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Foreword of the Editor

Gyrotrons are high-power millimeter-wave vacuum electron devices capable
of generating Continuous-Wave (CW) power in the megawatt range. Major
applications are the Electron Cyclotron Resonance Heating (ECRH) and
Current Drive (ECCD) for heating and plasma stabilization of controlled
thermonuclear fusion. For example, the ECRH system of ITER requires
I MW of output power at 170 GHz in CW operation with 50 % total
efficiency for a single gyrotron.

The electron beam quality is the key for any stable and efficient gyrotron
operation. An insufficient electron beam quality causes a degraded gyrotron
efficiency and output power. Additionally, it could cause instable operation
of the gyrotron.

In his work, Dr.-Ing. Jianghua Zhang presents the influence of emitter
surface roughness and emission inhomogeneity on the electron beam quality
and operation of high power fusion gyrotrons. Those two factors are the
main cause for the electron beam quality deterioration. An emitter surface
roughness model, a new evaluation method for the emission inhomogeneity
and an enhanced secondary electron emission model are developed. With
the enhanced beam optics code which has been developed in frame of this
work, the generation mechanisms for Low Frequency Oscillations (LFOs)
and Electron Beam Halo (EBHs) are studied. The simulated generations
of LFOs and EBHs in different gyrotron configurations are compared with
experiments. In particular, the generation of EBH is verified for the first
time. With the studied instability mechanisms using enhanced codes, three

different methods to suppress the instabilities are proposed in this work.



Foreword of the Editor

Dr.-Ing. Jianghua Zhang is providing the gyrotron community new and very
valuable tools to assist the advanced design of robust magnetron injection
guns for gyrotrons in the future. It will help to develop high-power fusion

gyrotrons with significantly higher efficiency and stability.



Kurzfassung

Der steigende Bedarf an leistungsfiahigen, zuverldssigen und effizienten
Leistungserzeugern (Gyrotrons) als Millimeterwellenquellen fiir die Elek-
tronzyklotronresonanzheizung (ECRH) in Fusionsexperimenten erfordert
einen tieferen Einblick in die verschiedenen Faktoren, welche die Leistungs-
fahigkeit von Gyrotrons bestimmen. In diesem Zusammenhang werden
der Einfluss der Oberflichenrauhigkeit, der Inhomogenitét, der Emission
und der Erzeugung von Sekundirelektronen betrachtet. Speziell wird auf
die unerwiinschten Effekte der sogenannten ,,Low Frequency Oscillations*
(LFO) und des ,,Electron Beam Halo* (EBH) eingegangen.

Ein neues Modell fiir die Emission von Elektronen bei einer bestimmten
Oberflachenrauhigkeit des Emitters wird présentiert, das in die KIT-Codes
fiir Strahlsysteme (MIGs) ESRAY und ESPIC implementiert worden ist.
Unter Verwendung dieses neuen Modells ist es moglich, den Einfluss der
Oberflichenrauhigkeit von Emittern auf den Elektronenstrahlqualitit und
den Wirkungsgrad von Gyrotrons zu bestimmen. Um den Einfluss der zum
Emitter zuriick reflektierten Elektronen zu untersuchen, wird ein Modell fiir
Sekundérelektronen gezeigt, das iiber eine hohe Genauigkeit beziiglich der
Winkelauflosung fiir die hochenergetischen Sekundéarelektronen (elastische
und riickgestreute Elektronen) verfiigt. Das Modell wurde in die KIT-
eigenen Codes ESRAY und ESPIC implementiert. Zusétzlich wird eine neue
Methode zu Bestimmung des Einflusses der Emissionshinhomogenitit von
Emittern entwickelt.

Unter Zuhilfenahme dieser neuen Werkzeuge wurde der Einfluss der

Oberflichenrauhigkeit und der Emitterinhomogenitéit auf die Elektronen-
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Kurzfassung

strahlqualitidt und den Gyrotronwirkungsgrad numerisch untersucht. Die
Simulationen zeigen, dass beide Faktoren die Elektronenstrahlqualitéit und
den Wirkungsgrad von Gyrotrons signifikant beeinflussen. Es wurde her-
ausgefunden, dass durch beide Faktoren reflektierte Elektronen entstehen
konnen.

Unter Verwendung der neuen Moglichkeiten mit dem Programm ESPIC
wurden zwei Phidnomene untersucht: Raumladungs-LFOs und EBHs. Nu-
merische Rechnungen, qualitative Analysen und experimentelle Ergebnisse
des Kurzpulsprototyps fiir die EU 2 MW, 170 GHz koaxiale Rohre zeigen,
dass Raumladungs-LFOs mit den TEM-Moden in der koaxialen Struktur
des Gyrotrons verkoppeln konnen. Raumladungs-LFOs konnen somit den
Betrieb eines Gyrotrons negativ beeinflussen. Die Erzeugung von EBHs
in Gyrotron-MIGs wird in der Arbeit gezeigt. Die Korrelation zwischen
EBHs und experimentell sichtbaren Spuren von Elektroneneinschlidgen auf
der Oberfliche von Gyrotronkomponenten wurde nachgewiesen. Basierend
auf diesen untersuchten Mechanismen werden neue Designkriterien fiir
Gyrotrons abgeleitet.

Das deutlich verbesserte Programm zur Berechnung der Strahloptik
zusammen mit den untersuchten Phdnomenen sind essentielle Bestandteile,

um zukiinftig bessere Designs fiir Gyrotron-MIGs zu erhalten.



Abstract

The increasing demand for powerful, reliable, and efficient gyrotron oscilla-
tors as millimetre-wave sources for Electron Cyclotron Resonance Heating
(ECRH) in fusion plasma experiments requires a close look at the various
factors in gyrotrons that determine gyrotron performance. In this frame,
the influence of emitter surface roughness, emission inhomogeneity, and
secondary electron generation on gyrotron operation is presented, with focus
on Low Frequency Oscillations (LFOs) and Electron Beam Halo (EBH)
generation, both being unwanted.

A new surface roughness model is developed and implemented into the
KIT Magnetron Injection Gun (MIG) codes ESRAY and ESPIC. Using this
new model, it is possible to determine the influence of surface roughness
on the gyrotron’s electron beam quality and efficiency. To investigate the
influence of electrons reflected back to the emitter, a modified secondary
electron emission model with high accuracy on the angular distribution
of high energy secondary electrons (elastic and rediffused electrons) is
developed and implemented in the codes ESRAY and ESPIC. In addition, a
new evaluation method for the emission inhomogeneity is developed.

With these new tools, the influence of emitter surface roughness and of
emission inhomogeneity on electron beam quality and gyrotron efficiency
is investigated numerically. Simulations show that both factors affect the
electron beam quality and gyrotron efficiency significantly. It was found
that back-reflected electrons can be generated due to these two factors.

Two phenomena caused by back-reflected and secondary electrons in

the gyrotron have been found: space charge LFOs and EBHs. Numerical



Abstract

calculation, qualitative analysis, and experimental results on the short-pulse
prototype of the EU 2MW, 170 GHz coaxial-cavity gyrotron show that space
charge LFOs can couple to a TEM mode in the coaxial-cavity gyrotron,
and thereby can negatively affect stable operation of the gyrotron. The
generation mechanism of EBHs in gyrotron MIGs is demonstrated. The
correlation between EBHs and experimentally observed traces of electron
impacts on the surface of gyrotron components is verified. Based on the
mechanisms studied new design criteria for gyrotron MIGs are proposed.
The significantly enhanced beam optics code and analysed phenomena
are important to assist in the advanced design of more robust MIGs for

gyrotrons in the future.
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1 Introduction

In this chapter, the overview of high power gyrotrons for thermal nuclear
fusion is given first. Then, the research contents of this work are given after
a review of challenges for fusion gyrotrons. At the end of this chapter, an
introduction to the setup and work principles of gyrotrons are presented.

1.1 Introduction to thermonuclear fusion
and fusion related heating systems

With the rapid growth of population and energy consumption per person
but a limited amount of fossil fuels on the earth, people are looking for the
clean energy for the next generations. Renewable energy and fusion are two
potential solutions. However, renewable energy sources, such as solar power
and wind, are expensive per unit of output; therefore, their consumption as
a percentage of the total consumption was only 3.5 % in 2012 according to
the report of International Energy Agency (IEA). Nuclear fusion, due to the
practically limitless fuel supply and special energy generating mechanism
could be an environmentally friendly power supply for the future.

Among the available techniques, magnetic confinement thermonuclear
fusion is the most promising method to generate controllable power. In
nuclear fusion, two light nuclei (typically the hydrogen isotopes 2D and
3T) merge into one heavier nucleus (3He), with the additional generation
of neutrons [Law57]. The difference of rest mass before and after the

fusion reaction is converted into energy. The generated amount of energy



1 Introduction

in fusion is based on the equation of mass and energy E = Amc?
which was proposed by Einstein [Ein00]. However, to merge two nuclei
together, they should have sufficient kinetic energy to overcome the ion-
ion electrostatic repulsive potential, the so called Coulomb barrier. In
a magnetic confinement thermonuclear reactor, particles are heated up to
100-200 million °C; therefore, they can have sufficient kinetic energy to
overcome the Coulomb barrier and reach a distance near enough to each
other. At a sufficiently small distance, the strong attractive nuclear force
dominates and the two nuclei fuse together [Har02].

There are generally three methods to heat up the ions in fusion plas-
mas [HarO2]: ohmic heating, Neutral Beam Injection (NBI) [Kun80,
HDG™09, IDPH*01], and Radio-Frequency (RF) plasma heating [Kam75].
The ohmic heating comes from the plasma current, which is induced in
order to provide the poloidal magnetic field. This field is essential in
plasma confinement in a tokamak. The ohmic heating works like an electric
water heater where the resistor heats up when the current flow through
it. However, this method is only used for the initial heating because the
resistance decreases with increasing plasma temperature, which is known
as Spitzer conductivity [Spil3]. NBI is another widely used technique for
plasma heating. It uses a beam of high energy neutral atoms to heat and
fuel the plasma. The neutral beam can cross the strong magnetic field and
is ionized by ions or electrons once it reaches the plasma region. Once
ionized, the fast ions will be trapped in the strong magnetic field, losing
their energy to the plasma ions and electrons due to electrostatic collisions.
Since NBI systems need to generate ions from neutral gas, accelerate them
to high energy and neutralize them again these systems are usually very
large. Another disadvantage of NBI systems is that it is hard for them to
achieve high efficiency, especially at high energy.

RF plasma heating transfers the microwave energy to the thermal kinetic
energy of the charged particles based on the cyclotron interaction. It can

be separated into two methods according to these different types of charged



1.1 Introduction to thermonuclear fusion and fusion related heating systems

particles who interact with RF waves: Ion Cyclotron Resonance Heating
(ICRH) [SJB'98] and Electron Cyclotron Resonance Heating (ECRH)
[FHJI90, LST11, PTZ*13,JAA™13,JGH"13, PAAT15, PIST08]. In ICRH,
the injected RF waves interact mainly directly with ions while for ECRH, it
interacts with electrons in the plasma. For efficient transfer of the RF energy
for both of these two methods, the RF frequency must be close to the ion
or electron cyclotron frequency, because the absorption of energy is most
efficient under particle-RF resonant condition, these cyclotron frequencies

of ions and electrons are [Chel6]

ZieB .63MHz- By/T
foi = ePo 7.63MHz- Bo/ (for 2D)
2mym; ol

(1.1
eBy  28GHz-By/T
2TyMme - ¥

with e: elementary charge, 1.602-107'° C,
m.: electron mass, 9.109- 10731 kg,
m;: ion mass, 3.344 - 1027 kg for %D,
5.008 - 10727 kg for $T,
Z;: charge number, 1 for both 7D and $T,
By: magnetic field,

~: Lorentz factor.

In comparison to ICRH systems, ECRH has to provide a much higher
frequency with wavelength in the millimetre region. Therefore, the mi-
crowave beam for ECRH can have quasi-optical propagation in the device.
This advantage simplifies the design, allows the antenna to be far from the
plasma, and reduces the generation of impurities. Once electrons are heated
up by ECRH, they can deliver their thermal energy to the plasma ions by
Coulomb collision. Due to the high mobility of the electrons in plasmas

compared to the ions, this process is relatively fast.
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The magnetic fields in modern fusion machines are between 1 T-6T (e.g.
4.0T in JET [THPT01] and 5.3 T in ITER [PCE™11]) and the correspond-
ing electron cyclotron frequencies are in the range of 28 GHz-168 GHz.
The total heating power requirements for ECRH systems can be up to
24 MW [Thull]. To limit the costs and increase the reliability of the
ECRH systems, the suggested output power for each microwave source unit
is around 0.5-2 MW [Schl5]. High power gyrotrons, which can generate
up to 1 MW microwaves in the frequency range of 28-170 GHz have been
successfully used for ECRH system.

The Institute for Pulsed Power and Microwave Technology (IHM) is
supplying 1 MW, 140 GHz gyrotrons for the experimental stellarator Wen-
delstein 7-X, developing and testing 1 MW, 170 GHz gyrotron for ITER and
developing 1 and 2 MW, 240 GHz gyrotrons for the future DEMOnstration
Power Plant (DEMO) [JAF+14, JAF*13]. ITER is designed to work with
a fusion energy gain factor higher than 10, which means it can generate
500 MW fusion power out of 50 MW input heating power. With this energy
gain factor, ITER will be the first fusion device to produce net energy.
DEMO will be the prototype commercial reactor with a higher requirement
for gyrotrons than ITER. These fusion reactors have high requirements on
the efficiency and stability on the ECRH system. With the developing of
fusion science, future fusion devices will be bigger and work with a higher

magnetic field which will, in turn, have higher requirements on gyrotrons.

1.2 Motivation

The efficiency and stability are two important factors for high power fusion
gyrotron operation. Most of the fusion gyrotrons have efficiencies that
are below 50 % with Single-stage Depressed Collector (SDC) [Thul5], and
some of the gyrotrons come up with Low Frequency Oscillations (LFOs) in
the 100 MHz range during their operation [KLPT04, CCM*09, RPKT10].



1.2 Motivation

The quality of the electron beam, which is configured in the Magnetron
Injection Gun (MIG), is the key point for efficient and stable gyrotron
operation. To fulfil the higher requirement on gyrotron efficiency and
stability, more detailed research on these factors, which lead to electron
beam quality degradation and possible instabilities in gyrotrons, shall be
performed. Emitter surface roughness and emission inhomogeneity are
considered to be the two most critical factors.

It is estimated that 5 pm microstructure size of emitter surface roughness
will result in a 3.9 % increase of the velocity spread [Edg93]. To simulate
the influence of emitter surface on electron beam quality, a simple surface
roughness model has been developed by E. Borie for the codes BFCPIC
and BFCRAY [BH97]. Simulations with BFCRAY also shows that emitter
surface roughness will increase the velocity spread. However, until now,
no literature is available to investigate the influence of emitter surface
roughness on gyrotron efficiency and stability. In order to simulate the
influence, a more accurate surface roughness model is needed.

Another factor that decreases the beam quality is the emission inho-
mogeneity of the emitter. It has been experimentally tested that the
emission inhomogeneity can significantly decrease the gyrotron efficiency
[GKV*197] and cause LFOs in the gyrotron [LPST06b]. The numerical
simulation also shows that with typical inhomogeneity of emission, the
gyrotron efficiency can be, by a percentage of 2 %-3 %, lower than that
with ideally uniform emission [NVBT01]. Yet, a quantitative relation
between the emission inhomogeneity and the beam quality is missing. In
the meantime, a suitable definition of the emission inhomogeneity and its
upper limit for high power gyrotrons shall be clarified.

After long-term operation of the gyrotrons or high voltage breakdown
between cathode and anode, the surface roughness and emission inhomo-
geneity will increase. Those two long-term effects can result in an increase
of the number of trapped electrons. The accumulation of trapped electrons

in gyrotrons is believed to be one important reason that decreases the



1 Introduction

gyrotron efficiency, and especially, the stability. However, because a large
amount of calculation time needed, the investigation in trapped electrons is
quite limited. The behaviour of trapped electrons in the gyrotron is not
clear and most of the limited number of research focus on LFOs of the
bunched space charge. Another kind of LFO is observed in the short-pulse
prototype of the EU 170 GHz 2 MW coaxial cavity gyrotron, which stopped
the gyrotron from operating at the nominal point. Still, its mechanism is not
clear. In the meantime, damages on the first industrial prototype of the EU
170 GHz 2 MW coaxial cavity gyrotron components are also supposed to be
related with Electron Beam Halos (EBHs) generated by trapped electrons.
Therefore, this work is carried out in order to study the influence of emitter
surface roughness, emission inhomogeneity, and trapped electrons (LFO
and EBH) caused by them.

By studying these factors and phenomena, it is possible to predict beam
parameters with more accuracy, specify the ways to improve the electron

beam quality, gyrotron efficiency and stability.

1.3 Contents and structure of this work

The target of this work is to investigate the influence of surface roughness
and emission inhomogeneity on the stability of the electron beam and to
find possible improving methods for the future design of gyrotron MIGs.
The first part of this work (Chapters 2 and 3) investigates the influence
of the quality of the emitter on the quality of electron beam and gyrotron
efficiency. LFOs and EBHs are investigated in the second part of this work
(Chapters 4, 5 and 6). The flow chart of the structure for this work is shown
in Figure 1.1

To investigate the influence of emitter surface roughness on the quality
of electron beam and gyrotron efficiency, a surface roughness model is
developed for the KIT in-house codes ESRAY and ESPIC [IZ]J15] in



1.3 Contents and structure of this work

Chapter 2. The numerical surface roughness model can be used to simulate
the influence of the surface roughness without a costly increase of the mesh
number. The influences of surface roughness on beam quality, gyrotron
efficiency, and mode competition are calculated using the surface roughness

model.

First part
Adverse factors

Emission
inhomogeneity

Surface
roughness

Chapter 2

Chapter 3

Y

C Back reflected electrons )

Secondary
electron emission
Chapter 4

Second part

Electron

Low frequency
beam halo
Chapter 6

oscillation
Chapter 5

Figure 1.1: Main contents and structure of the thesis.

The emission inhomogeneity information can be evaluated from the
measured Current Voltage Characteristics (CVCs). After a review of three
existing methods to evaluate the emission inhomogeneity from the CVCs, a
new definition of emission inhomogeneity is given in Chapter 3. The new
definition is intuitive and stable. The emission inhomogeneities of three

different gyrotrons are measured and their influence on two gyrotrons are
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numerically calculated. At the end of this chapter, general and separate
requirements for the emitters are given.

To investigate the influence of back reflected electrons which could be
generated by the surface roughness and emission inhomogeneity, a modified
Furman secondary emission model is developed for the codes ESRAY and
ESPIC in Chapter 4. The new modification gives a more accurate angular
distribution of elastically reflected and rediffused electrons. The Secondary
Emission Yield (SEY) for molybdenum and tungsten is calculated based on
the survey on experimental data.

In Chapter 5, the trapping mechanism of electrons back reflected by the
magnetic mirror is described. The space charge LFOs of the short-pulse
prototype EU 170 GHz 2 MW CW coaxial cavity gyrotron is presented. The
eigenmode oscillation of the coaxial gyrotron is tested and the instability
mechanism is explained. In Chapter 6, numerical calculations are used
to prove the build-up of the EBHs in the gyrotron MIGs caused by back
reflected electrons bombarding the cathode in the vicinity of the emitter.
The correlation between observed electron traces at the surface of gyrotron
components and the EBH is verified. Three optimization criteria for

gyrotron MIGs are presented at the end of this chapter.

1.4 Setup and key components of gyrotron

Gyrotrons are one kind of Vacuum Electron Devices (VEDs), which can
generate microwave power at frequencies from several GHz to THz based on
the Electron Cyclotron Maser (ECM) instability in a longitudinal magnetic
field [Edg93, Thul5, JAFT 14, Kup79, Thu03]. The schematic overview of
a typical high power gyrotron is illustrated in Figure 1.2 [Thul$5, Schl5,
RC14, Berl1].

In Figure 1.2, V3 is the body/anode voltage, V¢ is the cathode voltage, B,

is the magnetic field in z direction generated by the superconducting magnet
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coils. The fundamental working principle of gyrotrons is the following:
under the strong electric field between the ring-shaped emitter (cathode) and
the anode, electrons are extracted and accelerated. An externally applied
magnetic field generated by the superconducting gyrotron magnet guides
the electrons towards the cavity, and generates the required gyro-motion of
the beam electrons. In the interaction cavity electrons transfer most of their
transverse energy of the electron motion to the energy of the electromagnetic
field. Within the quasi-optical output system, the microwaves are transferred
through the output window. The remaining kinetic energy of electrons is
deported at the wall of the single-stage depressed collector. A detailed
description of the working mechanism of gyrotrons will be given in the

following subsections.

Electron beam
Collector

Output window
RF beam

Metallic mirrors
Launcher
Cavity

Beam tunnel

SC magnet coils
Anode

Emitter } Electron gun
B() Cathode

Figure 1.2: 2D sketch of high power gyrotron with the high voltage supply.
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1.4.1 Electron beam optics system

The Electron Beam Optics System (EBOS) consists of the MIG and beam
tunnel of the gyrotron, which are in front of the cavity. The EBOS generates
a hollow electron beam for the cavity with sufficient transverse velocity v .
In addition, it determines the quality of the electron beam at the cavity.

Figure 1.3 shows an axially symmetric cross-section of a typical diode-type
EBOS.

Componsating coil Main coil

Gun Coils

Figure 1.3: Axially symmetric cross-section of a typical diode-type EBOS ( Eg is the electric
field on the emitter surface, EE is the magnetic field on the emitter surface, ¢
is the angle of emitter surface to z-axis, ¢p is the angle of magnetic field to z-
axis, rg is the radius of the emitter and 7. is the radius of the electron beam at the
cavity centre).

The setup is surrounded by a superconducting magnet system: The
main coils provide the necessary high axial field in the cavity. With a
compensating coil, the field produced by the main coils is suppressed in
the emitter region. The gun coils provide the possibility for sensitive tuning
the desired magnetic field at the starting points of the electron trajectories.

There are two types of MIGs for the EBOS: diode-type MIG and triode-
type MIG. In the diode-type MIG (Figure 1.4(a)), the anode and the beam
tunnel have the same voltage V. In the triode-type MIG (Figure 1.4(b)),

10



1.4 Setup and key components of gyrotron

an additional modulation anode is installed opposite to the emitter. This
additional degree of freedom introduced by the voltage V04 applied to the
modulation anode provides the possibility to sensitively adjust the electric
field EE in the vicinity of the emitter. The variation of Vi,0q allows a better

control over the beam properties, especially the velocity ratio a.

V. Vmod
B AIIO . A{Od a VB
(S Oode

Anogq

5 VCL_

(a) Diode-type MIG (b) Triode-type MIG

Figure 1.4: Simplified schematics of (a) diode-type and (b) triode-type magnetron injection
guns.

The emitter is a key component of the MIG. Usually, impregnated dis-
penser emitters are used in high power gyrotrons [Thul5]. The impregnated
dispenser emitters are made of porous tungsten impregnated with metal
oxides. The porous tungsten matrix acts as a reservoir from which the
emitting material (metal oxides) can diffuse to the surface, maintain an
active layer, and provide a low work function for thermionic emission
of electrons [Cro81]. B-type, S-type, and M-type impregnated dispenser
emitters are usually used for high power gyrotrons. A detailed description

on these three types of emitters will be given in Section 6.2.

With the increase in the electric field on the emitter surface, a thermionic
emitter will first work under the space charge limited region and then works

in the saturation region or temperature limited region [MG56, TBPSS83,

11
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Kho69]. Under space charge limited region, the current density of a parallel-
plate diode can be described using the Child-Langmuir equation [Chil1]

o = e [V
T 9 Vo 2
= AcuVy (12)

where ¢ is the free space permittivity, V; is the applied voltage, and d is
the distance between cathode and anode.

Dispenser emitters are designed to work under temperature limited
region. The current density of the thermionic emitter under temperature
limited region can be described using the Richardson-Dushman equation
with Schottky modification [Cro65]

w2
Js = AgTQe_ BT

3
AW = L |EE (1.3)
47‘(’50

Here, E is the electric field on the emitter surface, 1" is the absolute
temperature of the emitter, 1 is the work function of the emitter, kg is
the Boltzmann constant, and A, = AgAg. Ay is a universal constant, which
equals to 1.20173 xA0°Am~2K 2. \g is a material-specific correction
factor that is typically 0.5. The value AW has to be set to 0, if the Schottky
effect is not taken into account which, means the influence of electric field
is neglected.

