig. 3.26) is located. Four upgraded design proposals for significant reductions
of the back-stream are proposed in this section. All of them are aimed to reduce
this type of reflection.

Upgraded Proposal 1: Introducing Another Azimuthal Drift

The first proposal for the minimization of the back-stream is to prevent slow
electrons from staying at the azimuthal angle of the straight gap. These slow
electrons can be carried by an additional drift to other azimuthal positions.
Furthermore, there should be no other electron filling back to the gap.
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Inserting another electrode can perfectly create such a drift. The principle is
shown in fig. 3.33. The figure is a perspective bottom view of the cross section in
the middle of the upgraded MDC proposal. The outer structures are the original
electrodes. The inner one, which has the electric potential of the second stage,
creates a radial electric field only on the right half side of this figure. In order
to facilitate the mesh generation, the inserted electrode is schematically bulky
just like the outer electrodes, whereas a real implementation would only need
its electric potential on the boundary. The orange ring between the outer and
inner electrodes marks the cross section of the annular electron beam.

Those electrons on the azimuthal angle of the straight gap experience a clock-
wise drift in the view of fig. 3.33. The drift rotates these electrons along the
equipotential surfaces to another azimuthal position. There, the ExB sorting
will take place after an axial displacement at a higher position. The electrons,
which were originally reflected in the proposal of section 3.6 will be appropriately
collected (they follow that magenta trajectory). As a side effect of this upgrade,
the newly introduced drift also pushes the electrons on the right half side of
fig. 3.33 faster to the helical gap, which anyhow does not affect the operation
principle of the original MDC.

No drift on this half side Equipotential lines
(Equipotential surfaces in 3D)

Fig. 3.33: Azimuthal drift produced by a coaxially inserted electrode [15]
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The left half side of the electron beam in fig. 3.33 has already been sorted by the
helical electrodes. This part of the remained electron beam only has electrons
with high initial energies. In the absence of space charges, there is no azimuthal
drift for those electrons. They will stay in that azimuthal angle until they reach
the second stage. Even if the space charges produce such an azimuthal drift, that
this part of the electron beam is rotated to the azimuthal angle of the straight
gap, those electrons will still not be reflected due to their high energy.

The upgraded design proposal seems to be a reasonable solution for minimiza-
tion of the back-stream current. However, the simulation with CST still predicts
1.1 % (500 mA of 45 A) reflected beam current (including secondary electrons),
which is nevertheless better than in the original proposal, where the ratio was
1.5 %. Two reasons are found for the explanation of the unwanted back-stream
current:

« The coaxial insert increases the absolute value of depression voltage at
the beam radius. The new depression voltage reflects the slowest part of
the beam electrons before they can be sorted by the ExB drift. Hence,
the depression voltages have to be optimized differently for this upgraded
proposal.

+ The added azimuthal drift is not effective enough. It is observed in the
simulation, that some slow electrons still stay in the azimuthal range of
the straight gap. Further optimization of electrode geometry and voltages
might also improve this situation.

Since the depression voltages, geometry and magnetic field have to be tuned
carefully in order to further reduce the back-stream current, the resulted ExB
MDC design will be less flexible on the choice of the design parameters. To sim-
plify the geometry, the design with inverted inner and outer structures presented
in appendix B.3 is another option for the implementation of this proposal.

Upgraded Proposal 2: Increasing the Angular Range of the Helical Gap

In the original MDC design, the angular range of the helix was less than 27, where
the straight gap causing the reflection also takes a tiny range of the azimuthal
angle. The following proposal hides the straight gap behind a piece of the helical
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electrodes. Any electron arrives the straight gap should have already been sorted
by that piece of the helical electrodes.

Figure 3.34 shows the principle of this proposal. Here, the helix twists a bit over
360°. The original straight gap is split into a short segment and a long one. The
short segment has a width of d,, which is wider than the width d, of the long
segment. Since the azimuthal electric field is weaker with a wider gap, the drift
velocity is also slower at the short segment according to eq. (1.15).

At the azimuthal position marked by the green arrows, electrons are sorted at
the entrance of the collector. The slow electrons are split out and collected at the
first stage immediately after they enter the MDC. Only fast electrons are in the
rest of the beam at that azimuthal position. Although there will be an inward
drift until the end of the straight gap, the fast electrons will not be reflected.

At the angle marked by the white arrows, the electrons entering the collector
pass through the short but wide gap. The large width results in a slow inward
drift, as discussed above. The short length means a short exposure time for
the electrons in this drift field. Moreover, the magnetic field at the entrance is
four times higher than at the end of the collector, therefore, the drift velocity at
the entrance is four times weaker. Due to the low electric field, short exposure
time and high magnetic field, electrons at this angle only experience a very weak
inward drift, such that they will not drift too far from the collector wall. After
the short gap, electrons continue their movement until the helical gap. As the
electrons reach the helical gap, they are decelerated by the longitudinal electric
field, so that the exposure time in the ExB drift is long, especially for the slow
electrons which may be completely decelerated. In addition, the magnetic field
here is weaker. The outward drift by the helical electrodes, which performs the
energy sorting, is much stronger than the previous inwards drift at the wide gap.
Hence, the electrons at this angle can also be appropriately sorted and collected.

Depending on the setup, this upgraded design still have 150 + 80 mA back-stream
current from the total 45 A injected electron beam. The improvement to the
original 700 mA is significant. Two kinds of electrons might be reflected in this
particular simulation model:
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« The first kind is the extremely slow electrons at the azimuthal angles
marked between the green and white arrows. They cannot overcome the
electric potential and are totally decelerated. During the deceleration, they
drift inwards and are reflected.

« The part of the electron beam pointed by (g) in fig. 3.26 experiences the
inward drift. However, the affected electrons are not only the ones exactly
at the azimuthal range 0,. The effective azimuthal range, where electrons
drift away from the collector wall, has the angle of §, in fig. 3.26. The value
of §, increases with the length of collector. If the collector is long, the range
0, may include those electrons at the angle marked by the white arrow in
fig. 3.34. The slower electrons are more affected, such that they cannot
optimally drift to the first stage and will contribute to the back-stream
current, too.

Two solutions can suppress the second kind of back-streaming. One is to further
twist the helix; however, that would increase the collector size. The other is to
reduce the collector length without decreasing the outward drift distance (will
be presented in section 3.7.2), in order to reduce the exposure time of electrons
in the unwanted drift field.

ExB drift splits out The remained fast electrons will
the slow electrons not be reflected at the second stage

LTI

The effect of the inward
drift here is weak An effectiver ExB drift sorts the electrons

Fig. 3.34: The helical structure covers more than 27 azimuthal range [15]
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Upgraded Proposal 3: Capturing the Back-Stream Electrons Using a Disk

Since the back-streamed electrons drift inwards, they have notable smaller radii
than the input electron beam. These electrons can be captured using a disk,
which is placed within the electron beam. This disk should have the same
potential as the first stage. The topology determines that this disk can only be
hung from the top of the collector. The originally back-streamed electrons are
expected to have the yellow trajectory in fig. 3.35 Due to the 60 mA magnetic field
at the collector entrance, the beam electrons have small Larmor radii, i.e. the
annular beam is thin and well confined. The disk is supposed to be placed close
to the beam at a distance of 1-2 cm.

The disk reduces the back-stream current from originally 700 mA to 200 mA.
These back-streamed electrons are the ones having similar radius as the input
electron beam, so that they can backwards pass through the gap between the
disk and the collector wall. For the 170 GHz 1 MW gyrotron there can be 2.4 KW
beam power (including secondary electrons) absorbed by the disk. This power
should be dissipated by water, which can be fed through the hanging structure.
The power absorbed at the disk can be reduced, if the disk is combined with
the former proposal.

Stage 2

Stage 1

Peam

Fig. 3.35: Disk at the entrance catching the reflections [15]
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Upgraded Proposal 4: A Combined Solution

The combination of upgraded proposal 2 and 3 is conceptually investigated in
the following paragraphs. Although the functionalities of the single proposals
are not orthogonal, the combination integrates the advantages of both upgraded
proposals. In particular:

« The combined proposal can further reduce the back-stream current for a
factor of ten.

« Compared to the original upgrade 3, the cooling requirement of the disk
is relaxed.

The geometry of the collector entrance is shown in fig. 3.36. Simulations using
the realistic spent electron beam of the 170 GHz 1 MW gyrotron predict in the
worst case only 20-30 mA back-streamed secondary electrons (In the simulations
without secondary electrons there is no back-streamed current. Even in some
cases involving secondary electrons, thereisan I, ., < 1 mA without any reduction
of the collector efficiency.) An ideal extrapolation to the 2 MW DEMO gyrotron
means to have a back-stream current up to 60 mA. In the worst case, 100 mA
(corresponding to 1 kW) of the electron beam is collected at the disk, which is
roughly half of the current predicted in upgraded proposal 3.

Stage 2

Fig. 3.36: Combination of figs. 3.34 and 3.35 [15]
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To check how well the MDC reacts to the electrons of different initial energy, a
set of simulations considering mono-energetic electron beam are performed for
this upgraded MDC proposal like in sections 2.4.3 and 3.6.2. Figure 3.37 shows
the beam current distribution at each stage. The simulations here do not involve
secondary electrons mainly due to the cost of simulation time. For the realistic
spent electron beam having an energy range from 38 keV to 120 keV, no electron
is back-streamed according to fig. 3.37. As expected, the disk only collects the
electrons, which have initial energy below the depression voltage of the second
stage (i.e. the blue curve goes to zero when the electron energy is high).

Figure 3.37 also shows that the energy sorting by the ExB drift in this MDC
proposal is not as sharp as the one shown in fig. 3.27. The reason could be an
imperfect optimization. The torsion and the length of the helix in this upgraded
proposal are greater than in that one (in order to have a conservative model to
ensure that the principle works). However, the other parameters are unchanged.
Therefore, the drift distance here is longer, such that the radius of the conic part
does not match the new drift distance. Hence, not only the slow electrons, but
also some fast ones may drift to the helical gap and collected at the first stage. A
new optimization of the design parameters should improve the situation.
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Fig. 3.37: Examination with mono-energetic electron beam
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3.7.2 The Final Upgrade for a Reduction
of the Collector Size

Since the back-stream current is suppressed using the last upgraded proposal,
there is now no issue to azimuthally repeat the helical gaps and the straight gaps.
For n repetitions of the gaps (the case of n = 3 is given in fig. 3.38), the ExB drift
region of the new collector is theoretically only 1/n long of the original one. This
means that the last design in section 3.7.1 can be shrunk to a smaller one like in
fig. 3.38, which has approximately 1/3 length of the original one. The maximal
inner radius of the MDC is reduced with the length, too. The scaling factor of the
maximal inner radius depends additionally on the beam radius at the entrance,
because the beam radius at each axial position is not supposed to be scaled.

A beneficial side effect of reducing the MDC size is that, the collector coil system
can be remarkably simplified from two aspects. On one hand, since the collector
is shorter, less coils are required to tune the magnetic field for the shorter collector
length. The total collector coils can be lighter. On the other hand, the field of the
gyrotron main SC-magnet decays in the order of z72, as shown in section 3.5,
rather than quadratically. Therefore, the magnetic field lines in the collector
have a curvature. It is easier to collimate the field lines to be aligned with the
conic wall, if the collector is short.

Top / end of
the collector

Fig. 3.38: Azimuthal repetition of helices [15]
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This final upgrade has another unique advantage. Since the collector is shorter
than before, the time an electron requires to move from the entrance of the
collector until the end of a helix is reduced, i.e. electrons spend less time at
the azimuthal angles where the ExB drift is inward. The angular range 9, in
fig. 3.26 is much smaller than in the full-length designs and 6, can be close to
0,. Hence, the slow electrons near the (long segment of the) straight gaps are
better handled in this upgraded proposal.

The conceptual design in fig. 3.38 is simulated using the spent electron beam
of the 170 GHz 1 MW gyrotron. The number of helices does not influence
the collector efficiency. The reflected current of primary electrons is 22.5 mA
assuming an input current of 45A. Including the secondary electrons, there
will be a total current of 41.4 mA back-streamed. The back-stream current
of secondary electrons can be further reduced by tuning the shape of the top
cylinder. A current of 37 mA & 400 W from the primary electron beam is collected
at the coaxial disk.