Typical working temperatures of thermionic emitters are around 1000 °C.
At such high temperatures and additional strong electric field, electrons
can overcome the surface barrier and can escape from the emitter surface.

Typical current density on the emitter surface of modern cathodes is in

12



1.4 Setup and key components of gyrotron

a range from 1A/cm?-5A/cm?. The beam current is adjusted by the
temperature of the emitter and the emitter current source. After the electrons
leave the emitter, their movements will be affected by the electric and
magnetic field components. The movement is defined by the Lorentz force

equation

F=—eE+7TxB) . (1.4)

Here, x As the vector product, ¥/ is the instantaneous velocity, E and B are

external electric and magnetic field.

The first part is the accelerating force of the electric field and the second
part is the magnetic force, which focuses the electron gyrating around the
guiding magnetic field line. The magnetic force only changes the direction
of electrons and it will not change the energy of the electrons. The Larmor
radius, which is the distance between the actual spiral trajectory and the

guiding centre of the gyrating electron, is given by

_ metl

B (1.5)

L
Here, v = 1/4/1 — /32 is the Lorentz factor. (3 is the velocity of electrons
in gyrotron, which is normalized to the speed of light ¢

g=2 (1.6)

At the beginning of the movement, electrons will be accelerated to a high
axial velocity component 3 and low rotational component 3, by the anode
voltage. Electrons gyrate along the magnetic field lines after the acceleration
and come up with a smoothly increasing magnetic field. According to
Busch’s theorem [Edg93] the relation between beam radius 7, and magnetic

field is given by

13
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ro(22) A?’Zl) . (1.7)

The compression ratio of the magnetic field between B, at the cavity
centre and Bg at the emitter surface is defined by
Bc TE
bi=—<=(—)* . 1.8
5 =0 (18)
Here, rg is the radius of the emitter and r. is the electron beam radius at
the centre of the cavity (shown in Figure 1.3). The thickness of the electron
beam at the entrance of the cavity 7. is determined by the magnetic
compression ratio and the width of the emitter, which is given by
TE max — &€ min

Te = T . (19)

For efficient interaction between the electron beam and microwaves, the
gun design should guarantee lowest values for 7. [Berll]. According
to [PPZT16, PNSA10], . should be smaller than 1/5 of the wavelength;
in this case, the gyrotron efficiency is only decreased slightly. Due to the
Larmor rotation of the electrons around the magnetic field line, each electron
trajectory has a thickness of 27y, in the 7 direction. Therefore, the theoretical
minimum 7. is given by 2rp,.

The application of adiabatic invariants following from Busch’s theorem
is valid when the variation of the magnetic field along the z-axis is
slow [Che74]. As a consequence, the relation between transverse velocity

component 3| jand magnetic field B3 is given by

(1.10)

Due to the increase of the magnetic flux density from Bg towards By

in the axial direction, the electrons will convert their axial velocity 8 to

14
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transverse velocity 3, . According to [Edg93], 3 . of electrons at the cavity

centre depends on the operating parameters in the first approximation as

.. zﬁlﬁm . (1.11)

v coBg
Equation 1.11 indicates that it is possible to control 3 . by modifying the
electric and magnetic field above the emitter surface. A key parameter to
characterize the electron beam is the pitch factor a which is defined as the
velocity ratio between the transverse velocity component and axial velocity

component
o Be
B

According to equation 1.10, o will increase along with the increase of

(1.12)

magnetic field in z direction. In gyrotrons, o has some spread, because
of the surface roughness, emission inhomogeneity, non-uniform magnetic
field, and space charge effects. It is possible for some electrons to transfer
all of their axial velocity 3 to the transverse velocity 3, when they are
travelling in positive z-direction. Electrons with zero 8 value will be
reflected backwards to the emitter region and will be trapped between the
cathode and the cavity. A more detailed discussion on trapped electrons will
be given in Chapter 5. The typical value of « at the cavity centre in case of
high power gyrotrons is 1.2 < o < 1.5. The maximum possible « value is
limited by the beam spread, which would cause trapped electrons in case of

too high a value. The spread of d,, is defined as

by = 2 (1.13)
«

Here, & is the average value of o and o, is its standard deviation.
0o 1s used as the parameter to evaluate the quality of the electron beam.
Depending on different cases, the separated velocity spreads 5, and 5/;“

are also used.
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The electron kinetic energy is another determining parameter of the electron
beam. However, the electron beam itself constitutes a significant amount of
negative charge inside the gyrotron body. In combination with the external
potential of the metallic geometry itself, this imposes a repelling potential on
electrons. The consequence is a decrease ("depression") of effective beam
voltage V4, with respect to the technical accelerating voltage V... The final

beam voltage is given by

W = Viee =AYV . (1.14)

Here, V is the depression voltage. For conventional hollow cylindrical
cavity gyrotrons, the voltage depression of the thin azimuthally symmetric
annular electron beam is given by [DK81]

Tw

T
V=—"=""1n
271'607) Tb

(1.15)

Here, ry, is the radius of the metallic wall, 7, is the electron beam radius
and Iy, is the beam current. Taking the nominal parameter of a high power
gyrotron for example, V,ee = 79.5kV, I, = 40 A, the wall radius at the
centre of the cavity r, = 19.2mm, r. = 9.45 mm. The depression voltage is
approximately 6.93 kV and the average electron energy at the cavity centre
will be Fyi, = 72.53 keV. The energy spread of the electron kinetic energy
0p,, at the cavity centre is another important parameter to evaluate the
quality of the electron beam. The gyrotron efficiency is very sensitive to
the kinetic energy spread.

1.4.2 Cavity

After the electrons have reached the cavity region along the magnetic
field line the cyclotron interaction will take place. The main part of

the cavity is usually a straight circular cylinder. The centre is located

16



1.4 Setup and key components of gyrotron

at the maximum point of the magnetic field. The electromagnetic field
in cylindrical waveguides is described by Transverse Electric (TE) and
Transverse Magnetic (TM) modes [Poz09]. For TM modes, the transverse
field components E, and E,. vanish in a long cavity with a resonance close
to cut-off. Consequently, no efficient energy exchange with the transverse
velocity component of the electrons is possible. Stable and efficient gyrotron
operation is only possible with TE modes, because their transverse field
components do not vanish [Ber11].

In the electric field of TE modes, electrons can be both accelerated and
decelerated during their gyration. Figure 1.5 is the sketch of the interaction
between the electric field and electrons. Assuming two typical positions of
the gyrating electron in the electric field: one in the decelerating field (left),
one in the accelerating field (right).

L
\
\_//

AT TN

YYYYY

/ \ /
< e

Figure 1.5: Interaction between electrons and electric field in the magnetic field (Ep is the
electric field of the microwaves).

When the electron is in the left position, it will be decelerated by the
electric field of the microwaves and lose energy to the field. With the
decrease of velocity, the Lorentz factor v will also decrease. According
to equation 1.1, the angular frequency of the electron 2, = 27 - fe. will
increase due to the relativistic effect. At the right position, the electron
is accelerated by the electric field and (2. will decrease. If the angular

frequency of the microwaves wrg > (2, the increase of {2, for the electron

17
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in left position will slow down the phase difference between the electric
field and the electron. In this case, it can stay longer in the phase position
where it loses energy. In the right position, the electron velocity is increased
by the electric field and therefore it will remain for a shorter time in the
phase position where it gains energy. In summary, the electrons accumulate
in a particular relative phase position where they transfer energy to the RF-
field. This focusing towards one phase is called "bunching". If wrp < (2,
electrons will accumulate in the phase position where they gain energy
from the RF-field. To enable a beneficial energy exchange, the oscillation
frequency wgp has to be slightly higher than the angular velocity of the

electrons

wRFZQC . (116)

The propagation of microwaves in the cavity can be characterized by the

dispersion relation:

ki = Kk’ (1.17)
Xomm
ki = s . (1.18)
2
Here, kg = CRE_ 777 is the free space wave number, r, is the cavity
Co

radius, and y,,, ,, is the n™" zero in the derivative of the m™ order first kind
Bessel function. It shall be pointed out that only the modes with & > 0
can propagate through the cavity. £ = 0 gives the cut-off frequency of the
mode as

!’
COXm,n

271y

feutott = (1.19)
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Considering the relative motion v t of the electrons to the RF-field and
phase of the electric field (wrr —/& z)v at the position of the electron,

the general requirement of the resonance condition is [Pet99, Chu04]

wrr —A v Zs-, s=1,2,.. . (1.20)

Here, s is the harmonic number, s = 1 corresponds to the fundamental
cyclotron frequency. Gyrotrons can also operate at higher harmonics, which
decrease the requirement for the magnetic field by a factor of s.

The Brillouin diagram [Thul5, Chu04], also called dispersion diagram,
shows the resonance region between the electromagnetic mode following
equation 1.17, and the electron beam following equation 1.20. As shown
in Figure 1.6, the wave angular frequency w is plotted as a function of
the axial wave number k£ . The hyperbolas show dispersion curves of two
allowed propagating TE modes in the cavity and the two red lines give the
electron beam parameters. The intersection of the dispersion curve with
the beam line gives the resonance points between the electron beam and

electromagnetic wave mode.

Mode 2
Mode 1

backward wave = <—}—forward wave k”

Figure 1.6: Dispersion diagram of two waveguide modes, electron beam line, resonance
frequency and speed-of-light-lines (dashed).
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Point (a) demonstrates the fundamental gyrotron operating point where
the beam line is tangent to the dispersion curve. % is small and the
resonance frequency w, is near the cut-off frequency of mode 1. Point
(b) indicates the resonance point of forward mode 2 and second harmonic
of the cyclotron frequency. A backward wave whose corresponding %k is
negative can also be generated as is shown in point (c). The backward
wave interacts with the second harmonic of the electron cyclotron frequency.
The resonance frequency w, in this case is lower than 2(2.. It shall be
notified that one beam line can have several interaction points with different
modes; more complicated models shall be used for gyrotron beam-wave
interaction [Jel00, Ker96].

n1is the efficiency of the energy transfer from the transverse electron
power P |of the gyrating electrons to the generated RF-power in the cavity
Pejec-

Pelec
nL= ?L” (1.21)
The electrons can not transfer all their gyrating power to the elec-
tromagnetic wave. The theoretical upper limit of 7, is approximately
72% [KDST85], but due to the influence of velocity, energy, and guiding
centre spread, the real value is always lower. The efficiency of the total

energy removal from the electrons is given by

o

elec — 7, o . 1.22
Nel T a2 Ml (1.22)

1.4.3 Quasi-optical output system

After the beam-wave interaction in the cavity, the generated microwaves
will propagate through the quasi-optical mode converter. The use of a mode

converter has two purposes: separate the electromagnetic wave from the
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spent electron beam and convert the high order complex wave mode into a
paraxial beam for low loss transmission. The quasi-optical output system
can be separated into two parts: launcher and reflectors (mirrors), as shown
in Figure 1.2. The launcher, which is also called antenna, is a waveguide
with specific perturbations of the inner wall. A defined mode mixture
process happens along the launcher and a Gaussian beam (TEMyg) is
generated at the end. The generated Gaussian beam is focused and reflected
out of the gyrotron through the output window by the reflectors. Detailed
calculations and optimization process for quasi-optical output system can be
found in [Jin07, Flal12]

1.4.4 Depressed collector

After the electron beam is separated from the microwave beam, the electrons
will travel to the end of the gyrotron and will be collected by the collector.
The use of depressed collector in gyrotrons results in a significant increase in
gyrotron efficiency [PBD199], since it collects part of the remaining kinetic
energy of the electrons after they have transferred a part of their energy to

microwave radiation. The collector efficiency is

‘/acc

- e (1.23)
lecl ‘/;ICC _Mol

Here, V.o is the collector depression voltage. The maximal achievable
Vol 1s influenced by the minimum electron velocity after the interaction.
Due to the velocity spread, parts of the electrons could be reflected under
high collector voltage. Therefore, a moderate value will be chosen for
Veol- The depression voltage of the collector not only increases the gyrotron
efficiency, but also decreases the requirements for the cooling system and

increases the lifetime of the collector.
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1.5 Tools used in gyrotron simulation

For the design and calculation of different components for gyrotrons,
different KIT in-house codes are used in IHM. The gyrotron components

and the specific codes used are listed in Table 1.1.

Table 1.1: Simulation codes used for different gyrotron components.

Component Code Chapters | References

ESRAY 2

[1Z]15]

EBOS ESPIC 5,6

ARIADNE | 3 [PV04]
Cavity EURIDICE | 2,3 [APIVI12]
Quasi-optical mode | 1\ [ITP*09]
converter
Collector ESRAY [1Z]15]

In this work, the code ESRAY is used in the calculation of the influence of
surface roughness on electron beam quality generated by the EBOS system
(Chapter 2). During the simulation of emission inhomogeneity on the elec-
tron beam quality the three-dimensional (3D) code ARTADNE is used since
emission inhomogeneity is a 3D problem (Chapter 3). For the calculation
of beam-wave interaction, the code EURIDICE is employed (Chapter 2 and
Chapter 3). The code ESPIC is used for the PIC simulation of dynamic
phenomena caused by surface roughness and emission inhomogeneity in
Chapter 5 and Chapter 6. More detailed introduction of the codes will be

given in the following parts.
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1.5 Tools used in gyrotron simulation

1.5.1 Simulation of electron beam optics system

ESRAY [1ZJ15] and ARIADNE [PV04] are self-consistent electrostatic
codes, which calculate the electron beam trajectories according to the Finite
Difference Method (FDM) and the Finite Element Method (FEM), respec-
tively. ESRAY has been developed for 2D simulation while ARIADNE was
initially created for solving 3D problems. ESPIC is a quasi-static Particle In
Cell (PIC) code. It is an extension of the electrostatic code ESRAY, which
can simulate slowly varying effects in the gyrotron MIG. The classical PIC
approach is used for the particle handling. These codes are used in this work

for separate simulations according to their different features.

ESRAY

The core of the ESRAY beam optics code is a finite-difference potential
solver based on the multi-grid method, operating on a two-dimensional,
non-orthogonal (but structured) simulation grid in cylindrical coordinates.
This concept offers less flexibility compared to typical meshes used in finite
element codes, but the multi-grid solver is relatively fast and has a moderate
demand on memory usage. Figure 1.7 shows details of such a simulation

mesh for the case of an exemplary gyrotron.

0.07 3
0.06 3
0.05
0.04
0.03
0.02

0.01
T 0 0 e

0 0 e e e e e
T T T

0.05 0.10 0.15 0.20 0.25 0.30

| 20q

r[m]

Figure 1.7: ESRAY simulation grid showing the cathode, anode and body of an exemplary
gyrotron.

23



1 Introduction

For particle pushing, the energy-conserving leap-frog scheme according to
Buneman [Bun67] is used. Both schemes together provide second order
accuracy, as long as the shape of the grid cells does not differ too much
from the ideal rectangular shape. The structured mesh allows a very
fast localization of macro-particles in the non-orthogonal mesh and the
interpolation of forces to the particle position can also be implemented
in a CPU-efficient way. Several emission models are available, including
thermionic emission, which takes the influence of the electric field strength
at the emitter surface into account (Schottky effect [Cro65]). During a
simulation run, the calculation of the full electron beam trajectories are
alternated with the calculation of the self-induced electric field until a self-
consistent solution is reached.

The ESRAY code package consists of the following three main modules

that have to be processed in sequential order:

Gridgen:
Generates the simulation mesh from a geometrical description of
border sections stored in an input file for geometry.

Maggen:
Calculates the magnetic flux density on all mesh nodes according
to the geometries, winding numbers and applied currents of the
solenoids of the magnetic system. The required input information

is stored in an input file for coils.

ESRAY:
Performs the self-consistent trajectory simulation using the provided
simulation mesh and the magnetic field profiles of the individual
solenoids. Fig. 1.8 gives an overview of the structure of the main
iteration loop of the simulation program. The target of the loop
is to obtain a self-consistent solution. The calculation of the full

electron beam trajectories is alternated with the calculation of the self-
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induced electric field (typically takes 10 - 25 iterations). Depending
on the computer hardware, mesh size, and the requested accuracy, one

ESRAY run typically takes several seconds to several minutes.

Read grid & N Emit a new set of
parameters, particles
calculate / import
applied E- and B- ] Push
No

fiold particles

Interpolate E-/B- Localize
fields to particle particles in
positions grid

Conver-

gence
Yes reached?
(after 10— 25
iterations)

Add particle density
to charge density

Analyze resullts, Run multi-grid field

send output to Poisson solver,
post-processor calc. E-field

Particles
remaining
?

{

Figure 1.8: Organization of the main iteration loop of ESRAY.

(after 10000 — 100000 iterations)

ESPIC

ESPIC is a slightly modified version of ESRAY. It is used to simulate the
slowly varying effects in the gyrotron electron gun and the beam tunnel.
This code does the particle handling in the classical PIC approach using a
2D multi-grid Poisson-solver for the calculation of the electric fields; a full
handling of Maxwell’s equation is not yet implemented. With the surface
roughness model and secondary electron emission model, investigations on

LFOs and secondary electron beam halo is carried out in this work.
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ARIADNE

ARIADNE is a parallel 2D and 3D trajectory code for gyrotron electron
beam simulation. Similar to ESRAY, ARIADNE is also a self-consistent
electrostatic code. However, the finite element method is used for the
solution of the Poisson equation in contrast to ESRAY. Finite element
curvilinear cubic, tetrahedral meshes, and curvilinear quadrilateral meshes
can be generated by ARIADNE. Figure 1.9 shows details of a finite element

curvilinear cubic mesh for the case of an exemplary gyrotron.
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Figure 1.9: Finite element curvilinear cubic mesh used in ARTADNE simulation showing an
exemplary gyrotron.

For a conventional gyrotron ARIADNE can be used to study effects as-
sociated with deviations from cylindrical symmetry, such as those produced
by non-uniform electron emission from the cathode, misalignments between
the mechanical and the magnetic axes, etc. In addition, it can handle fully
3D geometries (with dependence on the polar angle), as is the case of a sheet
beam for a quasi-optical gyrotron.

The basic steps in the simulation of a gyrotron electron beam using
ARIADNE are the following: (i) The user introduces the 2D/3D geometry
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1.5 Tools used in gyrotron simulation

and the boundary conditions in the database of the program; (ii) The mesh
generator of the code, based on mapping technique, automatically creates
a finite element curvilinear cubic or tetrahedral mesh for 3D geometries
and curvilinear quadrilateral mesh for 2D geometries; (iii) The solver
subroutine, using the finite element method, initially solves the Laplace
equation and calculates the potential on the mesh nodes due to the boundary
conditions; (iv) The particle pusher subroutine, which is based on Runge-
Kutta method, calculates the first approximation of the beam electrons’
trajectories; (v) Self-consistency is obtained by successive application of
the Poisson solver (to obtain the electric field in the charge density of the
previous iteration) and the particle pusher (to obtain the charge density due
to the fields of the previous iteration), until convergence is achieved to the
desired accuracy. More detailed introductions to ARTADNE can be found
in [PV04].

1.5.2 Simulation of beam-wave
interaction in the cavity

EURIDICE is a fast code-package for gyrotron interaction simulations and
cavity design. It comprises codes for operating mode selection, calculation
of the field profile of TE modes in the cold cavity, calculation of the modes’
starting currents, self-consistent calculation of the field profile in steady-
state single-mode operation, and time-dependent multi-mode simulation of
the beam-field interaction. The calculation algorithm of the time-dependent
multi-mode simulation part used in this work is shown in Figure 1.10.
EURIDICE can treat an arbitrary number of TE modes. Simultaneous
interaction of different modes at different cyclotron harmonics is permitted.
The field profiles of the modes can be those of the cold cavity or others, user-

defined. The output power and frequency pulling of the modes are obtained
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as functions of time. The beam parameters (i.e., voltage, current, o) can
vary over time according to the adiabatic approximation and the Schottky
formula for temperature-limited emission (equation 1.3), or according to
user defined tables (obtained from electron gun simulation codes, or from
experiment). The variation of the parameters can be either linear or
stepwise. In this way, start-up simulations are feasible. The time-dependent
part is parallelized, allowing fast multi-mode simulations. Ohmic losses,
axial variation of the magnetostatic field, and spreads in the electron beam
parameters are also considered. Detailed information about EURIDICE can
be found in [APIV12].

RF fields Calculate motion Calculate
(time t) of electrons the current

t=t+ At

Solve the Maxwell equations

Figure 1.10: Numerical algorithm of the main iteration loop for the time-dependent part of
EURIDICE.

1.6 Gyrotron models used in this work

Different gyrotron models are used in the calculations and experiments
of this work. The information for these gyrotrons and the corresponding
chapters they are used in are shown in Table 1.2.

In Table 1.2, the first column is the abbreviation of the gyrotrons.
The secondary column is the type of the emitter. The third and fourth
columns give the work function and typical working temperature of the
emitters. These work functions are provided by the manufacturer while the

temperatures are calculated by the fitting method discussed in Chapter 3.
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1 Introduction

The simulations and experiments where these gyrotrons are used are given
in column five. The last two columns give the corresponding chapters and
the schematic plots for these gyrotrons.

In Chapter 2, two MIG designs for the EU 1MW, 170 GHz ITER
gyrotron [PIST08] are used to calculate the influence of surface roughness
on electron beam quality and gyrotron efficiency. MIG-1 is the initial design
of the MIG, while MIG-2 is the optimization of MIG-1, which can suppress
the generation of EBH in the gyrotron MIG. In Chapter 3, the emission
inhomogeneity of MIG-2 for the EU 1 MW, 170 GHz ITER gyrotron,
the KIT 15 kW, 28 GHz gyrotron for materials processing [MIP*13], and
the short-pulse prototype of the EU 2MW, 170 GHz coaxial cavity gy-
rotron [PDD*04, RPKT10] have been measured and analysed. Chapters 5
and 6 focus on the two phenomena (LFOs and EBHs) caused by the
trapped electrons. The short-pulse prototype of the EU 2MW, 170 GHz
coaxial cavity gyrotron is used for the investigation on LFOs since such a
phenomenon has been observed during the experiment of this gyrotron. The
first industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron
and these two MIGs for the EU 1 MW, 170 GHz ITER gyrotron are also
used for the calculation of EBHs.
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2 Surface roughness model
and its influence on gyrotron

This chapter surveys the influence of the emitter surface roughness on the
operation of high power gyrotrons. After a review on the influence of surface
roughness at the beginning of this chapter, a surface roughness model is
derived for the trajectory code ESRAY and the quasi-static Particle In Cell
(PIC) code ESPIC [IZJ15]. Then, the influence of surface roughness on
the beam quality and gyrotron efficiency is quantitatively studied. The code
ESRAY was used for MIG simulation. The code EURIDICE [APIV12],
which can import the electron beam from ESRAY, was used for the study
of the influence on gyrotron efficiency and mode competition. Phenomena,
such as the generation of magnetically trapped electrons, are predicted at a
high level of roughness for the first time. Detailed discussions on trapped
electrons will be presented in Chapter 5 and Chapter 6.

2.1 Introduction

The quality of the electron beam is one of the key points for efficient and
stable gyrotron operation. A proper electron beam will have low spread
in velocity, energy, guiding centre and current density. The influence
of energy and velocity spread on gyrotron efficiency of a gyrotron has
been numerically calculated using an electron beam with different given

spreads [ZZMO6]. The following relation was derived
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2 Surface roughness model and its influence on gyrotron

Nelec = nelec,max[l *ZKEM“ ((Y)-Ewkin)2 7KUJ_ (5UL)2] . (21)

Here, 7clec 1s the interaction efficiency and 7ciec,max 15 the maximum
efficiency in the case of no spreads, K g, is the coefficient of energy spread,
and K, is the coefficient of velocity spread. The efficiency will decrease
with the increase of energy and transverse velocity spread. Therefore, the
general purpose of the conventional gun design is to generate an ideal beam
with low spread. However, in reality, several factors have a negative impact
on the beam quality [TsiO1, Tsi72, Edg95, ZZM06, GGM™10, LAL96,
Lau87], which are

1. the emitter surface roughness,
2. the current emission inhomogeneity at the emitter surface,
3. the spread of the electron initial thermal velocities,

4. the asymmetrical electric and magnetic fields in the MIG due to the

misalignment,

5. the low frequency oscillation of trapped electrons between the mag-

netic mirror at the entrance of the cavity and the cathode.

This thesis mainly focuses on factors (1), (2) and (5). Detailed discussion
on the influence of (4) is presented in [ZT96, DP97, ISNT98]. The influence
of (3) can be numerically calculated by imparting initial thermal velocities
to the electrons when they are emitted from the cathode surface. To
achieve the condition of thermionic emission, the cathode is heated to a
high temperature, and electrons are emitted from the emitter surface with
initial thermal energy. The initial energy has a Maxwell-Boltzmann (M-B)
distribution [RC70], which is given by
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L -t
k:BTe B . 2.2)

Here, Ey, is the kinetic energy of the electron, kp is the Boltzmann

flwa =

constant, and 7" is the absolute temperature at the emitter surface. For
a typical emitter temperature 7 = 1000 °C, the average initial average
thermal energy is kpT ~A.11eV.

Due to the machining, bombardment of positive ions, and evaporation of
barium from the porous tungsten surface, roughness appears at the emitter
surface. A similar approach is followed for the estimation of the influence
of emitter surface roughness [Tsi72]. The theoretical estimation uses the
initial velocity to investigate the influence of surface roughness; the velocity

spread caused by the surface roughness can be estimated by

71'2 To

5UJ_”: 1.6 (]. + Z tan2 SOBC)% . (23)

Here, dv jis the relative spread of the perpendicular electron velocities,

ro is the average roughness height, h is the height of the first vertex of the

electron trajectory above the cathode, and ppc = @B + ¢ is the inclination

angle of the magnetic field with respect to the emitter surface, as shown in
Figure 1.3.

Combining equations 2.1and 2.3 one gets

2

7 = Nmax|1 —KUB((SU)2 —A56K,, (1+ % tan? go)r—o

ol e

Equations 2.3 and 2.4 provide the approximate velocity spread of the
electrons and its influence on the gyrotron efficiency. In addition to the
decreasing gyrotron efficiency due to the emitter surface roughness, several
other phenomena in the gyrotron can be caused, such as back reflected
electrons resulting in secondary electron emission and low frequency

oscillations.
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2 Surface roughness model and its influence on gyrotron

In principle, the influence of the emitter surface roughness can be simulated
by 3-D codes using physical roughness models. However, a huge mesh
cell number is necessary for the modelling of surface roughness, since the
microstructure size on the emitter surface is of the order of several microns.
The computer memory needed and the calculation time is unacceptable.
Therefore, instead of modelling the realistic emitter surface roughness, a

simple approach is derived in this thesis.

2.2 Surface roughness model

Similar to [Tsi72], to study the influence of surface roughness on the beam
quality using a trajectory code, an initial velocity distribution of the emitted
electrons is considered. The definition of initial velocity is based on the
extension of the roughness model only by hemispherical microstructures
of varying size to a more sophisticated structure, which consists of an
ensemble of cylindrical, conical, and hemispherical microstructures, as
shown in Figure 2.1. The dashed vertical lines in Figure 2.1 show for
each microstructure the axis of rotational symmetry. The emitter surface
roughness model is developed as one built-in function of the electrostatic
code ESRAY [ZIPJ13].

E) is the electric field on the emitter surface in ideal case whereas the
parameter ry is the microstructure size. The influence of each type of
microstructure on the emitted electrons is numerically studied for each
type of microstructure individually. A simple capacitor model with two
parallel plates whose distance is several times larger than the microstructure
size ro is used for the calculation of each type of microstructure. The
velocity distribution of the electrons recorded on the anode is used for the
definition of the initial velocity of the electrons emitted from the emitter
ring for electron beam simulation. By this approach, the initial velocity

of the emitted particles is calculated versus the applied electric field, the
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2.2 Surface roughness model

microstructure size, and the relative position of the emission. Figure 2.2
shows the 2D axial-symmetrical trajectories of these electrons for all kinds
of surface defects used in the capacitor model. Electrons from the plane
area are also taken into account since the microstructure will also influence
their trajectories. (I) represents different parts of the microstructures and (II)
corresponds to parts of the plane area. Parts of the trajectories of emitted

electrons cross the axis of symmetry r = 0 for the inverse microstructures.

0 1 3 Anode
= i %o EO‘ i "y
//fi I i F Cathod
/ % / ; /} / /23/0 ﬁ
(a) (b) (c)
a
0 i Anode
S ; EO‘
v i r r,  Cathode
“Vo/// / Mr /NV /AT '7]/ /S
(d * (e) ()

Figure 2.1: Microstructures used in the surface roughness model (a: hemispherical bump,
b: conical bump, c: cylindrical bump, d: inverse hemispherical bump, e: inverse
conical bump, f: inverse cylindrical bump).

According to [Tsi72], the influence of the microstructure on the quality of
the electron beam can be calculated by using the initial velocity component,
which is perpendicular to the normal vector of the smooth emitter surface.
Therefore, the perpendicular velocity component on the anode of the
capacitor model is pre-defined as the initial velocity S, 1 jof the electrons
in the MIG simulation codes ESRAY and ESPIC, as shown in Figure 2.3.

Using the initial velocity model will bring artificial energy to the system,
which does not exist in reality. Therefore, while simulating the influence of

surface roughness, the initial velocity should be as small as possible.
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z

(a) hemispherical microstructure (b) inverse hemispherical microstructure

r r

(c) conical microstructure (d) inverse conical microstructure

s

AIA;
II R
0 z

(e) cylindrical microstructure (f) inverse cylindrical microstructure

Figure 2.2: Electron trajectories for different kinds of microstructures (region I). Parts of the
plane area are also taken into account (region II). £y = 30kV/cm, rg = 5 pm.

Neglecting the initial parallel velocity also results in this model creating
less artificial energy, since S3in;, 1 |is several times smaller than f3;,; at the
distance (several times ) where the velocity information is collected, as is

shown in Figure 2.4.
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Cathode Anode Cathode Anode
(a) (b)

Figure 2.3: Schematic of (a) the electrons emitted from the hemispherical microstructure and
(b) the corresponding initial velocity model used in ESRAY.
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Figure 2.4: Average velocity components along z-axis of a hemispherical microstructure.
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According to [BLCT08], present cathodes generally have surface roughness
in the range of 2.5 pm-5 um. Hence, a hemispherical microstructure of
5um size with applied electric field £y = 30kV/cm is used for the
calculation. The velocity information at 7 times 7 is collected and used
as the initial perpendicular velocity Bin; | . It is shown that the normalized
velocity component /3 is approximately 7 times larger than 5,. The
discontinuity of S, and 8 at z =5pum comes from the fact that the

microstructure ends at 5 pm.

The initial perpendicular velocity of the electron versus the position of

emission for the six types of microstructures is shown in Figure 2.5.

In Figure 2.5, the starting position S is the route from the intersecting
point of the microstructure outline with the z-axis to the end of the flat area
(as shown in Figure 2.2). In all cases, inverse microstructures have smaller
initial velocity and therefore a smaller influence, due to the lower electric
field on the surface of the microstructure. The average value of initial
normalized velocity fi,;, 1 |caused by the surface roughness is about 0.002
corresponding to 1.0 eV of initial electron energy. This value is significantly
higher than the typical energy corresponding to the initial thermal velocity
(see Section 2.1) at 1000 °C.

Figure 2.5 provides the needed information at one typical condition
(Ep = 30kV/ecm, r9 = 5um). In reality, the emitter works under
a range of Ey and the size of the emitter surface roughness is also
a distribution.  Therefore, it is necessary to find the dependency of
Bini, 1 |on the microstructure size ry and the applied electric field strength
FEy. To find that relation, an analytical calculation is made using the
hemispherical microstructure as an example. According to [FEV03], the

potential distribution near the hemisphere is

p =rcosfE(1 —4&%0)3) . (2.5)
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2 Surface roughness model and its influence on gyrotron

Here, a spherical coordinate system is used in the calculation. Then, the
radial electric field is given by
—A 3cosd
B2 Bo(—)pP—2 & (2.6)
ro" (14 cos?0)z
In order to simplify the calculation, it is assumed that the electrons will
move radially. Then, the perpendicular component of the kinetic energy is

given by

1 T
S, = / cECd @.7)

0
Here, [ is the distance the electron moves parallel to the cathode surface.
Combining equations 2.6 and 2.7, the perpendicular velocity component

Bini, L |jis

e 1 1, 1 T 1
Bini, 1| = JgA(mCQ)E(EOTO)E sin @ cos2 6(1 —4(%)2)2
~A 3(m62)5(E0r0)5 sin @ cos2 0 . (2.8)

Although, there is a difference between the analytical value calculated
by equation 2.8 and the numerical value due to the approximation of the
analytical method (as is shown in Figure 2.5(a)); the numerical calculation

also confirms the relation

5ini,¢|\0<4§E0T0)% - (2.9)

Equation 2.9 was found to be valid for all kinds of microstructures
investigated in the operating range of thermionic emission. This equation
shows that an increase of the applied electric field and/or the microstructure
size on the emitter surface also increases the influence of the surface

roughness.
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Similar to [Tsi72] and [BH97], the magnetic field is neglected due to the fact
that the evaluatlon happens in a very small region (several tens of microns).
Hence, the ﬁ X A§ drift effect on the electron at the emitter surface is not
significant in such small region.

In addition, the Schottky effect, as described in equation 1.3, can also
influence the distribution of fin;, . When the Schottky effect is taken
into account, the current density becomes a function of the electric field
and hence of the position of the emission. It should be noted that the
studied current density is in the temperature limited regime. As is shown
in Figure 2.6, the Schottky effect has a limited influence. Therefore, it is
also neglected in the model.

The data plotted in Figure 2.5 and equation 2.9 are stored in the code
ESRAY. The stored database is used to define the transverse velocity
of the electrons emitted from the emitter ring using the Monte Carlo
method [Has70]. The Monte Carlo method uses a large number of repeated
random samplings to obtain numerical results. Using the Monte Carlo
method, the code randomly chooses for each emitted electron the kind of
microstructure and a relative position in the microstructure geometry. Then,
considering the electric field calculated by the code and the microstructure
size, which is defined by the user, the code scales the initial Biy;, 1 jusing
the scaling given by equation 2.9. Typical trajectories of the electrons close
to the emitter surface in the presence of surface roughness are shown in
Figure 2.7.

The microstructure size ry used in Figure 2.7 is 5 um. All six kinds
of microstructures evenly distributed with the same size of ry used in this
calculation. It is shown that the surface roughness will disturb and mix the

electron trajectories in the cathode region.
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Figure 2.6: Probability density of 3;,;, | from hemispherical and inverse hemispherical
microstructures for £y = 30 kV/cm and ro = 5 um. The length of the planar
area is also 5 um.
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Figure 2.7: Electron trajectories at the emitter surface in the presence of surface roughness.

2.3 Influence of surface roughness
on the gyrotron operation

The influence of the surface roughness on electron beam quality, gyrotron
efficiency, and mode competition is studied separately. Two MIG designs
for the EU 1 MW, 170 GHz ITER gyrotron [PIST08] have been investigated.
MIG-1 is the initial design of the MIG, while MIG-2 is the optimization of
MIG-1, which can suppress the generation of Electron Beam Halo (EBH,
Chapter 6) in the gyrotron MIG. During the modification process, the profile
of the cathode surface and the configuration of the magnet coils has been
changed. Therefore, the electric field and magnetic field distribution is
different for these two MIGs. The electrostatic code ESRAY is used to

calculate the influence of the emitter surface roughness on the electron beam
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quality, while the gyrotron efficiency and mode competition is studied using
the cavity interaction code EURIDICE.

2.3.1 Influences of surface roughness
on beam quality

The influence of the size of the microstructures on the pitch factor of the
electron beam at the gyrotron cavity is shown in Figure 2.8. Both short-pulse
(non-neutralized beam) and long-pulse (fully neutralized beam) operation
cases for both guns have been studied. During long-pulse operation, the
electron beam will be neutralized by the ions that come from the ionization
of the residual gas in the MIG [PHA ' 08]. The neutralization moderates the
space charge influence on the beam tunnel and cavity region and the average
o of the electron beam decreases.

In particular, the average pitch factor « is shown in Figure 2.8(a),
while the pitch factor distribution of MIG-1 under long-pulse operation
is presented in Figure 2.8(b). The average pitch factors « of these two
guns are set to have the same value in the neutralized case. The pitch
factor « increases with the size of microstructures. For the short-pulse
cases, a fraction of the electrons will be reflected if the microstructure size
is larger than 17 pm. The critical size of the microstructures concerning
the generation of back reflected electrons is increased to 27 um in the
long-pulse case. The slightly different behaviour between these two guns
results from the different magnetic and electric field configurations. The
« spread, especially the maximum « value, significantly increases with the
microstructure size.

Figure 2.9 shows the relation between the microstructure size and the
RMS value of the transverse velocity spread 65, for the short-pulse and
long-pulse cases, for both guns, also compared with the theoretical results
based on equation 2.3.
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(a) Influence of surface roughness on average «

rolum]  Amax

| 0.0 1.307
I 5.0 1.900
10.0 2.407

15.0 3.126

20.0 4.537

(b) Influence of surface roughness on « distribution

Figure 2.8: Influence of surface roughness on « of two EU 1 MW, 170 GHz MIG designs.
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A factor of 2.6 dividing the results of equation 2.3 was considered in the

theoretical result due to the different definition of the velocity spread!. All

four curves in Figure 2.9 indicate that §/3 is proportional to r(l)/ * which is

in agreement with the theoretical result of equation 2.3.

Figure 2.9: Influence of surface roughness on transverse velocity spread 63 .

Figure 2.10 shows the relation between the microstructure size and the
energy spread in the gyrotron cavity. The calculation for the short-pulse
operation is stopped at 17 um, as trapped electrons are generated for the
larger size of the surface roughness. For both the neutralized case and non-
neutralized case, the surface roughness has a limited influence on the energy

spread. For the non-neutralized case, surface roughness can even decrease

!'In equation 2.3 the transverse velocity spread is defined as the difference between 90 % and
10 % quantiles, which is normalized by the mean value: §3, = FO-9=F(O-1) while the
RMS spread is define as 65 = % Assuming the velocity spread has a Gaussian distribution

gives w =~ 2.6.
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the energy spread. This is because the surface roughness will increase the

phase mixing of electrons in the beam.

Figure 2.10: Influence of surface roughness on energy spread.

2.3.2 Influence of surface roughness
on gyrotron efficiency

The influence of surface roughness on gyrotron efficiency during long-pulse
operation (neutralized case) is calculated using the cavity interaction code
EURIDICE. The electron beam properties at the entrance of the cavity are
calculated by ESRAY. Single-mode calculation results for the electronic
efficiency 7q1ec and the total efficiency 7, (With single-stage depressed

collector) are shown in Figure 2.11.
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Figure 2.11: Influence of surface roughness on gyrotron efficiency.



2.3 Influence of surface roughness on the gyrotron operation

In particular, the relation between the microstructure size and the beam-
wave interaction efficiency is shown in Figure 2.11(a). An increase of
the emitter surface microstructure size from Opm to 25um results in
a decrease of the gyrotron interaction efficiency from 34.9 % to 30.3%
for MIG-1 and from 33.6% to 30.5% for MIG-2. The efficiency is
approximately linearly dependent on the microstructure size. This is in
agreement with equation 2.4. Then, the relation between the microstructure

size and the interaction efficiency can be simplified as

Telec = nelec,max(]- - KTT'O) . (210)

Here, K, is the coefficient of the surface roughness. For these two guns,
1 um of microstructure size increase corresponds to 0.15% decrease of the
interaction efficiency.

Figure 2.11(b) shows the relation between the microstructure size and the
maximum achievable total efficiency in the case of single-stage depressed
collector operation. The relation between the interaction efficiency and the
total efficiency is given in equation 1.23. The maximum V), resulting
in the maximum 7., is calculated assuming that the acceptable portion
of electrons reflected by the depressed collector is below 1%. The total
efficiency nio; is significantly decreased by 15 % and 9 %, respectively,
as the microstructure size increases from Opm to 25um. Calculations
also show that the increase of the microstructure size will lead to an
approximately 5.5 kV decrease in the maximum allowed depressed collector

voltage at 25 um.
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2.3.3 Influence of surface roughness
on gyrotron start-up

The influence of the surface roughness on the gyrotron start-up was also
studied. The electron beam parameters calculated by the code ESRAY
during the start-up of MIG-2 are shown in Figure 2.12. The accelerating
voltage is increased from 47kV to 85.1kV in 8 s in the simulation. At
each time step, the electrons are imported from ESRAY to EURIDICE for

the calculation of beam-wave interaction.

=

|

Figure 2.12: Start up process of MIG-2. Vicc: accelerating voltage, V4,: beam voltage, I,:
beam current, o pitch factor.

2000 electrons are used for the multimode calculation in EURIDICE. The
results are shown in Figure 2.13. Figure 2.13(a) shows the output power
during the whole simulation period while Figure 2.13(b) gives the zoom of

the simulation result between 5 us and 7 ps.
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Figure 2.13: Influence of surface roughness on the start-up of MIG-2.
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The TE33 09 mode is the nominal cavity mode. To fully consider the
mode competition effect, 33 additional competing modes are used in
the calculations. The final output power decreases with the increase of
microstructure size, but the nominal mode is excited at a lower voltage due
to the increase of the microstructure size.

Between 5Spus and 7 ps, the TE3g o9 mode can start two times when the
microstructure size is smaller than 10 pm, but when the microstructure size
is larger than 10 pm, the first excitation of the TEs3( o9 mode disappears. In
addition, the excitation of the mode TE3; o9 at the beginning of the voltage
ramp disappears for microstructure size above 20 um. This phenomenon
indicates that weak competing modes are more sensitive to the beam quality,
which confirms that velocity spread can suppress weak competing modes

and facilitate mode selection [ZZMO06].

2.4 Summary

The influence of emitter surface roughness on gyrotron operation was
investigated using a model which was developed for the codes ESRAY and
ESPIC. The surface roughness model uses an initial velocity distribution
to simulate the influence of surface roughness. With this model, one
can calculate its influence on gyrotrons without modelling the real surface
roughness and increase the mesh number in the code. This feature
can decrease the calculation time significantly. Magnetron injection gun
simulations show that the increase of the velocity spread is proportional to
(Eoro) 3, where ro represents the microstructure size and Fj is the average
applied electric field strength on the emitter surface. A typical surface

roughness value 7y = 5 pm can result in an increase in transverse velocity
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spread §3, by a fraction of approximately 4 % (from 0.15 % to 4 %) and
a decrease in the interaction efficiency 7lec by a fraction of approximately
1 % (from 34.9 % to 33.8 %). The influence of initial thermal energy on the
velocity spread is much smaller than the influence of surface roughness.

A very rough emitter surface could result in the generation of harmful
back reflected electrons. Single-mode cavity calculation results indicate that
the decrease of microwave efficiency is proportional to the microstructure
size rg. Magnetron injection gun and cavity simulation results are in
agreement with the conclusion of the previous theoretical analysis. The
gyrotron start-up calculation shows that although the increase of microstruc-
ture size will decrease the output power it can also suppress some weak
competing modes. The surface roughness model derived for the codes
ESRAY and ESPIC in this chapter is an important tool to assist in the
advanced design of more robust magnetron injection guns for gyrotrons in
the future. The surface roughness model is used in the investigation on
two harmful phenomena in gyrotron: Low Frequency Oscillations (LFOs,
Chapter 5) and Electron Beam Halo (EBH, Chapter 6).
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3 Evaluation of emission
inhomogeneity from current
voltage characteristics

Besides surface roughness, current emission inhomogeneity of emitters can
also result in a degradation of the electron beam quality. In this Chapter,
an introduction to the emission inhomogeneity is given first. After a review
of three existing evaluating methods of emission inhomogeneity, a novel
definition of emission inhomogeneity and evaluating method is described.
Then, emission inhomogeneities of three different types of gyrotron os-
cillators at different emitter temperatures are tested. Subsequently, the
influence of emission inhomogeneity on gyrotron efficiency is numerically
calculated using the 3D code ARIADNE [PV04] and EURIDICE. Finally,
the upper acceptable limits for emitter inhomogeneity of the work function,
temperature, and electric field are given at the end of this chapter.

3.1 Introduction

Emission inhomogeneity of the annular electron beam does have a sig-
nificant effect on the gyrotron operation. The emission inhomogeneity is
a comprehensive result of temperature, work function and electric field
distribution on the emitter surface. It has been experimentally tested that
the emission inhomogeneity decreases the gyrotron efficiency [GKVT97]

and causes Low Frequency Oscillations (LFOs) in the gyrotron [LPST06b].
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3 Evaluation of emission inhomogeneity from current voltage characteristics

Numerical simulation also shows that with a typical inhomogeneity of
emission the gyrotron efficiency is 2 %-3 % lower than that for ideally
uniform emission [NVBT01]. There are several kinds of experimental
methods to measure the emission inhomogeneity: Scanning Auger Mi-
croprobe (SAM) [EKS81], Rotating Current Probe (RCP) [ATSO05] and
Miram curve [MIR104]. SAM measures emitter work-function distribution
based on patches of different work function giving rise to different onsets
of secondary electron emission. RCP can measure the gyrotron angular
current distribution by rotating the current probe. The Miram curve trans-
lates measured temperature-current data into work-function-distribution-
like curves. However, all of these methods are either not suitable for
MIGs (it is difficult to measure the emitter temperature in MIGs) or need
additional measurement devices. To evaluate the emission inhomogeneity
from the Current Voltage Characteristics (CVC) of the MIG is the easiest
and fastest method for high power gyrotrons. As introduced in Section 1.4.1,
thermionic emitters are used in high power gyrotrons. With the increase of
the electric field on the emitter surface, a thermionic emitter will first work
under the space charge limited region and then works in the saturation region

or temperature limited region, as is shown in the blue line of Figure 3.1.

For ideal uniform emitters, these two regions are connected at a single
point. The real situation is that properties of the emitter are different from
one part to another, and the current density obtained at different spots of
the emitter varies. As a result, the space charge and the temperature limited
regions are connected with a transition region instead of being connected
at a single point, as is shown in the red line of Figure 3.1. Therefore, the
information on emission inhomogeneity is included in the CVC, especially
in the characteristics of the transition region. Evaluating the emission
inhomogeneity from the CVC does not need any additional measurement
devices besides the usual current voltage measurement device. Therefore,

it is quite convenient to measure the emission inhomogeneity during the
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3.2 Modification of emission inhomogeneity models

experiment. This method can be used to study gyrotron cathode emitter

aging during the gyrotron lifetime.
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Figure 3.1: Current voltage characteristic of a planar diode.

3.2 Modification of emission
inhomogeneity models

Generally, there are two methods that were initially developed for a parallel
plate diode (Figure 3.2(a)), which can be used to investigate the emission
inhomogeneity using the CVC. According to their different assumptions,
these two models are named Khodnevich model (saturation current density
distribution model) [Kho69, GKV197, GGKT99] and Tonnerre model
(work function distribution model) [TBPS83], respectively. However, the

gyrotron MIG emitter has an annular geometry, as is shown in Figure 3.2(b).

Due to the special geometry of the gyrotron MIG emitter, these two models
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3 Evaluation of emission inhomogeneity from current voltage characteristics

can not be applied to gyrotron directly. In order to employ these two models,
the Child-Langmuir equation and Richardson-Dushman equation have to be
modified.

(a) Parallel plate diode (b) Gyrotron emitter structure

Figure 3.2: Geometry of (a) parallel plate diode and (b) gyrotron MIG emitter.

In gyrotrons, the size of the emitter is limited and due to the influence
of the magnetic field above the emitter, the current density is not uniformly
distributed. Due to this, it is difficult to find an analytical solution for the
space charge limited current. In the present work, a correction factor B¢y is
used to modify the Child-Langmuir equation 1.2. Then the modified Child-

Langmuir equation is given by

3
JeL = BeLAc LV . 3.1

For the planar diode, this correction factor is one. For gyrotrons, there
are two effects that influence the correction factor. Firstly, electrons are
emitted only from the small ring-shaped emitter surface in gyrotron, while
in the planar diode, electrons are emitted from the whole cathode surface.
Therefore, there is no space charge effect from other parts of the cathode,

which limits the electrons current from the emitter ring. The correction
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3.2 Modification of emission inhomogeneity models

factor will be larger than one due to this effect. Secondly, the magnetic
field will change the direction of electrons during their movement towards
the anode. The thickness of the electron beam is reduced at the corner of
the beam trajectory. The reduced beam thickness results in a larger space
charge density in this region. The correction factor will be decreased due to
this effect.