3.8 Comparison of the Design Proposals
in this Chapter

All design proposals presented in this chapter are compared in table 3.1. The
calculated maximal power load densities are not compared in that table, since the
evaluation of the power density is not well implemented in the available software.
(Particularly, the exact numerical value of the power density depends strongly
on the interpolation of the meshed geometry and of the spatial beam-power
distribution.) Among all design proposals based on the ExB drift:

« Proposal I (section 3.3) is ideal for an energy-sorting using the ExB drift.
But it is not the best option for the gyrotron MDC experiment, because it
is huge (for the reference 170 GHz 1 MW gyrotron as well as for the target
DEMO gyrotron) and requires special coils.

« Proposal IT (section 3.4) will also result in a very large collector size for
the reference and the targeted DEMO gyrotron.
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« Proposal III (section 3.5) is better than proposal II. However, it is also
not the best option, because the baffles limit the achievable efficiency and
cause hotspots of the power load.

« Proposal IV is reasonable for implementation of a DEMO gyrotron MDC.
This proposal has even attracted the interest of other researchers, such
that the theoretical operability has also been confirmed in [106, 107].

o The final upgrade of proposal IV suppresses the back-stream current and
shrinks the collector size. This will be considered for the mechanical
design of the world-first gyrotron MDC.

3.9 Proposal for the Mechanical Design
of a Two-Stage Depressed Collector

The comparison of all MDC concepts based on ExB drift in section 3.8 leads to
the conclusion, that the first proof-of-concept MDC experiment should consider
the final upgrade of design proposal IV (the last column). A collector consist-
ing of two stages is preferred for the first try, even if the ExB concept is more
likely to show its real advantages with numerous stages. This section shows the
mechanical design of that best approach. Since the exact parameters for the
DEMO gyrotron, especially the profile of the SC-magnet is not finalized at the
time of this work, the mechanical design presented in this section is based on the
170 GHz 1 MW gyrotron. Short-pulse (milliseconds) operations are foreseen for
the initial proof-of-concept experiments. The beam sweeping at the second stage
is not included in a short-pulse operation. Nevertheless, in order to operate with
a high duty cycle, the water cooling is possible and is also optionally considered
at both stages to actively dissipate the heat.

Figure 3.39 gives an overview of the mechanical design. The first stage of the
MDC is insulated in the same way as the reference SDC, a circuit of the latter
is shown in fig. 1.2. The mirror box is grounded and insulated from the body
potential, while the first stage and the vacuum envelope (c) of the MDC are
electrically connected to the top of the mirror box (a). Component (d) is the
helical surface at one of the three electrodes for the first stage.
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The width is limited by the baking oven,
which has the maximal width of 800 mm.

720 mm

835 mm

Fig. 3.39: Mechanical design proposal of a two-stage depressed collector. Components (a)-(f) are
grounded and insulated from the gyrotron body (cavity) potential (ideally +30KkV). The
second stage (h) at —12kV is insulated by the insulators (g) and (i).

Electrode surface (d)

Cooling pipes (e)
Thin metal plate

Supporting frame~

Fig. 3.40: A module of the first stage
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The cooling water for the first stage is fed from the inlet (the “navel” in the left
picture) through the vacuum envelope, and then guided by pipes (b) to the
cooling pipes (e) beneath the helical surface. Theoretically, electrons can be
collected directly at the cooling pipes; however, there are tiny gaps between two
adjacent pipes, where electrons can pass through. Therefore, the helical surface
(d), which can be constructed piecewise, should cover the pipes to capture
all electrons going to the first stage. The first stage consists of three identical
modules (one of them is shown in fig. 3.40).

The lower part of the second stage consists of bent metal plates, which create
with the first stage together an E,. The upper part of the second stage (h) consists
of two components: an outer metallic part, which has a thick cross section in
this cut view, and a thin inner cylinder. They are welded together. Between
them there is a chamber for the cooling water. Cooling water is pumped into
the chamber via one of the insulated pipes (j) and flows out via another pipe at
the other side. Between both ends of (j) there is a voltage of up to 12kV, while
(j) is chosen to be capable of insulating a voltage of 20 kV. The voltage of the
second stage can be fed from the top or side of the vacuum envelope (not visible
in the figure). The ceramic insulators (g) are fixed at the second stage. During
the assembling (see fig. 3.41), the entire second stage including the insulators
are plugged into the vacuum envelope, which lifts the weight of the second stage.
A transverse movement of the second stage inside the vacuum envelope would
break the insulators (g). To limit this movement, multiple ceramic blocks (i)
should be placed at multiple azimuthal angles. They fix the transverse position
of the second stage.

A hollow coaxial insert (f) is hung from the top of the vacuum envelop. It is
also on the ground potential. Cooling water for the disk can be fed through
the hanging structure.

The final collector will weigh totally in the order of 300 kg. It is about 30 %
shorter than the reference SDC. The outer radius of the vacuum envelope is
315 mm, however, the maximal radius of the envelope is determined by its top
flange, which is in this design 360 mm. The collector size does not exceed the
limitation of the oven available at KIT.
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Fig. 3.41: Assembling the components of the mechanical design proposal
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4 Conclusion and Outlook

The Multistage Depressed Collector (MDC) is the key to achieve the gyrotron
efficiency required by the DEMO and future fusion power plant. Although
MDCs were successfully applied in other kinds of vacuum tubes (especially
in TWTs) since decades, there is yet no MDC operating in gyrotrons. One
remarkable reason is that there is a moderate magnetic field in the gyrotron
collector region, which strongly confines the spent electron beam. This magnetic
field prevents the electrons from spreading by the repulsive force between the
negative charges. For this reason, the possibility to use an electrostatic lens for the
sorting of the electrons is excluded. Another remarkable fact is that, the annular
small-orbit spent electron beam encloses a large magnetic flux. Reducing or
shielding the magnetic field until the electric field is dominating will result in an
extremely large collector size. Therefore, new possibilities to apply the multistage
depressed collection should be invented and systematically investigated.