The electric field on the emitter surface of a planar diode is Fy = V,/d.
Due to the special geometry of the emitter surface, the electric field E is

always larger than Ey. The relation between E and Ej is given by
E = ppky (3.2)

where [Sp is the field enhancement factor. The modified Richardson-

Dushman equation with Schottky correction is given by

Js = AT wrT

3
W = Bre’Eo ) (3.3)
471'60

3.2.1 Khodnevich model

The Khodnevich model [Kho69] does not consider the Schottky effect in
the temperature limited region. Equation 1.3 reduces to the Richardson-

Dushman equation

Jp = AT?etbr (3.4)

The CVCs of a uniform emitter with and without consideration of the

Schottky effect are shown in Figure 3.3.
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Figure 3.3: Comparison of the current voltage characteristics with (blue line) and without (red
line) the Schottky effect.

In the Khodnevich model, the emitter has a distribution of the spatial satu-
ration current density, which can be described by equation 3.4. The reasons
that cause the inhomogeneity of the current density are the distribution of
work function W and temperature 7" around the emitter surface. With a
given voltage, every part of the emitter has the same space charge limited
current density, but different saturation current density. These parts of the
emitter, which have a higher saturation current density than the space charge
limited current density work under the space charge limited region since the
total current will be limited by the space charge effect. The other parts,
which have lower saturation current densities than the space charge limited
current density, will work under the temperature limited region.

The emitter surface area S and the total current I can be separated into

two parts
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3.2 Modification of emission inhomogeneity models

S = SC_L<V> + SR(V) 3.5)
I(V) = IcoL(V)+ Ir(V) (3.6)

where Sc and Icp are the area and current that work under the space
charge limited region while Sg and Ir are the area and current that work
under the temperature limited region. When the applied voltage V' — 0, the
whole emitter works under space charge limited region and Sg — 0. When
the applied voltage V' — oo, the whole emitter works under temperature

limited region and Sg = S.

The first part of the total current (space charge limited current) is

ScL(V)
Ien(V) = / Jer (V)dS
0
SC,L(V) 5
= / BerAc V2dS
0
= BerAciVEScr(V) . 3.7)
In order to simplify the calculation, the substitution u := V2 is used.

Then the space charge limited current is

Ic(u) = BerAcLuScr () . (3.8)

The second part of the total current (temperature limited current) is

(V) = /0 Y s

SR(U)
- / Je(w)dS (3.9)
0
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3 Evaluation of emission inhomogeneity from current voltage characteristics

The distribution of Sg(u) is defined by

flu) = dS;éu) : (3.10)

With the above definition of f(u), the area of the emitter surface that
works under space charge limited region under u can be derived by

SR(u)—/Ouf(u’)du' . (3.11)

Combining equation 3.9 and equation 3.10 leads to

Ix(u) = /Ou J() fuydu' (3.12)

With the expressions of equation 3.7 and equation 3.12, equation 3.6 can

be expanded to

I(u) = BeLAcuScy (u) + / Je() f(u)du' . (3.13)
0

Combining equation 3.24 with equation 3.13, one gets

I(u) = PerAcLu(S —Bk(u)) + / ' Jr(u) f(u)du
0
= BerAciuS —BelAciu / flu)du' + / Jr(u)) f(u)du'(3.14)
0

0

Because the Schottky effect is neglected in this model, the current density

will always be equal to the transition current density, which means
Jr(u) = ferAcru . (3.15)
Then the total current will be
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3.2 Modification of emission inhomogeneity models

I(w) = BerAciuS —fSerAcLu / Fu)du' + ferAce / u fu)du
0 0
= ferAciuS —Beides / / flu"ydu" ) (3.16)
o Jo
Using the definition of equation

u JRr
Selw) = [ 1)’ = Se(h) = [ Fldie 37

where F'(jr) is the distribution of the transition current density which is also
named effective emission inhomogeneity.

Then the total current becomes

u Jr
I(w) = fer AcruS —Ber Acy / / Flr)dindd  (3.18)
0 0

and one can get the first and second derivative of the total current from

equation 3.18

dl Jn

i BerAcLS —fcrAcL / F(jr)djr (3.19)
0

27 ‘

gz = —BerAc)’F(r) (3.20)

From equation 3.20 one gets

1 d?I
F(jr) =— — 3.21)
() iﬂC—LAC-L)Q du?
From the measured current voltage curve, one can calculate the distribu-
tion of the transition current density according to equation 3.21.

Furthermore, Combination of equations 3.17 and 3.19 results in
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3 Evaluation of emission inhomogeneity from current voltage characteristics

dI In
I e AcLS —Beidey / Fljr)dix
0

du
= ferAcLS —BerLAcLSr
BeLAcLScL : (3.22)

Then the areas which work under space charge limited region and

temperature limited region are

1 drl
Sc, = —m—— 3.23
ot BerAce du (323)
1 d/
- 5- a@ 3.24
S S cLAcr du (324

Figure 3.4 shows the calculation result for a parallel plate diode. The
CVC curve (a) is generated using a random number generator assuming that
the work function has a normal distribution, the average work function W
of the emitter is 2.2 eV and oy is 0.075 eV. The calculation process of the
saturation current density distribution is: after the CVC curve is measured
(a), the first (b) and second (c) derivative is made. From the d*/du? curve
shown in Figure 3.4, one can easily find the final saturation current density

distribution using equation 3.15.

To compare the quality of different emitters, one can normalize current
and voltage to their values I, and u,, corresponding to the maximum of
the density distribution function [GGK'99]. Those parts of the cathode
surface working in the space charge regime and in the saturation regime are
normalized to the whole surface area of the cathode. Then the system of
variables will be

Sep =25E =22 . (3.25)
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Figure 3.4: Calculation process of the saturation current density distribution model. (a):
Measured/Calculated CVC curve, (b): first derivative, (c): second derivative.
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3 Evaluation of emission inhomogeneity from current voltage characteristics

The normalized distribution of the effective emission inhomogeneity will
have the following property
oof|

F(jr)djr =1 . (3.26)
0

Usually, the normalized distribution density function is fitted by the
normal distribution law, which is

P = e =20

JR
The fitted result of Tse is called the normalized effective emission

(3.27)

inhomogeneity.

3.2.2 Tonnerre model

In the Tonnerre model [TBPS83], it is assumed that the smooth transition
between the space charge limited region and the temperature limited region
of the CVC curve results from the work function distribution of the emitter.
The emitter surface is separated into elementary parts with fractional area 6;
and work function W;. At a given voltage V/, parts of the cathode surface
that have a work function W higher than a particular value W; work in the
temperature limited mode, whereas those parts having a work function W;
lower than W, still work in the space charge mode. For these parts, which
work under the transition point, their space charge limited current density is

equal to the temperature limited current density, which gives

ﬁEe?’V
47Td€0

BerAcLV?

W =
' A,T?

— AT In( ) . (3.28)

The average current density Jy is the mean of the current densities

emitted in both modes by the total surface. To simplify the summation, it is
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3.2 Modification of emission inhomogeneity models

assumed that each part of the emitter has the same Ac_y and A, value,
neglecting the influence of neighbouring elements of different areas and

work functions. Then the average current density at voltage V' follows

W—VV( I/Vi:Vmex
Jv= Y Jebi+ Y sty (3.29)
Wi=Whin Wi=Ww,
0; is normalized, which gives
I/Vi:VVmax
> o6i=1 (3.30)
Wi=Whain

where Jcp and Js are defined by equations 1.2 and 1.3, respectively.
To simplify the calculation one can define

Bpe®
4dﬁ€0

. 3.31
T (3.3
Then, the temperature limited current density for each part of the emitter is

aT

, (3.32)
and the average current density Jy is given by the equation
R VVIZVV[ 1 WiZWmax W
N =FerAelVE YD G+ AT 3T gt (3.33)
Wi=Whin Wi=W;

In the Tonnere model it is supposed that the work function has a
distribution D(W') which is normalized as

Winax
/ D(W)dW =1 (3.34)
Whnin
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where D(W)dW = 0; is the fraction of the cathode area having a work

function whose value is between W and W + dW.

Then equation 3.33 becomes

Wi Winax

Jv = BeLAcLV? D(W)dW + A,T?e7V? / D(W)e lr aw

Wmin VV‘
and the first derivative of Jy over dV's is

dJy Wi

dV% - Winin
3 d dWw,
+ (BoLAcLV E — M4, T2erV? 6_%)D(W‘)W:
2

According to the definition of W, in equation 3.28, one gets

3 L
BC-LAC.LV% —ﬁgT2€o¢TV2 R
Then, equation 3.36 becomes

dJy Wi Winax

1
= 3BcrAcLV D(W)dW +ar A T?erV* / D(W)e

dvz Win W,

Using the definition

Wi
F(W) = W.D(W)dW
S(W) ::/ DW)e braw |

then, equation 3.35 and equation 3.38 become
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=3Pc.LAcLV D(W)dW + OéTAgTQBOéTV2 / D(W)e

(3.35)

—r qw

(3.36)

(3.37)

—br g

(3.38)
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1
J = BeLAcLVEF(W) + AT?e™V 2 S(W) (3.41)
1
% 3B A V(W) + arA T2V (W) .(342)
2

Using the definition

- danv

v = ' , (3.43)
v dVva
one gets
S J
Fw) = ZY—=F v (3.44)
=r —&r fepAcLV 2
V2
B
T v J
sSw) = %2 A . (3.45)
Vi% 7@(]’ AgT?eocTV§

According to the definition of F'(W) in equation 3.39, one can calculate
the work function distribution D(W) by

AF (W)

DW) = v

(3.46)

As an example, Figure 3.5 shows the calculation process for a planar
diode. The CVC curve (a) is generated using a random number generator
assuming that the work function has a Gaussian distribution, the average
work function Wy of the emitter is 2.2 eV, and oy is 0.075 eV. The calcu-
lation process for the work function distribution is: after the measurement
of the CVC the curve (a) F'(W) (b) is calculated according to equation 3.44.
Then, D(W) (c) is calculated according to equation 3.46. The discontinuity
in the CVC curve will be enlarged during the derivative. The noise of D(W)
comes from the high requirement of second derivative on the data accuracy.
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Figure 3.5: Calculation process of the work function distribution model. (a):
Measured/Calcualted CVC curve, (b): /(W) calculated by equation 3.44, (c):
D (W) calculated according to equation 3.46.
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An analytical CVC curve function can be derived if the work function has

the Gaussian distribution

1 w _$W7W0)2
D(W) = *\/& / e W AW (3.47)
owV 2T Jw,,,
Equation 3.35 becomes [AKTT02]
1 3 W =&,
Jv ==BcrAci V2]l + erfl +
v 2[3CL cLV2| (ﬁ)]
0'2 (72
EA 21 _érf(VVt —M Jré ol )]eﬁ(\/ T~ Wo+ 2%
2 £ ow 2
(3.48)

Here, oy is used as the parameter which indicates the emission homo-
geneity of the emitter. The smaller the oy value the more homogeneous
is the emission. If oy — /0, the space charge limited region and the
temperature limited region of the CVC curve will be connected at a single
point, as shown in the blue line of Figure 3.1.

Equations 3.48 and 3.28 can be used as the fitting function for the
experimental current voltage data [ATS05]. During the fitting process,
the work function distribution oy is an unknown parameter. The other
parameters (e.g., T, Wy, [cL andBg) can be set to known values or
unknown fitting variables. More the known parameters are given in the
fitting process, the more accurate oy will be.

3.2.3 New definition of emission inhomogeneity

Both the Khodnevich and the Tonnerre model have their own definition
of the emission uni- formity, but none of them gives the current density

inhomogeneity directly. The Khodnevich model neglects the Schottky
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3 Evaluation of emission inhomogeneity from current voltage characteristics

effect and gives the effective emission inhomogeneity. The Tonnerre
model gives the emission inhomogeneity in the form of the work function
distribution oy, but for this model, oy is very sensitive to the given
value of temperature 7' and average work function Wj. Correct values
of temperature 7" and W, have to be known in order to get the correct
ow value. However, W, is a function of T [Cro81]. Due to the
complex and compact geometry of a MIG, it is difficult to know the correct
emitter temperature. In this work, the most intuitive definition of emission
inhomogeneity is used, which is given by

aJ

0] = — 3.49
1= (3.49)

where o is the standard deviation of the current density and J is the
average value of the current density. To calculate 7, the equation 3.48
is used. Since both the Khodnevich and the Tonnerre model need a
second derivative of the CVC curve, they need a very high accuracy of the
experimental data. A fitting method will be more robust. The test process
for the calculation of § 7 is shown in Figure 3.6.

After the measurement of the CVC curve, a fitting is made using
equation 3.48. During the fitting process, the average work function is a
fixed value while T', B¢, B and oy are free parameters. Then, a list of
work functions that have a Gaussian distribution N (Wp, oy ) are generated
using a random number generator. The parts of the emitter whose work
function W; is smaller than TV, works under the space charge limited region;
the left parts of the emitter work under the temperature limited region. Jc.p
and Jg are given by equations 3.1 and 3.3, respectively. After the calculation

of J; for each part of the emitter, J ; can be derived.
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Measure current-voltage curve of the gyrotron

Fitting for oy, Bc.L, g and T using equation 3.48

Generation of Wy, Wy, Ws,... W, using random number generator

Calculate W, using equation 3.28

Wi > W, W, < Wj

Decision for all TW; J; = Jeu,

Ju, Jo, Iz, 0T

Calculate 0 ;

Figure 3.6: Calculation process of normalized current density distribution.
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As discussed above, the uncertainty of work function W and temperature
T will influence the accuracy of oy,. To show the advantage of the new
definition of emission inhomogeneity, a comparison on the influence of
work function is made between different definitions. Table 3.1 gives the
comparison of the emission inhomogeneity with different definition of one
typical CVC curve. The average work function Wy varies from 1.7eV
to 2.0eV, as shown in the first column of Table 3.1. The influence of
the uncertainty of Wy on the work function distribution oy, and emitter

temperature are shown in the second and third column.

Table 3.1: Comparison of the emission inhomogeneity with different definition.

Wy [eV] | ow [eV] | T [K] 4y
1.7 0.0236 1087.35 | 0.2558
1.8 0.0248 1144.75 | 0.2558
1.9 0.0261 1201.95 | 0.2558
2.0 0.0273 1258.85 | 0.2559

In Table 3.1, oy changes with the given work function Wy, while § ; has a
constant value. Therefore, the new definition of the emission inhomogeneity
07 is more stable. In this work, the intuitive and stable parameter  ; with the
calculation method described in Figure 3.6 is used to calculate the emission

inhomogeneity.
3.3 Investigation of experimental results

The KIT 15 kW, 28 GHz gyrotron for materials processing [MIP™13], the
EU1 MW, 170 GHz short-pulse prototype gyrotron for ITER [JAAT13,
PAAT15] and the experimental first industrial prototype of EU 2 MW,
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3.3 Investigation of experimental results

170 GHz coaxial cavity gyrotron [PDD 04, RPK*10] have been measured
and analyzed in this work. The 15 kW, 28 GHz gyrotron has been operated
for several months. The 1 MW, 140 GHz gyrotron for W7-X is a new
gyrotron tube which has just gone under testing. The EU 2 MW, 170 GHz
coaxial cavity gyrotron has already been in operation since several years and
the emitter has been exposed to air several times. The experimental data
for the 28 GHz gyrotron are measured according to an automatic current-
voltage measurement system. The experimental data for the W7-X and
coaxial gyrotron are measured point by point due to the limitation of the

high voltage power supply.

3.3.1 Experimental results for the
KIT 15 kW, 28 GHz gyrotron

Firstly, the experimental results of the KIT 15kW, 28 GHz gyrotron are
analyzed using the three methods. The measured CVCs are shown in Figure
3.7.

The different colours of lines and points in Figure 3.7 represent different
emitter filament current (emitter temperature). The dots represent experi-
mental data while the lines are the calculated results from using the CVC
fitting equation. The calculated results for the KIT 15 kW, 28 GHz gyrotron
are shown in Table 3.2. During the calculation W = 1.85¢eV is provided
by the manufacturer of the emitter.

In Table 3.2, T and oy are the results obtained using the fitting
method. ¢ is the calculated current emission inhomogeneity using the
new definition, which is described in equation 3.49. A more detailed
information of emission inhomogeneity for this gyrotron can be derived
using the Tonnerre model. The calculated work function distribution D(W)
using equations 3.39 and 3.44 of curve "T1" for the KIT 28 GHz gyrotron is

shown in Figure 3.8.
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Figure 3.7: Current voltage characteristics of the KIT 15 kW, 28 GHz gyrotron for three
different emitter temperatures. T1=1172.95K, T2=1162.85K, T3=1152.05 K.

Table 3.2: Calculation results of 28 GHz gyrotron for different emitter temperature.

Curve | T[K] | ow [eV] | 4
TI 117295 | 0.0248 | 0.249
T2 1162.85 0.0255 0.259
T3 1152.05 | 0.0269 | 0.276

One can see from Figure 3.8 that the results of these two methods are
quite similar to each other. There is a shift of the average work function from
the given value of about 0.01 eV. It is assumed that this shift results from
the different operating temperatures compared to the testing temperature of
the manufacturer. The Tonnerre model provides more detailed information

about the work function distribution. For example, in the red line of
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3.3 Investigation of experimental results

Figure 3.8, there are two small peaks before the main peak, which indicate
that there are two high current density areas on the emitter surface.

18 T T T T T T T T T T
| Tonnerre model —@—

Fitting method

D)
S

1.76 178 1.8 1.82 184 186 1.8 19 192 1.94

W [eV]

Figure 3.8: Work function distribution of the KIT 28 GHz gyrotron.

3.3.2 Experimental results for the EU
1MW, 170 GHz ITER gyrotron

Figure 3.9 and Table 3.3 present the experimental results for the EU 1 MW,
170 GHz ITER gyrotron with different emitter temperature. During the
calculation, Wy = 2.1eV is provided by the manufacturer of the emitter.
The curve "T1" in Figure 3.9 is the CVC of the gyrotron under the nominal
cathode working temperature. As shown in Table 3.3, this emitter has
excellent emission homogeneity under the nominal working temperature

compared to the KIT 15 kW, 28 GHz gyrotron. The corresponding emission
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inhomogeneity §; is only 0.048, which is less than one-quarter of the KIT

15 kW, 28 GHz gyrotron.

J[A/em?]
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Figure 3.9: Current voltage characteristics of the EU 1 MW, 170 GHz ITER gyrotron for three
different emitter temperatures. T1=1310.65 K, T2=1284.15 K, T3=1264.85 K.

Table 3.3: Calculated results for the EU 1 MW, 170 GHz ITER gyrotron for three different

emitter temperatures.

Curve | T[K] | ow [eV] | ds
Tl 1310.65 0.0054 0.048
T2 1284.15 0.0175 0.159
T3 1264.85 0.0274 0.256
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3.3.3 Experimental results for the first
short-pulse prototype of the EU 2 MW,
170 GHz coaxial cavity gyrotron

Figure 3.10 and Table 3.4 are the experimental and fitted results for the
EU 2MW, 170 GHz coaxial cavity short-pulse prototype gyrotron. One
can see from Figure 3.10 that the transition from the space charge limited
region to the temperature limited region is much wider than for the other
two gyrotrons. This indicates that the cathode of the coaxial gyrotron
has a higher emission inhomogeneity. The calculated results in Table 3.4
confirm that the inhomogeneity of the coaxial-cavity gyrotron is much
higher than that of the other two gyrotrons, which indicates that the emission
inhomogeneity is increasing with the increase of operating time and number

of tube openings.

J[A/em?]

0 10 20 30 40 50 60 70
V [kV]

Figure 3.10: Current voltage characteristics of the first short-pulse prototype of the EU
2 MW, 170 GHz coaxial cavity gyrotron for three different emitter temperatures.
T1=1308.65 K, T2=1294.85 K, T3=1273.25 K.
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3 Evaluation of emission inhomogeneity from current voltage characteristics

Table 3.4: Calculation results of the first short-pulse prototype of the EU 2 MW, 170 GHz
coaxial cavity gyrotron for three different emitter temperatures.

Curve | T[K] | ow [eV] | 4
T1 1308.65 0.0680 0.661
T2 1294.85 0.0752 0.760
T3 1273.25 0.0943 1.043

From the experimental results of these three gyrotrons, one can see that
07 has the minimum value at the working temperature, and will increase
with the decrease in temperature. Two factors can cause this phenomenon.
Firstly, during the design of the emitter surface, the uniformity of the
electric field is higher at the working temperature, and will decrease with
the change in temperature because of the deformation of the cathode surface.
Increased electric field inhomogeneity at a lower temperature can increase
the emission inhomogeneity. Secondly, the thermionic emitters used in
this work are dispenser cathodes, which are made of porous tungsten
impregnated with barium oxide. The ratio and distribution of barium oxide
on the cathode surface can be different at different temperatures. This

difference could also result in the increase of emission inhomogeneity.

3.4 Influences on electron beam
quality and gyrotron efficiency

To study the influence of emission inhomogeneity the 3D trajectory code
ARIADNE [PV04] was used. A Gaussian distribution for the work function
on the emitter surface was assumed. Figure 3.11 is the current density on
the emitter surface. The current density is distributed symmetrically on the
emitter surface.

In reality, the current density distribution around the emitter surface can
be arbitrary. In order to simplify the calculation, the distribution of current
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3.4 Influences on electron beam quality and gyrotron efficiency

density shown in Figure 3.11 is used. Influence of emission inhomogeneity
on the KIT 15kW, 28 GHz gyrotron and the EU 1MW, 170 GHz ITER

gyrotron were calculated and compared in this work.

J[A/em?]

1 1 1 1

0 60 120 180 240 300 360

Azimuthal Angle [°]

Figure 3.11: 2D plot of the current density along the emitter azimuthal angle.

3.4.1 Influence of emission inhomogeneity on the
beam quality of the KIT 15 kW, 28 GHz gyrotron

The combined influence of emission inhomogeneity and surface roughness
on the beam quality at the centre of the cavity is shown in Table 3.5.

In Table 3.5, & and o4, are the average and maximum value of the
pitch factor «, respectively. One can see from Table 3.5 that both emission
inhomogeneity and emitter surface roughness will increase v, and the
velocity spread (0o, dg,). @ is 1.634 without the influence of emission
inhomogeneity and surface roughness. In this case, trapped electrons can

81



3 Evaluation of emission inhomogeneity from current voltage characteristics

be generated when the emission inhomogeneity d; is 0.238 and surface
roughness size rg is larger than 5 pm. Trapped electrons can be generated
immediately after the emission inhomogeneity J; increases to 0.5. The
influence of trapped electrons will be discussed in Chapters 5 and 6.

Table 3.5: Combined influence of emission inhomogeneity and surface roughness on beam
quality of the KIT 15 kW, 28 GHz gyrotron.

ow To _ 6@J_ 6Ekm 6Tgc
(SJ o Aqmax

[eV] [um] [7%] | [%] | [%]

0 1.634 | 2.00 | 2.53 | 0.409 | 4.26

0.0 0.0 3 1.665 | 2.80 | 4.95 | 0.458 | 4.40

5 1.673 | 3.00 | 5.28 | 0.462 | 4.43

0 1.662 | 270 | 3.18 | 0.616 | 6.44

0.025 | 0.238 3 1.670 | 3.65 | 5.20 | 0.634 | 6.57
5

Trapped electrons!

0.05 0.5 0

A detailed information about the influence of emission inhomogeneity
on the electron beam guiding centre and energy distribution at the centre
of the cavity are shown in Figure 3.12.The red points are the calculated
results for a homogeneous emitter while the blue points are the calculated
results for an inhomogeneous emitter (§; = 0.238). The z-axis is the
azimuthal angle of the cylindrical electron beam. Figure 3.12(a) is the
guiding centre distribution of the electrons along the azimuthal angle. For
the homogeneous electron beam (red points) the electrons are distributed
uniformly along the azimuthal angle. For the inhomogeneous electron
beam (blue points), there is a very strong jitter of the guiding centre
along the azimuthal angle. The maximum guiding centre difference of the
inhomogeneous electron beam is 1.8 times larger than for the homogeneous
electron beam. The guiding centre spread 4, is increased by 2.2 % (from
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3.4 Influences on electron beam quality and gyrotron efficiency

4.26 % to 6.44 %), because of the emission inhomogeneity. As shown in
Figure 3.12(b), the same behaviour happens on the energy spread. On the
other hand, the energy spread dg is only increased by 0.2 % (from 0.409 %
t0 0.616 %) due to the emission inhomogeneity.