Conclusion of the Systematic Investigations

There are two fundamentally different kinds of gyrotron MDC concepts. The
first kind is axisymmetric. The other one relies on the ExB drift of beam electrons.
In order to create a useful ExB drift, the axisymmetry has to be broken. Both
kinds of MDC concepts are systematically investigated in this work. A wide
variant of design possibilities is proposed for the conversion of the physical
principles into collector conceptual designs.

The most researches on gyrotron MDCs prior to this work belong to the axisym-
metric concept. The biggest advantage is obviously the symmetry, so that the
description and analysis of the collector system are two-dimensional. Thus, the
construction is supposed to be also simpler than an antisymmetric design. A
two-dimensional description of the geometry, electron trajectories and fields is
especially appropriate, as the computational resource and technologies for the
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mechanical construction decades ago were not such flexible and multi-variant as
today. However, a theoretical analysis of the axisymmetric concept immediately
shows its weakness that is the conservation of the canonical angular momentum
(Busch’s theorem) does not allow the separation of electron orbits.

To explore the limitations of axisymmetric concepts, a new axisymmetric design
proposal based on a different principle is presented. That proposal is more
suitable for high-frequency gyrotrons than the state-of-the-art axisymmetric
ones. In the state-of-the-art proposals e.g. the axisymmetric collector proposed
in [10], the magnetic field should be reduced until the electric field dominates the
control of trajectories. This is not practical for high-frequency fusion gyrotrons
due to the large collector size caused by the gently decreasing of magnetic field.
The new proposal presented in chapter 2 is based on the phenomenon, that a
strongly non-adiabatic transition of magnetic field sorts (modulates) the local
phases of the electron-cyclotron motions. A conceptual design based on this
physical principle requires significantly less space than the up-scaled state-of-the-
art axisymmetric ones. Moreover, the magnetic field can even spread the electron
beam statically over a large area at the collector wall, such that the sweeping of the
electron beam like in an SDC is not necessary for the reference 170 GHz 1 MW
gyrotron. Extrapolating the design proposal to the DEMO gyrotron which will
output an RF power of 2 MW, the collector radius should be doubled (larger than
0.5m) in order to scale the maximal impacting power density below 500 W/cm?.

It is shown theoretically that this kind of sorting mechanism cannot sort electron
energy precisely, although it requires a precise magnetic field. Simulations
predict that a two-stage axisymmetric collector can almost achieve the goal
of 60 % gyrotron overall efficiency, but only if there would be no influence of
secondary electrons. Simulations taking into account the secondary electrons
show a much lower efficiency. Upgrading the design to more than two stages
may theoretically increase the achievable efficiency, however, that will be very
challenging. The root for the large influence of secondary electrons and the
limited upgrade possibility is that there is no real separation of electrons in an
axisymmetric system. Hence, this concept may not be the best option for an
MDC targeting the DEMO gyrotron.
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The second concept let the ExB drift sort the slow electrons stage-by-stage out
from the path of the traveling electron beam. It was found through theoretical
analysis and simulations, that the ExB concept is indeed a better choice for the
implementation of an MDC for high-frequency gyrotrons. The concept has
the following properties:

« ExB drifts sort electrons reliably. The drift can totally separate electron
trajectories. In a constant electric field, the separation of the electron
trajectories depends on the electric potential, rather than the magnitude
of the electric field; which means that the distance between electrodes has
no effect on the energy sorting. This effect provides a kind of flexibility
for the MDC design.

« Energy sorting by ExB drifts can be very sharp, as shown in the optimized
simulations. The sharp sorting makes a high collector efficiency possible.
Designing an ExB collector with more than two stages is possible and
makes sense due to (1) the sharp sorting and (2) the clear separation of
trajectories.

Secondary electrons are well handled for two reasons. First, the drift of
the secondary electrons is in the same direction as the drift of the primary
ones. Each generation of secondary electrons drift further away from the
primary electron beam and is less possible to travel backwards in the same
path of the primary electron beam. Second, the separation of trajectories
makes it possible to place stages far away from each other. In the simu-
lations, local fields and electron impinging angles can be optimized at
individual stages to suppress the reflection of the secondary electrons.

+ The ExB MDC concept could be less sensitive against the external mag-
netic field and manufacturing tolerances than the axisymmetric concept.
The collector magnetic field up to 60 mT stabilizes and confines the elec-
tron beam.

Besides, there is already a magnetic field in the gyrotron collector. The desired
ExB drift can make use of this existing magnetic field.

There are a lot of possibilities to create an ExB drift for the collection of elec-
trons. They are systematically categorized in the chapter of ExB collectors (see
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fig. 3.1). Various design proposals from the potentially promising categories are
investigated via simulations. The proposals to transform the annular beam to
sheet beams (presented in sections 3.3 and 3.4) are not practical for the DEMO
gyrotron, due to the large collector size and the requirement of special long coils.
The proposal to split an annular beam to arc beams (presented in section 3.5)
involves two baffles for the splitting. The baffles reduce the achievable efficiency
and cause hotspots of power density in a high-power gyrotron. After all, the
proposal to use a helical gap (section 3.6) is very promising. Its conceptual
design is efficient and relatively small in size compared to other ones. The major
drawback of this proposal is the back-stream current in the order of 700 mA
for the 170 GHz 1 MW gyrotron. Several upgraded designs are proposed in
section 3.7 for the suppression of the back-stream current, while it is possible
to further reduce the collector size with the method presented in section 3.7.2.
This is the best option for the realization of a proof-of-concept DEMO gyrotron
MDC. Its mechanical design is proposed in section 3.9.

Outlook for the MDC Validation

This work is the initial step towards a highly efficient MDC for the DEMO
gyrotron in long-pulse and CW operations. The development towards the
world first MDC prototype for gyrotron is continuing. The principle of the
finally proposed MDC will be experimentally validated for a coaxial gyrotron.
Beside the verification of the expected efficiency, there are some effects and
parameters which need careful investigations. They are beyond the capabilities
of the currently available simulation tools. In particular, the following points
should be checked and validated in the future simulations and experiments:

« Influence of the back-stream current
Theoretically, there is still a back-stream current of 40 mA in the collector
simulation. In [71], a body current of 10 mA is measured, although the
simulation predicts a theoretical back-stream current of 640 mA, as the
most back-streamed electrons are accelerated in the interaction and are
recollected at the collector. The same physics might also occur in the
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proposed MDC. However, the behavior of the back-stream electrons
cannot be simulated, thus, it should be examined experimentally.

Power load density and beam sweeping mechanism at the last stage
The power load density is not well implemented in the three-dimensional
simulation software used during this work. Therefore, the theoretical
power load should be verified using a better implemented code. Besides,
the power per area is not a very smooth function, since the (macro) elec-
trons impact the surface discretely. The theoretical number depends on
the interpolation and the fragmented area for the power counting.

Depending on the depression voltages, the load at the first stage could
be under the current constraint of 500 W/cm? in the proposed two-stage
collector. Anyhow, at the second (last) stage of the collector, the peak
local power load density will exceed the 500 W/cm? constraint even for a
1 MW gyrotron. For the 2 MW DEMO gyrotron, beam sweeping should
be applied.

There is a region at the end of the second stage reserved for the beam
sweeping. Since the second stage of the MDC has a higher depression
voltage than that of an SDC, the total power (and also the power density)
at the second stage of the MDC is lower than that in an SDC with the
same inner radius. The demand of the sweeping at the second MDC stage
can be less critical than that of an SDC. A preliminary estimation of the
coil system shows that the beam can be locally swept by a solenoid with a
reasonable size and power at the second stage. However, due to the lack
of the possibility for a precise evaluation of the power load density, the
feasibility of a sweeping system should be further investigated.

Influence of secondary electrons

The influence of secondary electrons to the MDC should be experimen-
tally verified, since the simulations are not able to sample the large number
of secondary electrons. In case there is a large deviation between the simu-
lation and the reality, the model and the implementation of the secondary
electron emission in the simulation software should be calibrated with the
experimental data.
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A Theoretical Supplements

A.1 Dynamic Programming Algorithm
for the Estimation of the Maximal
Collector Efficiency

In this appendix, the best method for the calculation of theoretically maximal
collector efficiency and optimal deceleration voltages are presented. The calcula-
tion assumes an ideal deceleration, in that a depression voltage could decelerate
an electron until zero kinetic energy. The optimal deceleration voltages calcu-
lated from this process will be used for the preliminary depression voltages for
the later realistic simulation.

The energy distribution (spectrum) of a gyrotron spent electron beam (see
fig. 1.9) can be more peculiar than that of a TWT [108]. It is found in this work,
that the finding of the theoretical optimal MDC depression voltages belongs to
the Dynamic Programming (DP) problems [51].

According to the definition of 5 from eq. (1.7) and its denominator given by
eq. (1.27), the only unknown parameter, which should be maximized is the
recovered power P,,..

Assuming that an MDC has N depression voltages
Uy <Ugp < < Uy >
the ideally recovered power for an ideal deceleration is

N Udit1
Prec = er Z Udif f(e Ud)dUd; (Al)
i=1 Uy

i

where f(E,;,) is the energy spectrum of the electron beam. For convenience, let

el uI/ “fle- UpdU,

el u, (F(e-u,) —F(e- uy)),

P(ul, uz)

(A.2)
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to be the power collected by the stage of depression voltage u,, where F(E,,,) is
the cumulative distribution function. A table of the function P(u,, u,) can be
pre-calculated, in order to save the computation time. After the introduction
of this function, the recovered power of an N-stage collector is

N
Prec = Z P(Udi’ Udi+1) . (A3)
i=1
A harmless “virtual” stage (the N + I'th stage) can be assumed for the upper
boundary of the depression voltages

Udnsr = (A.g)

The so-called value functions G,(u) for the DP is defined as the maximum
recoverable power with n stages for the interval of depression voltage [u, o)

(45)

max {P(u, V) + Gn_l(v)} n>1
G,(u) =
P(u, o) n=1.

This calculation subdivides an n-stage collector problem G, (u) into a series of
n — 1 stage problems G,,_,(v), which can be effectively solved in the same way.

Finally, the maximum achievable collector efficiency of an N-stage depressed
collector is:

Gn(Uay)

, (A.6)
Pbeam

max {Wcol} =
where Uy, is the first depression voltage, which should be less than the minimum
value of the spent electron kinetic energy in eV. In this way, the theoretically
maximal collector efficiency and the optimal depression voltages can be solved
in O(m*n) time, in comparison to a naive enumeration, which would have O(m™)
time complexity, where m is the number of discretization on the E,;, axis of
fig. 1.9 on page 21.
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A.2 Evaluation of Magnetic Field and Vector
Potential Induced by Electromagnetic Coils

In order to keep the magnetic system simple, no magnetic material (y, # 1)
is considered in the physical modeling and simulation. It was found that the
magnetostatic solver currently implemented in CST has some issues, such as

« CST needs approximately 1 m distance before its open boundary condition
in order to let the result converge to the expected value (might be a bug of
CST), which causes the simulation volume to be huge.

« Sharing the mesh grids between different types of simulations was not
completely implemented until the very recent version.

Therefore, the magnetic field for CST particle simulations is preferred to be
imported from external numerical quadratures. The magnetic flux density B
and the magnetic vector potential A of axisymmetric coils are calculated via
integration of the coil currents. The B field is an input for CST trajectory sim-
ulations, while A4 is mainly used in the calculation of the effective potentials
(presented in section 2.4.2). The required integrals of the currents are analyzed
in this appendix. The most effective methods to evaluate them are proposed.

A.2.1 Thin Current Loop

A constant current with an infinitesimal cross section forms a circular loop with
a certain radius r > 0, see fig. A.1. There is a probe at radius (height) h > 0.
The axial distance between the loop and the probe is z.

I \/
Fig. A.1: Sketch of a current loop
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Magnetic Flux Density

For certain r, h and z, the magnetic flux density is calculated from the Biot-
Savart integral

B, I/lof 7 —rhcos@de, (A7)

I —
Mof —rz cosf c059 , (A8)
where
f =2*+r*sin? 6 + (h — r cos 6)
2 2 (A.9)
=h"+r°+2z°—2hrcosf

Since |2 hrcos ] < |2 hr|, the term f cannot be negative:

f>z22+(h = |r)*>0. (A.10)

The term f is zero, only when the probe is on the path of the current loop while
cos @ = 1. This position is exactly at the boundary of both integrals, thus it
can be specially handled.