3.6
35
34
33
32 i
31

3
29
2.8
27
26

T T
09;=00 03;=0.238

Guiding center [mm]

Azimuthal angle [°]

(a) Guiding centre distribution.

Energy [keV]

0 60 120 180 240 300 360
Azimuthal angle [°]

(b) Energy distribution.

Figure 3.12: Influence of emission inhomogeneity on the guiding centre (a) and energy
distribution (b) at the centre of the cavity for the KIT 15 kW, 28 GHz gyrotron.
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3 Evaluation of emission inhomogeneity from current voltage characteristics

3.4.2 Influence of emission inhomogeneity
on the beam quality of the EU
1MW, 170 GHz ITER gyrotron

The combined influence of emission inhomogeneity and surface roughness
on the beam quality of the 170 GHz 1 MW MIG at the centre of the cavity
is shown in Table 3.6.

Table 3.6: Combined influence of emission inhomogeneity and surface roughness on beam
quality of the EU 1 MW, 170 GHz ITER gyrotron.

ow To _ 0 5E in (57. "
6J (e Amax P - #

[eV] [wm] [%] | [%] | [%]
0 | 150 | 1.74 | 261 | 1.019 | 1.226

0.0 0.0 3 1.52 | 2.84 | 420 | 1.023 | 1.227

5 1.54 | 339 | 483 | 1.023 | 1.227

0 1.50 | 1.78 | 2.85 | 1.805 | 1.260

0.025 | 0.223 3 1.52 | 326 | 441 | 1.822 | 1.259
5 1.53 | 345 | 496 | 1.826 | 1.260

0 149 | 1.84 | 3.57 | 3.064 | 1.360

0.05 | 0.464 3 1.52 | 3.58 | 5.00 | 3.143 | 1.365
5 1.53 | 391 5.52 | 3.200 | 1.371

Similar to the KIT 15kW, 28 GHz gyrotron, Table 3.6 shows that both
the emission inhomogeneity and the emitter surface roughness will increase
Qimae and the velocity spread (0, dg, ) for the EU 1 MW, 170 GHz ITER
gyrotron. However, for the average pitch factor & = 1.50 used in the
simulation, no trapped electrons are generated up to 6; = 0.464 and
ro =5 um. These last two columns show that surface roughness has a very
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3.4 Influences on electron beam quality and gyrotron efficiency

limited influence on the kinetic energy and guiding centre spread compared
to the influence of emission inhomogeneity.

10

1 I 1 I I
03;=00  ©05,;=0223  d,=0464

Guiding center [mm]

0 60 120 180 240 300 360
Azimuthal angle [°]
(a) Guiding centre distribution.

Energy [keV]

©0,=00 00,0223 4,=0464

0 60 120 180 240 300 360
Azimuthal angle [°]

(b) Energy distribution.

Figure 3.13: Influence of emission inhomogeneity on the (a) guiding centre and (b) energy
distribution at the centre of the cavity for the EU 1 MW, 170 GHz ITER
gyrotron.
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3 Evaluation of emission inhomogeneity from current voltage characteristics

Figure 3.13 shows the influence of emission inhomogeneity on guiding
centre and energy distribution at the centre of the cavity. One can see from
Figures 3.13 and 3.12 that the influence of the emission inhomogeneity on
guiding centre distribution for EU 1 MW, 170 GHz ITER gyrotron is not
as strong as it is for the KIT 15kW, 28 GHz gyrotron. For the 170 GHz
gyrotron 0, is only increased by 0.034 % for the emission inhomogeneity
d; = 0.223, while for the 28 GHz gyrotron 4, is increased by 2.2 % for
the emission inhomogeneity d; = 0.238. This is because the magnetic field
in the 170 GHz gyrotron (6.7 T) is much stronger than the magnetic field
in the 28 GHz gyrotron (0.5 T). However, the influence on energy spread
0, of the electrons for the 170 GHz gyrotron is much stronger than for the
28 GHz gyrotron. For the same emission inhomogeneity, dg,,, is increased
by 0.8 % and 0.2 % for the 170 GHz and 28 GHz gyrotron, respectively. This
is because the current is much higher in the 170 GHz MIG (40.0 A) than in
the 28 GHz MIG (2.0 A).

3.4.3 Influence of emission inhomogeneity
on the gyrotron efficiency

The influence of emission inhomogeneity on the efficiency of the KIT
15kW, 28 GHz gyrotron and the EU 1 MW, 170 GHz ITER gyrotron are
calculated using the code EURIDICE. Electrons used in the calculation
of EURIDICE are imported from the 3D trajectory code ARTADNE. The
calculation results of the influence of emission inhomogeneity on gyrotron
efficiency for these two gyrotrons are shown in Figure 3.14.

To avoid trapped electrons which can not be handled by the trajectory
code the average pitch factor a for the KIT 15kW, 28 GHz gyrotron is
decreased to 1.48 in the calculation. The red points are calculation result
for the KIT 15kW, 28 GHz gyrotron and the blue points are for the EU
1MW, 170 GHz ITER gyrotron. The influence of surface roughness is not
considered in this calculation.
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3.4 Influences on electron beam quality and gyrotron efficiency

45 T T T T T
28 GHz simulation M

170 GHz simulation @ 7

40

Nelec [Y0]

Figure 3.14: Influence of emission inhomogeneity on gyrotron efficiency.

As shown in Figure 3.14, emission inhomogeneity decreases the effi-
ciency for both gyrotrons. When the emission inhomogeneity §; increases
from 0.4 to 1.1, the efficiency of the 170 GHz gyrotron decreases by
approximately 15 %, which is comparable to the 14 % decrease of the
experimental result from [GGK*99]. For both the 170 GHz and 28 GHz
gyrotron, the emission inhomogeneity d; =0.3 results in 2% decrease of
the efficiency, so that 9 ; =0.3 is defined as the upper limit for the emission
inhomogeneity of the gyrotron emitter.

3.4.4 Upper limits for the work function, temperature
and electric field distribution

According to equation 1.3, the emission inhomogeneity is influenced by
the distribution of work function, electric field, and temperature. Taking

the temperature distribution as an example, its influence on the emission
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3 Evaluation of emission inhomogeneity from current voltage characteristics

inhomogeneity can be calculated using the method shown in the flowchart

Given 1y and o

Generation of 71, 15, 15,...7,, using random number generator

plotted in Figure 3.15.

Calculate Jcp (equation 3.1) and Js (equation 3.3)

Je > Js JoL < Js

Decision for all T; J; = Jcu

J1, J2, Js,e . Jn

Calculate 6 5

Figure 3.15: Calculation process for the influence of temperature distribution o7 on the
emission inhomogeneity 0 ;.

Firstly, the average temperature 7y and standard deviation o are given.

Then, a list of temperature values which have a Gaussian distribution
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3.4 Influences on electron beam quality and gyrotron efficiency

N(Ty,or) are generated using a random number generator. Each of the
temperature value 7; is corresponding to a small fraction of the emitter
surface with the same area. Subsequently, the space charge limited current
density Jc1, and the temperature limited current density Js for each fraction
of the emitter are calculated using equation 3.1 and 3.3, respectively. For
each fraction of the emitter, if the space charge limited current density Jc.r,
is smaller than the temperature limited current density .Js, it works under the
space charge limited region. Its corresponding current density .J; = Jc.r.
Otherwise, it works under temperature limited region and J; = Js. After
J; for each fraction of the emitter is calculated, the emission inhomogeneity
07 can be derived. The influence of the work function and the electric field
distribution on the emission inhomogeneity can be calculated similar to the
above method. Influence of the temperature, work function and electric field
distribution on the emission inhomogeneity of four different gyrotrons are

shown in Figure 3.16.

For the influence of electric field distribution on the emission inhomo-
geneity d g is used as the evaluation factor for the distribution. The definition

of d is given by

_9E
5p = B (3.50)

Here, op and Ej are the standard deviation and average of the electric
field, respectively. These four gyrotrons used in the calculation of Fig-
ure 3.16 are: the KIT 15kW, 28 GHz gyrotron, the SN-5i 1 MW, 140 GHz
gyrotron for the experimental stellarator Wendelstein 7-X [GEIT 10], the EU
1 MW, 170 GHz ITER gyrotron, and the first short-pulse prototype of the EU
2MW, 170 GHz coaxial cavity gyrotron. The distribution of temperature,
work function, and electric field have a similar influence on the emission

inhomogeneity of these four gyrotrons.
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3 Evaluation of emission inhomogeneity from current voltage characteristics
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0.6 F1 MW, 140 GHz
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(a) Influence of temperature distribution on emission inhomogeneity.
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(b) Influence of work function distribution on emission inhomogeneity.
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(c) Influence of electric field distribution on emission inhomogeneity.

Figure 3.16: Influence of the temperature, work function and electric field distribution on the
emission inhomogeneity of four different gyrotrons.

90



3.5 Summary

According to the requirement in Section 3.4.3, to keep ¢ smaller than 0.3
the corresponding separate upper limits for the distribution of work function,

temperature and electric field are

or < 20°C
ow < 0.03eV (3.51)
o < 0.5

It shall be pointed out that the emission inhomogeneity is a compound
result of the temperature, work function, and electric field distribution.
Therefore, the real separate upper limits for each parameter will be lower.
For new emitters, the emission inhomogeneity are affected more by tem-
perature variations than work function variations [IBCT08]. During the
cathode aging process, the emission inhomogeneity will be increased and
it is affected more by work function variations instead of temperature
variations [Lon03]. For modern new emitters the requirement for 6 ; < 0.3
is always fulfilled (e.g., emitters for the KIT 15 kW, 28 GHz gyrotron and the
EU 1 MW, 170 GHz ITER gyrotron). The emitter ageing process during the

gyrotron operation can be monitored by the method derived in this chapter.

3.5 Summary

Two methods for the determination of the emission inhomogeneity of
gyrotron MIG emitters based on the current voltage characteristics have
been presented and modified. A new definition of emission inhomogeneity
and its evaluation method is derived based on the two presented methods.
The new definition is intuitive and delivers more stable results. With the
help of the new evaluation method, the experiment and analysis results

of three different gyrotron MIGs are presented. The comparison of those
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3 Evaluation of emission inhomogeneity from current voltage characteristics

three gyrotron MIGs indicates that the emission inhomogeneity probability
will increase with the operation time and number of tube openings. The
influence of emission inhomogeneity on electron beam quality and gyrotron
efficiency is calculated using the 3D code ARIADNE and EURIDICE. The
numerical investigations show that §; = 0.3 will decrease the gyrotron
efficiency by approximately 2 %. To have sufficient emission homogeneity
the distribution of temperature o, work function oy and electric field g
should be smaller than 20°C, 0.03eV and 0.5, respectively. Numerical
simulation using ARIADNE also shows that emission inhomogeneity can
result in trapped electrons in the gyrotron. Investigations on the influence
of trapped electrons in the gyrotron will be presented in Chapter 5 and
Chapter 6.
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4 Secondary electron
emission model for
magnetron injection gun

The investigation on surface roughness and emission inhomogeneity de-
scribed in the previous Chapters 2 and 3 shows that these two adverse factors
can result in trapped electrons in the gyrotron. Secondary electrons can
be generated by the bombardment of the cathode surface by back reflected
trapped electrons. To study the influence of trapped electrons and generated
secondary electrons (see Chapters 5 and 6), a modified secondary electron
emission model for gyrotron MIGs is developed in this chapter.

After an introduction to the Furman secondary electron emission
model [FP02], the angular distributions of elastically reflected and red-
iffused secondary electrons are calculated using the Monte Carlo code
CASINO [DPDC*11]. Then, the calculation algorithm of the modified
secondary electron emission model is described. At the end of this chapter,
the secondary emission yields of tungsten and molybdenum, which are used
in the cathode, are calculated. This secondary emission model can also be

used for calculations on the collector where copper is used.

4.1 Secondary electron emission model

When an electron is trapped by the magnetic mirror (as introduced in

Section 1.4.1 and in more detail in Section 5.1), it can be back reflected
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4 Secondary electron emission model for magnetron injection gun

along the magnetic field line and then bombards the cathode surface.
The bombardment generates secondary electrons, which have high initial
kinetic energy (from several eV to several keV). Secondary electrons with
high initial kinetic energy have a higher probability of being trapped by
the magnetic mirror again. The accumulation of trapped and secondary
electrons in the gyrotron MIG can cause Low Frequency Oscillations (LFOs,
Chapter 5) and an Electron Beam Halos (EBHs, Chapter 6) in the gyrotron.

According to the former research on surface roughness (Chapter 2), the
electron beam quality is quite sensitive to the initial velocity of emitted
electrons, therefore, the Furman secondary electron emission model [FP02],
which has detailed description on secondary electron distributions is chosen

as the basic model for this work.

4.1.1 Furman secondary electron emission model

According to [FP02], if an electron beam bombards a material surface, three
types of secondary electrons will be emitted from the solid surface: elastic
electrons, rediffused electrons, and true secondary electrons. Figure 4.1

shows the generation process of these three types of secondary electrons.

Iy is the current of the initially injected electron beam. The electrons
which are reflected back by the outmost layer of atoms are called elastic
electrons and [, is the current of these elastically backscattered electrons.
The electrons which enter the material and are scattered back by the inner
atoms are called rediffused electrons; the resulting current is I,.. The true
secondary electrons are emitted from the atoms during the collision of the
incident electrons with the atoms and are finally scattered out from the
material. The current of the true secondary electrons is I;5. Finally, the
Secondary Emission Yield (SEY) is defined as

94



4.1 Secondary electron emission model

Ie + I’r + Its
Io
O +0r + 05 - 4.1

Here, ., 0, and §;¢ are the secondary electron emission yield factors of

elastic, rediffused, and true secondary electrons, respectively.

Incident electrons

Elastic electrons

Figure 4.1: Sketch of secondary electron emission.

The SEY, energy, and angular distribution are the three most important
parameters for the secondary electron emission model. Figure 4.2 shows
the energy spectrum for secondary electrons emitted from a copper surface
when the electron beam is injected with 100 eV initial energy. The direction
of the electron beam is perpendicular to the sample surface. For this case,
0. = 0.112, 6, = 0.179, &;s = 1.401. 82.8% of the secondary electrons
are true secondary electrons, these electrons usually have several eV initial
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4 Secondary electron emission model for magnetron injection gun

energy (not higher than 50 eV). 10.5% of the secondary electrons are
rediffused secondary electrons, these electrons have a very large energy
region from several eV to the initial injection energy. 6.7 % of the secondary
electrons are elastic secondary electrons, these electrons usually have a
very high initial energy (nearly the same as the initial injection energy).
According to the research on surface roughness which uses the initial
velocity model, very small initial energy of the electrons emitted from the
emitter can result in a significant increase of the velocity spread of the
electron beam in the MIG. Thus, it is necessary to consider all of these

three types of secondary electrons.

025 Elastic electrons —
Rediffused electrons S
0.2 : True secondary electrons  ——— N
Total secondary electrons ——
2
_§ 0.15 : 7
g True secondary Rediffused electrons
= electrons
S 0.1 : 4
2
E Elastic electrons ——>
0.05}f : /
° 20 40 60 80 100

Secondary electron energy [eV]

Figure 4.2: Secondary electron energy spectrum of copper (Eijn,0 = 100eV, 6o = 0°).

In the Furman secondary electron emission model, the SEY and emitted-
energy spectrum are provided with a broad phenomenological fit to exper-
imental data using different equations. The following three subsections
describe the electron yield and energy spectrum for the three types of

secondary electrons, respectively.
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4.1 Secondary electron emission model

Model for elastic electrons

According to [FP02], the elastic electron yield is given by

6.(Fiin0,0) = Pu(00) + (13@ —Ee(oo))e_l( ‘Ekin.O—Ee‘/W)P/p(4.2)
6e(Ekin,0a 90) 6@(Ekin707 0)[1 + 61(1 — L0s? 90)] . “4.3)

Here, 6. (FEkin0,0) is the elastic electron yield for the injection angle 6y =
0°l(as is shown in Figure 4.1) and Eiin o 1s the initial injection energy, P,
is the peak value of d.(Exin0,0) when Ey, o = FE, and P, (00) is the value
of e (Ekin,0,0) when Eii, o = 00. p, e1 and eq are variables in the equation
which will be defined according to the fit of equations 4.2 and 4.2 to the

experimental data.

In Furman secondary emission model, the energy spectrum of the elastic
electrons is given by

e*(Ekin*Ekin,0)2/20-§
fe = X(Exin) X (Fkin.o —Exin)Je (Exin0,60) V2ro.ert( Bno/v/20.)
e kin,0 e

4.4)

Here, x(x) is the indicator function which is equal to 1 when x >/9,
otherwise the value is 0. With x(x) it is guaranteed that the kinetic energy
of elastic electrons follows: 0 < Eyj, < Eino. erf(x) is the error function,

o, is a variable which can be derived by fitting to experimental data.

Model for rediffused electrons

The yield and energy spectrum of rediffused electrons in the Furman

secondary emission model are given by
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4 Secondary electron emission model for magnetron injection gun

5T(Ekin703 O) = PT(OO)[]_ 7@*( Ein,0/ Exin, )r] @.5)
Or(Ekin0,00) = 0r(Fiin0,0)[1 +71(1 —£0s™6y)] . (4.6)

Here, 0, (Ekin,0, 0) is the elastic electron yield for the injection angle 6y =
0°l(as is shown in Figure 4.1). P,.(c0) is the value of 3, (Exin,0, 0) when
Exin,0 = 00. Exin,r, 7, 1, and 7o are variables in the equation which will be
defined according to the fit of equation 4.5, equation 4.6, and equation 4.7
to the experimental data.

The energy spectrum of the rediffused electrons is given by

(¢g+1)E?

q+1
Ekin,o

fr = X(E)X(Ekin,o 7E)5T(Ekin,07 90) 4.7)
q is also an variable similar to Ey;, ,, 7, 71 and ro which will be defined
according to the fit of equation 4.5, equation 4.6 and equation 4.7 to the

experimental data.

Model for true secondary electrons

In the Furman secondary emission model, the relation between the sec-
ondary emission yield of the true secondary electrons d:s, the incident

electron energy and the angle of incidence is

8ts(Eiin000) = 0(00) D( Biino/Exin(60)) 4.8)
where
ST
Diz) = — %
() s =M+ x
5(00) = Ops[l+t1(1 —Los™ 0p)]
Eiin(f0) = Eis[1+ t3(1 —£os™ fo)]
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4.1 Secondary electron emission model

In equation 4.8, d;s, Eis, s, t1, to, t3, and t4 are variables in the equation,
which will be defined according to the fit of equation 4.8 to the experimental
data.

The energy spectrum of true secondary electrons follows as [PEPT02]

fis = s : (4.9)
Epr —QExino + Epr)e Frk

E,); is the empirical energy where the energy spectrum function of the

true secondary electrons has its maximum.

Probability model of the number
of secondary electrons

The probability of the number of secondary electrons generated per electron

in the Furman model is given by

Py = (1 -8 —8y)Poys
P = (1-8—8,)P1s+6.+6 . (4.10)
Pn = (1 _Ae _@)Pn,ts
P, is the probability to generate n secondary electrons and P, ;s is the
probability to generate n true secondary electrons. When n = 0, no

secondary electron or true secondary electron will be generated. P, ;s is

a binomial distribution in the Furman model, which is given by
M n M—n
Pn,ts = p (1 _@) . (411)
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4 Secondary electron emission model for magnetron injection gun

Here, p = 6/l /M, 5}l = 6;,/(1 — B, —B,) and M is the maximum number
of secondary electrons that can be generated by one incident electron.
Therefore, the probabilities satisfy

M

Yop, =1 (4.12)
n=0

M
> P = 1. (4.13)
n=0

According to the above definition of the probability to generate n secondary
electrons, the average number of secondary electrons generated per bom-
bardment, or the SEY satisfies

M
5=ann:5ts+ae+5r . (4.14)

n=0
4.1.2 Angular distribution of secondary electrons

The angular distribution of secondary electrons is another important param-
eter for the secondary electron emission model. The definition of angles
is shown in Figure 4.3. The electron beam is incident in the yz-plane; the
xy-plane defines the interface between vacuum and solid.

In the Furman model, it is assumed that all the emission angles of
the secondary electrons have the same angular distribution which is given
by [SM71, SIM72]

J1s(0) = sin(20) (4.15)

where 6 represents the emission angles of the secondary electron under

consideration.
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4.1 Secondary electron emission model

X

Figure 4.3: Spherical coordinates of Monte Carlo calculation result.

The angular distribution of the secondary electrons shown in equa-
tion 4.15 is independent of the primary incidence angle 6y and incident
energy Ey. This is not quite true for the elastically reflected and rediffused
electrons, which are scattered out by the atoms. The elastically reflected and
rediffused electrons also obey the above sin(26) distribution [Kan57, SM71,
MMS71, SIM72] for normal incident and small inclined incidence, as is
shown in Figure 4.4. The red circles in Figure 4.4 are the angular probability
that the elastically reflected and re-diffused electrons are scattered into the
solid angle. The distribution (red circles) will change with the incident
electron angle and energy, as shown in Figure 4.4 for a highly inclined

incidence.

To calculate the angular distribution for the elastically reflected and
rediffused electrons the Monte Carlo code CASINO [DPDC*11] is used.
CASINO includes an accurate model for electron microscopy applications.
The original intent of this software is to assist scanning electron microscope
users in interpretation of imaging and microanalysis [DCJT07]. It can
calculate the relation between the primary incidence angle 6, incident
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4 Secondary electron emission model for magnetron injection gun

energy Ej, and the angular distribution of the elastically reflected and
rediffused electrons.

Incident beam

Figure 4.4: Angular distribution of elastic and rediffused electrons.

At first, the situation is assumed when copper is bombarded by an 1 keV
electron beam. According to the calculation result obtained from CASINO,
the relation between the incidence angle 6y and the outward angle 6 and ¢
for the elastically reflected and rediffused electrons is shown in Figure 4.5.

The different line points stand for different incidence angle 6. Figure 4.5
shows that when the incidence angle is less than 60°, the @ distribution of the
elastic and rediffused electrons obey the cosine law and the  distribution is
nearly uniform. When the incidence angle increases to a value larger than
60°, both the 8 and ¢ distributions change significantly.

Besides the incidence angle, the angular distribution of the elastically
reflected and rediffused electrons depends also on the initial energy of the
incident electrons and the bombarded type of material. To see the influence
of the energy of the incident electron beam, an electron beam with an 10 keV
initial energy is calculated and the comparison of the result with that for a 1
keV incident electron beam is shown in Figure 4.6.
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Figure 4.5: Relation between the incidence angle 0 and the outward angle 6 and ¢ for the
elastically reflected and rediffused electrons of copper.
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Figure 4.6: Influence of the incident energy on the angular distribution of elastically reflected and rediffused electrons. (a) and (b): for
incidence angle 8p = 0°, (c) and (d): for incidence angle g = 80°.
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4.1 Secondary electron emission model

Figures 4.6(a) and 4.6(b) show the angular distribution of the elastic and
rediffused secondary electrons when the beam is incident normally to the
solid surface. Figures 4.6(c) and 4.6(d) are the angular distribution of the
elastic and rediffused secondary electrons when the incident beam angle 6,
is 80°. When the incidence angle is normal to the solid surface the angular
distributions of the elastic and rediffused electrons is the same for the 1 keV
and 10keV incident beam. When the incidence angle  increases to 80°ll
the influence of the energy is still not significant. Therefore, in the model,
the influence of initial incidence energy on the angular distribution of the

elastic and rediffused electrons is neglected.

Besides the initial incidence energy, the influence of different types of
material is also compared. There are three kinds of materials that may
be bombarded by the electron beam in a gyrotron: copper, Stainless Steel
(SS), and molybdenum. To see the influence of the different materials on
the angular distribution, the bombarding of the incident electron beam with
different initial incident energies and angles on these three materials are
calculated separately. Figure 4.7 shows the results when the initial beam is

bombarding the solid surface with different energy and incidence angles.