Magnetic Vector Potential

The magnetic vector potential A only has the azimuthal component

Tpy (7
Ay = — A.
6= 5 A gda, (A.11)
where 0
g= LY. (A.12)

N
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A.2.2 Solenoid

The evaluation of the magnetic flux density and the vector potential of a solenoid
involves triple integrals. Depending on the order of the integrations, one or two
levels of the triple integrals have analytical solutions expressed in elementary
functions. The definitions of parameters are the same as in appendix A.2.1,
except that J is the current density.

Magnetic Flux Density

The original triple integrals for B, and B, are

]ﬂof dz df rhcos@de’ (A13)

]#Of dzdf rzcos@ , (A14)

Longitudinal Component If the most inner level of the integral is over z or r,
it has an analytically solution. The indefinite integral over z is

22

]Moﬂ[(r —rhcosf)z d0dr (Aus)
(EESN]

However, this order is not preferred, since the denominator (f — z*) may be zero,
which creates a pole singularity for the evaluation of B,. On the other hand, if
r is the most inner integration variable,

r

]Mof/‘ ln f”_hcosg)_L dodz . (A.16)
N

Lot

The outer integrals (for z and 6) have to be evaluated numerically.
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Radial Component Two levels of the triple integration eq. (A.14) can be cal-
culated analytically such that

21,1

B, = ]HO/[I f+r—hc0s9>hcos 0+ fcos@] 246, (Aay)

The integration over 6 has to be calculated numerically.

Handling Singularity When / > r, it may happen that

\/}+r—hc039<0. (A.18)
In this case, both egs. (A.16) and (A.17) are not well-defined. If this occurs,
negating h and r altogether such that i’ = —h, r' = —r will solve this issue.

A probe inside the coil can be singular, when \/} + 1 —h cos @ = 0. Splitting
the integral at this position, the singular point becomes the common end of
the resulted sub-intervals. A few numerical quadrature methods (e.g. Gaussian
quadrature) may handle such infinity at the end of an interval very well, otherwise
integral transformations like the IMT method [109] can be applied, as shown
in the following description.

In order to evaluate

b
Y = / u(x)dx , (A.19)
where u(x) is infinite at x = a or x = b; let
tp—ep( —< ), (A.20)
(A.21)
where )
=f Y(u)du .
-1
Then b
¢'(1) = (A.22)
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Finally,
1
Y = f u(p() ¢'(t) dt (A.23)
-1
is equivalent to the original integral in (A.19), whereas the integrand and its
derivatives vanish at both ends of the interval.
Magnetic Vector Potential

The Ay of a solenoid is

T /] /”
Ay = o dzdr A gdo, (A.24)

Ay = ]ﬂff dzdrfﬂ r cosf 4.  (Aas)
27 0 \/

22 + r2 sin? +0(h — r cos)6?

ie.

Analytically Solvable Part of the Triple Integral ~Similar to the triple integral
for B, there is an analytical solution for either r or z.

The indefinite integral over r yields

fgdr=cos€[h cos@ln(r—hc059+\/})+\/}] . (A.26)

It is more complicate than the integration over z. Moreover, there is a singularity
when h = r cos 6. Therefore, this approach is not very appropriate.

If the most inner level of the triple integral is the f dz, then

fgdz =r cosf In(z + \/}) . (A.27)

This is a better approach. The rest two levels of the integration should be per-
formed numerically.
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Singularities There can be two kinds of singularities appearing during the
numerical quadratures.

The first kind is at some positions outside of coils when the integration j;zlz have
negative boundaries, i.e. z, and z, are both negative. It causes z + f"/* = 0,
which yields a singularity of the type In(0/0). This can be solved by mirroring
the integral interval: instead of fzzlz, the integration over f__zzz1 is to be calculated
based on the symmetry.

The second kind is a probe within the coil. In(z + \/} ) = In(0) is caused by
r = h at the point where cos § = 1. When this happens, only 1/|z| remains in
the integrand of eq. (A.27) (the nominator r cos 0 is a constant to this integral).
Equation (A.27) becomes

f|z|_1 dz = sgn(z) In(|z]) (A.28)

Final Expression Finally, the expression for A, is

]l"o / / r cos 6 In(z + \/7)] drdf (A-29)

where r, , are the inner and outer radius of the coil, z, , are the axial distances
from the probe to both ends of the solenoid. Integrals over r and 6 should be
evaluated numerically. There is a singularity at z = 0, h = r when cos 0 = 1,
the total interval can be split at this point or transformed via IMT, as in the
evaluation of B.

A.2.3 Current Segment
Composing the magnetic field in fig. 3.6 requires the magnetic field from a

straight current segment. For a current segment parallel to z (visualized in
fig. A.2), the magnitude of the magnetic flux density at (x, ¥, 2,) is
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/ 3dz

2+ (zy — 2)*
z=2z,
l"o A

1/7'2+(z—zo)2

r=\/(x—x0)2+(y—y0)2.

The normalized vector of the field is

where

N |
B = 7(y—yo,x0 —x,O)T.

Finally, the flux density is

Y _)’o
B=BB=|x,—x|21 - L -
0 *ax (x =%+ =)
z=z,
z -z,
\/(x =X+ =y +(z—2)* | _
z=z;
(x’ )’; ZZ)

X

r—>° (X0 Yo Z0)

(x, Vs z))

Fig. A.2: Current segment I induces a field at (xg, vy, 2)

(A.30)

(A.31)

(A.32)

(A.33)
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A.3 Anldeal Smooth Transition of Magnetic Field

To create an example of a non-adiabatic transition, a smooth magnetic field is
analytically defined in this appendix. The non-adiabatic transition takes place
in the interval z € [—z, zy], while the regions before and after the transition
have two (different) homogeneous magnetic fields.

To ensure the smoothness of the transition, a space KX7'(R) with ¢ > 0 is defined.
It is a subspace of €"(R) with an additional limitation that Vf, € KX

fi(x)=0for |x| >. (A.34)

For instances

1—cos<[’f—1]n) x| < ¢

fux) = e X, , (A.352)

0 otherwise

1 5 n+1
1-——=x ) x| <t
forn>0 f(x)= ( e . SN (A.35b)
0 otherwise
exp <x_2> |x| <t

fix) = x2—2 EX. (A.35¢)

0 otherwise

The model of the magnetic field has to meet the following constraints:

« Gauf$’s law of an axisymmetric magnetic field

10rB, 9B,
By=0andV-B=0 & - + =0. (A.36a)
r or 0z

« The homogeneity before and after the transition

VB,=0 for |z]|>z,. (A.36Db)
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« Outside of the transition region, the radial component of the magnetic
field vanishes
B.(z,r)=0 for |z]>z,. (A.36¢)

« In addition,
B,(z,r=0)=0. (A.36d)

To synthesize a smooth magnetic field, two functions ¢ € JCﬁO and ¥ € JC;O
will be introduced as follows. The non-unique definition of the field is based
on the variable separation

9
B,(z.1) = p(r) (g(ZZ) + L) (A372)
with i
a@:=af V@ de + ¢, (A:37b)

where p(r) only depends on r, ¢(z) and ¥(z) only on z. This magnetic field
fulfills eq. (A.36b) since

9B, 99(2)
—_Z = LA A.
5, —PN——+ L@ (A.382)
and 5B 30(r)
2 pLr
= A.
5 — @, (A.38b)
vanish outside of the transition region.
Substituting eq. (A.38a) into eq. (A.36a) yields
op(z) (7 1
rB, = —[ (g / rp(r)dr + =r*{ ()| . (A.39)
z [} 2
All constraints are so far automatically fulfilled for a proper p(r).
The simplest choice of p(r) is zero. In that case,
B@ =4 [ v@dz + 4. (A400)
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B.(z,r) = —%r{' Ww(z) . (A.40b)

For a polynomial y(z) € 56;0 that

z 212
[1 - <—> ] lz| <z
W(z) = 2 . (A.41)

0 otherwise

eq. (A.40) becomes eq. (2.1).

A.4 Derivation of the Drift Distance
for Proposal IV

The goal of this analysis is to find out the required minimal drift distance in order
to place the conic wall with a reasonable distance to the electron beam. The
unknown parameters in eq. (3.33) are the angle $ and the total local magnetic
field B. Assuming that the electric field and the magnetic field near the helix
are not very different from that at the location of electron beam, the values of
cos ¥ and B along the helix are calculated as follows.

The function of a helical curve h from the axial position z = z; to z = z; + L
has the form

h(z) = (h,, hy,z) . (A.42)

For convenience, the relative axial position  is employed instead of the absolute
coordinate z:

li=z-2z, (A.43)

The definition of the curve h(]) is not unique. The simplest expression requires
two auxiliary variables, which vary linearly with [:

r=ry+pl, (A.44a)
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)
0 =27— A.44b
nL, ( 44)

where L is the total axial height of the helix, 7, is the initial radius and p > 0 as
marked in fig. 3.24. The x and y components of h are

h,=rcosf = (ry+pl)cos Zn% , (A.45a)
hy =rsinf = (ry + pl)sin 271% . (A.45b)

Accordingly, the growing direction of the helix is

’ dh dhx dh}’
"—a—(dzﬁ’l-

(A.46)

Another auxiliary vector is the normal vector of the conical surface, where the
helix is located. It has the direction

v = (cos 0,sin b, —p) , (A.47)
which is marked in fig. 3.24.
Since the local magnetic field is approximately parallel to the conical surface and

free of azimuthal component, it can be decomposed as

1
B, = |Bl——, (A.480)

A/ 14 p?
P
B, = |Bl——— =pB,
7/ 1+ p?
where p is the steepness of the radius along z, see eq. (A.44a). For the calculation

of |B| it is reasonable to assume that B, is nearly constant over r (+2 % error in
the field involved in section 3.6). According to the flux conservation,

v
B, = i (A.49)

(A.48b)

where 1y is the magnetic flux enclosed within a circle of radius r. The flux density
at any point of the helix is

14 . T
B= p— (pcosB,psinf, 1) . (A.50)
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In order to calculate the angle % in eq. (3.33), the direction of the local electric
field is required. A vector & has the same direction as the electric field E at
the helical gap, i.e.,

€ =KE, (A.51)
where K > 0. It fulfills the following three conditions:

1. € is tangential to the surface of the cone, where the helix is located

v-€=0. (A.52a)

2. 8 is perpendicular to the helical electrode surface of the first stage, where
the slow electrons are supposed to be collected, which requires & to be
perpendicular to the growing direction of the helix

h-€=0. (A.52b)

3. ‘€ points towards the second stage

€,>0. (A.52¢)

One solution which can fit these three criteria is

27mrp cos 0 + L(1 + p?)sin O
€ =| 2nrpsinf — L(1 +p*)cos§ | . (A.53)
2nr

Finally, the scalar product of eqs. (A.50) and (A.53) gives the angle between the
electric field and the magnetic field

cosd = &-B . (A.54)

The drift distance D is calculated by substituting egs. (A.50) and (A.54) into
eq. (3.33). This will result in a very lengthy equation. The elegance of this model
is that this lengthy expression has an equivalent simple form:

m,. vy L m,. vy L m.vy L,
- eOr_ e’0 pl+ e 0 0' (A.SS)

qy qy qy
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Design Proposals

B.1 An Existing ExB-Type of Design Proposal
Using Azimuthal Magnetic Field

ExB MDCs using an azimuthal magnetic field component B, were proposed at
meantime by Peter the Great St. Petersburg Polytechnic University [89-92].

The advantage of such a proposal is that the shapes of the outer electrodes can be
more regular than the case with Eg, such that the technologies for conventional
MDCs (not only for gyrotrons) may be adapted. However, the major challenge
is that there should be a current with sufficient intensity enclosed within the
electron beam according to Ampere’s law. How to bury this current is the first
issue to target. Figure B.1 shows a collector coil system which creates the required
components of magnetic field. In addition to the solenoids (red), which tune the
longitudinal component of the magnetic field, there are numerous longitudinal
coils (gold) creating the By component. The longitudinal coils break the annular
shape of electron beam at two azimuthal angles.