Figures 4.7(a) and 4.7(b) show the angular distributions of the elastic
and rediffused secondary electrons when the incident angle of the electron
beam is normal to the surface of materials with 1keV initial energy.
Figures 4.7(c) and 4.7(d) show the angular distribution of the elastic and
rediffused secondary electrons when the incident beam angle is 80°/land
the initial beam energy is 1keV. Figure 4.7(e) and Figure 4.7(f) are the
angular distribution of the elastic and rediffused secondary electrons when
the incident beam angle is 80°/land the initial beam energy is 10 keV. From
Figure 4.7, one can see that the influence of the material is quite small;

therefore, the influence of the material is neglected in the model.
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Figure 4.7: Influence of the material on the angular distribution of the elastically reflected and

rediffused electrons.
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4.1 Secondary electron emission model

According to the calculation and analysis described above, the angular
distribution of the elastic and rediffused electrons is only related to the
incidence angle 0 of the initial electron beam. Therefore, the cases of
incident electron beam with different 6 are calculated and analyzed based
on this assumption. The calculation results are shown in Figure 4.8.

It is shown that as the incidence angle increases, an increasing number
of elastic and rediffused electrons have a high 6 and low ¢ angle. This
behavior is not included in the Furman model. To include this behaviour,
a polynomial surface fit of up to 9 x A degrees was made using MATLAB.

The fit function can be described as given in equation 4.16.

=9 j=9—1
fer(@,00) = D > pi0'6] (4.16)
i=0 j§=0
= 0Pcoef00T
with:
0 = 11 0 62 6 0* 6 05 07 6 6%,
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Figure 4.8: Angular distribution of elastic and rediffused electrons with different 6 obtained
from CASINO.
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Poo Por Po2 Po3 Poa Pos Poé Por Pos Po9
Plo P11 P12 P13 P4 pis pie pir pis 0
P20 P21 P22 P23 Paa Pas pae p2r 0 0
P30 P31 P32 P33 Psa pss pse O 0 0

Pa0 Pa1 P42 Pa3 Paa pas O 0 0 0

Py = ;
Pso P51 Ps2 Pss psa O 0 0 0 0
Peo Per Pe2 Pe3 O 0O 0 0 0 O
po pr1 pr2 O O O O O 0 O
po ps1 O 0 0 0 0 0 0 0
poo O 0 0 0 0 0 0 0 0
6o = |1 6, 602 63 08 03 65 o7 65 03|-

Here, the middle matrix is defined to be P .., which means it is the
coefficient matrix between 6 and 0. f. . (6,60) gives the 0 distribution of
the elastic and rediffused electrons under any incidence angle 6. The same
fitting is made for the ¢ distribution which gives g. (0,60). fe.r(6,60)
and g, (6,6p) are included in the codes ESRAY and ESPIC. Therefore,
the code can calculate secondary electrons with higher accuracy of angular

distribution compared to the Furman model.

4.2 Calculation algorithm and results

As discussed in Section 4.1, the SEY, the energy, and angular distributions

are the three most important parameters for the description of secondary
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4 Secondary electron emission model for magnetron injection gun

electrons. In the code ESRAY and ESPIC, when a trapped electron is
back reflected and bombards the cathode surface, the SEY and energy of
the secondary electrons are calculated using the Furman model which is
introduced in Section 4.1.1. The angular distribution of the secondary
electrons is calculated using fe (6, 6o) and g. (6, 60), which are derived
in Section 4.1.2. In the following subsection, the calculation algorithm for
the generation of secondary electrons in the code ESRAY and ESPIC is
described.

4.2.1 Calculation algorithm

The flowchart of the secondary electron emission model for the codes
ESRAY and ESPIC is shown in Figure 4.9.

Step 1. During gyrotron MIG calculations, parts of electrons are reflected
by the magnetic mirror. When the electron bombards the cathode
surface, the incidence energy Fiin o and the incidence angle 6y of

the electron are calculated.

Step 2. The SEY, dc(Ekin,0,60), r (Ekin,0, 90) and 65 ( Exin,0, 0o) accord-
ing to equations 4.3, 4.6 and 4.8 are defined.

Step 3. The number of secondary electrons n generated by the incident

electron is calculated according to equations 4.10 and 4.11.

Step4. If n = 0, no secondary electron is generated and the MIG

calculation continues.

Step 5. If n = 1, calculate the type of the secondary electron according to
e (Exin,0,00), Or(Exin,0,00), and ;s (Exin,0, 0o) using a uniform

random number generator.
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4 Secondary electron emission model for magnetron injection gun

Step 6.

Step 7.

Step 8.

Step 9.

Step 10.

Step 11.

(a) If 0 <Aandom(l) <A (Ein0,00), the secondary electron
is an elastic electron.

(b) If 6c(Exin,0,60) <Aandom(1) <A.(Exin,0,80)+0:(Fkin,0, 00),
the secondary electron is a rediffused electron.

(c) Else, it is a true secondary electron.
If n >A, all of them are true secondary electrons.

The energy of the secondary electron is calculated according to
the type of the electron using equation 4.4, equation 4.7 and

equation 4.9.

For elastic and rediffused electrons, the angle 6 and ¢ are

calculated according to the polynomial fit (equation 4.16).

For true secondary electrons, the angle is calculated according
to equation 4.15. Then, a random ¢ value between [—m, 7]
which shall have a uniform distribution, is given to the secondary

electron.

The velocity components for each secondary electron are cal-
culated according to its energy FE, angle 6 and ¢. Add all

information to the particle matrix.

The gun calculation continues.

4.2.2 Calculation results

The SEY, the energy spectrum and the energy spectrum of secondary

electrons are calculated according to the described calculation algorithm.
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4.2 Calculation algorithm and results

Secondary electron emission yield

Figure 4.10 shows the SEY of Cu when 0eV </kyi, 0 </2000eV and 6y
is 0°; the secondary emission parameters are given by [FP02]. It is shown
that the SEY increases with the incident energy at the beginning and then
decreases after the SEY reaches the maximum. The initial increase of the
SEY is due to the fact that with the increase in incident energy more and
more true secondary electrons are generated in the material. Therefore, the
number of secondary electrons that can get out of the material will increase.
At the same time, electrons will go deeper into the material which will make
it harder for these true secondary electrons to get out. After a certain point,
even more true secondary electrons are generated in the solid material but
the number of true secondary electrons that can get out of the material will

decrease.

2.5

=

ST

0(E9,0)

0 500 1000 1500 2000
Ey[eV]

Figure 4.10: Calculated SEY of copper (0eV < Eij, o < 2000eV, 6y = 0°).

Figure 4.11 shows the calculation result on the relation between SEY and

the incidence angle 6, when the incident energy Fino is 300eV. Eying =
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4 Secondary electron emission model for magnetron injection gun

300 eV is chosen for this calculation, because both copper and stainless steel
have a very high SEY value at this point and the influence of 6y on SEY will

be more significant.

34
Cu

SS ——

9(300,0,)

Figure 4.11: Relation between the incidence angle 6y and SEY of copper and stainless steel
(Ekin,() = 300 CV).

It is shown that with the increase of incidence angle 6, there is a constant
increase of the SEY. This is because the increase of the incidence angle
results in a decrease in the distance of the secondary electron to the material
surface. Therefore, the generated secondary electrons in the material can

more easily get out of the solid.

Energy spectrum

Figure 4.12 shows the secondary electron energy spectrum when a 300eV
electron beam bombards copper and stainless steel surfaces. It is shown that
copper creates a larger number of low energy secondary electrons (0-20eV)

and a smaller number of high energy secondary electrons (approximately
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4.2 Calculation algorithm and results

300 eV). This result shows that different materials have different secondary
electron energy spectrums. According to the results for surface roughness,
electrons with high initial energy will increase the velocity spread and have a
higher probability of being trapped in the MIG. These trapped electrons will
increase the number of secondary electrons in turn. Thus, a material with
lower SEY and lower probability of elastic and rediffused electron should

be chosen as the cathode material.
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Figure 4.12: Secondary electron energy spectrum of copper and stainless steel.

Angular distribution

Figure 4.13 shows the angular distribution of secondary electrons when the
initial electron beam energy Fii, o is 300 eV and the incidence angle is 80°ll
The red line is the angular distribution of all the secondary electrons and the
blue line is the angular distribution of the elastic and rediffused electrons. It
can be seen that more elastic and rediffused electrons have high 6 and low

o value like in Figure 4.8.
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Figure 4.13: Calculated angular distribution of secondary electrons. Eyj, 0 = 300eV, 0 =
80°.
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4.3 Secondary electron emission properties of W and Mo

4.3 Secondary electron emission
properties of W and Mo

Copper is used in the collector of the gyrotron while tungsten and molyb-
denum are two widely used materials for the cathode. Tungsten is the
main material used for the emitter ring; molybdenum is usually used
for the cathode subcomponents on both sides of the emitter ring. In
the Furman secondary emission model, the secondary electron emission
parameters are only given for copper and stainless steel. In this work, the
secondary electron emission parameters for tungsten and molybdenum are
deduced by fitting the existing experimental data [Joy95] using equation 4.2,
equation 4.5 and equation 4.8. The secondary emission yields of tungsten
and molybdenum are shown in Figure 4.14.

The gray points are secondary electron yield for the elastic and rediffused
secondary electrons while the blue points are secondary electron yield
for the true secondary electrons. Especially for molybdenum, the fitting
curve has a very nice agreement with the experimental result (points in
Figure 4.14). The fitting result for tungsten and molybdenum are also
included in the database of ESRAY and ESPIC. The code can calculate the
number, energy, and angle of secondary electrons automatically for all these
three materials used in the gyrotron. Because the emitter of a cathode is
usually made of porous tungsten mixed with metal oxides ( i.e., BaO, CaO,
and Al;O3) which are used to decrease the work function of the emitter, the
electrons can also bombard the metal oxides. The secondary electron yield
of metal oxides can be higher than pure tungsten since the work functions
of metal oxides are lower. Some experimental and numerical calculation
results also show such a property [Joy95, KB0OS, VBV102]. However,
the data resources about secondary emissions of metal oxides are limited,;
therefore, their secondary emissions are neglected. The emitter is set to be

pure tungsten at present.
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Figure 4.14: The SEY of tungsten and molybdenum. The dots are the experimental data from
the database by Joy [Joy95]. The solid lines correspond to fitting results.
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4.4 Summary

As an example, Figure 4.15 shows the distribution of electrons between

the cathode and anode when back reflected electrons bombard the cathode
surface. The code ESPIC is used for the PIC calculation.

@Initial electron beam @ Back reflected electron

75

70

r/ mm

ol b b by

120

® @ Secondary electron
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Figure 4.15: Distribution of electrons between the cathode and anode in the MIG-1 design of
the EU 1 MW, 170 GHz ITER gyrotron.

As shown in Figure 4.15, secondary electrons (green and blue points)

are generated after the back reflected electrons (red points) bombard the

cathode surface. The secondary electrons are key factor for generation of

Low Frequency Oscillations (LFOs, Chapter 5) and Electron Beam Halo
(EBH, Chapter 6) in the gyrotron.

4.4 Summary

An enhanced Furman model for the generation of secondary electrons

caused by the bombardment of back reflected electrons on the cathode
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4 Secondary electron emission model for magnetron injection gun

surface is derived. In this model, the secondary emission yield and
the energy spectrum is given by the Furman model while the angular
distribution of elastic and rediffused electrons are modified with higher
accuracy. To achieve this, the angular distribution of secondary electrons
are investigated using the Monte Carlo code CASINO. The numerical
investigation shows that the angular distribution of the elastic and rediffused
electrons is only related to the incidence angle 6, of the initial electron
beam. In addition, it also shows that the larger the incidence angle, more
elastic and rediffused electrons have a high 6 and low ¢ angle. This
behaviour is included in the model using a polynomial surface fit up to 9 x 9
degrees. The calculation algorithm and calculation result for the secondary
emission model are presented. The calculation result shows that copper
creates a larger number of low energy secondary electrons (0-20eV) and a
smaller number of high energy secondary electrons (approximately 300 eV)
compared to stainless steel. Tungsten and molybdenum are used in the
cathode and their secondary electron emission parameters are deduced by
fitting the existing experimental data. The enhanced secondary emission
model is included in the codes ESRAY and ESPIC. The new feature of
ESPIC makes it possible to investigate the deteriorating phenomena in
Chapter 5 and Chapter 6.
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5 Trapped electrons and low
frequency oscillations in
magnetron injection gun

This chapter provides the investigation on trapped electrons and Low Fre-
quency Oscillations (LFOs) in gyrotron Magnetron Injection Guns (MIGs)
based on the surface roughness and secondary electron emission models
developed in Chapter 2 and Chapter 4. After a review on the mechanism of
trapped electrons and LFO in MIG, the LFOs in the short-pulse prototype
EU 2MW, 170 GHz coaxial cavity gyrotron are investigated. The beam-
wave instability between the electron beam and the TEM mode is analyzed

based on the experimental results.

5.1 Trapping mechanism of electrons
in magnetron injection guns

Due to the surface roughness, emission inhomogeneity and misalignment
of a gyrotron MIG, some electrons will be reflected by a magnetic mirror
and trapped in the MIG even for moderate mean pitch factor values (o ~A
1.3 —A.5) [MZI06]. Those reflected electrons will partly bombard the
cathode surface and generate secondary electrons. Secondary electrons
from the cathode surface other than the emitter surface will decrease the
electron beam quality. Due to their initial energy and emission direction,

the secondary electrons have higher possibilities to be trapped between
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

the cathode and cavity, and therefore, cannot travel to the collector. The
accumulation of trapped electrons in a gyrotron MIG could generate LFOs.
Trapped electrons and LFOs are two main features, which deteriorate
the electron beam quality by increasing the velocity and energy spreads,
thus decreasing the stability and efficiency of the gyrotron [LPS*06b,
CCMT09]. Since gyrotrons can never achieve a stationary status with these
problems [BL97, Lou09], these phenomena can not be simulated by a static
code that uses an iteration method to find the steady field in MIG. The quasi-
static PIC code ESPIC [IZJ15] was used for the calculations in this chapter.
The code ESPIC is an extension of the electrostatic code ESRAY, which
can simulate slowly varying effects in the gyrotron MIG. The classical
PIC approach is used for the particle handling, while for the calculation of

electric fields in two dimensions, a multi-grid Poisson-solver is employed.

During the electrons gyration along the magnetic field line from cathode
to cavity, they come up with an increasing magnetic field. As introduced in
Section 1.4.1, the electrons will convert their axial velocity 5 to electrons’
transverse velocity 3 . In this case, electrons may experience the magnetic

mirror effect as is illustrated in Figure 5.1.

«} ——Magnetic field Magnetic field line :
I Emitter e Electron sample '
Ano do

@)a

Z, z 2

Figure 5.1: Magnetic mirror effect in a gyrotron MIG. Electrons will be reflected at zo when
their axial velocity is zero.
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5.1 Trapping mechanism of electrons in magnetron injection guns

According to [Siv65, Che74], if the electron gyrates in a slowly changing
magnetic field (adiabatic approximation), the integral §p dq is an invariant.
Here, p = muv is the transverse momentum and dq = rrdyp. Then the
invariant is given by

%p dg = 2mrpmuy = %m,u = const (GR))

where 1 is the magnetic momentum of the electron. It is given by

1 p?
n=o- (5.2)
m = ym, is the relativistic mass of an electron. For the non-relativistic
case v ~/1, the magnetic moment g is a constant during the movement.
As shown in Figure 5.1, z; and z are two arbitrary positions. The magnetic
moment at z; and z follows: z1(z1) = p(z). Then the relation between the

transverse velocity and the magnetic field is given by

— 2

Bl B(Z

%mvil B lmvigz) 53)

where Bj, B(z) and v, 1, vy (z) are the magnetic field and transverse
velocity component at z; and z.

According to equation 5.4, with the increase of the magnetic field B(z)
along the z-axis, the kinetic energy stored in the axial velocity component
is converted to the transverse velocity component. For an electron which is
reflected at z5, the axial velocity component at this position is reduced to
0. Since the kinetic energies at z; and 2o are the same, the velocity at those
two positions also is equal: v o = v1. Therefore, the magnetic moment at

z1 and 25 is given by

1,2 1,2 1,2
gMuly _ MUy _ 3MY; (5.4)
B, By By
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

Then, the magnetic field at 25 is given by

vi
By = 5B . (5.5)

Ul

B> is the maximum achievable magnetic field where the electron trans-
forms all the axial velocity to the transverse velocity. By can also be
named as B,, which means maximum achievable magnetic field. If the
peak magnetic field at the centre of the cavity By is lower than B,,, an
electron can pass through the magnetic mirror. Otherwise, it will be reflected
back to the cathode region. In principle, the magnetic mirror effect always
exists where there is a increase of the magnetic field. In gyrotrons, the
magnetic mirror effect is most obvious just in the region before the cavity
centre (blue region in Figure 5.1) because there is a fast increase of the
magnetic field. MIGs are designed to have no reflected electrons in the ideal
case. But for the real case, there will always be some trapped electrons due
to velocity spread resulting from the emitter surface roughness, emission
inhomogeneity [ILM198, LPS*06a], etc, which has been discussed in
Chapter 2 and Chapter 3.

For a new gyrotron MIG, the amount of trapped electrons shall be very
low so that they can not cause significant problems. With the increasing
operation time, several factors decrease the emitter quality. Therefore, the
number of trapped electrons will be increased. Firstly, during the operation
of a gyrotron, barium evaporates from the emitter surface; this can increase
emitter surface roughness and emission inhomogeneity. Then, due to the
negative electric potential of the emitter positive ions from the ionized
residual gas can bombard the emitter surface with very high energy (several
tens of keV for high power gyrotrons). Bombardment of high energy ions
can also increase surface roughness and emission inhomogeneity. Strong

ion bombardment happens if there is a breakdown between the anode and
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emitter. The strong bombardment due to the breakdown can increase the
surface roughness and emission inhomogeneity significantly and result in
the failure of gyrotron operation. Due to the factors discussed above,
the emitter quality decreases with the operation time. At some point, the
increased number of trapped electrons will cause some significant problem
such as LFOs [MZI06, ILMT98, CCM™09, Man09, YAN10, PLY*12,
LPSt06a, LS12, VGGP12, GKM14] and Electron Beam Halos (EBHs,
Chapter 6).

5.2 Space charge LFOs in the short-pulse
prototype EU 2 MW, 170 GHz coaxial
cavity gyrotron

During the experiment of the short-pulse prototype EU 2 MW, 170 GHz
coaxial cavity gyrotron, several kinds of LFOs have been observed. There-
fore, this tube has been chosen as the model to calculate the space charge
LFOs.

5.2.1 Simulation setup

Figure 5.2 shows the basic sketch of the MIG for the short-pulse prototype
EU 2MW, 170 GHz coaxial cavity gyrotron. The nominal cathode-anode
voltage is Vaee =93 kV. The beam current can be increased up to 90 A. The
low-frequency oscillation in this gyrotron is numerically simulated using the
code ESPIC.

The same pitch factor value as expected in the experiment o ~A.3 —A5
is used in the calculation. The secondary electron model, which has

been derived in Chapter 2, is used to take into account the effect of the
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

bombardment by the trapped electrons. The size of the surface roughness in
the simulation is assumed to be 100 pm. This "strong" surface roughness is
used in order to take into account the joint influence of surface roughness,
emission inhomogeneity, and misalignment. Such a "strong" disturbance
has been used in the work of the Russian MIG code EPOS-V, which
makes the simulated electron beam parameters agree with the experimental
results [Lyg95].

I Emitter WM Electron beam
e Monitoring point

e Beam tunpe]

200 500
z [mm)]

Cﬁthode

Figure 5.2: Sketch of the MIG for the short-pulse prototype EU 2 MW, 170 GHz coaxial
cavity gyrotron. Beam current and electric field at the blue monitoring point is
recorded during the calculation.

The Richardson-Dushman emission model with Schottky correction is
used in the calculation. The variation of space charge effect due to the LFOs
in the MIG will influence the electric field on the emitter surface. Using this
emission model, one can take into account the influence of electric fields on

the emission property so that one can get more accurate simulation results.

5.2.2 Simulation results

A sweep on beam voltage and current is made in the code ESPIC. According
to the results, LFOs can be initiated if the applied voltage is between 70 to
92kV, the beam current is 46 A, and the pitch factor « = 1.3. Figure 5.3

depicts the time dependence of the total amount of space charge from the
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5.2 Space charge LFOs in the short-pulse prototype EU coaxial cavity gyrotron

cathode to the cavity region. The parameters used in this calculation are:
Viee = 82keV, I, = 48 A and o« = 1.3. According to the experimental

results, the coaxial cavity gyrotron has a significant LFO under this set of

parameters.
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Figure 5.3: Variation of total space charge between cathode and cavity centre with time. Qjp;
is the total charge of electrons, which were initially generated by the emitter due
to thermionic emission. Qsec is the total charge of secondary electrons which were
generated by the bombardment of back reflected electrons on the cathode. Qo is
the total charge between the cathode and the cavity centre.

The definition of the total amount of space charge (Q, in Figure 5.3 is

given by
le Nini Nsec
Qtot = Zfﬁz = Zéini,i + Zﬁsec,i = Qini + Qsec (56)
1=1 i=1 =1

where Qi and NV are the total charge and number of electrons, which

were initially generated by the emitter due to thermionic emission. Q.. and
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

Nse. are the total charge and number of secondary electrons, which were
generated by the bombardment of back reflected electrons on the cathode.
Gini,i 1s the charge of the i initial electron and Gsec,i 18 the charge of the
ith secondary electron. The total number of electrons in the MIG is N =
Nini + Ngec. At each time step Qini, Qsec and Qi are calculated according
to equation 5.6.

As is shown in Figure 5.3, the oscillation starts nearly immediately with
the start of the beam. The period of the low frequency oscillation is around
7.21ns, which is approximately the transit time of the electron from the
cathode to the cavity and back to the cathode again. The amplitude of
the LFOSs of Qo , Qsec and Qi are 3.7 %, 4.6 %, and 1.1 % respectively
compared to the average total charge in the electron beam. The amplitude
of the low frequency oscillation of the secondary electron charge Q.
(4.6 %) is much higher than that for the initial electron charge Qi (
1.1%). This result indicates that secondary electron emission is a key
factor in the generation of low frequency oscillations. Detailed analysis
also shows that the oscillation phase of Q.. and Q) are synchronous and
they have a half period difference with the oscillation phase of Qini. Qsec
and @y is synchronous because the oscillation of (), mainly comes from
the oscillation of Q... The half period difference of the oscillation phase
between Qi and Qo results from the Schottky effect. When Qo reaches
maximum, the space charge effect of all the electrons is also most strongest
during one period. The space charge effect will decrease the beam current
according to the Schottky effect. Therefore, the total space charge of initial
electrons @y, will be decreased. The frequency spectrum of the LFOs is
plotted in Figure 5.4.

As shown in Figure 5.4, the frequency spectrum has a peak at around
140 MHz which corresponds to the period electrons emitted from the

emitter, reflected by the magnetic mirror and back to the emitter again.
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5.2 Space charge LFOs in the short-pulse prototype EU coaxial cavity gyrotron

There is also a 276 MHz frequency, which corresponds to the second

harmonic of the low frequency oscillation. The current and electric field at

the blue point in Figure 5.2 is monitored during the calculation. The results

are shown in Figure 5.5.
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Figure 5.4: Frequency spectrum of the space charge in the gyrotron.
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I is the beam current and F,. is the electric field in the radial direction

at the monitor point. The beam current at this position is also oscillating.

The amplitude of the low frequency oscillation of beam current is about

11.1 % compared to the average beam current. As shown in the subplot of

Figure 5.5, the oscillations of the current and electric field is synchronous.

Since E), is proportional to the charge density (Gauss’s flux theorem), the

synchronous oscillation indicates that the oscillation of the current comes

from the charge density bunching.
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Figure 5.5: Oscillation of current (red) and electric field (blue) at the monitor point during
calculation.

5.3 Eigenmode oscillation in the
short-pulse prototype EU
2 MW, 170 GHz coaxial cavity gyrotron

As shown in Figure 5.2 there is a coaxial insert in the coaxial cavity
gyrotron. The coaxial insert together with the gyrotron body forms a
coaxial waveguide. TEM modes can be excited in the coaxial waveguide.
Unlike the cut-off frequency for TE or TM modes which are determined
by the structure of the gyrotron there is no cut-off frequency for the TEM
modes in a coaxial waveguide. Therefore, TEM modes can resonate in
the axial direction of the MIG with a very low frequency (in 100 MHz
range). TEM modes can interact with the travelling electron beam also.
Once the beam-wave instability condition is fulfilled, the TEM mode can

gain energy from the electron beam and is excited. During the experiment,
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5.3 Eigenmode oscillation in the short-pulse prototype EU coaxial cavity gyrotron

LFOs of TEM modes can interfere with the power supply system, which
results in the failure of the operation. A similar interaction between the
LFOs of space charge and power supply system was observed by General
Atomics [GLP199]. In this Section, the resonance conditions for the TEM
mode in the coaxial gyrotron and the beam-wave instability mechanism is

analyzed.

5.3.1 Resonance conditions in
the coaxial cavity gyrotron

The 2-D schematic diagram [Rze15] of the coaxial cavity gyrotron is shown
in Figure 5.6. The brown colour parts are the metal parts while the blue

parts are the ceramic components.

Possible start regions
of the TEM modes

End of the c%xial insert

=

—————d=643 mm——
I /,=1110 mm

| 1,=1306 mm |

Figure 5.6: 2-D schematic diagram of the coaxial cavity gyrotron.

The first start region of the TEM mode is a closed boundary, which is
shown in the first green region in Figure 5.6. The second start region of
the TEM mode is an open boundary, which is shown in the second green
region in Figure 5.6. Since TEM modes cannot propagate in cylindrical
waveguides those modes stop at the end of the coaxial insert. Therefore, the
coaxial gyrotron can be simplified into two different coaxial resonators, as

shown in Figure 5.7.
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Figure 5.7: Resonator model (the red mark stands for the position of the emitter).

For the first type of resonator (see Figure 5.7(a)), which has a closed
boundary on the left side and an open boundary on the right side, the
relation between resonant wavelength and length of the coaxial insert are
given by [LYGO04]

4l

)\ =
! 2p —A\

(r=1,23,...) . (5.7)

Here, [ is the length of the coaxial insert for the first kind resonator. \;

is its resonant wavelength.

If p = 1,13 = A\ /4: The coaxial gyrotron behaves like a \/4 resonator
with electric wall boundary condition. As plotted in Figure 5.6, the length
[y = 1.11 m. The resonant wavelength and the frequency for the first kind
resonator are: \; =4.44 m and f; =67.5 MHz.

For the second type of resonator (see Figure 5.7(b)), which has two
open boundaries the relation between resonant wavelength and length of
the coaxial insert are given by [Chul5]
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2

Ao = (p=1,2,3,...) . (5.8)
p

Here, [5 is the length of the coaxial insert for the second kind resonator
and )\ is its resonant wavelength.

If p = 1, Iy = X\y/2: The coaxial gyrotron behaves like a A\/2 resonator
with electric wall and open boundary condition. According to the data
which are given in Figure 5.6 with lo = 1.306 m, the resonant wavelength
and the frequency for the second kind resonator are: Ay =2.612m and
fo =114.8 MHz.

For both the \/4 and the \/2 resonators, there is no radiation loss at the
right part of the resonator due to the extended outer radius. But for the
left part of the A\/2 resonator, the insert part is longer than the outer part.
The exposed part of the insert, which has no metallic surroundings, leads
to a coupling of the resonator and surrounding environment. The coupling
results in radiation loss from this part. Therefore, the A\/4 resonator has a

higher quality factor Q than the \/2 resonator.
5.3.2 Instability of the beam-wave interaction

With the periodical influence of the electric field of the TEM mode and
even the oscillating space charge, a beam-wave instability can be excited.
The exchange of energy between the electron beam and the A\/4 TEM mode
is shown in Figure 5.8.

ﬁo is the electric field which is applied between the cathode and the
anode. It is determined only by the cathode-anode voltage and structure of
MIG, it has a constant value and direction. ETEM is the electric field of the
TEM mode which has a periodical changing value and direction. Therefore,
the total electric field is

A
Etot = ﬁo + ﬁTEM . 5.9)
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Figure 5.8: Energy exchange process between the electron beam and the A /4 TEM mode for
different time steps during one oscillation period.
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5.3 Eigenmode oscillation in the short-pulse prototype EU coaxial cavity gyrotron

The current of the electron beam is determined by the value of the total
electric field |Em\ Since ﬁo has a constant value and dlrectlon the beam
current will change with the variation of ETEM When BO and BTEM have
the same direction, there will be a higher electron beam current than when
they have opposite directions. In case ofﬁTEM = 0, the beam current is Ij.

The beam-wave interaction processes in Figure 5.8 are:

(a) t = 0: The direction of ﬁTEM is opposite to Eo. The beam
current is I;—g < Iy. The electrons emitted at this time have

additional negative potential energy —Wrgm.

(b) t = 1/4T: The amplitude of ETEM is 0. The beam current
is Iy—1/47 = lo. The electrons emitted at this time have no
additional potential energy. The electrons emitted at ¢ = 0 also
have no additional potential energy at this time, which means that

they gain energy from the RF wave.

(c) t = 1/2T: The direction of ETEM is the same as for ﬁo. The
beam current is I;—; o7 > Io. The electrons emitted at this time
have additional positive potential energy Wrgy. The electrons
emitted at ¢ = 1/4T also have positive additional potential
energy at this time which means that they get energy from the
RF wave.

(d) t = 3/4T: The amplitude of ETEM is 0. The beam current
is Iy—3/47 = lo. The electrons emitted at this time have no

1
additional potential energy. The electrons emitted at §T also
have no additional potential energy at this time which means that
they lose energy to the RF wave.

(e) t = T': The direction of BTEM is opposite to EO. The electrons
emitted at ¢ = 3/47 also have negative additional potential
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

energy at this time which means that they give energy to the RF

wave.

Electrons emitted at ¢ = 0 and ¢ = 1/4T with the beam current I;—
and [;—; /47 will get energy from the RF wave. Electrons emitted at ¢ =
1/2T and t = 3/4T with the beam current I /o7 and I;—3,47 Will lose
energy to the RF wave. Due to the Schottky effect, the relations between
the current at different time are ly—o < Ij—1j47 = Li—3/a7 < li—1/27.
As a result, the average energy the electron beam gives to the RF wave is
positive. Due to the beam-wave instability mechanism illustrated above one
possible solution to suppress it is to move the emitter position to the left of
the point where |BTEM|é: 0. In this case the TEM mode will lose energy
to the electron beam in one period, therefore, the TEM mode can not be
excited.

The same beam-wave instability mechanism exists for the TEM mode
in the \/2 resonator. But for the \/2 resonator, the emitter position is
closer to the point where |BTEM|A: 0 compared to the \/4 resonator,
as shown in Figure 5.7. According to the analysis of the beam-wave
instability mechanism, the electric field ﬁTEM is the key factor for the
energy exchange. If the |BTEM|19$ the emitter position is lower, the coupling
between electron beam and RF wave is lower. Therefore, the coupling
between electron beam and RF wave in the \/2 resonator is lower than in the
A/4 resonator. According to the analysis in Section 5.3.1 and Section 5.3.2,
the information for the A/4 resonator and \/2 resonator are shown in
Table 5.1.

5.3.3 Experimental Results

An antenna is used to measure the electromagnetic signal around the

gyrotron during the operation. Figure 5.9 shows the typical measured
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5.3 Eigenmode oscillation in the short-pulse prototype EU coaxial cavity gyrotron

waveform and frequency spectrum of the TEM modes for the \/4 and \/2

resonator.

Table 5.1: Parameters for the A/4 and \/2 resonator.

Mode | Frequency [MHz] | Quality factor | Beam-wave coupling

A/4 67.5 Higher Higher

A/2 114.8 Lower Lower

The red line in Figure 5.9 is the measured signal and frequency spectrum
when both TEM modes are excited. The blue line is the measured signal
and frequency spectrum when the TEM mode is excited only in the \/2
resonator. The measured frequencies are 64.9 MHz and 114.8 MHz, which
is quite near from the analyzed frequency shown in Table 5.1. Under high
power gyrotron operation, the amplitude of the 64.9 MHz TEM mode is
much larger than that of the 114.8 MHz TEM mode. This is due to two
facts which are analyzed in Section 5.3.2. Firstly, the radiation loss of the
A/2 TEM mode (114.8 MHz) is higher than that of the A/4 TEM mode
(64.9 MHz). Secondly, the beam-wave coupling coefficient of the the \/2
TEM mode (114.8 MHz) is much lower than that of the A/4 TEM mode
(64.9 MHz). During the experiment, the A/4 TEM mode (64.9 MHz) can
interfere with the power supply system which results in strong oscillations in
the system and prevents the system to operate at higher accelerating voltage.
This phenomenon has been suppressed by adding an absorber near the oil
tank around the magnetron injection gun to reduce the quality factor of the
resonances inside the gyrotron circuit [RPK*10]. The absorbing structure

consists of a metallic cylinder filled with the damping material Eccosorb.
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Figure 5.9: Measured signal and frequency spectrum of the two TEM modes.
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5.4 Summary

It is also found during the experiment that the 114.8 MHz signal exists in a
much wider operating range compared to the 64.9 MHz signal. This is due
to the fact that the LFOs of the trapped electrons is between 110 MHz and
140 MHz, which means that the electron beam has an additional excitation
source for the 114.8 MHz TEM mode. Due to the additional excitation from
the LFOs of trapped electrons, the 114.8 MHz TEM mode is excited in such

a wide operating range.

5.4 Summary

The trapping mechanism of electrons in the magnetron injection gun is
presented in detail. The space charge LFO in the short-pulse prototype EU
2 MW, 170 GHz coaxial cavity gyrotron caused by back reflected electrons
is investigated using the code ESPIC. To investigate space charge LFOs,
the surface roughness model (Chapter 2) and the secondary emission model
(Chapter 4) are used in the calculation. A "strong" surface roughness is
used take into account all the influence of surface roughness, emission
inhomogeneity, and misalignment. The numerical investigation shows that
space charge LFOs can be generated by the trapped electrons. The period of
the low frequency oscillation is approximately the transit time of the electron
from the cathode to the cavity and back to the cathode again.

The beam-wave instability mechanism between the electron beam and
the TEM modes are illustrated. The net energy exchange between electron
beam and TEM modes results from the Schottky effect. Theoretical analysis
indicates that the A\/4 TEM mode has higher quality factor and beam-wave
coupling coefficient compared to the the \/2 TEM mode. The measured
results of the TEM modes have a good agreement with the theoretical
analysis. The experimental results also indicate that space charge LFOs of
the trapped electrons is an additional excitation source for the TEM mode.

One possible solution to suppress the TEM mode is to move the emitter
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5 Trapped electrons and low frequency oscillations in magnetron injection gun

position to the left of the point where |§TEM|A: 0. In this case the TEM
mode will lose energy to the electron beam in one period, as a consequence,
the TEM mode cannot be excited.
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6 Electron beam halo in
gyrotron MIGs

In this chapter, the generation mechanism of Electron Beam Halos (EBHs)
has been studied. EBHs generation process in two different gyrotron
Magnetron Injection Guns (MIGs) are investigated. The simulation results
have been correlated with experimental results. To suppress the EBHs
generation in gyrotron MIGs, three solutions are proposed at the end of this
chapter.

6.1 Electron beam halo
generation mechanism

It has been experimentally shown that even for average pitch factors
less than one, a population of adiabatically trapped electrons was ob-
served [LSK99]. The velocity spread could be much higher than the
expected one due to many factors such as emitter surface roughness
(Chapter 2), emission inhomogeneity (Chapter 3), manufacturing tolerances
and misalignments. Therefore, a small population of the beam electrons
could have initial conditions which cause them to be back reflected and
adiabatically trapped by the magnetic mirror. Back reflected electrons from
the main electron beam will bombard the cathode surface and generate
secondary electrons. As discussed in Chapter 5, parts of these secondary

electrons can also be trapped in the gyrotron. Accumulation of trapped
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electrons in the gyrotron MIG can result in some deteriorating phenomena,
such as EBH. Electron traces at many positions on the surface of the
gyrotron components were observed during the inspection of the first
industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron after
the end of the experiments. A correlation of the positions of most of the
damaged spots with the EBH has been found [PHG 09, PPZ T 16].

The EBH is generated by the concentration of trapped electrons around
the main electron beam. In the design of MIGs, the pitch factor « at the
cavity centre of the beam electrons is kept to be at a level lower than 1.5.
However, the pitch factor « of the electrons emitted from neighbouring parts
of the emitter, such as the cathode nose and the rear part (or prolongator),
can be much higher, as shown in Figure 6.1. Figure 6.1(b) shows the "cold"
pitch factor « at the cavity versus the axial position of the emitting point
on the cathode surface (blue line in Figure 6.1(a)). Here, "cold" means the
space charge of the electrons is not considered.

As introduced in Section 5.1, the higher the « value, the lower is the
longitudinal velocity component. For the extreme case, the longitudinal
velocity component of the electrons can be decreased to zero before they
arrive at the point where the magnetic field has its maximum. Then, this
electron will be back reflected to the cathode region. The region from
where these back reflected electrons are emitted is defined as "back reflected
region", as shown in Figure 6.1. For the ideal case, no electrons are
emitted from this region. However, in reality, secondary electrons generated
by the bombardment of back reflected electrons from the main beam can
extend the bombarded area on the cathode surface to the back reflected
region. Electrons that are emitted from the back reflected region on the
cathode surface will be trapped between the cathode and magnetic mirror.
The accumulation of trapped electrons in this region can generate an EBH

around the main electron beam.
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Figure 6.1: Sketch of (a) electron beams and the "cold" pitch factor «v at the cavity versus
the axial position of the emitting point of the MIG-1 design of the EU | MW,
170 GHz ITER gyrotron.
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Therefore, the EBH is defined as an electron beam that is generated by the
trapped electrons emitted from the back reflected region of the cathode in
the gyrotron [PHG ™09, PPZ*16], as shown in Figure 6.1(a). The magenta
coloured beam is the main electron beam and the gray beam is the EBH

generated from the back reflected region of the cathode.

6.1.1 Successive and cascading generation of
secondary electrons along the cathode surface

Back reflected electrons from the main electron beam can only bombard
the area close to the the emitter. As analysed above, the extension of
the bombarded area on the cathode surface from the emitter to the back
reflected region is the key factor which initializes the generation of an
EBH. Successive and cascading generation of secondary electrons along the
cathode surface is the reason for the extension of the bombarded area, as

shown in Figure 6.2.
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—— Secondary electron — Secondary electron from
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Figure 6.2: Successive and cascading generation of secondary electrons along the cathode
surface.
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6.1 Electron beam halo generation mechanism

As introduced in Section 5.1, in gyrotrons, the magnetic mirror effect is
most obvious before the cavity centre (blue region in Figure 6.2) and the
electrons are back reflected by the magnetic mirror effect in this region.
When electrons from the main electron beam (magenta line) are reflected
(red line) to the cathode surface due to the high « value caused by
surface roughness or emission inhomogeneity most of the back reflected
electrons will bombard the cathode surface which is on the rear part (left
part) of the emitter [MZI06]. The generated secondary electrons from
the bombarded area have velocities pointing to all the directions above
the cathode surface. Instead of going into the beam tunnel and cavity,
parts of the secondary electrons which have initial velocity pointing to
the —z direction (green line) can bombard the cathode surface again.
The bombardment of secondary electrons on the cathode surface will also
generate secondary electrons. Consequently, the successive and cascading
generation of secondary electrons can be extended to the back reflected
region. At the end, the secondary electrons will accumulate in this region
until the space charge effect of the trapped electron is strong enough to
decrease « to a sufficiently low value. Under this condition, the rate of
electrons generated in the back reflected region is equal to the rate of

electrons that leave this region and the system reaches a stable situation.

Verification of the successive and
cascading generation of secondary
electrons along the cathode surface

To simulate the successive and cascading generation process of secondary
electrons, the code ESPIC with surface roughness model and secondary
electron emission model developed in Chapter 2 and Chapter 4 is used. As
is shown in Figure 6.1, there is a back reflected region on the cathode of
the MIG-1 design for the EU 1 MW, 170 GHz ITER gyrotron. The average

« value at the cavity centre of the main electron beam is 1.5 and the beam
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current is 40.0 A. To generate back reflected electrons, the surface roughness
microstructure size of the emitter is set to be 50 um. 40 macro particles
are emitted from the emitter at every time step, so as to demonstrate the
successive and cascading generation of secondary electrons at an acceptable
level of simulation time. It was verified that, in this case, ESPIC can get
the same beam parameters as ESRAY. When the back reflected electrons
are about to bombard the cathode surface they are separated into 100 macro
particles. With this approach one can simulate the case when the cathode is
bombarded by a large amount of back reflected electrons without increasing
the number of electrons in the main beam.

Figure 6.3 is the verification of the successive and cascading generation
process of secondary electrons. Figure 6.3(a) shows that parts of the
electrons are reflected to the cathode region by the magnetic mirror at 8.2 ns,
which is the period for the electrons emitted from the emitter — to propagate
to the cavity — and get back reflected to the cathode surface by the magnetic
mirror. When the trapped electrons bombard the cathode surface secondary
electrons are generated. Parts of the secondary electrons can bombard the
cathode surface again. Figure 6.3(b) shows the distribution of secondary
electrons above the cathode surface. The colour of the electrons stands
for the generation of the secondary electrons. The blue particles are the
first generation of the secondary electrons while the red particles are the
sixth generation of the secondary electrons. It is shown that the successive
and cascading generation of secondary electrons is extended to the back
reflected region in 1.0ns. Although there are lots of secondary electrons
in Figure 6.3(b), it shall be pointed out that their charge is much smaller
compared to the charge of the primary electrons in Figure 6.3(a). After the
secondary electrons are emitted from the back reflected region they will be
trapped in the gyrotron MIG. As expected, accumulation of these secondary

electrons can generate an EBH.
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Figure 6.3: Verification of the successive and cascading generation of secondary electrons
on the cathode surface of the MIG-1 design of the EU 1 MW, 170 GHz ITER

gyrotron.
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6.1.2 Electron beam halo in the MIG-1 design
of the EU 1 MW, 170 GHz ITER gyrotron

The generation process of the EBH initiated by the back reflected electrons
from the main beam in the MIG-1 design of the EU 1 MW, 170 GHz ITER
gyrotron is shown in Figure 6.4.

The electron beam parameters are the same as given in Section 6.1.1.
However, 100 macro particles are emitted at every time step and these
electrons, which bombard the cathode surface, are not separated. This
new setup is suitable for long time calculations, which can demonstrate the
generation process of the EBH.

The primary electrons (magenta) are emitted by the emitter while the
secondary electron beam is plotted in red colour. At the very beginning, only
a primary electron beam exists in the gyrotron MIG. After the bombardment
of back reflected electrons from the magnetic mirror secondary electrons
begin to climb along the cathode surface. At 0.2us, a few secondary
electrons climb up to the back reflected region and then between 0.2 us and
1.0 pus, more and more secondary electrons emitted from this region begin
to accumulate in the gyrotron. Figure 6.5 is the total space charge between
the cathode and the cavity centre.

As is shown in Figure 6.5, the space charge of secondary electrons Qg is
nearly constant before 0.2 ps. After the secondary electrons climb up to the
back reflected region at 0.2 ps, Qg has a fast increase. This is due to the
fact that secondary electrons from the back reflected region will be trapped
in the gyrotron. At 1.0 ps, the total space charge of the secondary electrons
increases to around 50 % of the main beam space charge QQ;,;. The strong
space charge effect of electrons at the back reflected region will reduce the
electric field strength on the cathode surface. As a consequence, the average
pitch factor at the cavity centre of the secondary electrons generated from
the back reflected region will be decreased. The decreased v value will
decrease the generation rate of secondary electrons between the cathode
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6.1 Electron beam halo generation mechanism

and magnetic mirror. At 1.5 ps, the generation rate is equal to the rate
of secondary electrons that leave this region. The space charge of the

secondary electron stops increasing and reaches a quasi-stable state.
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Figure 6.4: Time variation of electron beam in the MIG-1 design of the EU 1 MW, 170 GHz
ITER gyrotron.
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Figure 6.5: Variation of the total space charge in the MIG-1 design of the EU 1 MW, 170 GHz
ITER gyrotron.

6.1.3 Electron beam halo in the first
industrial prototype of the EU 2 MW,
170 GHz coaxial cavity gyrotron

During the inspection of the first industrial prototype of the EU 2 MW,
170 GHz coaxial cavity gyrotron after the end of the experiment, electron
traces at many positions on the surface of the gyrotron components were
observed. A correlation of the positions of most of the damaged spots with
the EBH has been proposed [PHG09]. The cathode-anode geometry of the
first industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron
is illustrated in Figure 6.6(a). The "cold" « along the cathode surface is
shown in Figure 6.6(b).
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Figure 6.6: Sketch of (a) cathode-anode geometry and (b) the "cold" pitch factor «v at
the cavity versus the axial position of the emitting point of the first industrial
prototype EU 2 MW, 170 GHz coaxial cavity gyrotron.
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6 Electron beam halo in gyrotron MIGs

Regions A and B are two back reflected regions beside the emitter.
According to [PHG09], the damage at the end of the launcher of the quasi-
optical output coupler is correlated with the EBH from the left part of the
emitter (region A in Figure 6.6(a)), while the damage on the coaxial insert
and many electron traces on the cathode nose could be correlated with the

EBH from the right part of the emitter (region B in Figure 6.6(a)).

In order to verify the generation of these two EBHs in the coaxial
gyrotron, PIC calculations similar to the setup for the EU 1 MW, 170 GHz
ITER gyrotron were made using the code ESPIC. The evolution of the EBH

in this coaxial gyrotron is shown in Figure 6.7.

To generate back reflected electrons from the main electron beam, which
initiate the EBH, a strong surface roughness of the order of 50 pm is used in
the calculation. In the calculation shown in Figure 6.7, the applied voltage
between cathode and anode is 93kV, the beam current is 46 A, and the
Richardson-Dushman emission model with Schottky modification is used.
In Figure 6.7, it is shown that a few trapped electrons begin to appear
between the emitter region and the left back reflected region at 1.0 pus. At
1.5 ps, some electrons already climbed to the back reflected region A and
there is a fast increase of electrons between 1.5 pus and 2.0 us. The EBH in
region A is generated at 2.0 us. Between 2.0 us and 4.0 ps, more electrons
are trapped in the gyrotron. Detailed information about the formation of
EBH and the increase of the space charge in the gyrotron are shown in
Figures 6.8 and 6.9.

As shown in Figure 6.8 and Figure 6.9, after the electrons reach the left
back reflected region, there is an exponential growth between 1.5 us and
2.0 us. At this period, the electrons accumulate very quickly in the back

reflected region, which results in a strong space charge effect that decreases
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6.1 Electron beam halo generation mechanism

the electric field above the emitter surface significantly. Therefore, the main
beam current and average pitch factor o will decrease, as a result, the space
charge from the emitter ();,; will decrease and the number of back reflected

electrons from the main beam will also decrease.
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Figure 6.7: Time variation of EBH in the first industrial prototype EU 2 MW, 170 GHz
coaxial cavity in gyrotron.
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Figure 6.8: Time variation of secondary electrons above the cathode surface.

From the comparison of the electrons distribution at 1.5 ps and 3.5 ps it
is clear that after the formation of the EBH in region A (3.5 ps) the number
of trapped electrons from the main beam is significantly decreased. After
3.5 us, the EBH in region B begins to appear and is generated between 3.5 ps
and 4.0 pus. The generation of the inner EBH in region B is also caused by
the secondary electrons emitted from the cathode surface. Because most of
the back reflected electrons bombard the rear part of the emitter (between
the emitter and region A) the generation of EBH in region B is slower than in
region A. During the formation of the EBH in region B (3.5-4.0 ps) the total
space charge increases slower than that of region A. As shown in Figure 6.8
the number of electrons of the EBH in region B is significantly smaller than

that of region A at 4.0 us. This is caused by the fact that the strong space
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6.1 Electron beam halo generation mechanism

charge effect from the EBH in region A decreases the pitch factor o of
electrons emitted from region B. As a result, the number of trapped electrons
is also decreased in this region. These two EBHs generated in region A and
region B confirm that EBHs can be generated in both the back reflected
region of the first industrial prototype EU 2 MW, 170 GHz coaxial cavity
gyrotron. Electrons escaped from the EBHs can bombard the gyrotron
components and result in damages. Damages spots in this gyrotron has been
observed during the inspection after the end of the experiment [PHGT09].
The damage at the end of the launcher of the quasi-optical output coupler is
correlated with the EBH generated from the left part of the emitter (region
A), while the damage on the coaxial insert and many electron traces on the
cathode nose is correlated with the EBH generated from the right part of the

emitter (region B).
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Figure 6.9: Development of the total space charge in the gyrotron for the case of "large"
radius secondary electron beam.
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6.2 Electron beam halo initiated
by thermionic emission

It is pointed out in the above study that electrons emitted from the back
reflected region can generate an EBH in the gyrotron MIG. Besides the
back reflected electrons from the main electron beam, electrons can also
emit from the cathode surface due to some other mechanisms, such as
thermionic emission. Thermionic emission will start if the cathode surface
is polluted by barium. These thermionic emitted electrons will also be
trapped and generate secondary electrons. Therefore, an EBH could also
be produced due to this effect. To study the possibility of EBH generated by
thermionic emission, its emission mechanism of electrons from the back
reflected region is investigated first. The parameters for three kinds of
dispenser emitters [Fal83], which are used in high power gyrotrons, are
shown in Table 6.1.