W10

/ "~

~\
e -

T

Fig. B.1: Proposal of a coil scheme for an ExB MDC using B [106]
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Altogether, more coils than the sheet-beam approach (section 3.3) are required.
The massive coils burden the total weight of an MDC. Besides, according to
fig. 3.5, the transverse magnetic field should match the axial component in order
to effectively create the drift. The investigations on this approach are excluded
from the presented work, because it seems to be more challenging than the
proposals presented in chapter 3.

B.2 A Different Kind of Axisymmetric
Design Proposal Using Electric
Field to Sort Electrons

It has been observed in experiments [72], that if the electron beam is close
(approximately one Larmor radius) to the wall, the trapped (back-and-forth
reflected) electrons can be collected at that place due to diffusion. It has been
reported in that experiment, that 10 % of the beam current can be collected in
this way, whereas the output power is not affected. The single-stage depressed
collector becomes a two-stage collector, with one of the stages depressed.

There could be issues for the design of such an MDC. First, the high voltage
power supply for the acceleration voltage are usually not designed to endure the
high current. Second, the magnetic field has to be very accurate. Anyhow, the
diffusion process cannot be simulated with the currently available simulation
programs yet.

Inspired by this experiment, another type of axisymmetric MDC is concep-
tually investigated. Distinct from the MDC type in section 2.4, where there
was a transition of magnetic field; this type of energy sorting uses electric field.
Figure B.2 shows the conceptual simulation of such a two-stage collector for a
coaxial gyrotron. The profile of the first stage has a wedge form, whose inner
side is parallel to the magnetic flux surface. The sorting can happen in a rela-
tively high magnetic field. For instance, the field in region z € [1.6,1.7] m is
higher than 40 mT, which is four times of the field in section 2.4. Therefore, no
additional coil is needed for the demagnetization at all.
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30
Stage 2
160 25
ot R |
; 20
é 140 %
= 4 Stagel 15
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Backwards moving electrons
have larger Larmor radii 5
100 - T T T T T T
1.5 1.6 1.7 1.8
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Fig. B.2: Axisymmetric MDC based on the sudden change of electric field

The forward moving electron beam has Larmor radius much less than 2 mm and
the electron beam is at least 5 mm away from the wedge. As the beam leaves the
region beneath the wedge, electrons are decelerated. During the deceleration,
the electric field affects the electron trajectories inside one cyclotron period, so
that the electrons gain transverse speed. The slow electrons cannot reach the
second stage. They will turn back (reflected). Most of the reflected electrons have
large Larmor radii (5 to 10 mm). Such that these electrons are finally collected at
the wedge. Some reflected electrons with insufficient Larmor radius are trapped
by the compressing magnetic field and then they enter the deceleration region
between the two stages again. This time their Larmor radii probably increase,
such that they can also be collected at the first stage. 200 mA of the injected
70 A beam current are back-streamed to the cavity. These back-stream electrons
may participate the interaction and re-enter the collector to be collected like the
other electrons. Diffusion is not considered in the simulation and is nevertheless
not possible to take into account. The diffusion may improve the collector
performance as in the experiment.

The major advantage of this design is its simplicity. Such a two-stage depressed
collector may be directly prototyped within an SDC and does not need any ad-
ditional coil in a short-pulsed experiment. A longitudinal sweeping is applicable
at the second stage. However, the sorting mechanism does not ensure a clear en-
ergy sorting, and the diffusion, which according to the experiment is important,
cannot be considered in the simulation. Therefore, this design may not be the
best candidate for the first gyrotron MDC prototype due to the potential risks.
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B.3 An Additional ExB-Type of Design Proposal
Using Inverted Helical Electrodes

Another conceptual design of the ExB MDC using helical electrodes is presented
in this appendix. There are two highlights in this design

1. It has one layer less than the design presented in section 3.9.

2. Instead of cooling helical surfaces like fig. 3.40, mainly a disk is needed to
be cooled at the first stage.

Figure B.3 shows the geometry of the ExB MDC design, which is cut in the
middle. Figures B.4a and B.4b are its perspective top views. The outer vacuum
envelope is electrically connected to the mirror box. They have the potential
of the second stage. In the mirror box, acceleration structures [49] have to be
applied in order to ensure that all electrons can enter the collector. The upper
helical structures at the second stage are fixed at the end of vacuum envelope,
while the lower helical structures are hung from top, where there is the insulation
between the two stages. Both of them are thin plates and no electron should
theoretically impact their surfaces. The helices curl in the opposite direction as
in section 3.6, therefore, electrons drift inwards and penetrate the helical gaps.

Vacuum envelope The first stage is
and second stage hung on this rod

"""" 7 Fast electrons are
collected on the top

Electron Slow electrons are
beam collected on this disk
(hung on the rod)

Fig. B.3: Geometry of the MDC with inward drift
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Vacuum envelope
and second stage

Isolated coaxial
insert hangs the
first stage from top

(a) Geometry

Vacuum envelope
and second stage

y\e\'sc‘a\\

The disk (ring)
captures slow
electrons

(b) Geometry with opened top

Disk for the capture
of slow electrons

(c) Trajectories

Fig. B.4: Top view of the MDC with inward drift
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Figure B.4c shows the electron trajectories in the stationary state. There is
an inwards drift velocity v, pushing slow electrons through the helical gaps.
Due to the longitudinal electric field, electrons inside the inner conic layer are
accelerated backwards to the disk.

There are four helices distributed at four azimuthal angles. This also means that
at four azimuthal positions, there are undesirable outwards drifts (see the v} in
fig. B.4c). The outer and inner conic layers create a radial electric field, hence,
there is an additional azimuthal drift preventing a certain number of electrons
at those azimuthal angles from being reflected, as explained in section 3.7.1.

Simulations show a similar collector efficiency as the designs with ordinary heli-
cal electrodes in section 3.6. There is a back-stream current of 100 mA froma 70 A
spent electron beam, while considering secondary electrons, the back-stream
current increases to 300 mA. However, this design is not as perfect (considering
the electron back-streaming) and flexible (in the choice of depression voltages)
as the design presented section 3.9. Besides, the functionality of the accelera-
tion [49] structure is still under verification. This proposal has to be further
optimized and investigated.
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