Table 6.1: Typical emitters used in high power gyrotrons.

Typical working

e inti Work function
Typ Description temperature

Porous tungsten
B impregnated with 5:3:2 2.1eV 1300K
BaO-CaO- Aly03

Porous tungsten

S impregnated with 4:1:1 2.1eV 1300K
BaO-CaO- A1203

M B type coated vyith 1.8¢eV 1200K
osmium/ruthenium

156



6.2 Electron beam halo initiated by thermionic emission

The typical working temperature of B-type, S-type, and M-type emitters are
given in the case of a current density of 2.5 A/cm?. According to [Cro81,
NGM™56], barium can evaporate from the emitter surface due to the high
temperature. Then, it can adhere to the surface of other parts of the cathode
where the temperature is lower. The other parts of the cathode are made of
molybdenum. Typical work functions of molybdenum and barium are 4.35-
4.9eV and 2.52-2.7 eV, respectively [JC71]. After adherence of barium on
the molybdenum surface, the work function of molybdenum will decrease.
To simulate the strongest influence of the thermionic emission from the back
reflected region, the lowest possible work function value (B-type emitter) is
taken for the back reflected region. The MIG-1 design of the EU 1 MW,
170 GHz ITER gyrotron [PIST08] which has a back reflected region on the
cathode surface is used. Figure 6.10 shows the EBH (blue) generated in the

back reflected region compared to the main electron beam (magenta).
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Figure 6.10: Sketch of electron beam halo initiated by thermionic emission.

The surface roughness of the emitter is neglected so that there are no back
reflected electrons from the main beam which will influence the generation
of the EBH. The typical temperature of the cathode is 900 K [Pagl5]. In
this case, the thermionic emission current density on the back reflected
region is 6.36x10™* A/cm?. The total current from the back reflected

region is 1.58 mA. The simulation result of the total space charge which
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6 Electron beam halo in gyrotron MIGs

is emitted from the back reflected region and trapped between the cathode
and magnetic mirror is shown in Figure 6.11.
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Figure 6.11: Total space charge between the cavity and the cathode of electrons emitted from
the back reflected region.

It is shown that the total space charge from the thermionic emission in
the back reflected region Qe is still less than 1.8x1079C at 10.0 ps.
However, the total space charge of the EBH initiated by back reflected
electrons from the main beam (@ shown in Figure 6.5) at 3.0 us is around
1.2x 1077 C. It shall be pointed out that the most "aggressive" parameters
are used in our calculation which means the lowest work function value and
the highest temperature. In the normal case the thermionic emission current
shall be significantly lower. Even in this case, it is shown that back reflected
electrons from the main electron beam have a faster effect on the generation
of EBH compared to thermionic emission from the back reflected region.
Calculation for the curve in Figure 6.5 takes 27 days using 4 CPU cores.
Due to the long calculation time needed for theses calculations, the influence
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6.3 Suppression of electron beam halo and trapped electrons

of thermionic emission from the high region on long time operation is
still under calculation. However, it is supposed that its influence could be

covered by the back reflected electrons from the main electron beam.

6.3 Suppression of electron beam
halo and trapped electrons

One of the main limitations on the gyrotron efficiency is the maximum
achievable average pitch factor . The increase of o will lead to the
increase of trapped electrons from the main beam by the magnetic mirror.
According to the investigation in Chapter 5 and this chapter, it is shown
that the accumulation of trapped electrons in the gyrotron can result in
Low Frequencry Oscillations (LFOs) and EBHs. By understanding the
generation mechanism of LFOs and EBHs in this work three methods to
suppress the EBHs, LFOs and, more generally, the back reflected electrons

will be presented.

6.3.1 Decrease the pitch factor at the cavity
centre of electrons emitted from
the neighbouring part of the emitter

As shown in the above sections, the back reflected region on the cathode
surface is critical for the generation of EBH. The first method to suppress
EBH is to optimize the cathode geometry which can decrease the pitch factor
« value at the cavity centre of electrons emitted from neighbouring parts of
the emitter [PPZ*16]. This approach eliminates the back reflected region
from the cathode surface. Figure 6.12(a) shows the optimized cathode
design (MIG-2) and the pitch factor at the cavity versus the axial position of
the emission point of the EU 1 MW, 170 GHz ITER gyrotron [PPZ ' 16]
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6 Electron beam halo in gyrotron MIGs

A tiltis introduced at the rear part of the cathode, as shown in Figure 6.12(a).
The advantages of this tilt are as follows: (i) It decreases the local electric
field around the tilt and (ii) decreases the angle between the vectors of the
electric and magnetic field. According to equation 1.11 and equation 1.12,
the decrease of the electric field and the angle results in the decrease of
the pitch factor « at the cavity centre. Figure 6.12(b) is the "cold" pitch
factor «v at the cavity versus the axial position of the emitting point (blue line
in Figure 6.12(a)) of the MIG-2 design for the EU 1 MW, 170 GHz ITER
gyrotron. It is shown that, compared to Figure 6.1(b), the back reflected
region is removed from the cathode surface in this new optimized design.

To verify this suppression method for the generation of EBH, PIC
simulations have been performed using the MIG-2 design. The simulation
set up is the same as the one described for the generation of EBH in the
MIG-1 design, as introduced in Section 6.1.2. The distribution of electrons
in the MIG-2 design at 5.0 pus is shown in Figure 6.13.

In the calculations on the MIG-1 design (Figure 6.4), EBH were generated
within 1.0 us. However, as shown in Figure 6.13, no EBH is generated in
the MIG-2 design within the extended operation time (5.0 ps). In the MIG-
2 design, back reflected electrons can also bombard the cathode surface
and generate secondary electrons. However, due to the low « value at the
cavity centre of electrons emitted from the neighbouring part, secondary
electrons can not accumulate in the gyrotron MIG. Therefore, no EBH can
be generated at the end.

With this optimized design of the MIG, the EU 1 MW, 170 GHz ITER
gyrotron has been successfully operated with excess of 1| MW measured RF
power and 34 % electronic efficiency in IHM [PPZ*16].
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Figure 6.12: Sketch of (a) the cathode-anode geometry and (b) the "cold" pitch factor o at the
cavity versus the axial position of the emitting point of the MIG-2 design for the

EU 1 MW, 170 GHz ITER gyrotron.
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Figure 6.13: ESPIC simulation result of the distribution of electrons in the MIG-2 design for
the EU 1 MW, 170 GHz ITER gyrotron at 5.0 ps.

6.3.2 Absorb the electrons emitted
from the back reflected region

Another method which can suppress the generation of EBH is to absorb the
secondary electrons emitted from the back reflected region. Once they are
absorbed, these secondary electrons can not accumulate in the gyrotron MIG
any more. Therefore, no EBH can be generated at the end. This approach
has been successful applied to the refurbished first industrial prototype of
the EU 2 MW, 170 GHz coaxial cavity gyrotron, as shown in Figure 6.14.

Figure 6.14(a) shows that a halo shield is introduced to the anode.
The trajectories (magenta) of electrons emitted from the emitter are in a
very close vicinity to the halo shield. As illustrated with the red line,
the secondary electrons emitted from the rear part of the cathode will be
absorbed by the halo shield.
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Figure 6.14: Sketch of (a) the cathode-anode geometry and (b) the "cold" pitch factor v at
the cavity versus the axial position of the emitting point of the refurbished first

industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron.
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In addition, a calculation using ESRAY also shows that part of the elec-
trons emitted from the cathode nose are absorbed by the coaxial insert.
Figure 6.14(b) shows the detailed information of the "cold" pitch factor «
at the cavity versus the axial position of the emitting point (blue line in
Figure 6.14(a)) on the cathode surface. In comparison to Figure 6.6(b) it is
shown that electrons emitted from the back reflected region of the cathode
surface will be absorbed by the halo shield and the coaxial insert. Therefore,
the EBH shown in Figure 6.8 can not be generated in the refurbished
gyrotron. To verify this concept, PIC simulations using the code ESPIC
are also made for the refurbished design, as shown in Figure 6.15.
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Figure 6.15: ESPIC simulation result of the distribution of electrons in the refurbished first
industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron at 5.0 ps.

Figure 6.15 shows the distribution of secondary electrons (red points) in
comparison with the main electron beam (magenta) in the refurbished first
industrial prototype of the EU 2 MW, 170 GHz coaxial cavity gyrotron at
5.0 pus. Due to the absorption of secondary electrons by the halo shield no
EBH is generated. A body current of a few of mA was measured during
the operation of this gyrotron which verifies the absorption of secondary
electrons.
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6.3 Suppression of electron beam halo and trapped electrons

6.3.3 Extraction of back reflected electrons

Besides the above two methods a more general method to increase the
electron beam quality is to extract back reflected electrons from the main
beam, since they cause EBHs and LFOs of space charge in the gyrotron
MIG. By extracting them, it is possible to suppress the back reflected and
secondary electrons, thereby increasing the electron pitch factor, gyrotron
efficiency, and output power of a gyrotron [VGGP12]. An extraction
structure for the back reflected electrons is shown in Figure 6.16 using the
KIT 15kW, 28 GHz gyrotron [MIP*13] as an example.

B Emitter M@ Main electron beam = Back reflected electrons
20 T

Existing geometry

7 [mm]

Figure 6.16: Extraction of back reflected electrons in the KIT 15 kW, 28 GHz gyrotron.

The dashed black curve is the initial structure without the extraction plate.
As shown in Figure 6.16, if an electron is back reflected (red curve in
Figure 6.16) from the magnetic mirror, it will not travel along the trajectory
of the main electron beam. This back reflected electron will bombard

the extraction plate (green point) instead of travelling back to the cathode
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surface. The beam parameters with and without the extraction plate are
shown in Table 6.2.

Table 6.2: Comparison of beam parameters with and without the extraction plate.

1) OR,. 14)
BL Erin Exin T

[7e] [%0] [%]

Tgc

Type e BL

Without | 1.969 | 0.237 | 2.353 | 19.215 | 0.563 | 3.169 | 18.214

With 1.998 | 0.237 | 3.605 | 19.220 | 0.4945 | 3.174 | 18.640

After adding the extraction plate, the average pitch factor « at the cavity
centre of the electron beam increases slightly from 1.969 to 1.998. Both the

transverse velocity spread dg, and the guiding centre spread &, increase

Tee
while the energy spread dp, ,, decreases. However, the change in the beam
parameters is very small. To show the effect of the extraction plate, PIC
simulation using the code ESPIC were carried out. The simulation results
of the distribution of back reflected electrons with and without the extraction

plate are shown in Figure 6.17.

The surface roughness model derived in Chapter 2 is used for the purpose
of generating back reflected electrons. To make the extraction effect more
obvious, the microstructure size of surface roughness is set to 50 um in
the simulation. Therefore, sufficient number of back reflected electrons are
generated in the simulation.

In Figure 6.17, the red points are the back reflected electrons in the MIG.
All of them travel in the -z direction. One can see from Figure 6.17(a)
that all the back reflected electrons bombard the cathode surface, while in
Figure 6.17(b), most of them bombard the extraction plate. According to
the analysis of the simulation result, only 10 % of back reflected electrons

can bombard the cathode surface.
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Figure 6.17

: Distribution of back reflected electrons (a) without and (b) with the extraction
plate.
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Besides stopping back reflected electrons from bombarding the cathode
surface the extraction plate can also decrease the number of secondary
electrons in the gyrotron. Figure 6.18 shows the space charge of secondary

electrons between the cathode and the cavity centre.
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Figure 6.18: Space charge of secondary electrons between the cathode and the cavity centre
without and with the extraction plate.

As shown in Figure 6.18, with the extraction plate, the space charge of
secondary electrons between the cathode and the cavity is decreased to
2.2x1071°C from 8x107!°C which is around four times smaller. This
is due to two facts. Firstly, the extraction plate generates less secondary
electrons. Secondly, the extraction plate absorbs most of the secondary
electrons. The kinetic energy of the back reflected electrons when they
bombard the cathode surface is between 0.5keV and 1keV while the
kinetic energy of the back reflected electrons when they bombard the
extraction plate is approximately 15.6 keV. According to the work described

in Chapter 4, the Secondary Emission Yield (SEY) of tungsten when
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bombarded by 1 keV electron beam is approximately 2.0 while the SEY for
copper is only 0.95 when bombarded by 15.6 keV electron beam. Therefore,
less secondary electrons are generated with the extraction plate. In addition,
most of the secondary electrons emitted from the cathode surface will be
trapped between the cathode and the cavity centre (Section 5.1) but most
secondary electrons emitted from the extraction plate will be either absorbed
by the absorption structure or travel out through the cavity. The extraction
plate works like a collector for the back reflected electrons and secondary
electrons. At the end, the number of secondary electrons in the gyrotron
MIG can be significantly decreased. Therefore, such an extraction plate
can absorb most of the back reflected electrons and decrease the number
of secondary electrons in the gyrotron without significantly changing the
electron beam parameters.

It shall be pointed out that the extraction plate is more suitable in the
case where there is a large Larmor radius for the electrons above the
cathode surface, since in this case there is more space and, therefore, more
flexibility for the design of a extraction plate. High power gyrotrons usually
have bigger emitter rings due to the high beam current requirement. The
Larmor radius is relatively small compared to the emitter ring radius in these
gyrotrons. Therefore, the flexibility of using the extraction plate in these
gyrotrons is quite limited and the two methods discussed in Section 6.3.1

and Section 6.3.2 are more suitable for this purpose.

6.4 Summary

The generation mechanism of harmful EBHs is presented and discussed.
Numerical investigation is carried out using the enhanced code ESPIC to
demonstrate the mechanism. The generation of EBHs in two gyrotron
MIGs are investigated. The correlation between damaged spots on the

surface of gyrotron components and EBH is also verified by the calculation
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using ESPIC. The possibility that an EBH is generated by thermionic
emitted electrons from the back reflected region is investigated. Due to the
significantly less space charge of the trapped electrons, it is supposed that
its influence will be covered by the back reflected electrons from the main
electron beam.

By understanding the generation mechanism of LFOs and EBHs in
this work three methods to suppress an EBH and, more generally, the
trapped electrons are presented. It is numerically proven that eliminating
the back reflected region from the cathode surface or absorbing electrons
emitted from this region can totally suppress the generation of an EBH.
New gyrotron MIGs based on these two optimization methods have been
successfully operated at IHM. A novel MIG geometry with a extraction
plate is proposed for the general suppression of back reflected electrons
and secondary electrons in gyrotron MIGs. The simulations with the codes
ESRAY and ESPIC show that the extraction plate can decrease the number
of back reflected electrons which bombard the cathode surface by 90 %
without significantly changing the beam parameters. With the extraction
plate, the number of secondary electrons between the cathode and the cavity

centre is reduced by a factor of four.

170



7 Conclusion and outlook

7.1 Summary

The influences of two adverse factors: emitter surface roughness and
emission inhomogeneity on gyrotron operation were investigated with a
focus on Low Frequency Oscillations (LFOs) and Electron Beam Halo
(EBH). To achieve this, an emitter surface roughness model (Chapter 2),
a new evaluation method for the emission inhomogeneity (Chapter 3) and
a modified secondary electron emission model (Chapter 4) were developed.
The surface roughness model and secondary electron emission model were
implemented in the KIT in-house beam optics codes ESRAY and ESPIC.
LFOs and EBH were investigated using the enhanced code and compared
with the experimental results. By understanding these mechanisms opti-
mization methods to suppress these two harmful phenomena are presented.

A new surface roughness model is derived for the KIT in-house codes
ESRAY and ESPIC in order to investigate the influence of surface roughness
on electron beam quality and gyrotron efficiency. The surface roughness
model uses an initial velocity distribution to simulate the influence of
surface roughness. Thus, one can calculate the influence of surface
roughness without modeling real surface microstructures and increase the
mesh number in the code. This feature decreases the calculation time
significantly. The influences of surface roughness on the electron beam
quality and gyrotron efficiency of two different versions of the MIG for
the EU 1MW, 170 GHz ITER gyrotron were calculated using the codes
ESRAY and EURIDICE. The increase of surface roughness from O um to
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25 um results in a decrease of the total efficiency (theoretical value with
single-stage depressed collector) 7yt by 15% (from 70.5% to 55.5 %)
and 9% (from 69 % to 60 %) respectively for these two versions of the
gyrotron. Multimode calculations using the code EURIDICE show that
surface roughness can suppress weak competing modes and facilitates mode
selection. The electron beam calculation using the code ESRAY shows that
back reflected electrons can be generated if the microstructure size is larger
than 17 um for the short pulse operation.

In order to investigate the influence of emission inhomogeneity, a novel
definition of emission inhomogeneity d; and its evaluation method is
derived. Comparison with the former definitions shows that the new
definition is intuitive and stable. The emission inhomogeneities of three
different gyrotrons are measured using the new definition. The measurement
results indicate that the emission inhomogeneity increases with the increase
of operating time and number of tube openings. The influence of emission
inhomogeneity on the electron beam quality and gyrotron efficiency is
calculated using the 3D code ARIADNE and EURIDICE, respectively.
The calculation results show that ; = 0.3 can result in a decrease in
gyrotron efficiency by approximately 2 % (e.g., from 41.38 % to 39.46 % for
the EU 1 MW, 170 GHz ITER gyrotron). The influence of work function,
temperature and electric field distribution on the emission inhomogeneity is
numerically calculated using a Monte Carlo method. To keep the influence
of emission inhomogeneity on gyrotron efficiency lower than 2%, the
boundary values for the distribution of work function, temperature and
electric field are o7 < 20°C, oy < 0.03eV and 6 < 0.5. The electron
beam calculation using the 3D code ARIADNE shows that back reflected
electrons can be generated due to emission inhomogeneity when operating
at high values of the pitch factor a.

To investigate the influence of electrons back reflected by the magnetic
mirror, a modified Furman secondary electron emission model is implied in
the codes ESRAY and ESPIC. The modified model has a better accuracy
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7.1 Summary

for the angular distribution of high energy secondary electrons (elastic
and rediffused electrons). The secondary electron emission parameters of
tungsten and molybdenum, which are used in the gyrotron cathode, are
derived using the fitting method. With this new secondary electron emission
model, it is possible to calculate the influence of back reflected electrons in
the gyrotron MIG using the code ESPIC.

One of the phenomena caused by the back reflected electrons is space
charge LFOs. Particle In Cell (PIC) calculations using the code ESPIC show
that an 140 MHz space charge LFO in the EU 2 MW, 170 GHz coaxial cavity
gyrotron can be initiated. The space charge LFO results from the charge
bunching of the trapped electrons between the cathode and magnetic mirror.
The beam-wave instability between the electron beam and TEM mode is
presented. Two TEM mode LFOs (64.9 MHz and 114.8 MHz) have been
observed during the experiment. The measured two TEM modes have the
same characteristic as described in the theoretical analysis. The 64.9 MHz
TEM mode has a higher amplitude due to higher beam-wave coupling and
low radiation loss. The 114.8 MHz TEM mode has a wider exciting range
due to the correlation with the 140 MHz space charge LFO. One possible
solution to suppress the TEM mode is to move the emitter position to the
left of the point where |ETEM|A; 0. In this case the TEM mode will lose
energy to the electron beam in one period, therefore, it can not be excited.

Harmful EBHs can also be initiated if there is a back reflected region
on the cathode surface. EBHs initiated by back reflected electrons from
the main electron beam in different gyrotron MIGs are investigated using
the code ESPIC. The calculation verifies the correlation between damaged
spots on the surface of gyrotron components and the EBH. By understanding
the generation mechanism of LFOs and EBHs in this work three methods
to suppress EBHs and, more generally, the trapped electrons are presented.
It is numerically proved that elimination of the back reflected region from
the cathode surface or absorption of electrons emitted from this region

can totally suppress the generation of EBH. Two new optimized gyrotrons
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7 Conclusion and outlook

MIGs have been successfully operated. A novel MIG geometry with a halo
shield is proposed for the general suppression of back reflected electrons and
secondary electrons. Simulations with the codes ESRAY and ESPIC show
that the halo shield can decrease the number of the back reflected electrons
which bombard the cathode surface by 90 % without significantly changing
the beam parameters. With the halo shield, the number of secondary
electrons between the cathode and the cavity center is also around 4 times
smaller.

In the current state, the enhanced beam optics codes are new and very
valuable tools to understand and analyze the deteriorating phenomena. By
understanding the mechanisms of harmful LFOs and EBHs using these
enhanced codes, optimization methods are presented in this work. Hence,
the enhanced codes and the mechanisms studied in this work are important
to assist in the advanced design of more robust magnetron injection guns for

gyrotrons in the future.

7.2 Outlook

In the following part, the most obvious next steps for a real time emission
inhomogeneity measurement system, a beam-wave instability simulation

and the design of gyrotron MIGs with extraction plate are listed.

Real time emission inhomogeneity
measurement system

In this work, it has been verified that emission inhomogeneity can decrease
electron beam quality and gyrotron efficiency by increasing the velocity,
energy, and guiding center spread of the electron beam. The emission
inhomogeneity is an important factor to evaluate the beam quality. Real
time measurement of the emission inhomogeneity during the experiment can

supply additional useful information for the researchers. A code has been
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7.2 Outlook

developed for the evaluation of emission inhomogeneity from the Current
Voltage Characteristics (CVC). However, due to the limitations of the cur-
rent high power supply, it is impossible to perform real time measurements.
For the next generation of a gyrotron teststand, which is currently under
construction at the Institute for Pulsed Power and Microwave Technology
(IHM), a real time emission inhomogeneity measurement system can be
implied without the requirement for any additional devices. First, this
system can be used to make a qualification of the MIG once a new
gyrotron is constructed. Then, with this system the change of emission
inhomogeneity during the emitter conditioning can be observed during the
experiment. The emitter aging process can also be studied during the long
period (several years) operation. Furthermore, this system can also be used
to check the beam quality after an electric breakdown has occurred between

the cathode and anode.

Simulation of low frequency beam-wave interaction

The beam-wave instability in the EU 2 MW, 170 GHz coaxial cavity short-
pulse prototype gyrotron has been qualitatively analyzed using a simplified
resonator model. Due to the wide exciting range of the 114.8 MHz TEM
mode, which is measured during the experiment, it was pointed out that the
140 MHz space charge LFO can be an excitation source for this TEM mode.
Verification of this phenomenon needs beam-wave interaction simulations.
Initial calculations show that by adding a TEM mode to the gyrotron MIG,
the space charge LFO is locked to the frequency of the TEM mode. The
beam parameters also have a periodical variation with the TEM mode.
However, at present, full beam-wave interaction features have not been
implemented into ESPIC. Due to the current limitations, it can only calculate
the influence of the TEM mode on the electrons but can not take into account

the inverse influence. Therefore, the amplitude of the TEM mode is constant
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7 Conclusion and outlook

during the simulation. The next step is to take into account the full beam-
wave interaction effect.

Design of gyrotron MIG with extraction
plate for back reflected electrons

As shown in the last two chapters, back reflected electrons resulting from
surface roughness and emission inhomogeneity can initiate LFOs and
EBHs. From the design point of view for a MIG, the extraction plate is
a promising method. The discussion in Section 6.3 already shows that an
extraction plate can absorb the back reflected electrons without significantly
changing the beam parameters. To have a wide operation range, one shall
optimize the beam shape during the design of a gyrotron MIG with that
extraction plate. Otherwise, the main electron beam may bombard the
extraction plate directly. In future designs of low power gyrotron MIGs,
the possibility of using the extraction plate shall be considered and properly

designed.
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